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ABSTRACT 

 

In order to image or map targets on an ocean floor, a synthetic aperture 

sonar platform is moved underwater over the ocean floor. The platform pings or transmits 

acoustic signals, which reflect off the target back to the receiver. A target image is 

generated after applying a focusing or a beamforming algorithm on the processed 

received signal. However the moving platform, when pinging, undergoes motions like 

yaw, sway, surge, which produce distortions in the final target image. The main objective 

of this thesis is to geometrically model yaw motion and apply the motion compensation 

scheme to correct for the yaw motion causing target image distortion. The compensation 

scheme makes use of phase filtering of the received signals to improve the target image 

quality. The results obtained, demonstrate effectiveness of the method to compensate for 

the target image distortion due to yaw motion. 

 

 x



CHAPTER 1 

INTRODUCTION 
 

 

 

1.1 Background 

Sonar imaging is used to map the ocean floor by echo-sounding 

techniques using acoustic signals. A Synthetic Aperture Sonar (SAS) improves the 

resolution of the mapped image by several degrees in magnitude as compared to 

conventional sonar beamforming techniques. A two-dimensional time domain SAS 

simulation with vehicular motion and Beamforming can be found in Gross [3].  Gross 

simulates sway and surge motion applied to a sonar platform. He also discusses delay and 

sum beamforming to produce an image of an area of interest.  

One major consequence of the sonar platform motion is that it distorts the 

final beamformed target image. A platform can be subjected to various motions like 

surge, sway, yaw and heave. Gross and Dobeck [2] discuss the distortion of sonar images 

due to the effects of surge and sway on the sonar platform. Gross [2] devises a motion 

compensation scheme to correct for the translational motion and applies the scheme to 

sway motion to improve image quality. In this thesis motion compensation is also applied 

to yaw.  
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1.2 System Specifications and Assumptions 

 

The sonar platform can move at any specified depth with a pre-specified 

sinusoidal motion in the x, y and z directions. Multipath reflections of the scattered signal 

from the target are included up to the second order. The simulator makes the following 

assumptions: 

1. The targets are assumed to lie on the ocean floor.  

2. A strip-map approach is used and in each case a 25x25 meter area is illuminated 

and imaged.  

3. A Welti-coded waveform is used as the transmitted waveform.  

4. The receiver beamwidth is adjusted to always illuminate only a 25-meter wide 

strip.  

5. Spherical spreading is assumed in all calculations and a time varying gain is 

associated with the spreading loss.   

In order to simulate platform motion, a particular sea-state is assumed on a scale of 1 to 

10. The user is allowed to select the sea-state. The simulator chooses the platform motion 

amplitude and frequency based upon the value of the sea-state. The simulator is written in 

MATLAB and is composed of a main code (which generates the raw data) and several 

smaller codes that generate the binary codes, calculate receiver beam patterns, predict 

path lengths for the various multipath terms, calculate the angles of arrival, calculate 

spherical spreading, calculate the time varying gain, predict the bottom and surface 

reflections, correct for motion, and finally beamform the data. 
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1.3 Organization of Material 

The material in this thesis is organized as follows. Chapter 2 gives an 

overview of Synthetic aperture sonar and discusses important parameters for the purpose 

of simulation. It touches upon the concept of beamforming and explains the types of 

multipath used in the simulation. Chapter 3 describes the different types of motions that 

a typical sonar platform undergoes. It explains the mathematical modeling of yaw motion 

and discusses specific co-ordinate systems for the sonar platform. Chapter 4 aims at 

demonstrating the distortions in the target image due to motion. It also proposes along-

track phase filtering as a motion compensation scheme to get rid of distortion in the target 

images. Along-track filtering is a frequency domain approach to filter out the phase 

information in the raw stave data in order to compensate for the motion. Chapter 5 lists 

in detail, various simulation cases and results. Different cases of platform motions, 

typically yaw and sway are considered and the target images are plotted and compared 

with the zero motion case. The final conclusions of the thesis are presented in Chapter 6. 

Appendix A explains the introduction of platform motion in the simulation.  
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CHAPTER 2 
 

REVIEW OF SAS PRINCIPLES 
 

 

 

2.1 What is SAS 

 

Synthetic Aperture Sonar (SAS) is similar to Synthetic Aperture Radar, 

except that the terrain to be scanned lies underwater and a platform is towed or propelled 

sidewise in relation to the mapped terrain. Also unlike the SAR, which uses a part of the 

EM spectrum to irradiate the ground, the SAS projector uses acoustic or ultrasonic 

wavelengths to 'illuminate' the ocean floor. Instead of a projector array with multiple 

elements, the platform on which the projector is mounted itself moves along a heading 

direction and the respective received signals are added coherently, hence the name 

'Synthetic Array'. Figure 2.1 shows a SAS platform scanning an L m. wide strip. The 

platform is moving towards a heading in the X direction as shown. The projector, which 

sends out the signal, is mounted on the platform. The beam scans the bottom due to the 

forward motion of the aircraft. The illuminated strip is two-dimensional having cross-

range or along-track range as one dimension and down range as the other. 
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Figure 2.1 A SAS platform illuminating an underwater terrain strip. 

 

 

 

 

2.2 SAS parameters 

 

Down Range Resolution 

 

Two targets lying along downrange separated by a minimum resolvable distance drδ can 

be resolved only if the pulse width of the transmitted signal satisfies  

c

drδ
τ ≤  

Where c = speed of sound. 

Therefore the downrange resolution is given as  

2

τδ c
dr
=       (2.2-1) 
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Cross Range Resolution 

It is assumed a receiver element of length L is aligned along the X-axis on the platform 

shown in Figure 2.1. It is further assumed that the receiver shading is uniform as shown 

in the Figure 2.2 and is given by   







=

L

x
rect

L
xg

1
)(        (2.2-2) 

  

 

   

    g(x) 

 

 

 

 

   -L/2            0             L/2 

 

  Figure 2.2 Receiver Shading 

 

 

 

The receiver shading (x) is also known as the aperture function or the hydrophone 

response. The pattern function )(φG for the element is calculated by taking the spatial 

Fourier transform of g(x). 

  G       (2.2-3) ∫
∞

∞−

= dxexg xuj πφ 2)()(

From equations (2.2-2) and (2.2-3),  

  
λφπ
λφπφ

/)sin(

)/)sin(sin(
)(

L

L
=G       (2.2-4) 
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The beamwidth for the pattern in equation (2.2-4) is approximately calculated as 

  
L

B

λθ =  

For a Range of R meters, the cross range resolution can be given as, 

LRR
BCR

/λθδ ==        (2.2-5) 

 

Ping Rates 

 

The rate of pinging, which is also known as the pulse repetition frequency (PRF), is 

limited by the maximum unambiguous range for the SONAR system. The maximum 

range of the target decides the upper bound on the PRF. The next ping should not be 

transmitted until the previous ping has returned from the target or twice the time it takes 

to reach the maximum range. 

  max2/ RcPRF ≤∴  

At the same time the rate of pinging should not be lower than the time it takes for the 

receiver element to move half its length. 

  LvPRF /2≥∴  

Therefore the pulse repetition frequency is bounded as, 

  max2//2 RcPRFLv ≤≤       (2.2-6) 

 

Synthetic Aperture Length 

 

Figure 2.3 shows a synthetic aperture of length , the range to the target, R and the 

spacing between the synthetic elements, d. The number of elements for this array (not 

shown in the figure) is assumed to be N. The synthetic aperture length is restricted by the 

condition that the end elements must illuminate the same target at the range R. 

eL
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Figure 2.3 Target illuminated by end elements 

 

 

 

 

From the cross-range resolution defined in equation (2.2-5), we have 

  LRLe /λ=         (2.2-7) 

The pattern function for the above synthetic array is found out from equation (2.2-4) as, 

  

))sin(2sin(

))sin(2sin(

)(

φ
λ

π

φ
λ

π
φ

d
N

d
N

G =       (2.2-8) 

  where, φ is the angle from broadside to the array. 

Since the same synthetic array is used to transmit and receive the signal, there is a round-

trip path length equal to twice the phase shift normally encountered in a linear array. For 

a large aperture, . Therefore for a small NdLe ≈ φ , equation (2.2-8) can be written as, 

  

)sin(2

))sin(2sin(

)(

φ
λ

π

φ
λ

π
φ

e

e

L

L

G =       (2.2-9) 

Now from the above new pattern function the beamwidth can be recalculated as,  
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  eSYN L2/λθ =                  (2.2-10)  

Substituting (2.2-7) in equation (2.2-10), we get, 

  2/LR SYNCR == θδ                 (2.2-11) 

Equation (2.2-11) clearly shows that the focused synthetic array has a resolution 

independent of range. 

2.3 Multipath propagation 
 

 

The received signal from the target, suffers from multiple reflections from 

the ocean-floor and the surface of the water. The present simulation takes into account 

only the first and the second order returns for bottom targets. These cases are graphically 

depicted in Figure 2.4 (a) - (i). To consider all the cases for the first and the second order 

returns, note that first there is a direct path from the projector to the target and back. 

Secondly, the signal can reach the target after a single bounce from the surface of either 

the ocean-floor or the ocean itself. Or the signal can reach the target after a double 

bounce on either of the two surfaces. All the above cases also apply when the signal is 

received from the target. Thus there are total nine cases of multiple reflections occurring 

between the projector and the target. A few of those cases will be examined in detail 

below, to have an understanding of various propagation issues concerning the signal 

paths and reflections. 

Figure 2.4(a) shows a direct path to and from a target on the bottom.  The path length out 

is d1 and the return path length is d2.  The path lengths are different because the vehicle 

is moving relative to the target.   The returned pressure wave is modified in amplitude 

due to spherical spreading and due to the target strength. The relative returned amplitude 
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ignoring all other loss mechanisms is given by 
21 dd

tp sm

⋅
. The symbols  are 

described in Figure 2.4. Figure 2.4(b) depicts the direct path out and the return path with 

one reflection. Again the relative value of the returned pressure wave is given by 

bssm RRtp ,,,

132 )( ddd

tRp ssm

⋅+
in the figure.  Due to reciprocity, the paths may be reversed but the 

returned pressure wave will have the same equation. Rs is the reflection coefficient of the 

oceanic surface. Likewise for Figure 2.4(e) the returned wave is given by 

)()( 5432 dddd

tRRp sssm

+⋅+
. Figure 2.4(c) depicts a double reflection going out and a direct 

return. This time along with the surface reflection coefficient, the equation for the 

returned pressure wave also contains the bottom reflection coefficient and is given by 

1432 )( dddd

tRRp ssbm

⋅++
.  The angles of incidence for the pressure wave at the surface and 

bottom are also calculated. As a last case, Figure 2.4(i) depicts a double reflection to and 

from the target. Reciprocity also holds in this case and as earlier, the reciprocal path 

length will be different because of the moving vehicle.  Because the grazing angles will 

be different for outgoing and returning waves, the equation is generalized by squaring 

both reflection coefficients. Thus the returned pressure wave is given by 

)65 dd

t s

++()(

)(

4321

2

dddd

RRp sbm

⋅++
. 
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a b c 
mp   is the Incident pressure wave amplitude 

d e f 
st     is the Target strength 

g h i 
bs RR ,   are the Surface and bottom reflection coefficients respectively 
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 Figure 2.4 Multipath propagation between the projector and the target 
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On any path, directed or reflected, the simulation will add up all of the distances to 

compute the appropriate spreading factors.  Time varying gain is used in order to negate 

the effects of spherical spreading.  The present SAS system computes all reflection points 

and path lengths for each ping and each target including the point of reflection for the 

bottom and surface. Figure 2.5 shows a three dimensional view of a projected wave with 

a single bounce from the surface.  The projector coordinates are at the point P (xp, yp, zp).  

The target coordinates are given as T (xt, yt, zt).  Lastly the reflection coordinates are 

given as R (xr, yr, h).   

 

 

 

 

            

            

            

            

            

            

            

            

            

            

            

             

iθ rθ

 

 

 

y 

Bottom 

(xp,yp,zp) 

R Water surface 

P 
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T 
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Point of reflection 

(xr,yr,h) 

        

z 

h

Figure 2.5 3-D view of a ping reflecting off of the water surface 
 

 

 

                

The z co-ordinate of the point of reflection is known, since it is equal to h, the depth of 

water. In order to find the x and y co-ordinates, we employ the following two conditions. 
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Notice that, the reflection x and y co-ordinates lie on straight line connecting the 

projector co-ordinates and the target co-ordinates and remain fixed irrespective of the 

projector height or the target height. Hence the individual x and y co-ordinates can be 

written in terms of the slope of the straight line and the projector and the target co-

ordinates. 

The slope of the line joining the projector and the target can be written as, 

   










−

−
=

pt

pt

xx

yy
m  

Using the slope m, the x reflection co-ordinate  can be written as, ry

   pprr yxxmy +−= )(                (2.3-1) 

The above equation shows one condition that relates between . To find yet 

another condition, we make use of the fact that, according to laws of reflection, the line 

PR lies in the same plane as that of lines RT and RS, and that the angles 

rr yx  and 

ri θθ  and  are 

equal. 

PR  is given as zzhyyyxxxPR PPrPr
ˆ)(ˆ)(ˆ)( −+−+−=  

RT  is given as zhzyyyxxxRT trtrt
ˆ)(ˆ)(ˆ)( −+−+−=              (2.3-2) 

RS  is given as zhRS ˆ =  

The angle iθ  is given as 
















⋅

⋅
= −

RSPR

RSPR
i

1cosθ               (2.3-3) 

The angle rθ  is given as 
















⋅

⋅
= −

RSRT

RSRT
r

1cosθ               (2.3-4) 
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Equating equations (2.3-3) and (2.3-4), we get, 

RT

hz

PR

zh TP −
=

−
                           (2.3-5)  

Cross-multiplying both sides by numerators and denominators and squaring we can 

manipulate the equations to get, 

2

22

2

22

)(

)()(

)(

)()(

P

PrPr

t

trtr

zh

yyxx

zh

yyxx

−
−+−

=
−

−+−
   

Substituting the values of yr  (2.3-1) in the above equation and canceling common terms 

we get,  

)2(

)()(

tp

tPpt

r
zzh

zhxzhx
x

−−

−⋅+−⋅
=              (2.3-6)  

In a similar way we can find an equation to describe the reflection point yr.                       

We then get; 

    
)2(

)()(

tp

tPpt

r
zzh

zhyzhy
y

−−

−⋅+−⋅
=              (2.3-7)  

The z-coordinate of the point of reflection is equal to the depth of water h.  It is assumed 

that the targets lie on the ocean floor and hence the z-coordinate of the target is always 0. 

Equations (2.3-6) and (2.3-7) are used in the simulation to calculate the projector 

coordinates and determine the receiver coordinates where the receiver intercepts the 

returned pulse. After determining the transmit and receive locations, the pulse delay and 

spherical spreading as well as the time-varying gain are calculated to yield all returns at 

the receiver. 
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2.4 Spatial Filtering: Beamforming 
 

 

 

For not so large distances, the assumption that the reflected wavefront 

broadside to the platform is planar doesn’t hold.  And allowances need to be made to 

consider the curvature of the wavefront arriving at subsequent positions of the platform. 

Thus the received signal has to be beamformed so as to form the target image. 

For a SAS to be focused, it is assumed that the incident wave is planar and that a 

broadside wavefront arrives at all elements simultaneously.  In actual SAS applications, 

the synthetic antenna is unfocused and the received data needs to be further processed to 

compensate for the wavefront curvature.  Figure 2.6 shows incremental positions (i) of 

the moving platform with respect to the target.  

 

 

        Heading    
i-2          i-1             i            i+1          i+2     … 

X X ……           X         X X   X  X  ………… 
 

 

 

            

            

   

 

 

      

      

 

R
Ri

             Target 

Figure 2.6 Planar view of the target and incremental positions of moving platform 

 

Since the target is fixed, the distance between the target and the moving platform goes on 

decreasing at first reaches a minimum and then goes on increasing according to some 

quadratic function. There is a distinct curve for different targets. To simplify the 
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calculation it is assumed that the center element of the synthetic array is closest to the 

target. It is further assumed that this center is at origin. The distance from the synthetic 

element to the target is known as the slant range. The slant range (R) from any ping 

position ‘i’ to the target is given by the hyperbolic equation,  

    22 )( xiRRi ∆+=      (2.4-1) 

where,   ∆x = spatial separation between pings 

  R = Closest distance from the platform to the target  

And the following condition holds 
x

N
i

x

N

∆
<≤

∆
−

22
, where N = number of pings.  

The round-trip time delay to any element i is, 

   
c

xiR

c

Ri

Ri

22 )(22 ∆+
==τ      (2.4-2) 

 

According to equation (2.4-1), for near target to platform distances, Ri and R are not 

comparable, hence there is a lag in the signal received by the platform at position ‘i’ as 

compared to the origin. Due to this reason, all the received signals at incremental 

platform positions cannot be added coherently. Thus a correction needs to be made by 

adjusting the time delays (phase shifts) seen by each element.   

 

Figure 2.7 shows the raw stave data prior to beamforming. The vertical scale depicts the 

along-track range.  The horizontal scale represents the range.  The horizontal lines depict 

the received signal waveform versus range.  This raw stave data is actually 3-D in nature. 

The third dimension is the signal amplitude and is not shown in the Figure 2.7. This 
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unprocessed data is called the raw stave data.  There are two targets and hence two sets of 

received signals for each. They are located broadside to the array and as we see from the 

figure quite close to each other. The down range is quantized into finite cells called as 

range cells (R
n
) as shown in Figure 2.7. The number of cells is calculated by dividing the 

strip length by the down range resolution.  The scattered signals in the raw stave data 

form a hyperbola as shown in Figure 2.7. The equation for the slant range hyperbola is 

simply,  

 

    22 ))(()( xijRR n

i

n

ji ∆−+=±     (2.4-3) 

where, 

   n          =  the number of the range cell 

          =  range to the target closest to element i from n

jiR ±

          element i + j  

j-i∆x  = total distance between the center element i   

         and the element i + j 
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         Figure 2.7.  Raw Stave Data for Synthetic Array. 

 

 

 

 

When all the signals of the raw stave data are added coherently, a target is indicated in 

the n
th

 range cell nearest to the element ‘i’. The targets closer to the path of the sonar 

platform require a smaller array while farther targets require larger synthetic arrays. This 

enables consistent focusing without compromising the cross-range resolution. Thus, from 

equation (2.2-7) the array length for a single range to the n-th cell is given by; 

 

    Le
n
  =  R

nλ/L       (2.4-4) 
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The total number of elements for the synthetic array is given as, 

    N
n
 = Le

n
/∆x = R

nλ/(L∆x)    

If the ping rate is such that ∆x = L/2, then equation (30) is rewritten as, 

    N
n
 = R

n
2λ/L

2
      (2.4-5) 

The synthetic array length was chosen to be 50 m. A longer array length yields a better 

resolution as far as the target image is concerned. The receiver length changes with range.  

The total number of synthetic elements is given as 50/∆x.  The receiver length can be 

easily set to a constant in the simulation and have the beamwidth and synthetic array 

length change with range.   

2.5 Waveform Coding 

Waveform coding is done for many reasons such as improving accuracy of 

measurement, increasing the range resolution and reducing ambiguities. In this 

simulation, we will not synthesize a waveform to yield a desired ambiguity diagram, but 

rather choose a set of codes based upon desirable autocorrelation properties and a lower 

time-sidelobe level. We will use Welti codes [9] to design the waveform because they are 

complementary codes and easy to generate. 

The complementary property signifies that when the autocorrelations of a 

pair of such codes are algebraically added, the sides-lobes in the autocorrelation sum are 

cancelled and the main-lobes are added. Cancellation of side-lobes and enhancement of 

main-lobe means the reflected waveform is easily distinguished from noise, and 

therefore, easier to detect by the receiver.  
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The fundamental set of Welti codes are taken to be a pair of orthogonal vectors, [1,1] and 

[1, -1]. The next higher set of code-pairs from the previous vectors is generated from the 

fundamental sets by concatenating the vector to its complement. Hence the next code-pair 

for vector [1,1] becomes [1,1, 1, -1] and [1,1, -1,1].  Similarly, the next code-pair for 

vector [1, -1] becomes [1, -1, 1, 1] and [1, -1, -1, -1]. Figure 2.8 depicts an 8 length 

complementary Welti code tree. 

 

 
     [1 1]                [1–1] 

 
                     

 [w x w x]           [w x w x]                                       [w x w x]            [w x w x] 

 
 

               [1 1 1–1]                            [1 1–1 1]                               [1 –1 1 1]                       [1 –1 –1 –1]  

 

 

[w x w x]         [w x w x]        [w x w x]     [w x w x]           [w x w x]    [w x w x ]        [w x w x]   [w x w x] 
 

 
[1 1 1 –1 1 1 –1 1]              [1 1 –1 1 1 1 1 –1]            [1 –1 1 1 1 –1 –1 –1]                           [1 –1 –1 –1 1 –1 1 1]   

 

               [1 1 1 –1 –1 –1 1 –1]               [1 1 –1 1 –1 –1 –1 1]                            [1 –1 1 1 –1 1 1 1]             [1 –1 –1 –1 –1 1 –1 –1] 

 

 

Figure 2.8 Code tree to derive an 8 length Welti Complementary Code 

 

 

 

Shown below in Figure 2.9 are Welti codes for a chip length of 8 to produce SONAR 

coded waveforms. These Welti codes are used to modulate a carrier of 100kHz, which is 

transmitted by the hydrophone and upon return, processed by a heterodyne receiver.  The 

Welti code then will have an IF carrier.  After heterodyning in the receiver, each Welti 

code is convolved with itself and both convolutions are then summed.  The resulting 

summation yields a much more compact autocorrelation than the original codes.  .  
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Figure 2.9 Welti Codes for a chip size equal to 8 

 

 

The autocorrelation sum of Welti codes with an IF can be seen in Figure 2.10. After 

performing the auto-correlations, we clearly see that the sum of auto-correlations of 

codes A and B produce a predominant main lobe, and low side lobes. In this SAS 

simulation a Welti code pair of length 4 was chosen.  Longer codes with higher pulse 

compression ratios could be used at the cost of increased computational time.  Also a 

longer code length entails large matrices and thus increases memory utilization. 
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Figure 2.10 Auto-correlation sum of Welti codes with IF 

 

2.6 Projector and Receiver characteristics 

A SONAR transmitter also known as a projector generates an acoustic 

output signal in response to an electrical input signal. Similarly, to receive the reflected 

signal, a hydrophone is used which produces an electrical signal, when an acoustic signal 

is incident on it. The receiver and the projector are assumed to be co-located. Burdic [1] 

gives a detailed analysis of acoustic transducers, projectors and hydrophones. The 

projector is modeled as a point source. However the projector pattern can be changed 

without affecting the system. The receiver is assumed to be a line-element receiver whose 

gain is 
x

x)sin(
 in the azimuthal plane and uniform in the elevation plane. The 

x

x)sin(
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function is the consequence of a uniform receive element weighting. The illumination 

swath width of the system is given to be 25 meters. However due to the angular pattern 

nature of the radiation intensity emitted by the projector, the entire strip-map width of 25 

meter is not always illuminated. For short ranges, the arc length and the subtended cord 

are not equal.  From the Figure 2.11, we see that the exact range width illuminated by the 

receiver at any range is given by,  

  Wr = 2Rminsin(ψB/2) = 25 meters.     (2.6-1) 

 

 

 

 

 

 

 

 

 

      

GHP= 2/1  

GMAX = 1

ψ
X 

R
Wr =25 meters 

 

 

Figure 2.11 Swath illumination by angle subtended by beam pattern 

 

 

 

 

Therefore the beamwidth for any range can be calculated from equation (2.6-1) as 

    







= −

min

1

2
sin2

R

Wr
Bψ     (2.6-2) 
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From the half power points in Figure 2.11 and from equation (2.2-4), we determine the 

receiver element length to be, 

    
rB W

R

πψ
πλ

min78.2

)
2

sin(

392.1
=

L
=     (2.6-3) 

The above equation ensures that the half-power beamwidth always covers the same cross-

range width Wr. Therefore; the synthetic array length is set to twice the illuminated strip 

width and is given as,  

Lsa = 2Wr  = 50 meters    (2.6-4)  

 

For every run of the simulation, the minimum range to the target changes, and hence the 

beamwidth changes according to (2.6-3). In order to keep the synthetic array length fixed 

in the simulation, it is necessary to choose the number of hydrophone elements to achieve 

the length required by equation (2.6-3).  For every range selected, the receiver beamwidth 

is adjusted to just illuminate a 25-meter wide strip at a given range.   

2.7 Important Parameters for the purpose of SAS simulation 

Given below are important parameters that were considered for the SAS simulation. 

Projected pulse chip width 

The simulation was mainly run with the Welti code as the projected pulse waveform. The 

chip width for each code is determined to produce the prescribed downrange resolution.   
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If the required resolution is δy then the chip width is defined as; 

c

yδτ =        (2.7-1) 

Coded waveform bandwidth 

Both coded waveforms are designed to have a chip length consistent with the down-range 

resolution.  If we define the bandwidth as the distance between the first nulls then the 

bandwidth is given as, 

y

c
B

δτ
==

2
        (2.7-2) 

For a range resolution of 5 cm, the bandwidth would then be 30kHz. 

Coded waveform lengths 

The Welti coded waveform that was used has four chips and therefore the pulse length is 

4τ.  

Receiver Length 

As discussed previously, the receiver length varies with range and is defined in equation 

(2.6-3).  It will thus always illuminate a strip width of 25 meters.  The receiver length is 

calculated in the main SAS simulation. 

Synthetic array length 

The synthetic array length is determined to be 50 meters.  This is the result of having a 

variable receiver length. 

Ping Rates 

The ping rate or pulse repetition period is simply determined by the maximum range 

examined and is given by  
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c

R
t p

max2
=        (2.7-3) 

 

Vehicle speed 

The vehicle speed is determined by the ping rate so as to achieve an along-track 

resolution of . Therefore the vehicle speed is given as, x∆

p

p
t

x
v

∆
=        (2.7-4) 

Target strengths 

Two targets are used in each scenario having target strengths of –35 and –45 dB.   In 

some cases, depending on whether we motion compensated the raw data or the raw 

difference data, the second smaller target was not always visible. 

Location of targets 

The targets are placed in echelon within the 25x25 strip-map area studied.  The 

simulation works very well for a maximum range up to 250 meter and the minimum 

range is 25 m less.   

Frequency of operation 

We heterodyne our received pulse down to baseband and perform the signal processing 

and beamforming on the baseband signal. External to the platform we assume the 

frequency of 100kHz.  On the signal processing side, we assume the processing of 

waveforms with a 30kHz bandwidth.  Our sampling rate is at 90kHz.  Higher sampling 

rates can be used but the matrix dimensions and computational times become prohibitive 

in the simulation. 
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Initial platform coordinates 

The initial platform coordinates are at x = 0, y = 0, z = dw/2.  Where dw is the channel 

depth. 

2.8 Summary 

This chapter reviewed the basics of operation of a synthetic aperture sonar 

system. It touched upon important SAS concepts and operating parameters used in the 

simulation. Various types of multipath propagations that take place between the projector 

and the target were discussed. A delay-sum beamforming technique that is used to obtain 

focused target images was explained. It also showed the generation of a transmission 

code set using Welti codes. The next chapter outlines different kinds of motion a sonar 

platform is subjected to and models yaw motion for the purpose of simulation. 
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CHAPTER 3 

PLATFORM MOTION, MODELING OF YAW MOTION 

 

3.1 Types of Motion 

 

The platform when underwater is subjected to various kinds of motion viz. 

Surge, Sway, Roll, Pitch Yaw as mentioned earlier. There are in total six types of motion 

imposed upon an underwater platform, which are illustrated in Figure 3.1. In addition to 

the above an ideal case of non-distortive motion needs to be considered purely for the 

purpose of simulation. This is a motion in a straight line with no deviation in speed, zero 

acceleration and zero angular velocity. All other kinds of motion not satisfying the above 

criteria introduce distortion in the received signal and will be considered as distortive 

motion. There are three basic motions that take place about three axes viz. lateral, 

longitudinal and vertical.  

Pitch - The platform lurches back and forth about the lateral axis, undergoing a bobbing 

action. 

Roll - The platform undergoes a circular motion about the longitudinal axis (in the 
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direction of motion). 

Yaw - The platform undergoes an oscillatory angular motion about the vertical axis 

perpendicular to the direction of motion. 

There are three additional degrees of movements which take place due to lack of stability 

of motion in a straight line. 

Surge - The platform undergoes acceleration or deceleration in the direction of motion. 

Heave - This is caused when the platform moves upwards and downwards, while at the 

same time undergoing a straight-line motion. 

Sway - The platform undergoes a sideways motion left and right to the direction of 

motion. 

 

 

      
SURGE 

 

Cross-Range 
ROLL

 

 

 

 

 

 

 SWAY 

 
PITCH 

 YAW 

 

 

 Down-RangeHEAVE

  

 

 

            Figure 3.1  Types of Platform motion 
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Figure 3.2 shows a cross-sectional view of all the above 6 kinds of motion.  

 

 

 

 Figure 3.2 Cross-sectional views of Platform motion 
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For all kinds of motion except sway, the centroid of the platform always lies on a straight 

line in the direction of linear motion. However in case of yaw and sway, there is always a 

lateral component in the direction of the scanning of the beam. Hence, yaw and sway 

motion affect the target image considerably.  

3.2 Modeling Yaw Motion 

The Yaw motion can be described as that motion of a rigid body, where 

the centroid of the body always lies on a straight line (direction of linear motion) and the 

angle that the body makes with the straight-line changes according to a linear function. 

For all practical purposes the platform is assumed to conform to dynamics of a rigid 

body. 

 

It is assumed that the angular velocity ( pω ) varies sinusoidally and hence 

the t−θ  graph, which shows the angular displacement vs. time, is a cosine function over 

time. The angular velocity pω  is given by equation (3.2-1) as, 

  )2cos(max tfwp ⋅⋅⋅= πωω       (3.2-1) 

where,  

  =maxω  Maximum angular velocity 

     Frequency of Yaw motion =wf

We know, the angular displacement is given by 

∫ += cdtp    ωθ        (3.2-2) 
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Substituting the equation (3.2-1) in (3.2-2), we get 

∫ +⋅⋅⋅= kdttfw    )]2sin([ max πωθ  

  ktfw
w

+⋅⋅⋅=∴ )2sin(max π
ω
ω

θ   .     (3.2-3) 

where, ww f⋅⋅= πω 2 ,  

k is a constant which can be arbitrarily assumed to be 0. 

Let 
wω

ωmax  be defined to be maxθ  which is assumed to be 15°. 

The projector mounted on the SONAR platform pings only at discrete times decided by 

the cross-range resolution ( and the platform velocity ( ).  Therefore equation  )x∆ pv

(3.2-3) can also be written as, 

  )2sin(max

p

w
v

xi
f

∆
⋅⋅⋅=∴ πθθ   .     (3.2-4) 

  where, i is the platform ping position  

Since the platform velocity is given as, 

  
p

p
t

x∆
=v ,  

Substituting the value of  into (3.2-4), we get, pv

  )2sin(max pw tif ⋅⋅⋅⋅=∴ πθθ   .     (3.2-5) 

We can further substitute the value of  from equation (2.7-3) in (3.2-5) to get, pt

)4sin( max

max
c

R
ifw ⋅⋅⋅⋅=∴ πθθ   .     (3.2-6) 

where, c is the velocity of sound underwater. 
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Equation (3.2-6) describes the oscillatory yaw motion, where the platform reverses its 

motion after the maximum Yaw angle ( maxθ ) is reached. The complete graph of angular 

displacement for one full cycle of platform yaw motion is shown in Figure 3.3.  

 

 

 
Figure 3.3 Graph of Angular Displacement for Yaw motion vs. time 

 

 

 

 

Figure 3.4 shows the platform deviation due to yaw motion. The bar shown is the 

platform. The co-ordinates of the tip of the platform are given as follows. 

The x co-ordinate is given by x = xi∆ + )cos(2/ θ⋅pL  where, is the platform length 

and ‘i’ is the ping position. The y co-ordinate is given by 

pL

θsin2y /Lp= , for a particular 

value of θ , which is given by equation (3.2-6).  
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Figure 3.4 Platform deviation due to Yaw motion 

 

 

Shown in Figure 3.5 is the motion of an underwater platform undergoing a yaw motion, 

used in the simulation, for a cross-range of 40 meter. The blue bar † shown in the figure 

is the platform undergoing motion with the character ‘^’ representing its head and ‘0’ 

representing the tail. 

 

              Figure 3.5 Platform undergoing Yaw motion 
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3.3 Co-ordinate System for the platform  

This section explains the reference co-ordinate system of the platform in 

brief. Figure 3.6 shows the sonar platform with the receiver positioned at the co-ordinates 

(xr,yr), considering the centroid (xc,yc) as the origin. At any given instant of time, the 

platform may be inclined to the X-Y axes, also known as the world co-ordinate system by 

a heading angle vψ shown in the figure. 

 

X

Y

(Xr,Yr)

(Xc,Yc)

pψ

X'

Y'

X

(Xt,Yt)

Target

 

Figure 3.6 Co-ordinate system for Sonar Platform with the receiver element 

 

 

All the distances and points on the platform are measured by reference to what is known 

as the platform's local co-ordinate system as shown by the X'-Y' axes. 
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The transformation from local to world coordinates is given by 
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where the values of (Xc,Yc), pψ are as shown in Figure 3.6 

Any point on the receiver in Figure 3.6 can be expressed in terms of local co-ordinates as  
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The target (Xt,Yt) is always expressed in terms of the world co-ordinates. 

 

3.4 Platform undergoing combined Yaw and Sway motion. 

As mentioned earlier all six types of motion are present in the platform in 

varying proportions. Sway motion is the most typical of such motions and for our 

simulation, the platform will be subjected simultaneously to Sway and Yaw motion as 

shown in Figure 3.7. Simple sway with zero mean can be modeled as a sinusoidal motion 

with respect to time. The sway represented in Figure 3.7 has no crab angle, and it repeats 

itself nearly twice the cycles of the yaw motion in Section 3.3. 
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Figure 3.7 Platform undergoing combined Yaw and Sway Motion 

 

 

 

3.5 Summary 

This chapter explained different types of motion subjected to a platform 

and modeled Yaw platform motion. Yaw motion along with Sway contribute to 

maximum distortion in the received signal. The co-ordinate system for the platform is 

described and will serve as a reference in projector and receiver calculations.  

The next chapter shows the distortive effects in the final target image due to yaw and 

sway motion and shows a means to compensate for the yaw motion. 
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CHAPTER 4 
 

 

MOTION COMPENSATION SCHEME: 

ALONG TRACK PHASE FILTERING 
 

 

 

 

4.1 Motion Induced Distortion 

 

This chapter aims at showing the distortions in the phase data introduced 

by yaw motion and demonstrates a method of filtering the raw stave data in order to 

compensate for the motion. The filtering method assumes no prior knowledge of the 

instantaneous translational and angular platform motion and does not employ instruments 

like angular rate sensors, accelerometers and magnetic heading sensors to log motion 

data. Kirk [5] mentions a compensation scheme, which electronically adjusts the phase 

for the synthetic array elements. In this chapter we propose a spectral domain technique 

to correct for the motion induced phase errors in the raw stave data. Platform motion 

errors, which are responsible for phase errors, cause a high degradation of target image 

quality. The final SAS image should ideally display the point targets as point images. 

However, due to the limited resolution of the SAS system, the point image is 

considerably blurred and inflated. The platform motion distortion further adds to a 

degradation of the final image. The following figures below illustrate how yaw and sway  
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motions distort the target image. With a single point target at (12,40), Figure 4.1 shows 

the beamformed target image when the platform is not subjected to any motion.  

 

 

 

 
Figure 4.1 Target image without motion. Target located at (12,40) 

 

 

 

 

Figure 4.2 shows the same target located at [12,40], when the platform undergoes sway 

motion. Refer Appendix B for the types of motion and their mathematical form for the 

purpose of simulation. Comparing Figure 4.2 with Figure 4.1, it is seen that considerable 

blurring of the target image has been caused by introduction of sway motion. It is also 

noticed that the target appears elongated. This can lead to lowering of target resolution 

especially if the targets to be imaged are very close to each other.  
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Figure 4.2 Target image with Sway motion alone. Target located at (12,40) 

 

 

 

 

Yaw motion without sway alone can also cause a considerable degradation of the final 

image. Figure 4.3 shows the target when the platform is subjected to yaw motion alone.  

It is also perceived that yaw motion has slightly lesser elongation than sway motion. 

Figure 4.4 shows the final target image, when the platform is subjected to a combined 

effect of yaw and sway motions. It is clearly noticed that the image distortion was 

substantial when the platform was subjected to both yaw and sway motions.  
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Figure 4.3 Target Image with Yaw motion alone. Target located at (12,40) 

 

 
Figure 4.4 Target image with Yaw and Sway motion. Target located at (12,40) 
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Observing Figures 4.2 to 4.4, it is seen that apart from distorting the target image, the 

cross-range resolution and the down-range resolution for target detection has also been 

severely affected. This has a direct bearing on imaging of two targets placed very close to 

each other. Figure 4.5 shows an enlarged image of the target when the platform does not 

undergo motion. 

 

 

 
      Figure 4.5 Target Image without motion enlarged 
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For purpose of comparison, Figure 4.6 below shows the enlarged image for a target when 

the platform is subjected to both yaw and sway motion. The target area has increased as 

compared to Figure 4.5. The motion has also caused sever distortion and elongation. The 

cross-range or along-track dimension of the target has increased to 2.2 meter, whereas the 

range dimension has increased to 0.75 meter. Thus the target detection resolution has 

been compromised. 

 

 

 

 
   Figure 4.6 Target Image with Sway and Yaw motion enlarged 
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4.2 Cause of Motion degradation 
 

 

In order to understand clearly the motion degradation, the signal bouncing 

off the targets is observed for the complete platform scanning range. These signals also 

known as the raw stave data are plotted for the platform with no motion in Figure 4.7. It 

is observed that the hyperbola for the raw stave data for platform with no motion is very 

smooth without any disturbances.  

 

 

 
            Figure 4.7 Raw stave data without motion 
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It is also helpful to observe the stave data obtained when the platform is subjected to yaw 

motion alone. Small perturbations are seen in the raw stave data shown in Figure 4.8.  

 

 

 

 
 Figure 4.8 Raw stave data with yaw motion alone 

 

 

 

 

When the platform undergoes both sway and yaw motions, the raw stave data show 

pronounced distortions as is evident from Figure 4.9. This is the most corrupted version 

of the raw stave data when the platform is subjected to both Yaw and sway motion. It is 

noticed that while the original shape of the hyperbola has been maintained, there is an 

apparently periodic disturbance superimposed on the curve. 
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Figure 4.9 Raw stave data with combined sway and yaw motion 

 

 

 

 

The raw stave data in Figure 4.9 is mathematically described by a hyperbola. The round 

trip delay varies slowly according to the slant range. From Figure 4.9, we can see that, the 

phase delays are modulated by periodic platform motion.  

 

4.3 Eliminating Motion: Along track phase filtering 
 

 

Gross [2] analyzes the effects of motion-induced errors, which tend to 

occupy a higher place in the frequency spectrum as compared to the round trip delays 

from static targets. The motion errors can be thought of as rapid variations riding along a 
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relatively smooth signal return from the target. From the above reasoning, an along-track 

phase filtering scheme is proposed to solve the target image distortion problem.  

 

4.3.1 Phase Spectrum Analysis   
 

This section attempts to describe mathematically the phase spectrum of the 

raw stave data. Let the projected pulse be denoted as . This pulse is similar to the 

one discussed in section 2.5. When the projector sends out the pulse, it hits the targets, 

suffers multiple reflections on the ocean floor and the ocean surface and then bounces 

back to the receiver. Let this received pulse is . The first stage in the receiver is the 

matched filter processor. The matched filter is realized by correlating the received pulse 

with the projected pulse.  

)(tp

)(trrec

)()()( tptrtr rec ⊗=∴        (4.3-1)  

This received pulse features delays corresponding to all targets plus delays due to the 

unwanted platform motion. Thus the received pulse for the i ping can be written as th

)()(
1

i

n

i

n

N

n

i

ni ttrwtr δ−−=∑
=

      (4.3-2) 

where, N    =  Total number of returns
†
 including all targets and multipath 

i

nw   =  The amplitude coefficients for each return for i ping. th

i

nt    =  The time delays associated with each return for i ping. th

   =  The additional time delay due to unwanted vehicle motion. i

nδ

 

†
 Note: Each return can come from a different target or multipath component or both. 
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Taking the Fourier transform of equation (4.3-2) we have, 

∑
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+−=
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n

tji
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i
n

i
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)(
)()(

δωωω      (4.3-3) 

It can clearly be seen that the phase of (4.3-3) contains the appropriate phase delays due 

to each return in addition to the unwanted phase shifts that arise due to platform motion. 

The discretized version of (4.3-3) is given below. 
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     (4.3-4) 

where,  k    = index for the sample point of the discretized signal. k  M..1=

 
M

π2
0 =Ω ,  M = total number of data samples 

i
nm  =  Target scatterer return delay  

i
nδ   =  Motion induced delay 

Since it can be shown that  is real, the phase spectrum of each return ping can be 

found by considering the phase angle of equation (4.3-4), and is given by  

][kRi
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    (4.3-5) 

Equation (4.3-5) is a spectrum in 2 dimensions, where one dimension is the along-track 

position and the other dimension is the discrete frequency. To further observe the phase 

spectrum for a ping position, we can let k assume any constant value.  For k = 1, equation 

(4.3-5) becomes,     (4.3-6) )(][
1

)(0∑
=

+Ω−=Ψ
N

n
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i
n

i
newanglei
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4.3.2 Pre-processing before Filtering: Removal of Multipath 
 

The raw stave data in the most general sense has combined effects of 

multipath phase delays and motion. For one target the term  in (4.3-6) represents the 

n

i
nm

th
 multipath reflection. Figure 4.10 shows the raw stave data with multipath components. 

It is clearly seen that along with the undulations caused due to motion, there are multiple 

hyperbolas defined for a single target located at [12,40]. These multipath contributions 

(Section 2.3), that manifest themselves as multiple targets, need to be eliminated before 

the data is filtered to remove motion. In order to eliminate multipath, the closest return 

from the target is found by iterating through all the range cells for all ping positions.  

 

 

 
Figure 4.10 Raw stave data with combined sway and yaw motion and multipath 
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Figure 4.11a shows a cross-section through the raw stave data in Figure 4.10 for a 

particular along-track position. A threshold filter is then applied to the positive values of 

the return signal in Figure 4.11a to remove all multipath contributions except the direct 

return. The construction of the filter is based on the fact that the first peak above the 

threshold in the slice along the raw stave data yields the closest or the direct return. 

Figure 4.11b shows the direct return after the contributions due to multipath have been 

removed.  

 

 

 
Figure 4.11 a) Positive values of return signal 

 b) Return with multipath contributions removed 
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The processed raw positive data is plotted in Figure 4.12. It is observed that the multiple 

hyperbolas in Figure 4.10 have been eliminated. This multipath-free raw stave data still 

has the motion due to yaw and sway. A low-pass filter is now applied to the phase 

spectrum of this raw stave data. 

 

 

 
Figure 4.12 Raw positive data with multipath removed 

 

 

After the raw data is rid off the multipath, the phase angle given by equation (4.3-6), can 

be written as  

)()(][ 0

)(0 i

n

i

e

mj
meanglei

i
n

i
e δδ +Ω==Ψ +Ω−

    (4.3-7) 
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The term  in equation (4.3-6) represents the earliest return with not motion due to the 

n

i

em

th
 scattering center for the i

th
 ping. The phase spectrum in equation (4.3-7) is plotted for 

all the along -track positions in Figure 4.13. It shows the phase delays in the received 

signal. The phase delay from ping to ping, which varies from 0 to -2π is the smallest† (in 

the center) when the target is closest to the platform.  

 

 
Figure 4.13 Along-track phase variations for signal returns 

 

 

 

 

 

† Note: The top of the plot represents 0 phase delay. 
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For the purpose of frequency-domain filtering, the along-track phase 

variations have to be transformed to the frequency domain. Figure 4.14 shows a Fourier 

domain representation of the phase variations shown in Figure 4.13 with sway motion. In 

addition to the low frequency content in the phase spectrum there is the presence of a 

distinct spike or a higher frequency harmonic that symbolizes the unwanted sway motion 

component resulting form the slow hyperbolic target returns. It is the presence of this 

harmonic, which causes the final target image degradation. 

 

 

 
Figure 4.14 Phase spectrum of Along-track phase variation with sway motion alone 
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When the platform is subjected to yaw motion a different harmonic is observed in the 

frequency spectrum. This is shown in Figure 4.15. It is noted from Figures 4.14 and 4.15 

that the yaw motion harmonic is at a higher frequency than the sway motion harmonic.  

 

 

  

 
Figure 4.15 Phase spectrum of Along-track phase variation with yaw motion alone 

 

 

 

 

A comparison is made for the phase spectrum without motion and the spectrum with the 

combined effects of both yaw and sway motion applied to the platform in Figure 4.16. 

The phase spectrum without motion (solid line) has a minimal high-frequency content, 

due to the slowly varying time delays caused by the distance to the target. When the 
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platform undergoes motion, the distortions are shown as unwanted harmonics in the 

phase spectrum (dotted line). The second highest harmonic is present due to the 

introduced Yaw motion. The other rapid variations that are much smaller in magnitude 

arise due to Gibbs phenomenon resulting from truncating the data after the Fast Fourier 

Transform. From the above discussion, it is proposed that the unwanted motion can be 

isolated and reduced if not totally eliminated, by using the spectral content due to motion 

to compensate the raw stave data. Thus low-pass filtering the spectrum isolates motion. 

 

 

 

 
 

Figure 4.16 Phase spectrum of Along-track phase variation with and without motion 
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The goal now is to design a low pass filter that removes the motion components. 

Referring to Figure 4.16, the low pass filter that removes the lower frequency sway 

motion in the phase spectrum, also removes the higher frequency yaw motion component 

as well. However the low-pass filter cannot be directly applied to the phase spectrum of 

the raw stave data. This is because; the raw data contains phase delay components due to 

multiple target scatterers. A target can have more than one scatterer which is responsible 

for more than one reflections returned by the target. These delays known as multipath 

effects (equation 4.3-2) are also caused due to multiple reflections on the surface or on 

the ocean floor before reaching the receiver. These multipath contributions need to be 

eliminated before the raw stave data is low-pass filtered. 

 

4.3.3 Spatial filtering to eliminate Motion 
 

 

The design of the low-pass filter to remove motion is influenced by the 

sway and yaw frequencies and the spatial along-track sampling. The platform motion is 

continuous, but the ping times are discrete. The y co-ordinate of the platform exhibiting 

sway motion is given by  

)2sin(0 tfAyy mπ+= .           (4.3-8)  

If the velocity of the platform is given by v , the ping period or the mean time between 

transmissions ( t ) is given by  

p

p

p

p
v

x
t

∆
= ,   

where, is the cross-range resolution of the SAS system.  x∆
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Substituting this value of  in place of t in (4.3-8), the platform y position at the ‘i’pt
th

 

ping is given as, 

)2sin(0

p

m
v

xi
fAyy

∆
+= π .           (4.3-9)  

It is observed from equation (4.3-9) that the sampling rate is 1 cycles/meter. The 

spatial frequency can be given by 

x∆/

p

w
spatial

v

f
f =                  (4.3-10) 

We know that the platform motion velocity, v is given as, p

max2R

xc
v p

∆
=                   (4.3-11) 

Substituting equation (4.3-11) in (4.3-10), we get the spatial frequency as, 

 
xc

fR
f w

spatial ∆
= max2

                (4.3-12) 

For the elimination of the motion frequency, the low pass filter is designed to cut-off 

frequency below . Further the filter should have a linear response is to reduce the 

phase distortion. A number of different filters were tested to remove the motion 

spectrum. The Hamming window was found to be yielding the best results as far as the 

final beam-formed target image quality was concerned. The Hamming window also 

yielded the lowest side-lobes in the inverse-transformed phase. 

spatialf

The Hamming window is defined by equation (4.3-13) as, 

  )
 2

cos(46.054.0)(
N

n
nh

π
−= ,  1,.....2,1,0 −= Nn            (4.3-13)  
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The low-pass filter with the Hamming window given by equation (4.3-13) is shown 

superimposed on the phase spectrum in Figure 4.17. A Fourier transform of the raw 

positive data shown in Figure 4.16 is taken and the phase information from the transform 

is extracted.  

 

 
 

Figure 4.17 Low pass filter superimposed on the phase spectrum with motion 

 

 

The low pass filter is applied to the spectrum to isolate the erroneous phase due to 

platform motion. Figure 4.18 shows the phase spectrum after the low pass filter is 

applied. 
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Figure 4.18 Filtered Low frequency phase spectrum 

 

 

It is observed that the filtered phase spectrum is devoid of high frequency 

harmonics due to yaw and sway motion. Figure 4.19 (a) shows the filtered and the 

unfiltered phase superimposed on each other. The difference between the two phases in 

Figure 4.19 (a) is shown in Figure 4.19 (b) and represents the phase due to platform 

motion alone. It is this extracted phase difference that is used to correct the platform 

motion. Let this phase difference be denoted as 
i∆ . 
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This phase difference if multiplied with the spectrum of the raw data, introduces an 

opposite shift or a time delay in the time domain, proportional to the motion and thus 

corrects the motion.  Thus introducing the phase difference in equation (4.3-4), to shift 

the entire spectrum of the new multipath-free raw data, the corrected spectrum can be 

written as,  

∑
=

∆−Ω−=
N

n

jki

nnew

ii
newkRikR

1

)(0][],[
δ

                           (4.3-14) 

 

 
Figure 4.19 a) Filtered and Unfiltered phases superimposed 

 b) Phase difference for motion correction 
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4.4 Beamforming to obtain Final Target Image 
 

After the raw data is phase corrected, it is shown in Figure 4.20 that 

clearly shows no variations due to motion.  It can clearly be seen that the motion 

variations have been spatially corrected.  

 

 

 

 
       Figure 4.20 Motion compensated raw stave data after demotion 

 

 

 

In order to achieve the final focused target image, beamforming needs to be applied to the 

motion corrected raw data shown in Figure 4.20. This raw data plotted can be thought of 
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as being divided into range cells that are yx ∆×∆  in size, where is the cross-range 

resolution and 

x∆

y∆ is the down-range resolution of the SAS system. A spatial delay and 

sum method is used to shift delays and thus coherently add returns for each cell. After the 

signals are coherently summed, the rms value is calculated within that cell and a gray 

level is assigned to each cell based on its rms value. The final target image as shown in 

Figure 4.21 below is obtained after normalizing and plotting a two-dimensional image of 

all the cells processed together. 

 

 

 

 
 

                    Figure 4.21 Final beamformed target image after demotion  
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4.5 Summary 
 

This chapter demonstrated the distortions in the target SAS image due to 

yaw and sway motion effects on the underwater platform. A frequency domain approach 

has been used to extract the phase information in the raw stave data, which is then used to 

correct for motion. The next chapter attempts to establish the efficacy of the proposed 

method by including the simulation results for cases considering more than one point 

target at different ranges and different channel depths. 
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CHAPTER 5 
 

 

SIMULATION PERFORMANCE AND RESULTS 
 

  

The simulation results are displayed for specific cases of target 

configurations, and other varying SAS parameters. All the results displayed below are 

produced by considering a two-target configuration, spaced at different locations. The 

platform is subjected to Sway motion first, and then Yaw and finally to a combined effect 

of Sway and Yaw. For every case, the cross-range resolution )( x∆  and the down-range 

resolution ( ) are taken to be 0.2 meter. The following target case I with no motion is 

considered as a reference for all the simulation cases.  

y∆

5.1 Case I: Reference Case 

Target Location (y, x) Target 

Strength 

Sway motion Yaw motion 

 

T1 (12, 40) -35 dB 

T2 (17, 35) -35 dB 

Absent Absent 

 

Figure 5.1 shows the plot of raw stave data when the platform does not 

undergo motion. The hyperbolas seen are very smooth showing no rapid variation. Figure 

5.2 shows the final beamformed target image. The point targets are represented as point 

images. To get a clearer picture of the resolution, the two targets are enlarged in Figures 

5.3 and 5.4. It is noted that the resolution in the along-track direction is 0.2 meter for 

targets T1 and T2 and that in the range direction is nearly 0.5 meter for T1 and T2.
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Figure 5.1 Raw stave data for targets T1 and T2 without motion 

 

Figure 5.2 Final SAS Image without motion for targets T1 and T2 
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Figure 5.3 Target Image for T1 without motion (enlarged) 

 

         Figure 5.4 Target Image for T2 without motion (enlarged) 
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5.2 Case II. Platform subjected to Sway motion alone 

 

Target Location (y, x) Target 

Strength 

Sway motion Yaw motion 

 

T1 (12, 40) -35 dB 

T2 (17, 35) -35 dB 

Present Absent 

 

 

Figure 5.5 shows the plot of raw stave data when the platform undergoes 

sway motion alone. Compared to Figure 5.1, the hyperbolas in Figure 5.5 show much 

more variation. Figure 5.6 shows the final beamformed target image. It is observed that 

the target images are distorted and blurred. Target T1 is in fact displayed as two point 

images. Figures 5.7 and 5.8 show the enlarged images for T1 and T2. The target T1 is 

elongated to nearly 1.2 meter in the along-track direction and 0.8 meter in the down-

range direction. Similarly, target T2 is elongated to nearly 1 meter in the along-track and 

0.5 meter in the range direction. Thus it is seen that the resolution of detection has been 

compromised. After applying the spectral phase filter, the motion compensated raw stave 

data is beamformed to display the target the image in Figure 5.9. It is observed that much 

of the distortion present in Figure 5.6 has been removed. Figures 5.10 and 5.11 show the 

enlarged images of T1 and T2. It is seen that the resolution of target T1 is improved 

considerably from 1.5 meter to 0.25 meter in the along-track direction after motion 

compensation. Similarly the resolution of target T2 has also been improved from 1 meter 

to 0.4 meter in the along-track direction. 
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Figure 5.5 Raw stave data for targets T1 and T2 with Sway motion 

 

Figure 5.6 Beamformed Image with Sway without motion compensation 
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Figure 5.7 Target Image for T1 with Sway without compensation (enlarged) 

 

Figure 5.8 Target Image for T2 with Sway without compensation (enlarged) 
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Figure 5.9 Beamformed Image with Sway after compensation for T1 and T2 

 

Figure 5.10 Target Image for T1 with Sway after compensation (enlarged) 
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Figure 5.11 Target Image for T2 with Sway after compensation (enlarged) 

 

5.3 Case III. Platform subjected to Yaw motion alone. 

Target Location (y, x) Target 

Strength 

Sway motion Yaw motion 

 

T1 (12, 40) -35 dB 

T2 (17, 35) -35 dB 

Absent Present 

°= 15ψ  

 

Figure 5.12 shows the plot of raw stave data when the platform undergoes 

yaw motion alone. The hyperbolas in Figure 5.12 show lesser variation than the 

hyperbolas in Figure 5.5. This is because sway platform motion is much more distortive 

than yaw platform motion. Figure 5.13 shows the final beamformed target image. As with 

 71



the sway motion case, it is observed that the target images are distorted and blurred. 

Figures 5.14 and 5.15 show the enlarged images for T1 and T2. The resolution in the 

along-track direction for target T1 is 0.5 meter, higher than the resolution in the sway 

motion case.  Similarly, target T2 is elongated to nearly 0.8 meter in the along-track and 

0.5 meter in the range direction. After motion compensation, processed raw stave data is 

beamformed to display the target the image in Figure 5.16. It is observed that much of the 

distortion present in Figure 5.13 has been removed. Figures 5.17 and 5.18 show the 

enlarged images of T1 and T2. The resolution of target T1 has improved to 0.3 meter in 

the along-track direction after motion compensation. Similarly the resolution of target T2 

has also been improved from 0.8 meter to 0.35 meter in the along-track direction. 

 

 

Figure 5.12 Raw stave data for targets T1 and T2 with Yaw motion alone 
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Figure 5.13 Beamformed Image for T1 and T2 with Yaw without compensation 

 

Figure 5.14 Target Image for T1 with Yaw without compensation (enlarged) 
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Figure 5.15 Target Image for T2 with Yaw without compensation (enlarged) 

 

Figure 5.16 Beamformed target image with Yaw after compensation for T1 and T2 
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Figure 5.17 Target Image for T1 with Yaw after compensation (enlarged) 

 

Figure 5.18 Target Image for T2 with Yaw after compensation (enlarged) 
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5.4 Case IV. Platform subjected to combined Sway and Yaw motions.  
 

 

Target Location (y, x) Target 

Strength 

Sway motion Yaw motion 

 

T1 (12, 40) -35 dB 

T2 (17, 35) -35 dB 

Present Present 

°= 15ψ  

 

 

Figure 5.19 shows the plot of raw stave data when the platform undergoes 

yaw motion alone. The hyperbolas in Figure 5.19 show much more variation than the 

hyperbolas in Figure 5.5 and 5.12 thus confirming that sway and yaw motion together 

produce a lot of distortion in the target image. Figure 5.20 shows the final beamformed 

target image. The targets T1 and T2 are heavily distorted and blurred due to motion. 

Figures 5.21 and 5.22 show the enlarged images for T1 and T2. The resolution in the 

along-track direction for target T1 is 1.6 meter much worse than the resolution in the 

sway motion case.  The down-range resolution for target T1 (0.8 meter) is also affected. 

Similarly, target T2 is elongated to nearly 1.2 meter in the along-track and 0.8 meter in 

the range direction. The phase of the raw stave data is motion compensated, and the new 

raw data is beamformed to display the target the image in Figure 5.23. Figure 5.23 is 

much more clear than the blurred image of Figure 5.20. It is also observed that the 

elongation present in the target images has been eliminated. 

 

Figures 5.24 and 5.25 show the enlarged images of T1 and T2. The 

effectiveness of the motion compensation algorithm is evident from the fact that the 

resolution of target T1 has improved to 0.5 meter from 1.6 meter in the along-track 

direction. Also the down-range resolution for T1 has improved from 0.8 meter to 0.4 
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meter. Target T2, since it is closer to the target gives the best results, when it’s resolution 

after compensation is 0.2 meter, a more than significant improvement from the earlier 

resolution of 1.2 meter. The down-range resolution of target T2 has also been improved 

from 0.8 to 0.5 meter. 

 

 

 

Figure 5.19 Raw stave data T1 and T2 with Sway and Yaw without compensation 
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Figure 5.20 Beamformed Image for Sway and Yaw without compensation 

 

Figure 5.21 Target Image for T1 with Sway and Yaw without compensation  
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Figure 5.22 Target Image for T2 with Sway and Yaw without compensation  

 

 

Figure 5.23 Beamformed Image for Sway and Yaw after compensation for T1, T2 
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Figure 5.24 Target Image for T1 with Sway and Yaw after compensation  

 

 

Figure 5.25 Target Image for T2 with Sway and Yaw after compensation  
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CHAPTER 6 

 

CONCLUSION 

 

 

 

The distortion effects in the target image due to the sonar platform 

undergoing sway and yaw motions were shown. The yaw motion, which perturbed the 

platform, was modeled geometrically for the purpose of the simulation. Based upon a 

given value of sea-state the platform motion amplitude and frequency were determined 

for yaw and sway motions. Yaw along with sway contributes to distortion in the 

processed image. The simulator also calculated the multipath reflections between the 

targets and the projector. A frequency domain along-track phase filtering scheme was 

shown to filter out the phase information in the raw stave data in order to compensate for 

the motion. The simulator worked effectively even when multipath was present. The 

simulator has been tested and results shown for an echelon configuration of two targets. 

Welti coded waveforms were used for transmission in the simulation, which 

demonstrated excellent results while processing the raw data after reception.  

The simulation showed that sway and yaw motions produced higher 

distortion than each of them individually. For a sea state equal to 2, without yaw and 

sway motion, the along-track target resolution was 0.2 meter. It was seen that the 

resolution degraded to 0.5 meter with yaw motion alone. When the platform was 
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subjected to sway motion alone, the resolution degraded to 1.2 meter. The resolution was 

at its worst (1.6 meter) when the platform was subjected to combined effects of yaw and 

sway. After motion compensation, the along-track resolution drastically improved to 0.5 

meter. The results of the simulation have demonstrated the effectiveness of along-track 

phase filtering as a method to compensate for the target image distortion due to yaw 

motion. This thesis doesn’t take into account the reverberation introduced due to 

numerous randomly distributed scatterers on the surface of the ocean or the floor. The 

present simulation was tested and tried for two targets with equal target strengths. The 

performance of the simulation degrades as higher sea-states are considered. Future 

research work may be carried out in the following areas to further enhance the 

simulation, 

1) Channel modeling for statistical calculation of multipath propagation. 

2) Distributed targets with their associated scattering parameters. 

3) Reverberation and its reduction. 
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APPENDIX A 

INTRODUCTION OF MOTION IN SIMULATION 

 

 

 

Chapter 3 discusses various types of motions imposed upon the platform 

and the modeling of yaw motion. The purpose of this section is to explain the various 

criteria and parameters chosen to introduce motion in the simulation. The platform is 

assumed to be rigid and assumed to be affected linearly by the sea state disturbances 

underwater. Since the depth of the platform underwater is low, it is affected by the wave 

and surface disturbances in the ocean due to tide and wind currents. Table B.1 [10] lists 

wave amplitudes and wave periods based upon the sea state and the wind speed using the 

Pierson-Moskowitz spectrum. From the table B.1 it is noticed that high amplitude waves 

have a lower frequency and vice-versa.  

In the simulation, the user selects the sea-state on a scale from 0 to 10. 

Instead of storing table B.1 as a lookup in memory, a 3'rd order approximation was 

calculated for the relation between wave period and the sea state. The platform motion 

frequency was calculated by using the sea state in the approximation. Figure B.2 shows 

the comparison between the wave frequencies and the sea state for the sea periods used 

from the table and the frequencies calculated by the approximation. 
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Table B.1 Sea State table from the Pierson Moskowitz spectrum 

 

Wind 
Speed 
(Knots) 

Sea 
State 

Significant Wave 
Height (Ft) 

Significant Range 
of Periods (Sec) 

Average 
Period (Sec)

3 0 <.5 <. 5 - 1 0.5 

4 0 <.5 .5 - 1 1 

5 1 0.5 1 - 2.5 1.5 

7 1 1 1 - 3.5 2 

8 1 1 1 - 4 2 

9 2 1.5 1.5 - 4 2.5 

10 2 2 1.5 - 5 3 

11 2.5 2.5 1.5 - 5.5 3 

13 2.5 3 2 - 6 3.5 

14 3 3.5 2 - 6.5 3.5 

15 3 4 2 - 7 4 

16 3.5 4.5 2.5 - 7 4 

17 3.5 5 2.5 - 7.5 4.5 

18 4 6 2.5 - 8.5 5 

19 4 7 3 - 9 5 

20 4 7.5 3 - 9.5 5.5 

21 5 8 3 - 10 5.5 

22 5 9 3.5 - 10.5 6 

23 5 10 3.5 - 11 6 

25 5 12 4 - 12 7 

27 6 14 4 - 13 7.5 

29 6 16 4.5 - 13.5 8 

31 6 18 4.5 - 14.5 8.5 

33 6 20 5 - 15.5 9 

37 7 25 5.5 - 17 10 

40 7 30 6 - 19 11 

43 7 35 6.5 - 21 12 

46 7 40 7 - 22 12.5 

49 8 45 7.5 - 23 13 

52 8 50 7.5 - 24 14 

54 8 55 8 - 25.5 14.5 

57 8 60 8.5 - 26.5 15 

61 9 70 9 - 28.5 16.5 
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Figure B.2 Variation of Wave frequency with Sea State. 

  

Finally the deviations of the sonar platform are given as follow: 

1. Zero mean Sway Y-direction deviations described by )2sin( tfA m ⋅⋅⋅π  

2. Yaw motion at max angle of 15° given by [ ])2sin((cos max tfA mπψ , where, A is the  

       amplitude of the motion found out from the wave height 
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