
IEEE SIGNAL PROCESSING LETTERS, VOL. 20, NO. 12, DECEMBER 2013 1219

Time-Reversal Wideband Communications
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Abstract—With the advance of semiconductor technologies,
the performance of analog-to-digital converter (ADC) has been
improved a lot during the past decade in terms of both sampling
rate and resolution. The cost has gone down dramatically that
makes the wideband communication much affordable. Under
such circumstances, a natural question to ask is: Is there a low
complexity high energy-efficient solution to high throughput wide-
band communications? In this letter, we explore this question by
studying time-reversal communications. We find that compared
with that of OFDM system, the computational complexity of a
time-reversal system at the transmitter side is lower since it re-
quires similar additions but no multiplications. Furthermore, the
computational complexity of a time-reversal system at the receiver
side is negligible since only onetap detection is performed, which
means that the overall computational complexity of time-reversal
system is much lower than that of OFDM system. Moreover,
we find that when the bandwidth is large enough, time-reversal
system can achieve much higher achievable rate than OFDM
system. Therefore, time-reversal technique is a desired solution to
low complexity high throughput wideband communications when
more bandwidth is available.

Index Terms—Energy-efficient, low complexity, OFDM, time-re-
versal, wideband communications.

I. INTRODUCTION

I N RECENT years, we have witnessed an explosive growth
of the number of wireless users along with wide variety of

wireless communication applications and services. Such a phe-
nomenon calls for future high-speed broadband wireless com-
munication solutions. Multi-carrier modulation techniques such
as orthogonal frequency divisionmultiplexing (OFDM) are pos-
sible solutions and have drawn great attentions due to their ca-
pability to provide high data rate even with limited bandwidth,
i.e., extremely high spectral efficiency. However, in spite of
many advantages, the high computational complexity, high en-
ergy consumption and interference at both transmitter and re-
ceiver prohibit them from end-user equipments and wireless ter-
minals in many applications.
On the other hand, due to the advance of semiconductor tech-

nologies, ADC has been costed down dramatically. In addition,
the performance of ADC has been improved a lot during the
past decade in terms of both sampling rate and resolution. For
example, there have been 17 different commercial off-the-shelf
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ADCs from Texas Instrument with sampling rate at least 1 GHz
and resolution at least 8 bits [1]. Moreover, according to the
Moore’s law, the sampling rate and resolution of commercial
ADCs will continue to be improved. Such developments and
progresses in the field of ADC make the wideband communica-
tion much affordable. When the bandwidth is wide enough, the
advantage of high spectral efficiency of OFDM-based scheme
becomes less significant and the cost of high computational
complexity and high energy consumption at both transmitter
and receiver becomes major drawbacks, due to which OFDM-
based scheme may not be a desirable solution when the band-
width is much broader than the current 4-G systems. A nat-
ural question to ask is: when the ADC becomes cheaper and
cheaper while the bandwidth becomes wider and wider, is there
a low-complexity, high energy-efficient and high data rate wide-
band communication solution? As pointed out in [2], time-re-
versal (TR) signal transmission is an ideal paradigm for low-
complexity, low energy consumption green wireless communi-
cation because of its inherent nature to fully harvest energy from
the surrounding environment by exploiting the multi-path prop-
agation to re-collect all the signal energy that could be collected.
The history of the research on time-reversal transmission

dates back to early 1990’s [3], where the main focus was on
acoustics and ultrasound fields. In [4]–[6], it is shown that, with
TR, acoustic energy can be refocused on the source with very
high resolution. The focusing effect was then validated in the
real underwater acoustics experiments in the oceans [7]–[9].
Since TR can make full use of multi-path propagation without
complicated channel processing and equalization, it has been
also investigated in wireless communication systems [10]–[12].
When only one symbol is transmitted or the symbol duration
is not smaller than the channel delay spread, the time-reversed
waveform can guarantee the optimal bit error rate (BER)
performance by virtue of its maximum signal-to-noise ratio
(SNR). However, when the symbol duration is smaller than the
channel delay spread, which is generally the case in high speed
communication systems, the transmitted waveforms are over-
lapped and thus interfere with each other. Such inter-symbol
interference (ISI) can be notably severe and causes crucial
performance degradation, especial with very high symbol rate.
The problem becomes even more challenging in multi-user

transmission scenario, e.g., the Time-Reversal Division Mul-
tiple Access (TRDMA) system [13], where the inter-user inter-
ference (IUI) is introduced due to the non-orthogonality of the
channel impulse responses among different users. To address
this problem, we can utilize the degree of freedom provided by
the environment, i.e., the abundant multipaths, to combat the in-
terference, which is known as waveform/signature design. The
basic idea of waveform design is to carefully adjust the ampli-
tude and phase of each tap of the waveform based on the channel
information such that the signal at the receiver can retain most
of the useful signal while suppress the interference as much as
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possible. In the literature, there have been many studies inves-
tigating the problems of designing advanced waveforms to sup-
press the interference [12], [14]–[18]. In [12], an MMSE-like
waveform was proposed to suppress ISI for single user scenario
where, however, the rate back-off factor was not taken into ac-
count in the optimization. In [14], multi-user joint power allo-
cation and waveform design for sum rate optimization was in-
vestigated in the downlink TR systems.
In this paper, we study the TRDMA system and find that

when the bandwidth is wide enough, TRDMA is an ideal
low-complexity, high energy-efficient solution that can provide
high data rate communications. Specifically, we compare the
TRDMA system with the OFDM system in terms of achievable
rate and computational complexity. We find that compared
with that of OFDM system, the computational complexity of
TRDMA system at the transmitter side is lower since it requires
similar additions but no multiplications. Furthermore, the
computational complexity of TRDMA system at the receiver
side is negligible since only onetap detection is performed [13].
Therefore, the overall computational complexity of TRDMA
system is much lower than that of OFDM system. Moreover,
we show that when the bandwidth is wide enough, TRDMA
system can achieve much higher achievable rate than OFDM
system.
The rest of this paper is organized as follows. In Section II,

we discuss the achievable rate of OFDM system and TRDMA
system. Then, in Section III, we compare the computational
complexity between OFDM system and TRDMA system. Fi-
nally, we conduct simulations in Section IV.

II. ACHIEVABLE RATE

In this paper, we consider a downlink communication system
with one transmitter and receivers, and the transmission is
over a wireless channel with bandwidth . We assume that the
channel is slow fading with a large delay spread, and the channel
impulse response (CIR) at time between the transmitter and
the receiver in the discrete time domain is modeled as

(1)

where is the -th tap of the CIR between the transmitter and
the receiver , is the number of channel taps, i.e., channel
length, and is the Dirac delta function. We assume that

’s are independent with each other.

A. Achievable Rate of OFDM System

In OFDM system, the transmitted signals are modulated over
different subcarriers. Let us assume that there are subcar-
riers. Then, the corresponding channel fading coefficient

can be computed as follows [19]

(2)

From (2), we can see that is the -point Dis-
crete Fourier Transform (DFT) of the -tap channel

, scaled by .

As shown in [20], the optimal subcarrier assignment to max-
imize the total data rate is to assign each subcarrier to only one
user with the best channel gain. By utilizing the guard interval,
there is no interference among different subcarrier, i.e., each
subcarrier can be treated as an AWGN channel, and thus the
achievable rate of the OFDM system can be written as follows

(3)
where for all , is
the noise power spectral density, and is the optimal power
allocation among different subcarriers which can be computed
through the following optimization problem

(4)

with being the total transmit power constraint. Note that the
introduction of cyclic prefix, i.e., the guard interval, leads to a
loss of time and power utilization with a factor of [19],
due to which there is a factor in (3) and (4).

B. Achievable Rate of TRDMA System

In the TRDMA system, the transmitter has a specific wave-
form designed for each receiver . Such waveforms can
be the basic TR waveforms or optimal waveforms designed by
a certain criterion. When the transmitter has some information
to transmit to the receivers, it first loads the data stream on the
waveforms and then concurrently transmits the signal into the
wireless channel with

(5)

where are up-sampled version, with a backoff factor of ,
of the sequence that is to be transmitted to receiver , and is
the power allocated to receiver .
The received signal at receiver can be written as

(6)

where are the additive white Gaussian noise with zero mean
and noise power spectral density .
Since only onetap detection is used at the receiver [13],

according to (6), the Signal to Interference plus Noise Ratio
(SINR) of receiver can be written as in (7), shown at the top
of the next page.
With (7), the total achievable rate of the TRDMA system can

be calculated as follows

(8)



CHEN et al.: TIME-REVERSAL WIDEBAND COMMUNICATIONS 1221

(7)

Notice that due to the backoff factor , for fair comparison
with OFDM system, the power allocated to different receivers
in (5)–(7) should satisfy the following constraint

(9)

In the basic TR scheme, we use equal power allocation and
set the waveform as the time-reversed conjugate of the CIR as
follows

(10)

However, the basic TR scheme may not be able to provide
desired performance. To improve the performance, the allocated
power and waveform should be carefully designed to
maximize the achievable rate as follows [14]

(11)

III. COMPUTATIONAL COMPLEXITY

In this section, we discuss the computational complexity of
the OFDM and TRDMA systems. We will omit the common
components shared by both systems such as Automatic Gain
Control (AGC) and frequency error corrections, and focus on
the unique components of each system.
For the OFDM system, there are three unique components,

which are power allocation, Fast Fourier Transform (FFT) at
the transmitter and FFT at the receivers. Note that the channel
is assumed to be stationary, due to which we do not need to
perform power allocation every time slot. Instead, power allo-
cation is re-computed only when the channel changes. Thus, the
computational complexity of power allocation is treated as over-
head complexity, which will not be discussed in this paper. In
such a case, the computational complexity mainly comes from
the FFT component at the transmitter and receiver. When the
number of subcarrier is a power of 2, with the well-known
radix-2 Cooley-Tukey algorithm [21], the FFT component re-
quires complex multiplications and com-
plex additions. When there are receivers, an -point FFT is
required at the transmitter and -point FFTs are required at
the receivers. In such a case, when symbols are trans-
mitted over subcarriers, the computational complexity per
symbol is: complex multiplications and
complex additions at the transmitter; and complex

TABLE I
COMPLEXITY COMPARISON BETWEEN OFDM AND TRDMA

multiplications and complex additions at the re-
ceivers.
For the TRDMA system, there are two unique components,

which are power allocation and waveform design as well as
signal mixing. Similar to the power allocation in the OFDM
system, the power allocation and waveform design in the
TRDMA system do not need to re-compute every time slot and
thus the corresponding computational complexity is treated
as overhead complexity. In such a case, the computational
complexity of TRDMA system mainly comes from the signal
mixing at the transmitter. The signal mixing is due to wave-
form overlapping among different symbols and the concurrent
transmissions to multiple receivers. For a TRDMA system
with receivers, backoff factor and channel length , the
signal mixing requires complex
additions per symbol. The computational complexity of the
worst-case scenario when is complex
additions at the transmitter. Here, we assume that the wave-
forms with modulations are pre-computed during the waveform
design step, due to which no multiplications are needed.
Moreover, since onetap detection is used at the receiver (the
equalization is done on the air where the signature is convolved
with the channel), there is zero computational complexity at
the receiver, i.e., no additions or multiplications are needed at
the receivers.
From the above discussions, we can see that compared with

OFDM system, the computational complexity of TRDMA
system at the transmitter side is lower since it requires similar
additions but no multiplications, while the computational
complexity of TRDMA system at the receiver side is negligible
since only onetap detection is performed. Therefore, the overall
computational complexity of TRDMA system is much lower
than that of OFDM system. A summary of the computational
complexity comparison between OFDM and TRDMA is shown
in Table I.

IV. SIMULATION

In this section, we conduct simulation to evaluate the achiev-
able rate performance of OFDM and TRDMA systems. Specif-
ically, we will show that TRDMA is the ideal solution that
is low-complexity and high energy-efficient but can achieve
higher throughput than OFDM system when the bandwidth is
abundant.
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Fig. 1. Achievable rate comparison: (a) 1 user case; (b) 10 users case.

In the following simulations, the bandwidth of the TRDMA
system is set to be 500 MHz. We compare the TRDMA system
with twoOFDM systems: one is LTE systemwith 20MHz band-
width and the other is LTE-A system with 100 MHz bandwidth.
The number of subcarriers in both OFDM systems is set to
be 1201, which are chosen from the output of a 2048-point FFT
[22]. The channels we use in this paper is the UWB channel
model proposed in [23].
The simulation results are shown in Fig. 1. We can see that

for one user case, even with basic TR waveform, the TRDMA
scheme can achieve much better performance than LTE in all
SNR region and better performance than LTE-A in most SNR
region. With optimal waveform, the performance of TRDMA
can be further improved. When there are 10 users, due to the
selectivity among different users, the achievable rate of LTE
and LTE-A can be enhanced, due to which LTE-A can achieve
comparable and even slightly better performance than TRDMA
with basic TRwaveform. Nevertheless, with optimal waveform,
TRDMA can still outperform LTE and LET-A in most SNR
region, which demonstrates that TRDMA can achieve higher
throughput than OFDM systems when the bandwidth is abun-
dant, e.g., 5 times in the simulations.
We also evaluate the computational complexity. In this eval-

uation, as discussed in section III, we omit the common com-
ponents shared by both systems such as Automatic Gain Con-
trol (AGC) and frequency error corrections. We assume that one
symbol is transmitted over one subcarrier in LTE and LTE-A,
i.e., and . Based on [23], the channel
length for the spectrum with 500 MHz is around 100, and thus
we set for TRDMA. Note that the channel length for
LTE and LTE-A will be different due to different bandwidth.
Nevertheless, according to Table I, the complexity of LTE and
LTE-A is independent of channel length. With Table I, when
there is only one user, i.e., , the complex multiplications
and complex additions needed for LTE, LTE-A, and TRDMA
at the transmitter is (11,22), (55,110), and (0,99), respectively,
while the complexity at the receiver is (11,22), (55,110), and
(0,0), respectively. When there is 10 users, i.e., , the
complexmultiplications and complex additions needed for LTE,
LTE-A, and TRDMA at the transmitter is (11,22), (55,110), and
(0,189), respectively, while the complexity at the receiver is
(110,220), (550,1100), and (0,0), respectively. Therefore, we
can see that the overall complexity of TRDMA is much lower
than LTE-A especially for multiple users scenario.
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