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Abstract: The bottom scattering cross section estimated by the RESON SeaBat T50 multibeam 
echosounder (MBES) includes an estimate of the insonified area, which is obtained by assuming 
the seabed has a vanishing slope in the along-track direction. In this paper, the validity of this 
assumption is investigated for different along-track slopes, depths, and continuous wave (CW) pulse 
durations using a numerical model. It is demonstrated how the errors are largest around normal 
incidence and rapidly decrease as steering angle increases. The errors can be reduced by 
increasing the CW pulse duration. For example, at 400kHz, a 40μs CW pulse transmitted over a 
nadir-depth of 35m will, for seafloors with along-track slopes of 5% and 15%, yield errors of 1.5 
and 5dB, respectively. If, however, the duration of the CW pulse is increased to 100μs, the resulting 
errors are reduced to 0.05 and 1.5dB, respectively. Finally, a brief description is given of how the 
estimated footprint areas can be removed from the estimated scattering cross section values and 
replaced by the user’s own estimates. 
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1. INTRODUCTION   

Over the recent decades, various acoustic measurements have shown that the seabed back-
scattering strength 𝑆𝑏 obtained at frequencies between 20-500kHz depends on whether the 
seabed consists of sand, gravel, mud, rock, gravel, or a mixture of those [1]-[6]. Species present 
on top of or inside the sediment may also have an influence on 𝑆𝑏 [7]. The scattering strength 
varies with the angle of incidence and it may vary with the acoustic frequency depending on 
sediment type. The scattering strength is a physical property of the seabed, and the acquisition 
of 𝑆𝑏 requires a calibrated sonar [8]. The SeaBat T50 multibeam echosounder (MBES) provides 
estimates of the seabed scattering strength [6]. The estimates of the insonified area are based 
on the assumption that the seabed has zero slope in the along-track direction, which may lead 
to incorrect 𝑆𝑏-estimates. Here, the validity of the assumption is assessed using a numerical 
model, in which the MBES beam patterns are projected on a seafloor plane, and where the 
footprint area will be calculated as the convolution of the transmitted tone-burst with the 
seafloor as a function of time. The approach is particularly important close to nadir [9][10]. 
Along-track slopes between 2% -15% (≈ 1° - 9°) are considered.     

2. A 3D NUMERICAL MODEL OF THE INSONIFIED AREA  

The model will consider an MBES transmitting a continuous waveform (CW) pulse, also 
known as a tone-burst, of duration 𝜏 with carrier frequency 𝑓𝑐 = 400kHz onto a plane and 
horizontal seabed.   
Figure 1(a) shows the applied coordinate system. The x-axis is pointing in the across-track 
direction, the y-axis in the along-track direction, and the z-axis upwards. The origin is located 
at the center of the receiver (Rx), and with zero pitch angle, i.e., 𝛼 = 0, the center of the 
transmitter (Tx) is located at 𝑟𝑇𝑥(0) = [0 𝑦𝑇𝑥 0]𝑇. Roll, heave, and heading are not included. 
A point on the seafloor is given by the vector 𝑟 = [ 𝑟𝑥   𝑟𝑦 − 𝐻]

𝑇
, where 𝐻 is the depth.  

 

 
Figure 1: Geometry applied (a), the angle 𝜃 used for the Rx beamformer beam pattern (b), and 
the angle 𝜙 used for the Tx beam pattern (c).      

The Tx sensitivity is assumed constant in the across-track direction between -65° and 65°, and 
the Rx sensitivity is assumed constant in the along-track direction between -20° and 20°. Thus, 
Tx and Rx are represented as line arrays, i.e., the arrays that are rotationally symmetric around 
their main axes. The beam patterns of interest are the beamformed Rx beam pattern in the 
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across-track direction, with a 3dB beam width of approximately 0.5°/cos(𝜃𝑠), where 𝜃𝑠 is the 
steering angle, and the Tx beam pattern in the along-track direction with a 3dB opening angle 
of 1°. The purpose is to project the beam patterns onto discrete points on the seabed. The far-
field beamformed Rx beam pattern 𝑏𝑅𝑥 is obtained by the following expression [11]:    
 

𝑏𝑅𝑥 = ∑ 𝑤𝑛𝑒−𝑖𝑘𝑛𝑑(sin(𝜃)−sin(𝜃𝑠))

𝑁0

𝑛=1

 
 

                   (1) 

where 𝑁0 = 256 is the number of channels, and 𝑤𝑛 is the energy-normalized shading coefficient 
for the 𝑛’th channel; here the receiver shading is a Chebyshev window with a sidelobe 
suppression magnitude factor of 30dB. Next, in Eq. (1) 𝑖 is the imaginary number, 𝑘 = 2𝜋𝑓𝑐 𝑐⁄  
is the wave number obtained with a speed of sound 𝑐 = 1500 m/s, 𝑑 = 1.6mm is the sensor 
spacing. Finally, 𝜃𝑠 is the steering angle, and 𝜃 is the angle of the incoming field from the point 
𝑟, where sin(𝜃) = 𝑟𝑥 |𝑟|⁄  , see, e.g., Figure 1(b). For any given point on the seabed the 
corresponding 𝑏𝑅𝑥 value is obtained using Eq. (1). An example of the receiver beam pattern for 
a steering angle of 20° is shown in Figure 2 (left).  
The far-field beam pattern of the transmitter in the along-track direction 𝑏𝑇𝑥 is obtained from a 
look-up table with values populated by a company proprietary model. 𝑏𝑇𝑥 is shown in Figure 2 
(right). An along-track sloping seafloor is simulated by rotating the transmit array around the 
x-axis by the angle 𝛼. The along-track transmit beam angle 𝜙 is equal to zero at the center of 
the Tx along-track beam, and for any point on the horizontal seabed plane it is computed from 
the cross-product between the vector from the Tx center to the seabed point and the vector from 
the origin to the Tx center, i.e., 
 

ϕ =
𝜋

2
−  sin−1 (

 | (𝑟 − 𝑟𝑇𝑥(α)) × 𝑟𝑇𝑥(α)| 

|𝑟 − 𝑟𝑇𝑥(α)| |𝑟𝑇𝑥(α)|
)   

 
                   (2) 

see, e.g., Figure 1(c).            
 

  
Figure 2: Across-track beam pattern of the Rx beam former (left) Along-track Tx beam pattern 
(right) both at 400 kHz.   

The integration area is reduced to a region around the point where the center beam of the 
transmitter crosses the center of the steered beam on the seabed. For illustrative purposes, the 
area covers what corresponds to ± 5𝜃3𝑑𝐵 in the across-track direction and ± 5𝜙3𝑑𝐵 in the along-
track direction. 
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Close to nadir, the seabed plane is divided into rectangular grids with a size governed by the 
width of the main beams. The angular resolution is Δ𝜃 = 𝜃3𝑑𝐵/30 = 0.5°/30, and the resolution 
in the across-track direction yields  

Δ𝑥 = 𝐻 [tan(𝜃𝑠 − 𝜃3𝑑𝐵 + ∆𝜃) − tan(𝜃𝑠 − 𝜃3𝑑𝐵)]  
 

                   (3) 

Equivalently, Δ𝜙 = 𝜙3𝑑𝐵/60 = 1°/60, and the resolution in the along-track direction, Δy, is 
obtained by replacing 𝜃3𝑑𝐵 with 𝜙3𝑑𝐵 and setting 𝜃𝑠 = 0 in Eq. (3). The instantaneous footprint 
area is obtained as the product of the projected Tx and Rx beam pattern squared and integrated 
over the tone-burst projected area on the seabed at a given point in time (see, e.g., Eq. G.4, p. 
495, [5]). Using the seabed model, the insonified area is expressed as    

𝐴(𝑛, 𝜃𝑠, 𝐻) = Δx Δy ∑ {𝑏𝑇𝑥
2 (𝑥𝑖, 𝑦𝑗) 𝑏𝑅𝑥

2 (𝑥𝑖, 𝑦𝑗; 𝜃𝑠)|𝑅1 ≤ √𝑥𝑖
2 + 𝑦𝑗

2  ≤ 𝑅2}  

 
                   
(4) 

where 𝑛 is the sample number, 𝑖 and 𝑗 are indices of the discrete 𝑥 - and 𝑦 points respectively, 
and 

𝑅1 = {√(nΔ𝑟𝑇𝑠
− Δ𝑟𝜏)

2
− 𝐻2 | 𝑛 ≥ (𝐻 + Δ𝑟𝜏) Δ𝑟𝑇𝑠

⁄ } 

 
                   (5) 

(otherwise 𝑅1 = 0), that is, the ground range distance from the origin to the rear edge of the 
pulse on the seabed plane (see, e.g., Figure 1(a)); ∆𝑟𝑇𝑠

= 𝑐 𝑇𝑠 2⁄  is the sampling range 
resolution, and 𝑇𝑠 is the sampling time; Δ𝑟𝜏 = 𝑐𝜏 2⁄  is the physical range resolution, and 𝜏 is 
the tone-burst duration. Finally, in Eq. (4), 𝑅2 is the front edge of the pulse on the seabed, and 
it is given by     

𝑅2 = {√(nΔ𝑟𝑇𝑠
)

2
− 𝐻2 | 𝑛 ≥ 𝐻 Δ𝑟𝑇𝑠

⁄ }  

 
                   (6) 

(otherwise 𝑅2 = 0). For simplicity, the offset 𝑦𝑇𝑥 is not included in Eqs. (4)-(6); the impact of 
this approximation is considered to induce insignificant offsets of the integration areas. 
Cartesian coordinates are applied up to an angle, which corresponds to the maximum disk size 
multiplied by a factor 𝜈, i.e., 

𝜃𝑇 = 𝜈 cos−1 (
𝐻

𝐻 + Δ𝑟𝜏
) 

 
                   
(7) 

where 𝜈 = 5 is applied. For 𝜃𝑠 > 𝜃𝑇 , integration is carried out using polar coordinates so that    

𝐴(𝑛, 𝜃𝑠 , 𝐻) = 𝑅𝑛 Δ𝑅𝑛 Δα ∑ 𝑏𝑇𝑥
2 (𝑛, 𝑗) 𝑏𝑅𝑥

2 (𝑛, 𝑗; 𝜃𝑠)

𝑀

𝑚=1

 

 
                   
(8) 
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where 𝑛 is the sample number, 𝑅𝑛 = √𝑟𝑛
2 − 𝐻2 is the ground range, Δ𝑅(𝑛, 𝜃𝑠) =  Δ𝑟𝜏 cos(𝜃𝑔)⁄  

is the pulse projected on the seafloor, 𝑚 = 1,2, . . , 𝑀 is the index of an angular sub-sector out 
of 𝑀 sectors. Each sector has a radial resolution of Δ𝛼 = Δ𝜙3𝑑𝐵/30 =1°/30.  The beam patterns 
are projected onto the seabed points with coordinates(𝑅(𝑛) cos(𝛼𝑚), 𝑅(𝑛) sin(𝛼𝑚)).   
 
 
3. SIMULATION RESULTS 

All simulations have been made with 𝑓𝑐 = 400kHz. The along-track seabed slopes are presented 
as linear percentage slopes. For example, a slope of 10% corresponds to a bottom that changes 
the depth by 10m over a distance of 100m. The distance between the origin and the center of 
the Tx is set to 𝑦𝑇𝑥 = 0.25m. The sampling time used in the simulations is 𝑇𝑠 = 5.76µs. 
    
Figure 3(a-c) shows the time progression of the footprint area for the beam with steering angle 
𝜃𝑠 = 2°. Figure 3(d) shows total area as a function of time. The duration of the tone-burst is 𝜏 = 
40μs, and the depth is H=35m. Three instances in time after the front side of the signal has 
reached the seabed are shown. At time 𝑡1= 20μs (a) the footprint area is a small disk containing 
the main lobe of the combined 2D beam pattern; the total area is approximately 20dB below 
the maximum value (d). At time 𝑡2 = 56μs the insonified area is an annulus (b), and where the 
insonified area includes the main lobe of the combined beam pattern, and the total area has 
reached the maximum of -6.5dB re 1 (d). At 𝑡3 = 80μs the annulus is moving out of the main 
lobe of the combined beam pattern, and the total area has, at this point in time, already been 
reduced by approximately 10dB since time 𝑡2 (d). The blue dotted line in Figure 3(d) represents 
the total area obtained with the 3D numerical model presented in the previous section. The red 
dotted line is the total area produced by the 2.5D algorithm applied for the SeaBat T50; a model 
that does not include side-lobes.  
 
Figure 4 shows the maximum insonified area as a function of beam angle for six different along-
track slopes at a depth of 35m.  Figure 4(a) shows for the case where the tone-burst has a 
duration of 𝜏 = 40µs: At the nadir beam a 5% sloping bottom yields an error of 1.5dB when 
compared to the bottom with 0% slope; at 7% the error is about 2.5dB, and at 15% it is about 
5dB. As the steering angle increases the errors decrease and become insignificant above θs = 
35°. Figure 4(b) shows the results for a similar investigation, but with 𝜏 = 100 μs: A 5% sloping 
bottom does not produce an error at the nadir beam; a 7% sloping bottom only yields an 
insignificant error of about 0.1dB, and at 15⁰ it is about 1.7dB. Thus, by increasing the duration 
of the tone-burst the error will decrease. 
 
Figure 5 shows the relative error of the maximum footprint area at nadir as a function of depth. 
Figure 5(a) shows the error for a tone-burst duration of τ = 40µs: If the error must be less than 
1dB, then at 30m and 50m the slope is allowed to be up to 5% and 3%, respectively. Figure 
5(b) shows the errors when τ = 100µs: If the error must be less than 1dB, then at 30m and 50m 
the slope is allowed to be up to 11% and 7%, respectively.  
 
Figure 6 shows the relative error of the maximum footprint at nadir as a function of tone-burst 
duration. Figure 6(a) shows the expected errors at a depth of 20m. If τ>120µs the errors will be 
negligible even for slopes up to 15%. Figure 6(b) shows the expected footprint errors at a depth 
of 35m; if τ>120µs the errors will be negligible for slopes up to 7%.   
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                                        (a) 

 
                              (b) 

 
                                         (c) 

 
                                       (d) 

Figure 3: Time evolvement of the footprint area at 𝜃𝑠= 2° on a non-sloping seabed. The tone-
burst center frequency is 𝑓𝑐 =400kHz, 𝜏 =40𝜇𝑠, and 𝐻 =35m. Figures 1(a)-1(c) show the 
insonified area at three different points in time after the front side of the pulse has reached 
the seabed. Finally, Figure 1(d) shows the footprint area as a function of time.  

 

 
                                  (a) 

         
                                       (b) 

Figure 4: The maximum insonified area as a function of beam angle for six different seabed 
slopes in the along-track direction 
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                                   (a) 

 
                                     (b) 

Figure 5: Relative error of the maximum insonified area within the nadir beam as a function 
of depth. The reference area A0 is the area of a non-sloping seafloor. 

 

 
                                     (a) 

 
                                        (b) 

Figure 6: Relative error of the maximum insonified area within the nadir beam as a function 
of tone-burst duration. The reference area A0 is the area of a non-sloping seafloor.  

4. PROCESSING OPTION FOR THE MBES USER  

 
For each 𝑆𝑏 -value stored in the T50 datagram (Record 7058) [12] the associated footprint area 
value 𝐴𝑇50 is also stored. It is possible to replace 𝐴𝑇50 with an alternative footprint value, for 
instance based on a 3D bottom geometry produced by survey software packages such as QPSTM 
or Teledyne CARISTM. The scattering cross section is obtained from the scattering strength by 
𝜎 = 10(𝑆𝑏 10)⁄ , where 𝜎 = 𝐾𝑇50 𝐴𝑇50⁄ , and where 𝐾𝑇50 is a factor that depends on 
environmental conditions and other MBES parameters. The modified scattering cross section 
can be obtained by 
 

𝜎𝑚 =  𝜎𝐴𝑇50 𝐴𝑚⁄     (9) 

where 𝐴𝑚 is the alternative footprint area. The grazing angle, i.e., the angle between incoming 
field and the seabed surface, is not included in the datagram, but it is crucial for further analysis. 
Thus, if the 𝜎 -values obtained from the T50 datagram are selected for analysis, the grazing 
angle can be obtained from the datagram that includes the bottom detection points (Record 
7027), and from which the height profile obtained from a ping can be used to estimate the 
grazing angles.      
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5. SUMMARY 

 
The algorithm, which estimates  𝑆𝑏 for SeaBat T50 data, neglects the slope of the seabed in the 
along-track direction. Consequently, surveys over areas with high topographic variations or 
depth gradients in the along-track direction may lead to flawed 𝑆𝑏-estimates. The errors are 
dominant near normal incidence, and they will decrease with increasing angle of incidence at 
the outer beams. The errors increase with increasing along-track gradients and with depth. 
However, if the duration of the transmitted CW pulse is increased the errors are reduced 
significantly. Thus, for best possible backscatter performance is it recommended to use CW 
pulses with durations between 80-200µs depending on the depth and the seabed topography. 
Alternatively, it is possible for the user to replace the footprint values with the user’s own 
estimates.     
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