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Abstract

Recently, a method for robust time reversal focusing has been introduced to extend the period of stable focusing in time-dependent 

ocean environments [S. Kim et al., J . Acoust. Soc. Am. 114, 145-157, (2003)]. In this study, concept of focal-size broadening 

based on waveguide invariant theory in an ocean time reversal acoustics is described. It is achieved by iirqx)sing the multiple location 

constraints. The signal vector used in multiple location constraints are found from the theory on waveguide invariant fdr frequency 

band corresponding the extended focal range. The broadening of foci in an ocean waveguide can play an important role in the 

application of time reversal processing, particularly to the underwater acoustic communication with moving vehicles. The proposed 

method is demonstrated in the context of the underwater acoustic communication from the transmiVreceive array (TRA) to a slowly 

moving vehicle.

Keywords: Time reversal processing (TRP), Broadening of foci, Underwater acoustic communicaion, Multiple location c이istraints 
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I. Introduction

It is well known that time reversal processing 

(TRP) uses the received signal from a probe so나rce 

to refoc냐s the signal at the probe source location by 

backpropagating the time-reversed version of the 

received signal. Since TRP has been implemented in 

the laboratory [2-3], and in the ocean [4」6], a 

specific application of TRP to achieve a low-error 

bit rate in underwater communication has successfully 

been demonstrated [7]. Further, the concept of adaptive 

weighting on a transmit/receive array (TRA) before 

back propagation has been introduced in TRP and 

■referred to as adaptive time 'reversal processing (ATRP) 

[8]. Further, multiple focusing using ATRP is applied

Corresponding author： Kee-Cheol Shin (kcshin@lignex1.com) 

Maritime R&D Lab., 니G Nex1 Co., Ltd., 102-18, Mabuk-dong, 

Giheung-gu, Yongin-City, Gyeonggi-do, Korea 

to the self-equalization process at multiple receiving 

locations in long-range underwater acoustic commu

nication [이.

The physical principle of the focal size for TRP is 

the same as that of the matched field processing 

(MFP) [10]. While a propagation model is used to 

match the source -generated sound fi이d in MFP, in 

TRP, the time reversal signal is physically back- 

propagated to the original source position using a 

TRA. Hence, the focal size realized by TRP can be 

considered as the maximum achievable resolution of 

MFP for given waveguide conditions.

The superior performance of an array in a wave

guide over the free—space diffraction limit has already 

been reported in the context of MFP using Cramer 

-Rao bounds [10] and in ultrasonic [11] and ocean 

experiments [4].

The ability to maintain a stable focus is important 
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in the application of TRP. In underwater acoustic 

communications, it is desirable to extend the extent 

and period of reliable communication using a single 

probe pulse captured for increasing the data rate by 

increasing the time intervals between the training 

probe pulses [7]. The analogy between TRP and 

MFP can provide useful guidance for developing 

more robust MFP methods [12].

The objective of this study is to develop an 

efficient method for robust time reversal focusing for 

broadening the focal size in an ocean waveguide 

environment. To achieve this, the application of TRP 

is extended to the broadening of focus in the frequency 

domain and also determining the time domain solution 

in an ocean waveguide. The proposed method is de

monstrated in the context of underwater acoustic co

mmunication from the TRA to an autonomous under

water vehicle (AUV) moving at low speed. The main 

feature of the proposed method is to increase the 

immunity to the range mismatch between TRA and 

a moving source.

In Sec. II, the formulation of TRP is reviewed, and 

the application of TRP is extended to the broadening 

of foci. Simulation results are presented in Sec. III. 

The conclusions of the study are presented in Sec. IV.

II. Theory

2.1. Review of time reversal processing

In order to review TRP, we follow the conventions 

of Ref. [8]. As described in Figure 1, the phase 

-conjugate field at the field location r in the frequency 

domain is written as

N
F(九或)=Z S * (Q)g *(E K，a))g(714, s)

«=1 (1)

=s * (®)gt(5 I 农,®)g(r I s, a>)

where is the source spectrum and g(《I《$) is the 

Green's function at the 丑th array element location rn 
propagated from the source position 焉 Likewise,

▽

Figure 1. Description of time reversal processing.

g(치") is the field propagated from the nth array 

element location rn to the arbitrary receiver location 

r 건s shown in Figure 1, where 丿Vis the number of 

array elements and the s니perscripts [] * and [ 卩 denote 

the complex conjugate and Hermitian transpose, re

spectively. In a vector notation, g and Jy are NX 1 

column vectors. The position vectors are written in 

italic letters with arrows and the column vectors and 

matrices are written in boldface letters.

2.2. Robust time reversal focusing using multiple 

location constraints

A simple approach for achieving robust time reversal 

focusing is to use multiple location constraints (MLC). 

Ref. [1] provides the theoretical background in detail 

including MLC and simulations of robust focusing.

The MLC method utilizes multiple neighboring points, 

to construct a- backpropagating signal vector from the 

TRA. In order to apply the MLC method to TRP, we 

should modify the measured probe signal rather than 

replica fields since the ocean itself generates the replica 

fields in TRP. This requires multiple probe signals 

obtained at different locations, which might not be 

possible in practice.

The signal vector for MLC is obtained by the wave- 

g니ide invariant theory, which relates the frequency 

shift to the focal range shift..

The first step of robust TRP is to construct a probe 

signal matrix by obtaining multiple probe signal, vectors 

as

(2) 
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where P is an 7VX/probe signal matrix at frequency 

o)and each element Pj is an NX 1 signal vector； N 

is the number of elements in the TRA and J is the 

number of probe signal vectors received by the TRA.

In the MLC method, the vectors 은i거: narrow-

band signals received from sources in different ranges：

P/MgGJC*) (3)

where g(云 叼 加) is the Green's f니nctiou at frequency 

o)between the TRA at rn and the prob얜 source at 乙. 

The known source spectmm S(企)is removed from the 

received signal. The signal vector듷 should be derived 

from the ranges of the possible focal shifts near the 

prob은 source using the waveguide invariant theory.

The next step is to derive a field vector for back- 

propagation. The design of an 뗜ffici영nt constraint space 

for the signal vector consists of selecting the minimum 

number of vectors that can best approximate the phase 

perturbation space. This dimension reduction can be 

achieved by the singular vahie decomposition (SVD) 

of the signal matrix p with a rank K approximation：

Pto) = USVt (4)

where U is an N^K column—orthogonal matrix whose 

columns are the 1 떤ft singular vectors, £ is a KXK 
diagonal matrix whose elements are the singular 

values of P, and V is a JxKorthogonal matrix whose 

columns are the right singular vectors. Her© N\원 the 

number of receivers in the TRA and 7 is the ri니mber 

of multiple neighboring points for constructing a 

backpropagating signal vector from the TRA. The 

field vector w for backpropagation can be obtained 

from a linear combination of the left singular vectors-

w(0) = U((이 q (5)

where q is a Kx 1 vector representing the contri — 

butions of each singular vector. The singular valu운s 

tend to decrease tepidly with an increasing number 

of singular vectors such that the first singular vector 

corresponding to th안 largest singular val니e can be 

sufficient as a field vector for stable focusing, i.e.t 

티 :끠 [1,0,…In other words, the effective rank of F 

is equal to one.

The final step is to replace gOt "如，©) in Eq. (1) 

with 후侦) in Eq. (5). Then, the robust time-reversed 

press냖关 field becomes

p(E) = 支 [S")w*(京이 g01 如) 

粋니

= $*(0)、村(”壇(치匕呵&) (6)

This approach should provide an expanded focal 

structure assuming that the field vector 粉)is

chosen to maintain a high correlation with g(치 4“。) 

for expanded ranges of interest.

Finally, the time domain solutions, or the bit sequences 

to be transmitted from the TRA are found by inverse 

Fourier transformation. The 丿th element of the TRA 

transmits the f어！owing time domain solution signal, 

given by the Fo냖wier synthesis of the bracketed term 

in Eq. (6).

p(、顷)=Js * * (fj, co)^l0>tdG) (7)

where S{cd) is the Fourier transform of the probe source 

pulse. This expression incorporates all conditions for 

the broadening of foci at the probe source location.

2.3. Determination of probe signal matrix using 

waveguide invariant th은이y

As descrited earlier, the weight vector usually requires 

the measurement of the probe signal matrix for the 

locations near the probe source. Hie probe signal matrix, 

however, can be predicted in an acoustic waveguide 

using the waveguide invariant theory if the broadening 

is to be carried near the probe source in the range 

direction.

In a disp얀rsive and multimodal waveguide, the lines 

of constant sound intensity lead to a constant slope 

between certain parameters of the waveguide [13~ 

15]. The invariant, denoted by 8, characterizes the 

relation between the rang준 and the frequ원ncy as
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a _R &d
，=亳~歴 ⑻

where R is the horizontal range and o)is the angular 

frequency.

For a Pekeris waveguide, the value of p is one； 

therefore,

Rf = — R 
Ci) (9)

Eq. (8) states that the acoustic fi이d at (人',©) app

roximates the v거iue at (Rq，, Therefore, the signal 

vector received at the array can be used to calculate 

the probe signal matrix near the probe source range 

at the same depth； therefore, the foci can be broadened 

without using probe signals.
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Figure 2. Schematic and parameters of the ocean waveg니ide 

used for the sirmjlation.
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III. Sim니ation

In this section, the broadening of focal size is 

demonstrated in the ocean waveguide. As seen in 

Figure 2 the vertical TRA consists of 17 elements 

spanning the 120 m deep water column from 10 to 

90 m with 5 m interelement spacing. The probe 

source is located at 100 m depth and is 3 km away 

from the TRA. As a propagation model, KRAKEN 

normal mode program was used throughout the simulation 

[16].

The transmitted probe pulse has a center frequency 

4=500 Hz and ping duration r=20 ms which is shown 

in Figure 3. The sampling frequency is 8192 Hz and 

the FFT size is 8192； therefore, the time duration is 

1.0 s. This time duration is sufficient to prevent aliasing 

in time due to pulse elongation caused by dispersion.

3.1. Time reversal processing

For the environment described in Figure 2, Figure 

4 (a) shows the aco나Stic field in the frequency domain 

obtained using a probe source at a 100-m depth* 

The depth-stacked time series received in the TRA 

are shown in Figure 4(b).
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Figure 3. Probe
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source (a) signal and (b) spectrum.

Figure 4(a) shows the transfer function at a frequency 

of 500 Hz by considering the ocean as a spatial filter. 

If the source located at a depth of 100 m transmits 

a pulse at the carrier frequency of 500 Hz, the time 

arrival structure at the receivers in the TRA can be 

evaluated by the Fourier synthesis of frequency 

solutions over the bandwidth of interest. When the 

received signal at the TRA is time reversed and back- 

propagated, the signal focuses back to the probe source 

location as shown in Figure 4 (c)-(d). Figure 4(c) 

depicts the propagation from the TRA to the receiver 

array (RA). In this geometry, the probe source is 

located at a range of 3 km and depth of 100 m. As 

expected, the phase conjugation of the 500—田 frequency 

component and its consequent propagation through 

the waveguide produce a spatial foe니s at the probe
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Figure 4. Time reversal sim니ation. (a) Acoustic fi이d from probe source to TRA, (b) depth-stacked time series received at the TRA 

using a probe source at 100-m depth, (c) single f「e디나리icy phase conjugation simulation at 500 Hz; probe s。니「ce at 

100-m depth and 3-km range, (d) depth-stacked time series at 3-km range.

source location. Figure 4(d) shows the time series 

received at the 3-km range as a function of depth.

32 Broadening of focal size

The transfer function at the broadening position is 

obtained by the waveguide invariant theory, as described 

in the previous section. Since the broadening is to be 

carried o나t in the range between 2.75 and 3.25 km, 

the frequency of the wave vector to be backpro- 

pagated instead of the wave vector with a carrier 

frequency of 500 Hz can be calculated from Eq. (8) as

广=500 Hzx 3 km = 545.4545Hz
2.75 km (9)

尸 = 500 Hz x-쓰뜨—= 461.5385 Hz
3.25 km

Figure 5 shows the broadening of the focal size by 

robust TRP. 51 signal vectors are calculated 니sing 

the virtual probe sources evenly distributed in the 

range between 2.75 and 3.25 km. The focal size is 

broadened in the range direction by imposing a set 

of constraints termed the MLC. The signal vectors 

used in the constraints are determined by the wave - 

guide invariant theory. By this theory, the signal vectors
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Figure 5. Single frequency phase conj나gation simulation at 

500 Hz, (a) conventional TRP and (b) robust TRP 

니sing MLC, where the additional constraints for 

broadening of foci are placed in the range between

2.75 and 3.25 km at a depth of 100 m.
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near the probe source are considered sirrply as frequency 

-shifted signal vectors coming from the source.

IV. Application to Long-Range Underwater 

Communication

The proposed method can find applications where 

a robust and broad focal size is desired. In the numerical 

simulation, the signal transmission of bit sequences 

for underwater acoustic communication is demonstrated. 

The nominal signaling rate is 27.2 symbols/s안c, and 

4 bits of information are encoded in each symbol. 

The channel used for the numerical simulations is 

shown in Figure 2.

4.1. Signal scheme

In this signaling scheme, each symbol represents 

a 4 一bit word, which results in a total of 16 different 

words in the code. Since this communication system 

is based on noncoherent detection, the value of each 

bit within a symbol is given by the detection or lack 

of detection of the corresponding frequency component. 

There are 15 different symbols in the code having 

at least one spectral component. The "all—zeros" word 

corresponds to the case where no carrier frequencies 

are detected, This signaling scheme corresponds to 

a four-channel "on-off*' keying modulation scheme. 

In this scheme, fo나r frequency components centered 

at 300, 400, 500, and 600 Hz are defined. Each one 

of these frequency components spans 100 Hz in 

frequency 천nd has a -3 dB bandwidth of 36.6 Hz.

42 Message transmission

This section presents a numerical simulation in which 

a message is sent from the TRA to the probe source 

location shown in Figure 2. At each TRA element, the 

transmitted signal corresponding to a given symbol 

can be obtained by the time domain superposition of 

its different frequency components. Similarly, the signal 

corresponding to a sequence of symbols can be obtained 

by the superposition of the signals corresponding to 

different symbols, suitably delayed in the time domain. 

This time domain delay corresponds to the signaling 

period and should be greater than the temporal duration 

of each symbol at the receiver location in order to 

avoid intersymbol interference. In this case, each 

single frequency conponent will have a tenporal duration 

of 36.7 ms, which is chosen as the signaling period.

Figure 7 shows the ideal signal that the TRA intends 

to focus at the receiver at the probe source location. 

Figs. 8 and 9 show the message signal spectrograms 

at various ranges of the signal corresponding to a 

message composed of a sequence of words from 

(0001)2 to (1111)2 that is intended to be transmitted 

from the TRA to the receiver at the probe source 

location. Here, subscript ( )2 denotes the base-2 

(binary) notation. All the signals 간re collected at a 

depth of 100 m. Figs. 8 and 9 show the signal spectro

grams obtained at different ranges using conventional 

TRP and robust TRP, respectively. The displayed 

data corresponds to the received signals at a depth 

of 100 m and ranges of 3 km, 2.9 km, and 2.75 km.

When conventional TRP is employed, as shown in 

Figure 8, one can observe the correct message signal 

at the probe source location where the multipath structure 

is greatly suppressed. However, outside the focal region,
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Figure 6. TRA filter bank frequency response.
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figure 7. Desired message signal spectrogram if no distortions 

are present in the channel.
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Figure 8. Message signal transmission simulation 니sing con

ventional TRP.

weak message signals are received. Finally, Figure 

9 illustrates the broadening of the focal size at various 

ranges when the MLC method with constraint vectors 

derived by the waveguide invariant theory is applied 

to the robust TRP. For the MLC method shown in 

Figure 9, 51 signal vectors are calculated using the 

virtual probe sources distributed in the range between

2.75 and 3.25 km. To compare these results with 

those of the conventional method, the intensity field 

is normalized. We can observe that highly correlated 

correct message signals are received in the extended 

focal region. Therefore, robust TRP with focal size 

expansion is advantageous for the underwater acoustic 

communication from the TRA to the vehicle moving 

at a low speed.

(c)

Fig니re 9. Message signal transmission sim니ation using robust 

TRP.

V. Conclusion

This paper describes a way to broaden time reversal 

focusing in context of ocean acoustics where one 

source faces a vertical transmit/receive 거rray. The 

simulation results of 니nderwater communication by 

QFSK transmission in shallow water are shown. It is 

shown that the proposed method can find many appli

cations where a robust and broad focal size is desired. 

The proposed method was applied to a low frequency 

band with a low data rate in a no noise case simulation 

scenario. In the future research, we will make the pro

posed rwthod useful of u디derwater acoustic cornmunication 

of practical interest.
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