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Improvement of Time-Reversal Communications
Using Adaptive Channel Equalizers

H. C. Song, W. S. Hodgkiss, Member, IEEE, W. A. Kuperman, M. Stevenson, and T. Akal

Abstract—The spatial and temporal focusing properties of time-
reversal methods can be exploited for undersea acoustic commu-
nications. Spatial focusing mitigates channel fading and produces
a high signal-to-noise ratio (SNR) at the intended receivers along
with a low probability of interception elsewhere. While temporal
focusing (compression) reduces significantly intersymbol interfer-
ence (ISI), there always is some residual ISI depending upon the
number of transmitters, their spatial distribution (spatial diver-
sity), and the complexity of the channel. Moreover, a slight change
in the environment over the two-way propagation interval intro-
duces additional ISI. Using multilevel quadrature amplitude mod-
ulation (M-QAM) in shallow water, we demonstrate that the per-
formance of time-reversal communications can be improved sig-
nificantly by cascading the received time series with an adaptive
channel equalizer to remove the residual ISI.

Index Terms—Adaptive equalizer, billboard array, deci-
sion-feedback equalizer (DFE), decision-feedback phase-locked
loop (DFPLL), fractionally spaced equalizer (FSE), intersymbol
interference (ISI), multilevel quadrature amplitude modulation
(M-QAM), multiple-input–multiple-output (MIMO), time-re-
versal communication.

I. INTRODUCTION

T
HE bandwidth-limited underwater acoustic (UWA)

channel is a challenging environment for reliable coherent

communications [1]. The UWA channel characterized by a

time-varying, dispersive, multipath environment suffers from

intersymbol interference (ISI) which causes severe distortion

on the communication signals and results in performance

degradation in high data rate systems. Multichannel adaptive

channel equalizers [2] have been developed to cope with the ISI

coupled with temporal variations in the undersea environment.

Recently, a relatively simple time-reversal approach has

been introduced to underwater communications motivated by

advances in time-reversal theory [3], [4] which involves mul-

tiple transmit/receive transducers referred to as a time-reversal

mirror (TRM). The spatial and temporal focusing capability of
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the TRM offers a potential application to the communications

problem especially in an environment with significant multi-

path. An initial system concept has been demonstrated using

experimental data collected in shallow water for both active

[5] and passive [6] time-reversal communications. The TRM

is equivalent to a base station with multiple transmit/receive

antennas in wireless communication and active and passive

communications correspond to the downlink (from the base

station to a user) and the uplink (from a user to the base station),

respectively. Most recently, time-reversal communications have

been extended to multiple-input–multiple-output (MIMO)

multiuser communications such that different messages were

sent simultaneously from a TRM (base station) to different

receivers (users) at 8.6-km range in 105-m-deep shallow water

[7]. It also has been demonstrated recently in wireless commu-

nications based on outdoor measurements that the use of time

reversal (TR) has a promising potential in mitigating the ISI

and in reducing the cochannel interference [8]. The benefit of

the time-reversal approach is a simple receiver structure (lower

complexity) as opposed to the high computational complexity

required in adaptive channel equalizers.

Although the temporal focusing (compression) achieved by

the time-reversal approach reduces ISI significantly, there al-

ways is some residual ISI depending upon the number of trans-

mitters, the complexity of the channel, and their spatial distri-

bution (diversity). Moreover, a slight change in the environment

over the two-way propagation interval introduces additional ISI.

The impact of residual ISI will be more crucial in higher order

constellations required for higher data rate in a band-limited

UWA channel. One obvious choice for mitigating the residual

ISI would be to reduce the data rate (i.e., rate backoff).

In this paper, we investigate the time-reversal approach com-

bined with adaptive channel equalization to enhance the perfor-

mance of time-reversal communication without compromising

the data rate. In fact, Stojanovic [9] demonstrated using ana-

lytical expressions for theoretical upper bounds that the per-

formance of TR with residual ISI saturates as opposed to the

performance of TR with equalization in terms of the output

signal-to-noise ratio (SNR). We will show that the combina-

tion actually provides nearly optimal performance by re-exam-

ining the example used in [9]. The benefit of this combination

is that the number of taps required for an equalizer is much

smaller than the case with just an equalizer alone, thereby re-

sulting in lower computational complexity at the equalizer. In

this approach, phase tracking will be carried out at the front end

of the optimal receiver before the equalizer.

This paper will present experimental results of coherent

time-reversal communications at 3.5 kHz with a 1-kHz band-

0364-9059/$20.00 © 2006 IEEE
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Fig. 1. System model for active (downlink) time-reversal communications followed by a linear equalizer (dashed box).

width using high-order constellations (8-PSK, 16-QAM, and

32-QAM) during the Focused Acoustic Fields 2004 (FAF-04)

experiment. The theory behind time-reversal communication is

discussed briefly in Section II. Section III reviews the perfor-

mance of time-reversal communication combined with a linear

equalizer described in [9], followed by experimental results in

Section IV.

II. TR COMMUNICATIONS

The theory behind the use of TR in an acoustic communi-

cations context has been presented in our previous paper [5].

Two-way TR can be seen as implementing actively a spatiotem-

poral matched filter of the impulse response (Green’s function)

of the waveguide from a signal processing point of view. How-

ever, TR also is based on waveguide physics which exploits the

complexity of the environment using a time-reversal array for

diversity gain [3]. When a known signal is transmitted from

a probe source (PS) in a waveguide, the (noiseless) received

signal on the th element of the TR array is

where is the channel impulse response of the waveguide

and denotes convolution. The -element time-reversal array

then retransmits the time reversed version of the received signal

. The signal received back at the original PS position

can be written as

(1)

where the term in the bracket is denoted here by -function (in-

stead of -function in [10]) and is the summation of the auto-

correlation of each channel impulse response. The performance

of the TR focus depends on the complexity of the channel

(i.e., the number of multipaths), the number of TRM elements

, and their spatial distribution (spatial diversity).

The application of TR to communications where a sequence

of data-modulated pulses is transmitted at a high rate relies to-

tally on the behavior of the -function. The condition of zero ISI

is to have a -function that approaches a delta function, thus re-

covering the time reversed version of the original signal

at the PS position. In practice, however, there always is some

residual ISI because TR is optimized to maximize the SNR,

rather than to eliminate the ISI, although the ISI can be reduced

[e.g., see Fig. 5(b)] [9]. The extent of the ISI will affect the per-

formance of time-reversal communications especially for higher

order constellations unless the data rate is reduced to accommo-

date the ISI (rate backoff). Furthermore, a slight change in the

environment over the two-way propagation interval introduces

additional ISI. In this paper, we combine time-reversal com-

munications with adaptive channel equalization to eliminate or

minimize the residual ISI so that the performance of TR alone

can be improved without sacrificing the data rate. In Section III,

we investigate the performance of time-reversal communication

with equalization.

III. TR COMMUNICATION WITH EQUALIZATION

In this section, we follow the derivations in [9] which pro-

vides analytical expressions for theoretical upper bounds on the

performance of various approaches between a single element

and a multielement array including TR. Here, we focus on the

performance of TR with residual ISI and the performance of

(active) TR with equalization and confirm that TR with equal-

ization actually provides nearly optimal performance [11].

The overall system under consideration is illustrated in Fig. 1

where (active) TR is followed by a sampler operating at the

symbol rate and a linear minimum mean square error

(MSE) equalizer for estimating the information sequence from

the sample values. Note that for the experimental results in

Section IV, a fractionally spaced equalizer (FSE) is employed

which samples the received signal at a higher rate as opposed

to the symbol rate equalizer in this section.

We assume that the channel frequency responses

are known for and that for

where is the channel bandwidth. The sequence

of information symbols is transmitted at a symbol rate

and represents the additive white Gaussian noise (AWGN)
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with the power spectral density . The frequency re-

sponses of transmit and receive filters are and , re-

spectively. Let the overall (equivalent lowpass) channel transfer

function be denoted by

(2)

The received signal after filtering is then given by

(3)

and

(4)

Note that is the response of the receiving filter to the noise

with . If the transmitted energy per

symbol is set to and the sequence of information symbols is

zero-mean and uncorrelated, the energy can be expressed as [12]

(5)

where denotes the variance of an information symbol.

A. Time-Reversal Performance With Residual ISI

When the received signal is sampled at a rate of , we

have

(6)

The output SNR is then given by

SNR (7)

For active (downlink) time-reversal communications, the trans-

mitter filter uses and

the receive filter is simply where is a

constant determined from the energy equation of (5). Note that

is equivalent to a probe pulse spectrum

in TR which controls the system bandwidth. For simplicity, we

consider the standard filter , i.e., a raised cosine

filter with an arbitrary roll-off factor for zero ISI. Typically, it is

split evenly between the transmitting and receiving filters as in

[12] to distribute the computational complexity.

Then, the above output SNR can be expressed as in [9]

SNR (8)

where

(9)

(10)

and is the folded or aliased spectrum, where the folding

frequency is s

(11)

where is the Fourier transform of the -function defined

in (1). We observe that as the noise vanishes, i.e., ,

the performance of TR saturates such that .

B. Time-Reversal Performance With Equalization

The performance of TR saturates due to residual ISI. A sub-

sequent processing employed to overcome the limitation is an

equalizer. Consider a sample-spaced linear equalizer that is opti-

mized by using the minimum MSE (MMSE) criterion assuming

that the equalizer has an infinite number of taps to derive a the-

oretical upper bound. For the received signal samples given in

the form of (6), the MMSE equalizer has a transfer function [9],

[12]

(12)

where is the folded spectrum of the overall response

and . Then, the min-

imum MSE can be expressed as

MMSE (13)

Note that the above equation is different from [9, eq.

(39)] where the equalizer is preceded by a receiver filter

matched to the channel distorted transmitted pulse such that

. The idea of active TR, however, is

to apply matched filtering up front at the transmitter rather than

at the receiver in passive TR while the two approaches without

equalization provide the same performance [9]. Therefore,

additional matched filtering is not required at the receiver and

we use resulting in the same overall channel

response as in Section III-A. It should be mentioned that

the above equation is identical to [9, eq. (39)] when the roll-off

factor of is zero.

Then, the SNR at the equalizer output becomes

SNR

MMSE

(14)

where is the folded spectrum of .

C. Performance Improvement With Equalization:

Numerical Example

Fig. 2 illustrates the performance improvement of TR with

equalization over the case of TR alone. We use the same channel

model in [9] with three multipaths (10-ms delay spread over a
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Fig. 2. (a) Composite channel power spectral density q(f), and the impulse
response of TR, q(t) function, when the number of array elements N = 4.
The element spacing is chosen d = 6� with � = 0:1 m at the center
frequency f = 15 kHz. (b) Theoretical performance bounds: TR with residual
ISI (square) and TR with equalization (circle).

3-km range) in 75-m-deep water. However, the element spacing

of the vertical array is chosen , much larger than

which is typically used to avoid spatial aliasing in array pro-

cessing. This is because the propagation angles are almost hori-

zontal (broadside) in the acoustic waveguide (e.g., ,

and 5.4 ). Further, is the element spacing of the time-reversal

array used for the experimental results presented in Section IV.

The function (bottom) and its spectrum (top) are

shown in Fig. 2(a) when . As in [9], the standard filter

is chosen as a raised cosine with a roll-off factor close to

0, maximizing the data rate for ISI-free transmission in a band-

width . The symbol duration is then ms

with kHz and the center frequency is kHz. It

is interesting to observe that even with elements

flattens out and the overall system obtained with TR is almost

Fig. 3. (a) Experimental area around Pianosa Island SW of Elba Island, off
the west coast of Italy. The BBA was suspended from the R/V Alliance which
was anchored in 50-m-deep water. The VRA was deployed at 2-km range from
the BBA. (b) Sound-speed profile measured during the communications portion
of the experiment on July 26 and 27, 2004 along with a depth coverage of the
BBA.

ideal. This results contrast with those in [9], where ele-

ment array with the interelement spacing of at

kHz has an aperture of which is not large enough

to distinguish the three multipaths propagating closely at low

grazing angles [11]. In fact, the minimum aperture required

for a one-sided resolution of near the

broadside is . Note that the aperture of the

element array with spacing is still 1.8 m in

75-m-deep water. Indeed, TR exploiting the spatial diversity is

sensitive to the array size as pointed out in [9] as well as the

spatial distribution of the array elements.

Fig. 2(b) shows the performance results when [(8)

and (14)]. As expected, the performance of TR with residual ISI

(square) saturates with an increasing whereas the perfor-

mance of TR with equalization (circle) continues to improve.

At low and moderate up to about 7–8 dB, however, the

two curves are almost identical suggesting that the time-reversal

approach could be a choice with minimal computational com-

plexity. This comes from the almost ideal behavior of the -func-

tion in Fig. 2(a) which affects the point of separation between

the two curves. For convenience, the -function is normalized

such that in Fig. 2(a) where represents a total
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Fig. 4. Two-dimensional BBA reconfigured from a 78-m aperture
time-reversal array with 2.786-m spacing. It consists of 28 elements on
eight staves with 0.21-m spacing, spanning the water column from 24.5 to
32.9 m. During the communication experiment, only half of the array with 14
elements in the dashed box was used.

energy of the channel impulse responses . However, this

normalization should not be imposed when calculating the per-

formance bounds as in [9], since we have a constraint on the

transmitted energy . This is important especially when the per-

formance bounds are computed as a function of , the number

of array elements [11].

Although it is not shown here, the performance of TR with

equalization is very close to the optimal processing proposed in

[9]. The optimal processing was to simultaneously eliminate the

ISI and maximize the SNR, while maintaining maximal data rate

for a given bandwidth and satisfying a constraint on the trans-

mitted energy. This suggests that we can relax the condition of

zero ISI using TR at the front end while the overall system with

equalization offers nearly optimal performance by removing the

residual ISI. Therefore, we can take full advantage of the spa-

tial focusing property of TR such that we can achieve a high

SNR at the intended receiver along with low probability of inter-

ception elsewhere [e.g., see Fig. 9(a)]. This property allows an

extension of TR to MIMO multiuser (active) communications

with minimum interference between the users as demonstrated

experimentally in [7]. Recently, it also has been shown in wire-

less communications based on outdoor measurements that the

co-channel interference was reduced to about 18 dB [8].

For practical implementations, the benefit of this combina-

tion is that the number of taps required for an equalizer is much

Fig. 5. (a) Example of the channel responses received by the BBA (Channels
#2–15). (b) Corresponding q(t) function.

smaller than the case with just an equalizer alone, resulting

in lower complexity at the equalizer. It should be pointed out

that this approach does not require an explicit estimation of

the channel impulse response . Instead, we use the cap-

tured channel response to generate a communica-

tion sequence for retransmission at the transmitter. In addition,

carrier recovery for coherent communications can be done be-

fore the equalizer although there is some degradation effects

due to residual ISI on the phase estimation [13], avoiding the

complexity of the joint estimation of carrier phase and adaptive

weight vectors within the equalizer (see Fig. 6). In Section IV,

we demonstrate using experimental data in shallow water that

TR combined with an adaptive channel equalizer indeed can im-

prove the performance significantly.

IV. EXPERIMENTAL RESULTS

In this section, we present experimental results of time-re-

versal communications in conjunction with equalization be-

tween a time-reversal array and a single receiver separated 2 km
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Fig. 6. Block diagram showing time-reversal communications followed by a DFE equalizer. Note that a DFPLL has been applied before the equalizer.

Fig. 7. Performance of 8-PSK. (a) Time-reversal communications signal received on the VRA. The signal is focused on the intended receiver at 34-m depth
(Element #6) of the VRA. The symbol SNR is 39 dB. (b) Estimated q(t) function. (c) Phase tracking estimate using DFPLL. (d) Performance of the time-reversal
processing alone. (e) Performance of TR in conjunction with an adaptive DFE.

in 50-m-deep water. We investigate three types of high-order

phase coherent modulations suitable for a band-limited ocean

environment: 8-PSK, 16-QAM, and 32-QAM. All communi-

cation sequences were 10-s long with the same symbol rate

of symbols/s such that bit rates for 8-PSK,

16-QAM, and 32-QAM are and

bps, respectively. The carrier and sampling frequencies were

kHz with 1-kHz bandwidth and kHz,

respectively.

A. Experimental Setup: Billboard Array

A time-reversal experiment was conducted jointly with the

NATO Undersea Research Center in July 2004 both north and

south of Elba Island, off the west coast of Italy. The source/re-

ceive array (SRA) had 29 transducers spanning a 78-m aperture

with 2.786 m spacing which corresponds to about at 3.5 kHz

[14]. The communication portion of the experiment reported in

this paper was conducted at the Pianosa Island located south

west of Elba as shown in Fig. 3 along with sound-speed profiles.

The same SRA was reconfigured for deployment in 50-m-deep

water for operation as a two-dimensional (2-D) billboard array

(BBA) (8.4-m long and 1.5-m wide) as shown in Fig. 4. It con-

sists of 28 elements distributed on eight staves with 0.21-m hori-

zontal spacing between them which corresponds to a half-wave-

length at 3.5 kHz. The BBA spanning the water column from

24.5 to 32.9 m was suspended from the R/V Alliance which

was anchored for stable operation. A 16-element vertical re-

ceiver array (VRA) also was deployed about 2-km range from

the BBA spanning the water column from 14 to 44 m with 2-m

spacing. The purpose of the billboard array was to provide some
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Fig. 8. Performance of 16-QAM. (a) Time-reversal communications signal received on the VRA. The signal is focused on the intended receiver at 34-m depth
(Element #6) of the VRA. The symbol SNR is 34 dB. (b) Estimated q(t) function. (c) Phase tracking estimate using DFPLL. (d) Performance of the time-reversal
processing alone. (e) Performance of TR in conjunction with an adaptive DFE.

azimuthal (horizontal) discrimination in reverberation returns

[15], but it also was used for the communications experiment.

Note that only half of the array (i.e., 4 staves with el-

ements) as shown in Fig. 4 (dashed box) was actually used for

the communications experiment reported in this paper.

B. Implementation: Time-Reversal Communication

There are two ways to implement time-reversal communica-

tions: conventional TR with a probe source (PS) and a MIMO

approach without a probe source. The former has been used in

our earlier experiments [15], [16] which requires a probe source

collocated with the receiver array (VRA). The latter is a recent

approach employed for MIMO communications [7] which can

be implemented between an array of sources (SRA or BBA) and

an array of receivers (VRA) without invoking reciprocity [17].

The process allows measurements of the channel transfer ma-

trix between the two arrays almost instantly and the channel re-

sponses at the receiver array are transferred back to the source

array to facilitate time-reversal communications. This imple-

mentation thus requires radio telemetry access to the receiver

array data but does not require a PS to be collocated with the re-

ceiver array as in the conventional approach. These two imple-

mentations basically are equivalent and here we use the MIMO

approach, although we communicate to a single receiver depth

(user) on the VRA.

We used a 150-ms, 2.5–4.5-kHz chirp with a Hanning

window for a probe signal , resulting in an effective

100-ms, 3–4-kHz bandwidth chirp [7]. An example of the

channel responses is shown in Fig. 5 after compression

(matched filtering) and the corresponding function. Note

that pairs of channels at the same depth (e.g., Channels 2

and 9, Channels 4 and 11) are very similar to each other. For

time-reversal communications, the time reversed version of

measured channel responses is treated as one symbol. Using the

principle of superposition, each symbol is copied and displaced

by the symbol interval ms which is duration of the

compressed chirp waveform. Although there is a substantial

overlap of the transmitted symbols, the individual symbols are

compressed back to their original -ms duration at the

intended receiver.

C. Receiver Structure

It is shown in [7] that a simple receiver structure for time-re-

versal communication signals consists of a demodulator and de-

tector, which is identical to the optimum receiver for signals cor-

rupted by AWGN in the absence of ISI [12]. Here we cascade

a nonlinear decision-feedback equalizer (DFE) to remove the

residual ISI as shown in Fig. 6, where the filter weights (forward

and feedback) are jointly optimized. The recursive least squares

(RLS) algorithm has been used to adaptively perform this op-

timization. Since the symbol rate Hz is only half
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Fig. 9. Performance of 32-QAM. (a) Time-reversal communications signal received on the VRA. The signal is focused on the intended receiver at 34-m depth
(Element #6) of the VRA. The symbol SNR is 44 dB. (b) Estimated q(t) function. (c) Phase tracking estimate using DFPLL. (d) Performance of the time-reversal
processing alone. (e) Performance of TR in conjunction with an adaptive DFE.

the signal bandwidth kHz of the chirp signal (equiv-

alent to a raised cosine with a roll-off factor ), we need

to use a fractionally spaced equalizer (FSE) of at least

to avoid compensating for the aliased received signal. In this

paper, we use spaced equalizer which provides the best

performance.

In our approach, the estimate of carrier phase is performed

before the equalizer as indicated in Fig. 6. We employed the de-

cision-feedback phase-locked loop (DFPLL) based on the max-

imum likelihood (ML) estimate averaged over 20 symbols [12].

We treat as a random sequence to be estimated except the

first 100 or 200 training symbols which also are used in the adap-

tive DFE for channel estimation. Finally, the forgetting factor

for RLS algorithm was set to 0.99.

D. Performance

Fig. 7 displays the result of 8-PSK modulation received at

34-m depth on the VRA (Element #6). The phase offset esti-

mated by DFPLL is shown in Fig. 7(c). Note the average posi-

tive slope of about rd/s which is equivalent to a

frequency offset of 0.1 Hz. This was due to a slight difference in

the sampling clocks between the BBA and VRA which varied

from time to time.

The performance of time-reversal communication is shown

in Fig. 7(d) resulting in a bit error rate (BER) of 4/14700 while

the symbol SNR at the receiver was 39 dB. We expect a better

performance at this SNR but it appears that the residual ISI de-

graded the performance. To find out the extent of residual ISI,

the -function shown in Fig. 7(b) was estimated by correlating

the received communication sequence with the entire known

data sequence, essentially treating the data as a form of pseu-

dorandom noise. The temporal sidelobes are not symmetric be-

cause the ocean changes over the two-way propagation interval

(e.g., 3-min for this example). Fig. 7(e) shows an improved per-

formance by cascading an adaptive DFE where the scattered

symbols are tightened. The number of taps used for feedforward

and backward DFE is and , respectively. Re-

call that a FSE is used for the feedforward filter. Then,

corresponds to five symbols (10 ms) which cover the

most significant ISI around the peak shown in Fig. 7(b).

Now we look at the performance of 16-QAM modulation

displayed in Fig. 8. The estimated -function shows signifi-

cant residual ISI compared to 8-PSK in Fig. 7(b). In addition,

the nonsymmetrical nature of the ISI is more pronounced. The

symbol SNR was 34 dB. The scatter plot with time-reversal pro-

cessing in Fig. 8(d) yields 1% BER due to the significant ISI.

Again, postprocessing using a FSE equalizer produces an open

eye pattern with no errors in Fig. 8(e). The DFE used

and taps with 200 training symbols.

Finally, the performance of 32-QAM modulation is shown in

Fig. 9. The symbol SNR was 44 dB, but the performance of TR

displayed in Fig. 9(d) clearly indicates the saturation effect due
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to the residual ISI for this high-order constellation. The BER

amounts to 5.4%. Fig. 9(e) highlights the performance improve-

ment of TR combined with an adaptive DFE, showing a com-

pletely open eye pattern. The DFE used the same number of taps

as used for 16-QAM above.

V. CONCLUSION

The spatial and temporal focusing properties of time-reversal

methods offers a potential application to undersea communi-

cations with significant multipath. Spatial focusing mitigates

the channel fading and produces a high SNR at the intended

receivers along with a low probability of interception else-

where. While temporal focusing (compression) reduces the ISI

significantly, there always is some residual ISI. In addition, a

slight change in the environment over the two-way propagation

interval introduces additional ISI. Thus, the performance of

time-reversal methods saturates due to the ISI. To avoid this

limitation, we combine the time-reversal method with channel

equalization, which theoretically provides nearly optimal per-

formance as described in Section III-C.

During the July 2004 experiment, we investigated time-re-

versal communications at 2-km range in 50-m-deep water using

a 14-element billboard array (8.4-m long and 0.6-m wide).

The modulation schemes were coherent 8-PSK, 16-QAM,

and 32-QAM. The symbol rate was 500 symbols/s at a carrier

frequency of 3.5 kHz with a 1-kHz bandwidth and each commu-

nication sequence was 10 s long. Our analysis has demonstrated

that the performance of time-reversal communication cascaded

with adaptive DFEs can be improved significantly over the use

of time-reversal processing alone.
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