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Abstract—This article discusses the problem of active 
detection and estimation for the elevation angle of a target in a 
homogeneous shallow sea environment, where a method using 
active detection on virtual time reversal (ADVTR) is proposed to 
solve the estimator performance decline problem caused by 
multipath and clutter. Unlike the conventional passive target 
estimation method ignoring the multipath effect, the ADVTR 
method will take full account of the multipath which exploits 
active detection (AD) to estimate channel, and virtual time 
reversal (VTR) to realize focusing in a computer to increase the 
signal-to-noise ratio (SNR) after the source-receive array (SRA) 
receives the reflected signal of the target. Furthermore, the 
Capon algorithm is adopted to compare the performance of 
ADVTR estimator and conventional one. Numerical simulations 
demonstrate its superior performance than the conventional 
estimators. 

Keywords—active detection on virtual time reversal (ADVTR); 
elevation angle estimation; multipath effects; ULA; Capon 
algorithm 

I. INTRODUCTION 

To locate the position of a target, the range, azimuth and 
elevation angle need to be calculated simultaneously. Direction 
of arrival (DOA) estimation (including the horizontal and 
vertical plane) plays an important role in array signal 
processing with wide applications in communication, sonar and 
radar systems [1]. In this paper, we will focus on the DOA 
estimation of vertical plane (or the elevation angle estimation) 
in homogeneous shallow sea environment. 

One of the important features in homogeneous shallow sea 
environment is the multipath effect of the channel. The 
conventional array signal processing DOA estimation method 
is based on the direct-path-only assumption; in which multipath 
is ignored or treated as a negative influence so as to be 
eliminated [2].  

Time reversal [3] (TR) signal processing method raised in 
recent years, on the contrary, is to take full advantage of the 
multipath effect and the adaptive focusing characteristics to 
eliminate the problem of signal propagation channel caused by 
the multipath, which provides a new idea and method for high-
precision DOA estimation.  

TR can be divided into active time reversal (ATR) and 
passive time reversal (PTR) according to the implementation 
mode. The main difference is that it is necessary to re-emit the 
received signal with the noise to the real channel to complete 

the focusing for ATR after time reversal mirror (TRM) 
receiving the reflected signal from the target, but for the PTR, 
TR operation and focusing are completed in the virtual channel 
established by simulation software in computers [4]. PTR is 
also referred as to virtual time reversal (VTR) in [5]. 
Combining the advantages of ATR with PTR, the first process 
of ADVTR will realize the detection and channel estimation in 
the real channel and the second process will complete TR 
focusing virtually in the computer. Compared with ATR, there 
is no real re-emitting process so that the second receiving 
process has no noise in ADVTR and  the signal-to-noise ratio 
(SNR) of the array received signal are higher. Compared with 
PTR, the characteristics of ocean channel can been estimated 
ideally according to the active detection while avoiding the 
PTR approximation process on the basis of the same processing 
gain with PTR. Based on this idea, the ADVTR method can be 
applied to DOA estimation in active acoustic array to achieve 
better performance. 

There are some literatures on the DOA estimation using 
ATR and PTR. For example, Publication [6] employs ATR for 
the DOA estimation of a passive target in radar system, and 
combines the TR/range estimator to realize the active array 
source location. Publication [7] proposes a VTR method for 
passive direction of arrival estimation of electromagnetic signal 
emitted from a single communication station. Publication [8] 
addresses a DOA estimation method with PTR in a low angle 
target parameter estimation and antenna array scenario. 
Publication [9] utilizes PTR to study the orientation estimation 
performance of underwater targets, which proposes a PTR 
super-directional element distribution model based on non-
uniform linear array (NLA). Above methods have verified the 
validness of TR methods in improving the performance of 
DOA estimator under multipath conditions. 

Relative to [6-9], the target DOA estimation method in 
vertical plane based on ADVTR is introduced from array signal 
processing DOA estimation in this paper. The ADVTR 
multipath model based on uniform line array (ULA) is 
established, and Capon algorithm is applied to achieve target 
DOA estimation. Armed with the acoustic field simulation tool 
Bellhop, the experimental data are obtained and the model is 
simulated. The performances of the estimation algorithm with 
and without ADVTR are compared. 
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II. MULTIPATH DOA ESTIMATION MODEL FOR ULA 

BASED ON ADVTR 

A. Multipath Model Diagram for ULA 

The multipath DOA estimation model diagram for ULA 
based on the ray theory is shown in Figure 1.  
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FIGURE I.  MULTIPATH DOA ESTIMATION DIAGRAM FOR ULA 

SRA in the Figure 1 is the vertical ULA, whose element 
number is P  and interelement spacing is d . For convenience, 
only three propagation paths between the target and SRA are 
drawn: the direct-path, the top-reflection-path and the bottom-
reflection-path, whose incident angle (i.e. DOA of backscatter 

from target propagating via various paths) is as follows: 1 , 2
and 3 . To be more general, the acoustic propagation paths 

deduced subsequently are not confined to these three paths, but
N or M . 

B. Conventional Multipath DOA Model for ULA 

PS located in element k of SRA will transmit the signal
( )f t . According to the ray theory, the channel transfer 

function between the transmitting acoustic source and the 
target can be expressed as 

1

( ) ( )
N

k kn kn
n

h t c t 


 
   

                 (1) 

Where N is the total number of sound ray; knc  is the 

amplitudes (or attenuation) of n-th eigen ray (also regarded as 

the propagation path) from element k to target; and kn  is the 

travel time (or delay) of n-th eigen ray from element k to 
target. 

Ignoring the effect of the target reflection, the signal 
received by the element j is: 
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Where ( )jh t represents the channel function between the 

target and element j ;  ( )jv t is the noise between the element 

j and the target; 
jmc

 
and 

jm represent amplitudes and travel 

time of the m-th propagation path from target to element j
separately. 

Suppose the transmitter signal as ( ) ( ) cj tf t s t e  . 
Combining far field and narrow band model theory of array 
signal processing, Equation (2) can be expressed as: 
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where 1m
 
represents the reference delay associated with 

backscatter from target traveling via path m  to element 1(the 

reference element); and 1m  
is the interelement delay 

associated with path m originating from target in excess of 

1m with respect to the receiving element j . 

The received signals of element j  is generalized to other 
array elements and expressed in the matrix form as 

( ) ( ) ( ) ( )kY t C A DX F t V t                      (4) 

where the symbol “  ” is Hadamard Product or Basic 

Product.; 1( ) [ ( ), , ( )]T
PY t y t y t  is defined as the received 

signal matrix received by the element1- P  of the SRA; C is a 
( P M ) matrix representing the attenuation matrix with 
respect to the channel response function between the target and 
SRA elements, whose element 

jmc  indicates the attenuation 

associated with backscatter from target traveling via path m  
to element j ; 1 2[ ( ), ( ), , ( )]MA a a a    is a ( P M ) 
matrix representing a relative delay matrix to the reference 
element (element 1 ), and is referred as the array steering 
matrix as shown by  (5); 11 12 1[ , , , ]c c c Mj j j TD e e e         is the 
reference delay matrix including interrelated delay from target 
traveling via all M  paths to element 1 ; ( ) ( ) cj tF t s t e  is 
called the transmitting matrix; ( )V t indicates the noise matrix; 

and
1

( ( ,:) ( ,:))c kn

N
j
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n

X c e C k A k D 



  
 

can be considered as a 

target-received signal matrix which is transmitted from the 
element j through the channel to the target. 
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C. ADVTR Multipath DOA Model for ULA 

According to the idea of ADVTR, the first process of 
ADVTR is active detection, so the frequency of the 
transmitted signal has been known when the array receives the 
signal. Then the filter can be introduced to eliminate the 
impact of noise before TR operation. Subsequently VTR is 
performed virtually for the received signals of each SRA in the 
computer, and taking element j as an example: 

( ) ( ) ( )cj t
jy t B s t e Bf t     

            
(6) 

Where B is expressed as equation (7), whose value is 
independent of time t and can be considered as a coefficient. 
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The signal is energy normalized and then re-transmitted 
virtually into the channel as a secondary transmission signal in 
the computer, which still satisfies the far field and narrow 
band model theory. Repeat the above first procedure, refer to 

(1) - (3), and suppose the signal received by element l  is ( )lz t : 
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Where jg is the normalized coefficient of element j obtained 

with reference to the transmitted signal power, and owing to 
the principle of virtual time reversal, the secondary process 
has no noise. 

Referring to (4) - (5), the received signal of all of elements 
of SRA on the second time with element j probing virtually is 

( ) ( ) ( )j j j jZ t C A D X g y t                      (9) 

where A , C , D are the same as the parameters of (4), and jX

is the same as kX of (4) except that kX is the received signal 

matrix with element k  probing, jX is the received signal 

matrix with element j  probing. 

The received signals element j  probing is generalized to 
other array elements and the sum of received signals of SRA 
after TR can be obtained: 
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III. DOA ESTIMATION ALGORITHM 

A. Conventional Multipath Capon Algorithm 

According to the array signal processing theory, the 
purpose of the Capon algorithm is attempting to minimize the 
power by noise and other interference signal except the desired 
signal, while maintaining a fixed gain in the direction from 
which the signal originated [6]. Combining the model 
established by (4), the Capon algorithm can be represented as 
the following minimum problem: 

1

ˆmin ( ) ( )

S.T.:  ( ) ( ) 1

H
Y

H

w R w

w a

 
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                         (11) 

Where
1ˆ = {Y(t)Y( ) }H

YR t
N
 is the sample covariance matrix 

of the array output signal with the multipath; 1 is desired 

angle information and w is the weight value. 

The Lagrange multiplier method can be used to obtain the 
solution of the above problem: 

1
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Equation (13) can be obtained by taking (12) into (11), 
which means the largest power in the desired direction while 
the power except the desired direction is the smallest: 

1
1 1

1
ˆ( ) ( )H
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P
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(13) 

Thus the spatial spectrum of the Capon algorithm can be 
defined as: 

1

1
ˆ( ) ( )H

Y

P
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Where ( )a  is the steering vector and defined previously in (5) 
as: 
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B. ADVTR Capon Algorithm 

According to (10), follow the same steps as the above 
conventional DOA estimation: 

1

ˆmin ( ) ( )

subject to:  ( ) ( ) 1
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Where
1ˆ = { (t)Ztr( ) }H

ZtrR Ztr t
N
 is the sample covariance 

matrix after virtual time reversal output signal and the other 
values are the same as above. At this time, the spatial spectrum 
of the ADVTR Capon algorithm is: 
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Where ( )tra  is: 
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IV. SIMULATION RESULTS  

The simulation environment is as follows: shallow sea 
waveguide, uniform sound speed environment, regardless of 
the impact of ocean additive noise, and the case of single 
objective. The simulation model is shown in Figure 1, where 
the number of TRM (SRA) is 9, the interelement spacing is 
0.75m, the element 1is 75m from the sea surface, the depth of 
bottom is 500m, the sound speed is 1.5km/s and the range 
between PS and the target is 2km. The target is located in 
253m, that is the DOA is  -50. PS transmits 1 kHz continuous 
wave (CW) signal. The simulation environment is shown in 
Table 1. 

TABLE I.  SIMULATION ENVIRONMENT 

Simulation Condition Parameter 
Number of elements 9 
Interelement spacing 0.75m 

The depth of element 1  75m 

The depth of bottom 500m 
The source depth 78m 
Target depth(-50) 253m 

The range 2km 
Number of multipath 3 

Bellhop special acoustic field simulation toolbox under 
MATLAB simulation environment is used to simulate the 
ocean sound field environment. The multiple reflection paths 
by sea surface or bottom are ignored, and only the three paths 
illustrated in Figure 1 are considered. Then the various 
parameters used for simulation are obtained, as shown in 
Table 2. Because through the simulation, we can discover that 
the amplitudes of the same paths from the target to each 
element (i.e. the amplitude from the target to each element via 
the top-reflection) are very closer. Then for convenience, the 
amplitude information between PS and the target expressed in 

the table is the corresponding direct-path, top-reflection-path 
and bottom-reflection-path successively. 

TABLE II.  SIMULATION PARAMETERS TARGET AT -50 

Simulation Parameter Value 
Direction of arrival {4.4580,00,-22.8840 } 

Amplitude {4.99e-4,5.0e-4, 2.92e-4} 

Delay of element 1  {1.3372291, 1.3333348,1.4479731}s
 

Figure 2 (a)-(d) shows the DOA estimation performance 
comparison with Capon estimator and ADVTR Capon 
estimator for target at 05 when the SNR is 0dB, -10dB, -15dB 
and -20dB. 
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(d) 

FIGURE II.  CAPON ESTIMATOR AND ADVTR CAPON ESTIMATOR 

AT 5    :  (a) SNR=0dB; (b) SNR=-10dB; (c) SNR=-15dB; (d) 
SNR=-20dB 

It can be seen from Figure 2 that: 

(1) Relative to Capon algorithm, ADVTR Capon algorithm 
can estimate accurately the expected value of the target, whose 
energy of the main lobe is far higher than its corresponding 
sidelobes and resolution is higher. 

(2) With the changes of SNR from 0dB to -20dB, the 
relations between main lobe and sidelobes for both Capon and 
ADVTR Capon algorithm are the same that the energy of the 
sidelobes is higher and higher, and is getting closer to the main 
lobe. The difference is that the resolution for Capon algorithm 
is getting lower and lower, and the estimation deviation is 
more and more great. However, the resolution for ADVTR 
Capon is almost not affected, and the target angle can be 
estimated without bias. 

V. CONCLUSION  

In this paper, we use the ADVTR method to study the 
performance of underwater target DOA in the presence of 
multipath, and a DOA estimation algorithm based on ADVTR 
Capon is proposed. Firstly, based on the ray theory, a 
conventional multipath DOA estimation model and an 
ADVTR DOA estimation model for ULA are established, and 
then the model is estimated by Capon algorithm. The 
simulation results show that the DOA estimator with ADVTR, 
compared with the conventional method without TR, has a 
more accurately estimated value, a higher resolution and a 
stronger ability to suppress sidelobes, so that the target DOA 
estimation can be achieved in the case of low SNR and 
multipath. 
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