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1. Introduction 

Planar arrays comprising a 2D arrangement 
of elements have been extensively used in SONAR, 
radar, and medical applications for the past couple 
of decades. The radiation pattern of a planar array 
depends upon its aperture geometry and is greatly 
influenced by the number, size, and orientation of 
the array elements. Cost and the complication of the 
underwater array system are highly dependent on 
the total number and geometry of the individual 
elements. In principle, the design of an array with 
periodic element spacing is simple if the elements 
are spaced no further than one-half of a wavelength 
(λ/2) apart [1].. 

In this paper, the design and optimization of 
a 2D sparse planar array of transducers was carried 
out with a small number of elements to achieve the 
array performance nearly similar to that of a fully 
sampled array for underwater acoustical 
applications. Main performance parameters to 
evaluate the effective radiation pattern were peak 
sidelobe level (PSLL) and mainlobe beam width 
(MLBW). Optimal design of the sparse array was 
accomplished to satisfy desired performance 
parameters. The optimal radiation patterns 
computed analytically were cross-verified by 
comparing them with those calculated by the finite 
element method (FEM) for identical operating 
conditions as in the analytical calculations. 

 
2. Sparse Array Optimization 

Sparse-array techniques periodically or 
randomly deactivate some elements of the 2-D 
array transducer [3]. The resultant radiation pattern 
can be computed by multiplying the radiation 
pattern of an array of simple sources with that of an 
individual element source, i.e. product theorem [4], 
as specified in Eq. (1). 

),(),(),(),(    (1) 

where HEff is an effective array radiation pattern, HE 
is a single element radiation pattern, and HT and HR 
are transmitter and receiver array radiation patterns, 
respectively. 
------------------------------------------------------------ 
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Optimization of the pulse-echo radiation 
pattern was carried out using the OptQuest 
Nonlinear Programming (OQNLP) algorithm with 
the following optimization parameters [2]; 

 
Objective Function:  

Minimize the PSLL difference between dense 
and sparse arrays for three azimuth planes, i.e. 
0°, 22.5° and 45°. 

Constraints:  
(a) No. of all active elements = 15 
(b) MLBWfull - 1° ≤ MLBWsparse ≤ 

MLBWfull + 1° 
Design variable: 

Element Weights, (Wi,j)= [1 or 0]  
where i, j = 1, 2, 3….……10 

The element is active when the weight is 1 and 
inactive when the weight is 0. In calculation, three 
symmetries were incorporated as described in Fig. 
1, which reduces the input variables to 15. The 
Optimized sparse array layout comprised 32 
transmitters and 68 receivers. Array symmetries 
with optimal quarter layout are shown in Fig. 1.  
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Fig. 1  Planar array layout (a) array symmetries  
(b) quarter sparse array. 
 
3. Finite Element Analysis (FEA) of Array  

The planar array quarter model was used for 
the radiation pattern computation at a far field point. 
The finite element model of the quarter array is 
shown in Fig. 2. Radiation patterns were computed 
using the FEM for three azimuth planes of interest 
as shown in Fig. 3. 

4. Performance Analysis 

As mentioned above, signals modulated with 
binary phase shift keying (BPSK) were transmitted 
from nineteen points, and the received signals were 
synthesized to create MIMO communication sig-
nals.  

Fig. 2 shows output SNRs in case that the 
number of synthesizing, that is, the channel number 
of the virtual source array is four. A group of four 
dot markers connected with dot line indicates a 
synthesized four channel source array. The hori-
zontal axis is the depth of each source. Thus, source 
arrays are allocated in turn at the step of 20 m. As 
shown in this figure, ATR is better than only pas-
sive time reversal, and its performance is not de-
pendent on the source array depth. In results of ATR, 
there occurs no bit error in all the packets. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Output SNRs in case of four channel 
source array. 

 
Fig. 3 shows one of demodulated results 

when the number of sources is four, which are de-
modulated symbols on the constellation map. The 
source depths are 934.5, 913.5, 894.5 and 874.5 m, 
respectively, as Tx1 to Tx4 in Fig.3. The upper pan-
els are the results with ATR while the lower panels 
are the results with zero-forcing (ZF) OFDM. In 
case of OFDM, MIMO test signals are created us-
ing channel responses obtained with chirp signals 
transmitted from each depth. Channel responses of 
two packets sequentially transmitted from the same 
depth convoluted with a pilot symbol and an infor-
mation bearing symbol of OFDM, respectively. 
These signals are treated as received pilot and in-
formation-bearing symbols. From the received pilot 
symbol, ( )i

jH f , is estimated and ZF detector is 
given by, 

1( )H HW H H H , where ( )i
ij jH H f . (3) 

Note that time variance during receiving each 
OFDM symbol is not included in this analysis. In 
the meantime, in case of ATR, actual received sig-

nals are processed including time variance. It is 
known that OFDM is weak to time variance during 
each symbol because its modulation/demodulation 
is based on IFFT/FFT. Thus, a big advantage is 
given to OFDM in this comparison, which is not 
fair to ATR. However, demodulation results of ATR 
are better than ZF-OFDM as shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Demodulated results comparing ATR and 
ZF-OFDM in case of four channel source array. 

 
In this experiment data, it is possible to 

achieve demodulation with no error up to eight 
channel source array with ATR. 

 
5. Summary 

The performance of MIMO communication 
with adaptive time reversal is investigated with real 
data. As results, it is proved that adaptive time re-
versal has better performance than ZF-OFDM and it 
is possible to increase the number of multiplexing 
source channel up to eight in this experiment data. 
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4. Results and Discussion 
Analytical results for dense and optimal 

sparse arrays were compared with FEA results. 
Normalized PSLL for dense and sparse arrays were 
-26.2 dB and -27.9 dB, respectively, from the 
analytical calculations while -26.9 dB and -28.9 dB, 
respectively, from the FEA. Fig. 3 compares the 
results. The FEA results showed good agreement 
with analytical results. A small difference between 
the FEA and analytical results was due to the 
crosstalk between the array elements, which was 
not included in the analytical results. 
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Fig. 3  Radiation pattern comparison for the 
sparse and dense arrays (analytical vs. FEA) 

Similar closeness was achieved for the -6 
dB MLBW for analytical as well as FEA results. 
Sparse array PSLL for 45° was higher than that of 
the dense array but still much lower than the PSLL 
at 0° and 22.5° azimuth planes. All the results are 
summarized in Table I. 

 
Table I. Comparison of dense and sparse arrays 

performance. 
Performance 

Parameter 
Array Type 
(Method) 

Azimuth Angle(φ) 
0° 22.5° 45° 

MSLL 
(Unit: dB) 

Dense 
(Analytical) -26.2 -36.8 -52.2 

Dense(FEA) -26.9 -36.6 -54.4 

Sparse 
(Analytical) -27.9 -39.2 -40.2 

Sparse(FEA) -28.9 -49.3 -38.4 

MLBW 
(Unit: deg) 

Dense 
(Analytical) 11.2 11.2 11.3 

Dense(FEA) 10.1 10.2 10.3 

Sparse 
(Analytical) 10.2 10.2 10.3 

Sparse(FEA) 10.3 10.3 10.4 

 
4. Conclusions 

Optimal design of the sparse array was 
carried out using the OQNLP algorithm to achieve 
the performance similar to that of a dense array. 
Validity of the analytical results was verified 
through comparison with FEA results. 
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Fig. 2  Finite element model of the quarter 
planar array. 


