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Abstract - Optimum directivity synthesis of
ultrasonic transducers in linear array is considered.
To realize the desired directivity, a robust and
efficient method is proposed which is the direct
inversion combined with the iterative DFP
(Davidon-Fletcher-Powell) method. A quasi-ideal
beam with the beam width and the steering beam
angle specified are chosen for the numerical

demonstrations. The demonstration is then
extended to the case of multi-beams. The
proposed combination method shows quick

convergence over the single LMS or DFP method

at the expense of the system matrix inversion.
Index Terms - Optimum directivity synthesis,

Direct method, DFP method, Ultrasonic transducers

1 INTRODUCTION

Control Systems using the optimization method
have been studied extensively and applied to
various problems [1-3]. The ultrasonic transducers
have been used for medical diagnosis, SONAR
Their
characteristic is controlled by combining with the

and nondestructive testing. radiation
element array configuration and the exciting
distribution, for which the optimization method plays
an important role to achieve the desired directivity.

Numerous papers have been published on the
improvement of the performance of directivity
synthesis [4-9] using various optimization methods.
Because each optimization method has different
characteristics in convergence characteristic, it is

very important to choose the proper optimization

method for the robust and efficient directivity
synthesis.

Direct calculate  driving
distribution of the linear array to achieve the

inversion  can
desired directivity in one operation. However, it
lacks flexible control. On the other hand, the
iterative method such as the LMS method or the
DFP method,
optimum solution, without the proper initial values
chosen. The LMS method also requires the
proper step parameter [10].

sometimes fails to achieve the

In this paper, we propose an method which is
the direct inversion combined with the iterative
DFP method to overcome the disadvantages when
the direct inversion or the iterative method is
simply used. In the proposed method, firstly,
exciting distribution for the linear array is
approximately calculated by the direct inversion,
secondly, this is chosen as the initial distribution
to the DFP method.

To confirm the wvalidity of this method, a
quasi-ideal beam [11] with the beam width and
the steering beam angle specified are chosen for
the numerical demonstrations. The demonstration
is then extended to the case of multi-beams.

2 DIRECTIVITY SYNTHESIS BY
MEANS OF LINEAR ARRAY

Fig. 1 shows a linear array consisting of point
sound sources (point source array). The sound

pressure p,,, at the observation point # [12], is

given by
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Fig. 1 Linear array
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where, s,,, and w, are

Spn= EXD (jkdzn_—zlv_l‘

pm= SmaWn (m=1,2,..,M) ()

sin 0,,,) @)

w,=A,e " (3)
where, A, and ¢, are magnitude and phase of

n-th point source. 4 is the wave number (= w/c =
2n/A, where ¢ is the sound speed, @ is angular
frequency, A is wavelength), d and L are interval

between two point sources and array length, M
and N are the number of observation point and

the number of point sources, and 4,, is directional
angle (-90° < 6,,<90° ) to the m-th observation

point. The directivity vector is represented in the

matrix form as follows

{P}=[SHW} 4

where

{PY=A{ 1ty o bm )" )
S11 Si2 SIN

[S]= Sa1 S22 San (6)
S Sm SuMN

{(Wi={ w, wy- wy 37 N

where, { } indicates a vector and [ ] is a matrix.
[S] is
the shape function matrix relating the position of

T is the transpose of matrix or vector.

to the direction of the
{W?} is the weighting vector

the point source
observation point.
representing the exciting distribution in the array.
In Eqn. (4), directivity vector { P} is represented
by the product of the shape matrix [ S] and the
weighting vector {.W}. If the configuration is
fixed, the shape function matrix [S] will be
constant. Thus, the directivity vector {P} is only
depends on the weighting vector { W}, and the
desired directivity can be achieved by adjusting
the weighting vector { W}. This is an inverse
problem in which the weighting vector { W} is to
be obtained from the desired directivity.

3 THE PROPOSED ALGORITHM

3.1 Direct inversion

When the directivity vector { P} is the desired

directivity {Z}={z; 2+ zy}”, the Eqn. (4) can

be rewritten as )

[SHW}={Z} ' ®
If the shape function matrix [ S] is square, the

weighting vector { W} can be directly obtained by

calculating the inverse matrix [S]™!. [S] is not

usually square. Therefore, both sides of Egn. (8)

is multiplied by the transpose matrix [S17 in

order to convert the matrix [S] into a square

matrix.

[SITISHW}=1[S17{Z} ©
Eqn. (9) can be rewritten as

[AKW }={b} (10
where [Al1=[S17[S] and {b}=[S17{Z).

The weighting distribution with respect to the
desired directivity is solved by direct inversion.
But, this does not always guarantees the optimum

solutions.

3.2 DFP method [13]
With the DFP method, the optimum weighting
distribution is obtained for the linear array in one
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sense that the mean square error between the
desired directivity and the iteratively calculated

directivity is minimized (ideally 0). An error
vector for the i-th iteration is defined as

{e;={ZY-{IPI); (11)
where { | P|}; denotes magnitude of the

directivity vector. Hence, the mean square error

or the objective function Ef is given as
2_ 1 7T

Ei=L(e)7 (e)
=2z} —201PD (2)

+{IPHTLIPDY (12)
When the objective function is minimized, the norm
between {Z} and {P} is minimum. Here, the
gradient vector { V}; is introduced with respect
to the weighting vector { W }; [14]

dE: OFE: 3 E* }
dwy; OJwsy Jw n;

T

{v},:[ (13)

where

OB 2 ¥ {eh (py13
w, M ,ﬁ'l ey P Sl a9

where, ~ indicates the complex conjugate.
/ Set for desired directivity {Z}
I Calculation of matrix {S] l
Lr- lation of initial weighting in DFP algorithm by direct inversion ]
[ Directivity cal for the weighting distribution {P}), I

|

[ Calculation of objective function E2 I
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—“l Minimization of objective function by DFP algorithm l

|

I Optimun directivity synthesis for desired directivity I

Fig. 2 Flowchart for optimum directivity synthesis
by proposed method

DFP method uses the
determine the optimum parameter for convergence

line searching to
stability in the iterative calculation process.

Fig. 2 is a flowchart for the procedure of
directivity synthesis by the proposed method.

4 NUMERICAL SIMULATION FOR
THE DIRECTIVITY SYNTHESIS

The proposed method evaluates the error vector
{€}; by Eqn. (10). The error is overestimated
although the sidelove level (SLL) is satisfied to
To deal with these
the error at the observation point

the given specification.

situations,

which satisfies the given specification is evaluated

by 1/100. The given specification would be

1. The ripple in the main lobe must be within -3dB.

2. The sidelobe level (SLL) must be below an
assigned value (for example below -30dB).

To confirm the validity of the error evaluation,
the quasi-ideal beam with the beam width and
the steering beam angle specified are chosen for
the numerical demonstrations. The demonstration
is then extended to the case of multi-beams. An
ideal beam is defined as the sensitivity is unity
within the main lobe and there is no sensitivity in
one rest at all. However, it is impossible to realize
physically. Therefore, if the SLL satisfies the
quasi-ideal beam is
assumed to be realized approximately.

given specification, the

For all calculations to follow, the linear array
consists of N =20 point sources, the array length
is L = 50A and the number of the observation
points is M = 181 (the interval is chosen to be
d,, = 1°). In the iterative method, the magnitude

is set to 1 at the 10th and the 11th point source
for the initial values and the other magnitudes
zero. Phases are all set to be 0. In the LMS
method, the step parameter is properly chosen in
consideration of the stability and the speedy
convergence. However, in the proposed method,
the initial values are obtained from the solution of
direct inversion.

In the numerical demonstrations, the direct
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inversion, the DFP method, the LMS method and
the proposed combination method are examined
by comparing the capability of the directivity
synthesis.

The simulation is performed on a PC (Pentium
400 Mk, RAM 64 MByte). The language used
Microsoft Fortran 77.

4.1 Directivity synthesis of a quasi-ideal beam
To confirm the validity of the proposed method,
the directivity synthesis for the quasi-ideal beam
with the beam widths of 10° or 30", and with the
SLL -30dB is considered. The step parameter u
is chosen to be 0.1 in the LMS method.
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Fig. 3 Synthesized directivity pattern and
weighting distribution (quasi-ideal beam with the
beam width 10°. L = 50A, N =20, and M = 181.

¢ =01 in the case of the LMS method)

The calculated directivity for the quasi-ideal
beam and the corresponding weighting distribution
are shown in Fig. 3, in which the magnitude is
normalized with respect to the maximum value.
The directivity represents the results at 5th and
100th iteration, in the DFP method, the LMS
method and the proposed method, respectively.
The result of direct inversion is obtained directly.
The methods all
satisfying the given specification. However, the
proposed method and the direct method is shown
to provide better SLL suppression capability than
the LMS method or the DFP method.

give the resonable results,
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Fig. 4 Synthesized directivity pattern and
weighting distribution (quasi-ideal beam with the

- 480 -



beam width 30°. L =504, N =20, and M =181
# =0.1 in the case of the LMS method)

Fig. 4 shows the case with the beam width of
30°. The directivity represents the results at 9th and
100th iteration in the DFP and the LMS method
respectively.

The result of the proposed method is obtained
directly without iterative calculation process, so
the weighting distribution of the proposed method
is same with the direct inversion. In the proposed
method and the direct inversion, the sensitivity
is flat in the main lobe although the ripples of
1.22dB and 1.78dB are observed in the LMS
method and the DFP method.

The convergence characteristics of the objective
function against the iterations are presented in
Figs. 5 a) and 5 b). When the objective function
became less than -100dB, the objective function is

assumed to be converged and the iterative
calculation process is then terminated.
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Fig. 5 Convergence characteristics of objective
function against number of the iteration

For the case with the beam width of 10°, the

objective function indicates -54.22dB at 100th

iteration in the LMS method, -142.83dB at 5th in
the DFP method, and -164.07dB at 1Ist in the
proposed method.

In the case of the beam width 30°, the
proposed method have more rapid convergence
capability than the LMS method or the DFP
method is simply used.

In the above demonstration, the desired directivity
can be realized only by the direct inversion. But,
if the source conditions are changed, there is the
case that the synthesized directivity can not satisfy
the given specifications in the direct inversion.
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Fig. 6 Comparison of synthesized directivity (main
directional angle 6,, = 0", Beam width 30°, L =
30A, N=10, and M = 181)

Fig. 6 shows the result when the number of
point sources and array length are to be 10 and
3.0 A, respectively. The direct inversion can not
achieve the desired directivity, while the proposed
method satisfies the given specifications. Thus the
proposed method is more flexible.

4.2 Beam steering
Steering of the beam without the

mechanical rotation of the transducers axis is

angle

sometimes required. This can be achieved by the
adjusting the weighting distribution of the array
transducer electrically. The given specifications
must be satisfied regardless the steered direction.
The synthesized directivity when the beam
width and the main directional angle are specified
to be 10° and -40°, respectively are shown in
Fig. 7. The step parameter ¢ is chosen to be 0.15
in the LMS method. Each directivity represents
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the result at 100th, 61st and 1st iteration of the
LMS method, the DFP method and the proposed
method respectively. The methods all give the
the
However, the direct

reasonable results, satisfying specified
directivity characteristics.
inversion and the proposed method provide better
SLL suppression capability than the LMS method

or the DFP method.
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Fig. 7 Directivity synthesis for the steered beam
(bearn width 10", main directional angle 6,, =
-40°, L =504, N =20, M = 181, and o = 015
in case of the LMS method)

Fig. 8 Change of objective function against the
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The change of the objective function against
the angle of the main beam (from 0" to 60°), as
the beam with a beam width of 10", is examined.
Fig. 8 shows the achieved level of the objective
function. The number in the bracket is the
iterated number. The proposed method shows the
faster convergence than the single use of the
LMS method or the DFP method. 0 iteration
means that the solution is obtained only by the
direct inversion.

4.3 Multi-beam

For the simultaneous communication with 2 or
more stations, the directivity characteristics of
multi-beam is required. In this case, the two
main beam angles, the two main beam widths
and the SLL should be specified. Fig. 9 shows
the synthesized results. The two beam angles are
-30° and 45° with the beam width of 10°. The
step parameter ¢ is chosen to be 0.06 in case of
the LMS method.

Fig. 9 Synthesized directivity with two multi-
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-30° and 45°,
beam width 10°, respectively. L = 504, N = 20,

beam (main directional angles 8,, =

and M = 18l. u = 006 in cuse of the LMS
method)
In the proposed method and the direct

inversion, the two beam angles are properly
realized and the SLL is maintained under -30dB.
For the main beam directions with the single use
of the LMS or the DFP method, the errors are as
much as 2° or 3°. Especially, the DFP method
can not satisfy the specified SLL -30dB.

5 CONCLUSIONS

In this paper, we propose a method which is the
direct inversion combined with the iterative DFP
method.

The validity of the proposed method was
confirned through the numerical simulations of
several directivity synthesis examples. The
derived conclusions are as follows;

1. The proposed method provides faster and more
efficient convergence than that the single use of

the LMS method or the DFP method.
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2.

The direct inversion is not flexible for the
directivity,
meet the error

while the proposed method can
contro} about the given

specifications.
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