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The normal mode model for scattering in shallow water is employed to investigate the forward scattering with a target crossing 
the source-receiver axial line. An experiment was conducted in a littoral environment to analyze forward scattering by a slowly 
moving object. The theoretical and experimental results show that the sound field aberration takes minimum values if the object is 
located mid-point along the source-receiver line, whereas it attains its maximum if the object is close to the source or receiver. 
The total field is either enhanced or suppressed if the object crosses different Fresnel zones. In addition, the duration of shad-
ow-induced aberration is dependent on the width of the first Fresnel zone, which is longest at the mid-point of the source-receiver 
line. 
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Bistatic sonar can be employed for target detection outside 
an ellipse surrounding the source and receiver. However, 
when the target is directly located between the source and 
receiver, it is particularly hard to obtain useful detection due 
to the intense direct blast of the incident field, the so-called 
“looking into the sunlight” problem [1,2]. Using traditional 
processing techniques, this direct blast can overwhelm any 
signature from a target crossing the source-receiver line, 
potentially masking the target.  

In spite of an object’s stealth ability, forward scattering is 
much stronger than backward scattering [3,4]. Forward 
scattering from an intrusive object could cause aberration in 
the waveguide response, providing an advantage in quiet- 
object detection [5–8]. Transient aberration results from 
interference between the incident and scattered fields from 
an object [9], and its features can be actually difficult to be 
predicted in a multipath environment. Depending on the 
source-receiver geometry, the presence of a scatterer can 
potentially cause both enhancement (constructive interfer-

ences with the scattered field) or suppression (shadow effect) 
of the amplitude of the received signals [10]. Perturbations 
of the received field caused by objects moving into this field 
can be used for detection if (1) the environmental variations 
in the received waveform remain relatively stable during the 
passage time of object and (2) the aberrations caused by the 
object intrusion are strong compared to the aforementioned 
environmental variability. 

Over the past few years, a detection method using for-
ward scattering techniques was proposed for moving un-
derwater targets, and a successful lake experiment was 
conducted with a foam plastic target [5,6]. A detection and 
localization algorithm based on the same techniques was 
described and evaluated based upon the experiment in a 
harbor environment [7]. Song et al. [8] proposed an active 
time reversal approach, where variations caused by a cross-
ing target were observed as rising levels in the side-lobes 
near the focal zone. Recently, a principal-component analy-
sis of the stable portion of the recorded acoustic signals was 
used to determine crossing times of targets and to isolate 
some of its scattered wavefield components [10]. However, 
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all these reported papers concentrated mainly on the detec-
tion of submerged objects, whereas the forward scattering 
process with moving objects was seldom discussed at long 
range compared to water depth. 

Our investigation, reported in this paper, was to charac-
terize the sound field aberrations caused by forward scat-
tering from slowly-moving objects. The normal mode mod-
el [11,12] is employed to simulate the forward scattering 
field with an object crossing the source-receiver line and a 
physical interpretation is given. Furthermore, we designed 
and conducted lake experiments at range-to-depth ratios up 
to about 190, much farther than reported experiments. The 
acoustic field aberrations caused by moving objects were 
clearly observed and agreed well with theoretical results.  

1  Theoretical analysis of acoustic forward 
scattering 

1.1  Modeling forward scattering with normal mode 
model 

In a stratified waveguide, it is assumed that (1) the object is 
contained within a layer in which the sound speed is a con-
stant; (2) multiple scattering between the waveguide 
boundaries and object can be neglected; and (3) the range ρ0 
from the object to the source and the range ρ from the object 
to the receiver are large enough that the scattered field can 
be expressed as a linear function of the object’s scattering 
function. Thus the scattered field at the receiver’s position 
r(ρ,z) can be expressed as 
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where Am(r) and An(r0), (Bm(r) and Bn(r0)) denote the 
down-going (up-going) plane wave amplitudes; r0 indicates 
the source’s position; kn and km are the nth and mth hori-
zontal wave number; γn and γm 

are the nth and mth vertical 
wave number, respectively; H is the depth of the object 
center from the sea surface, d is the density, and N is the 
mode amplitude. S(, ; i, i) is the object’s plane wave 
scattering function in free space, with (i, i) denoting the 
direction of incident normal mode, and (, ) the direction 
of scattering wave propagation. The scattering function can 
be expressed by approximate analytical solutions for simple- 

shaped objects [13]. For forward scattering, we have = i, 
 = i. According to the normal mode model, the mode am-
plitude function in the layer of object is 

 ( ) ( )( ) (e e ),    n ni z H i z H
n nu z N   (3) 

and mode functions are normalized according to  
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In eq. (1), the field generated by the source is decom-
posed into modes incident on the object. Each incoming 
mode is composed of one down-going component with am-
plitude An(r0) and incident elevation angle αn, and one 
up-going component with amplitude Bn(r0) and incident 
elevation angle -αn, respectively. Each scattered mode is 
also composed of a pair of plane waves, the down-going 
plane wave with amplitude Bm(r) and elevation angle αm, the 
up-going plane wave with amplitude Am(r) and elevation 
angle -αm [12]. Each of the four terms in eq. (1) represents 
the coherent scattering of one of the two incoming plane 
wave components of the nth mode, into one of the two out-
going plane wave components of the mth mode. The scat-
tering process couples the modes so that the propagation 
and scattering are coherently convolved for objects sub-
merged in a shallow water waveguide. The far-field interac-
tion between the incident and scattered modes is determined 
by the scattering function which depends on the elevation 
angles of both the incident and scattered plane waves. The 
total scattered field is composed of the scattered fields from 
each incident plane wave.  

We consider a Pekeris waveguide with 100 m water 
depth. With water density of 1 g/cm3, the speed of sound is 
1500 m/s. The lake floor is assumed to be a half-space 
acoustic medium with density 1.4 g/cm3, speed of sound 
1520 m/s, and a sound absorption coefficient of 0.15 dB/. 
The source, at a depth of 50 m, has frequency 1500 Hz. The 
source-to-receiver distance is 8 km. A plate 50 m in length 
and 6 m in width is at the same depth of 50 m. The object 
crosses the mid-point perpendicularly between the source 
and receiver at different ranges. In eq. (1) the scattering 
function S of this object is evaluated using Kirchhoff’s dif-
fraction integrals [14]. 

The results are shown in Figure 1, where the horizontal 
axis is the distance from the object to the source-receiver 
line. In Figure 1(a) and (c), the strengths of the forward 
scattering field at the depth of 10 m, 50 m and 90 m are 
shown. If the target approaches the source-receiver line 
(close to 0 m), then clearly the forward scattering strength 
attains its maximum value. If the object leaves the source- 
receiver line, the scattering signals come from the side- 
lobes of the forward scattering. The total field, depicted in 
Figure 1(b) and (d), results from the interference of the for-
ward scattering field and direct wave field. The forward 
scattering signal creates a destructive interference pattern 
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with the direct wave as the target crosses the source-   
receiver line. As an exception, the total field at the depth of 
10 m is enhanced in Figure 1(d) due to the phase reversal of 
the scattering wave within the multipath propagation. If the 
object is about 50 m far from the source-receiver line, the 
forward scattering signal interferes constructively with the 
direct wave, and the total field is enhanced slightly. If the 
object is far from the source-receiver line, the total field is 
close to the direct wave field because the scattering signal 
of side-lobe is much weaker than the direct wave. The the-
ory underlying this forward scattering phenomenon is illus-
trated in Figure 2. If the target crosses the baseline, the path 
length between the direct wave and forward scattering sig-
nal is identical, but the signal’s forward scattering phase is 
opposite to that of the direct signal, and the total signal has 
a minimum at this point. As the target continues to move, 
path differences increase, the signal’s forward scattering 
phase is the same as that of the direct signal, and the total 
signal reaches its maximum. As the target progresses, the 
phase difference between forward scattering and direct sig-
nals is further increased and reaches 2 at another point, the 
total signal becomes minimal again and the cycle repeats.  

The results in Figure 1(b) show that if an object crosses 
the mid-point between source and receiver, the acoustic 
field aberration is about 1dB at a depth of 50 m and the 
width of shadow-induced aberration is 100 m. In contrast, if 

the object is close to the receiver as shown in Figure 1(d), 
the aberration is stronger than the results in Figure 1(b) with 
the width reduced to about 40 m. 

In practice, the shape of a typical target in shallow water 
can be simplified as spheroid. The environment still mod-
eled as a Pekeris waveguide mentioned above. A rigid 
spheroid 60 m long and 8 m short axis is used instead of the 
plate. The spheroid is also at the depth of 50 m. The object 
crosses perpendicularly the axial line between source and 
receiver at different ranges. The scattering function S is 
evaluated using deformed cylinder method [15]. The simu-
lated results shown in Figure 3 indicate that the forward 
scattering phenomenon of the spheroid is similar to that of 
the moving plate. 

1.2  Analyzing forward scattering with sonar equation 

Due to the complex acoustic coupling between the scattered 
beam pattern and the multipath propagation, it is compli-
cated to predict directly using eq. (1) the forward scattering 
field of the object in a real environment at the receiver’s 
location. However, the sonar equation can estimate the 
acoustic field aberration by forward scattering in the ex-
perimental environment [16]. Assuming cylindrical spread-
ing in the waveguide, the transmission loss TL is 10log10(R) 
over the whole path distance R between the source and 

 
 

 

Figure 1  Forward scattering by a rigid plate in a Pekeris waveguide. From top to bottom, the panels in (a) and (c) are the forward scattering fields at 10 m, 
50 m and 90 m. (b) and (d) are the total field strength corresponding to panels (a) and (c), respectively. The range from crossing-point of the target to receiv-
er is 4 km for (a) and (b) and 1.5 km for (c) and (d). 
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Figure 2  Illustration for forward scattering. 

 

Figure 3  Forward scattering by a rigid spheroid in the Pekeris waveguide. 
The panels give, from top to bottom, the fields strengths at 10 m, 50 m and 
90 m. The solid line and dotted line correspond to ranges 4 km and 1.5 km 
to receiver, respectively. 

receiver. In the absence of an object, the signal-to-noise 
ratio at the receiver can be estimated as 

 0 1010 log ( ) ,   SNR SL R AG NL   (5) 

where SL is the source level, NL is the noise level, and AG 
is the processing gain. Whereas, for an object with target 
strength TS crossing at distance D away from the receiver, 
we have  

10 1010 log ( ) 10log ( ) .      SNR SL R D TS D AG NL  

(6) 

In the far field, the forward target strength TS associated 
with the projected cross-section area A and wavelength λ 
can be approximated by 20log10(A/) [16], which is much 
stronger than the backward target strength [3]. Assuming 
that NL remains constant during the target’s crossing, the 
acoustic field aberration ∆S (SNR-SNR0) at the receiver ar-
ray can be approximated by  

 10 1020log ( / ) 10log .
( )


 

      

R
S A

D R D
 (7) 

If the object crosses the source-receiver line at crossing 
distance D, the radius of the first Fresnel zone for forward 
scattering of the far field can be expressed as  

 F ( ) / . R D R D R  (8) 

The forward scattering signal interferes with the direct blast 
destructively, when the distance between the target and 
source-receiver line is less than RF. If the object crosses the 
source-receiver line, the moving range of the object corre-
sponding to destructive interference is 2RF, thus the duration 
of the SNR variation is determined by the speed of the ob-
ject. 

2  Experimental investigation of forward  
scattering 

2.1  Experiment setup 

The experiment, schematically depicted in Figure 4, was 
conducted in a lake characterized by a soft, muddy floor. 
The water depth was about 6 m. An omnidirectional trans-
mitter with resonance frequency 17 kHz was deployed at a 
depth of 4 m. A vertical line array, with 11 hydrophones 
equally spaced at 25 cm, was moored along the water col-
umn. The bottom hydrophone was 2.4 m over the lake floor. 
A foam plastic plate 2 m long, 1 m wide and 6 cm thick, 
covered on both sides by aluminum plates (see right panel 
of Figure 4) was used target object. The center of the object 
was at a depth of about 2 m. To provide negative buoyancy, 
a load was attached underneath. The object was towed 10 m 
behind the boat traveling approximately tangentially to the 
source-receiver line. 

Because the object was small and the water was shallow, 
a higher frequency signal was transmitted for the experi-
ment. A periodic 5–15 kHz LFM signal with 0.5 s sweep 
time was transmitted in succession. The speed of the tow 
boat was about 0.45 m/s. Based on visual observations, the   
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Figure 4  Experimental setup in the lake. 

object crossed the source-receiver line along various nearly 
straight paths; these paths are shown in Figure 5. The time 
of crossing of the source-receiver line was determined to 
within 1 s accuracy, based on the GPS position of the rubber 
float buoy. The distance between the source and receiver 
array was 1145 m, representing about 190 water depths. 

According to eq. (7), if the object is crossing the 
mid-point between the source and receiver, the acoustic 
field aberration exhibits a minimum. In contrast, if the ob-
ject is either close to the transmitter or the receiver, the field 
displays maximum aberration. For the object used in the 
experiment (A=2 m2, λ=0.15 m, TS≈22.5 dB), eq. (7) yields 
a theoretical estimate of ∆S=3.8 dB along the first path 
(D=80 m). Similarly, the estimated values are 2 dB and 2.2 
dB along the second (D=534 m) and third (D=1025 m) 
paths, respectively (see Table 1). 

As mentioned by Sabra et al. [10], the sonar equation and 
free-space forward target strength values at a given fre-
quency can only be used to provide a rough estimation of 
the acoustic aberration. The target in the waveguide is in-
sonified by a fan of incident rays yielding range and depth 
variations such that target strength is different from the val-
ue in free space. Furthermore, the transmitted signal has 
broadband characteristics; thus the narrowband assumption 
of eqs. (5)–(7) is not satisfied fully. 

 

 

Figure 5  Top view schematic of the various paths for the forward scat-
tering experiment between the source and receivers. 

The acoustic aberration ∆S at different crossing distance 
D is shown in Table 1, where the speed of the object is as-
sumed to be 0.45 m/s. If the object is either close to the 
transmitter or receiver, the duration of aberration caused by 
forward scattering is short. In contrast, the longest duration 
is reached when the object is crossing at the mid-point be-
tween the transmitter and the receiver. 

2.2  Experimental results 

The analysis scheme for forward-scattering detection is 
shown in Figure 6. The first band-pass filter isolates pertur-
bations from other environment sources in the direct field 
due to the passage of the object. The waveguide response is 
acquired by correlating the received signals with the trans-
mitted signal and the strengths of stable arrivals are ob-
tained as well. The median filter was found to be necessary 
due to strong interference from the direct blast. In Figure 6, 
the strengths of the stable arrival is calculated as the input 
signal x(t) pass through the median filter, the aberration of 
the stable arrival perturbed by the crossing object is sup-
pressed, and the strength of direct blast is obtained. Thus the 
acoustic field aberration can be acquired by extracting the 
strength of direct blast from the strength of the stable arrival. 
The normalized aberration in dB is expressed as  

 10( ) 20log ( ( ) ( )). y t x t x t  (9) 

Executing this procedure on the recorded data can pro-
duces the normalized aberration for selected stable arrivals 
as typified by the arrival shown in Figure 7(a). With the  

Table 1  The strength and duration of acoustic field aberration vs. cross-
ing distance D 

D (m) ∆S (dB) RF (m) Duration (s) 

80 3.8 3.3 14.7 

534 2.0 6.5 28.9 

1025 2.2 4.0 17.8 

1069 4.0 3.3 14.7 
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Figure 6  A scheme for forward scattering detection with wideband signal transmitted. 

 
Figure 7  The acoustic aberration caused by forward scattering in different cases. (a) Multipath arrivals at a depth of 1.35 m with the object following the 
first path. (b) Multipath arrivals at a depth of 1.35 m without trailing object. (c)–(f) Aberrations with the object following Tracks #1–#4, respectively. The 
solid, dotted and dashed lines correspond to receiver depths of 1.35 m, 1.85 m and 3.60 m, respectively. 

object crossing the source-receiver line along the first path 
(see Figure 7(c)), the normalized aberrations at depths of 
1.35 m and 3.6 m are 1.8 dB and 2.2 dB respectively, which 
is weaker than the theoretical value of 3.8 dB. Along the 
second trajectory, the normalized aberration is about 1.6 dB 
at the depth of 1.35 m (see Figure 7(d)). For the third tra-
jectory, the normalized aberration is about 2 dB at the depth 
of 1.85 m, agreeing with theoretical estimates (see Figure 
7(e)). With the object following the fourth path, the varia-
tion can attain 3.8 dB at the depth of 1.85 m (see Figure 
7(f)). We remark that the normalized aberrations exhibit 

large values at the beginning of each run because the medi-
an filter does not reach steady state. From the normalized 
aberration along the four paths, it can be concluded that if 
the object is close to either the transmitter or receivers, ab-
errations become strong. Thus forward scattering detection 
provides an advantage in this situation. 

Furthermore, the normalized aberrations are different at 
several depths due to multipath propagation. For instance, if 
an object crosses the source-receiver line along the third 
path, the aberrations are about 1 dB, 2 dB and 1 dB at 
depths of 1.35 m, 1.85 m and 3.6 m, respectively (see Fig-
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ure 7(e)). The forward scattering includes the main-lobe and 
side-lobes. As the object is crossing the source-receiver line, 
destructive interference occurs between the main-lobe with 
the direct blast, generating the acoustic shadow. As the ob-
ject leaves the source-receiver line, constructive interfer-
ence is observed because the phase of scattered field is the 
same as that of direct field (see Figure 7(c)–(e)). This pro-
cess is similar to that that underlies results shown in Figure 
1. As the object leaves the source-receiver line, the received 
signal, displayed in Figure 7(c), is enhanced at about 38 s 
and 53 s into the run time, and suppressed between these 
times. 

The durations of the shadow-induced aberration are 
about 14 s, 29 s, 16 s and 12 s at object crossings for the 
four trajectories, respectively (see Figure 7(c)–(f)). Clearly, 
experimental and theoretical results agree well. If the object 
is close to either source or receiver, the duration of the 
acoustic field aberration is shorter. In contrast, if the object 
crosses mid-point between source and receiver, the duration 
is maximal. 

The effect of the moving boat on the received acoustic 
field is considered as well. Figure 7(b) displays the multi-
path arrivals of just the boat crossing the source-receiver 
line without the trailing object. The received acoustic field 
is seen to be stable and the moving boat has only a slight 
influence on that field. In other words, the aberrations of the 
received acoustic field observed in the experiment are 
mainly caused by the submerged object. 

3  Conclusions 

In this paper, we have given the normal mode model for a 
waveguide to analyze forward scattering from a target 
crossing the source-receiver line, and its physical signifi-
cance. An experiment that we had conducted demonstrated 
the capability of forward scattering detection for slow- 
moving objects. The following conclusions are obtained:  

(1) If an object crosses at mid-point between the source 
and receiver, the acoustic field aberration exhibits a mini-
mum and the duration of shadow-induced aberration is 
longest. In contrast, if the object is close to either the trans-
mitter or the receiver, maximal values for aberration will be 
observed due to direct-shadowing effects, although over a 
shorter duration.  

(2) Forward scattering field was observed to yield either 
an enhancement or suppression of the total wavefield de-
pending on the source-object-receiver geometry. If the ob-
ject is within the first Fresnel zone, the total field is sup-
pressed, otherwise it is enhanced.  

(3) This study confirmed that our scheme for detection 
based on forward scattering is feasible in a reverberation 

littoral environment at ranges out to about 190 water depths. 
Additionally, it seems from the experiments that aberrations 
of the acoustic field caused by a moving target are more 
significant for deeper receivers near the lake floor. 

These results show that there is significant potential for 
target detection by exploiting forward scattering phenomena. 
The lake experiment provided encouraging results. Howev-
er, the variability of the received waveform must be fully 
understood and further improvements in the processing al-
gorithm are necessary. 
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