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1. EINTRODUCT I1ON
In the field of radar, synthetic aperture method .is commonly used in order to cbtain
high resolution with rather short real aperture. In the field of sonar, however,
synthetic aperture method is rarely used because surface wave motions can result in
large deviation of a ship from the desired sonar track to be used in the synthetic
aperture method, ' .

This paper proposes a new synthetic aperture method for sonar signal processing, i.e.,
to correct deviation of each real aperture due to undesired ship movement and

. synthesize each real aperture on image plane to obtain a long synthetic aperture with
high azimuthal resolution. Successive rea! apertures are supposed to take positicns to
overlap the previous one with some positional deviation from the ideal sonar tracking
line. Signals from overlapping parts are used to correct the image data of non
-overlapping part. Each procedure is to do on image plane obtained from received signal
data by Fourier transforms. This method is within the scope of linear signal processing
and is free from pseudo peaks often appear in non-linear processes such as MEM'’.

First, we introduce a received image on a real aperture which has positicnal errors and
deviation from the sonar tracking line. By comparing this image and the idea! image, we
discuss the strategy and basic formulation of this method. According to this stratesy,
we make our medel and synthesize apertures to get high resolution image by computer
simulation.

2.THE IMAGE ON THE APERTURE WITH POSITIONAL ERRORS

We assume that the receiver array, or aperture, is located in the x-z plane and the
ideal sonar tracking line is x-axis. Let O be the tocation of an element of the array.
The azimuth (@) is the angle from z-axis as In Fig.1 and we use U = sin® as an
independent variable In the following analyses. Our interest is to get high azimuth
resolution and this can be done best when the target is
located around z axis. Then we assume that the target z
is located within -M<UM in the far field. The image of - 0x,,z,)
the target to be obtained on an infinitely long array
on the x-axis, or "trus Image” is defined as G(U) here. 2]

When UK, the distance between Q(x,,2,) and the q = x,*sin& + z,-cos6 .
-origin in the x-z plane, q is

X

Q = X,*sin8 + z,+cos@
, Fig.l definition of aperture
5 x,U + z,(1-1/2-0").. (1) element location
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Amplitude of the received signa! at Q(x,,z,) from the target is expressed as

e
$(x1,2:) = L?(U)a‘z’" du

o

J"G(U)B J2n{x,U+z, (1-%0')) du (2)
-

y A(image position)

B(observation) /

] . . 7 ptlecosyp X

Fig.2 observation and image position

Next, We consider the image on the real aperture B which is deviated from the x axis as
in Fig.2. We further assume that the image is calculated as if the aperture is located
at A. Undar this condition, there are three error parameters in comparison with the
“ideal™ aperture which is located on the x-axis, form p to ptlcos¢p. They are (i) & :
the gap in x direction or in travel distance, (i) L : the gap in z or lateral location,
(i)¢ : the rotation angle from x-axis. The signal amplitude observed at each element
located at (x,z) on the aperture A is easily derived from Eq.(2) as

L]
fops (X) = JG(”)" 2 G Ctan g s £30-30) gy (3)

N

The image can be made from Eq.(3) by Fourier transform. However, due to the error & in
the x direction, we have to make the image from fobs(x+&), where the range x is from p
to ptlcosep.

ptleos @

Fan () = [ 0, (0 £)e 08 o

= ej:-(:tan¢+t).,.cu;¢

N ' . 1
fﬂG(U)slnc{Lcos'.b (U-{x-tan¢ +-§-U' tane ))}e 12 {U-(-tang)) (b glcong)

ej!u SU.. jzg(-lzu’)(tano(8+0+%Lcos¢)’Udu {4)

’
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Since U is much smaller than unity, we can neglect terms containing U".

Fopp (X) &5 077(010000E) Loogy

M j2x (U~(X-tan ¢ )) (¢ -:-l-cu é)
G(U) 'sinc{Lcos ¢ (U-(X-tan¢p )))e
e;zuau ,2;(-—u')(tan¢(uw-;-mum)du (5)

This is the image obtained from the signal on aperture B and contains three srror
parameters.

3. THE STRATEGY OF iMAGE SUBSTITUTION

The the' ideal image to be obtained in the x-axis aperture from p to ptleosyp is
M _ }
F(X) = Lcos¢-jG(U)-sinc{Lcosw(U-x)}a ‘2"(']'”("'%“”“6[! (6)

Our strategy is to make Eq.(5) as close as possible to Eq. (6) by contralling &, ¢, and
t. By comparing Eq.(5) with Eg.(6), we obtain the following information.
(i) The first term in Eq.(5)

ei?u(&tanvﬁt{)_ N

does not apear in Eq.(6). It is caused due to the aperture deviation from the x-axis
and all three error parameters must be known for the correction.
(i) The convolution’s core part in Eq.(5) is

U-(X-tany ). (8)

This means that image position is shifted by tang.
{i) G(U) is multiplied by two terms which depending on U and U*.

(9)

j2x 81
OJ o

e jzu(--%u')(tanﬁ(Siu*%Lusé)*C) (10)

Among the error parameters, 5 and ¢ can be measured with accelaerometers and
gyrocompasses respectively and can be controlled. However, it is difficult to measure
and control £ for practical use. 1f we obtain these parameters, we can correct Fobs(X)
by multipling -exp{i2m(&tang+L£)) and we can correct the image position in Eg.{8).
As to Eq.(9), we consider the method to controll & to be zero. Eg.(10) contains U and
can be considered unity due to our assumption U*%0. But when the synthetic aperture
fength become longer and longer, p-ten¢y may become harmful. Therefore, we have to
controll ¢ 50 by mechanical devices.
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Among the error parameters, & and ¢ can be measured with accelerometers and
gyrocompasses respectively and can be controlled. However, it is difficult to measure
and control £ for practical use. |f we obtain these parameters, we can correct Fobs(X)
by mltipling -exp(j2m (& tang+&)) and we can correct the image position in £q.(8).
As to Eq.(9), we consider the method to controll & to be zero. Eq.(10) contains U* and
can be considered unity due to our assumption U" &0. But when the synthetic aperture
length become longer and longer, petan¢ may become harmful, Therefore, we have to
contrall ¢ %0 by mechanical devices.

According to above discussion, the strategy is following:

(1) To get ¢ =0, we stabilize the aperture direction by the mechanical. feedback system
including the gyrocompass, etc.

(2) 1 & is very small, we do nothing, Accuracy of & depends on how we measure the
aperture position corractly, and we need a high accuracy accelerator.

{(3) On the contrary to ¢ or &, it is difficult to obtain proper devices to measure §
accurately. Next, we discuss how to find £ by utilizing information from
overlapping part of the apertures in the fol lowing chapter,

4. SYNTHETIC APERTURE METHOD USING TWO IMAGE PLANES

Supposa there are two apertures on x-z plane and they are controlled to be ¢ =0 and &=
0 according to above stratesy (Fig.3). These have same length L and one is located p=0,
the other p=a, where 0 < a < L. Under this condision, we consider to synthesize these
apertures and obtain L+a length aperture image. We obtain two images Fobsi(X) and Fobs2
(X} from these apertures. :

z
¢ part?2
L, partl
a ' L atlL x

Fig.d aperture position

. " ) 1 , 1
WILEY Ll ewe JZu{U-X)(-z-L) sinc({L(U-X))e Jin('?ll')h du
-"‘
LA F(X) | g0, 1ancL (11a)

Fobal (X

JAr
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L]
. . 1 . 1.,
Fopgg () = &% 8r LIG(U)a 2R U-XFL) ginc{L{U-X))e i2x{-3V)Er gy

’“"F(K)Im leneL (11b)

&

N . 1 ) )
WO (K] g i, = b [ GO sine{LQu-e R R (12)
M

Also we obtain two image data from each overlapping part:

. L ' 1
Foart1(X) = @27 %1 (L-a) J'G(U)a im0 (L-2))
-M . .

. sine{(L-a) (U-X))e j"’""-';"’“l du
8 jzm s -.F(K} | _p;a. {enzL-a (138)

Jdr

.IZK (:(L -a) J.G(U) i2n(U- l)(—(L-a))

slnc{(L-a)(U-X)}e ’2"’(°-u'"’ du
= o s X4 -F(X) ,’“. ton=L-a (13b)

Fnrtz (K)

Using these equations, we c¢compute synthetic aperture image.

Fobat (K)+e 127 (8s=E0) oF g (X)- '}{Fpartl(x)"aﬂx({l € )Fparts (X))
= e’z""'F(X)l (14)

p=0, lenzLéa

In Eq.(14) exp{j2n{(ZL,~L,)) is computed by the phase comparison between Fpart1(X) and

Fpart2{X). 1t is important that this can ba computed using information from recieved
signal itself, and not from other measurement devices.
That is

PEL I S11 4 I r¢ (Xarg( ¢ (X))dX
S (x)ax
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where @ (X} = Fopart1(X)*Foart2(X)

By this method, we can obtain long synthetic aperture of length L+a. It is then
possible to construct much Jonger synthetic aperture by repeating this synthesis
procedures.

5. SIMULATION RESULTS

We confirm our theory by computer simuiations. The aperture length is 10 wave length
and element interval is 0.5 wave fength. The sional pattern (G(U)) has two separate
peaks as shown in Fig.4 and the real aperture moves like in Fig.5, where the number is
receiving count. Under this conditions, we simulate two kinds of situations.

"First, we simulate the mode! when only signals are arriving. Fig.6 shows the image
obtained from single real aperture that can’t separete two peaks at afl. On the other
hand, as in Fig.7, image obtained from the synthesized aperture shows separation of two

. peaks clearly. - : " -

. . G(u)|
"Next we consider the case when the signal contains 1 |
the noise spatially white, has zero mean, and is
independent of the signals, with §/N=3dB. The
synthetic aperture image as shown in Fig.8 still
shows peak separation.
0 3.5x10°" u
(0°) (2°)
Fig.4 signal pattern
z
@ aperture
12 > |
® : 1F(X)1
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Fig.5 aperture movement Fig.6 real aperture image
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Fig.7 synthetic aperture image
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Fig.B synthetic aperture inage
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€. SUMMARY

In this paper, we propose the synthetic aperture method with array position error

. correction that synthesizes on the image plane. Errors are in travel distance and

* lateral locations and array direction. Distance location and array direction errors can
be measured and controlled by mechanical devices readily available in regular ships.

Error in paralle! movement can be measured and corrected from the signals of
overlapping part of real! apartures. We confirmed the validity of this method by 1
computer simulation. |
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