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Abstract: Time-reversed orthogonal frequency division multiplexing (TR-OFDM) has recently received attention as a promising spectral
efficient scheme for single-input multiple-output communications over time-dispersive fading channels. For TR-OFDM, passive time reversal
processing is used as a simple means for channel time dispersion reduction. In particular, pseudorandom noise (PN)-sequence padding time-
domain synchronisation OFDM (TDS-OFDM) transmission scheme has been reported as an appealing alternative to the traditional cyclic
prefix (CP) OFDM technology as it can provide significant improvement in the spectrum efficiency. In this study, a new correlation based
coder for inter-block and inter-symbol interference removing in time-reversed TDS-OFDM, which is denoted TR-TDS-OFDM briefly is pro-
posed. Such a coder is, then, tested for multipath channels with significant tap delays. A Zadoff–Chu sequence with perfect autocorrelation
property is adopted as a training sequence (TS) for a TDS-OFDM system. Simulation results show that, by using TR-TDS-OFDM with cor-
relation-based coder, a TS with length shorter than channel order can be used without introducing notable inter-block interference. The other
merits of the proposed design are also supported by both theoretical analysis and numerical simulations.
1 Introduction

High-speed wireless communication is challenging for channels
with significant multipath delays [1]. Signal propagation along mul-
tiple paths, on the one hand, introduces multipath fading, and on the
other hand, gives rise to time dispersion. As the data rate increases,
time dispersion becomes more pronounced and could extend over
tens or even hundreds of symbol periods, leading to a dispersive
impulse response. To achieve low bit error rates (BERs) in such
channels, one promising approach is to use single-input
multiple-output (SIMO) orthogonal frequency division multiplex-
ing (OFDM) with multiple receiver antennas [2]. SIMO-OFDM
relies on diversity combination (e.g. maximum ratio combination)
to combat fading, and adopts multi-carrier (MC) transmissions
(in the form of OFDM) to avoid costly channel equalisation.

Owing to its spatial and temporal focusing capability, the passive
time reversal (TR) technique has been widely used in single-carrier
communications for various purposes, including (but not limited to)
channel equaliser simplification, multiuser interference reduction
and data rate improvement among others [3]. TR was also reported
as an effective means of simultaneous channel anti-dispersion and
diversity combination for SIMO-OFDM [4]. In the resultant time-
reversed OFDM (TR-OFDM) systems, the TR operation amounts
to first convolving each of multiple received signals with the time-
reversed version of its corresponding channel estimate and then
combining them prior to OFDM demodulation. This operation clev-
erly converts multiple time-dispersive fading channels associated
with SIMO-OFDM into a single channel with reduced time disper-
sion and less fading. As a result, a moderate cyclic prefix (CP)
length can be used without introducing much
inter-block-interference (IBI) even when the original channels
have wide dispersion window [4]. As a by-product, it can also sim-
plify the receiver complexity by reducing the number of required
OFDM demodulators to one. TR-OFDM has been tested in
various simulated and real channel environments, and demonstrated
robust performance with notable bandwidth efficiency.

There are three basic types of OFDM: CP-OFDM, zero padding
OFDM (ZP-OFDM) and time-domain synchronous OFDM
(TDS-OFDM) [5]. The popular CP-OFDM utilises a CP as a
guard interval to alleviate IBI in multipath channels [6] and it is
also used to transform channel linear convolution into circular
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
convolution, such that a finite impulse response (FIR) channel
can be diagonalised by using low-complexity IFFT and FFT oper-
ation to avoid inter-symbol interference (ISI). The CP is replaced by
a ZP in ZP-OFDM to tackle the channel transmission zeros problem
[7]. Unlike CP-OFDM or ZP-OFDM, the TDS-OFDM adopts a
known pseudorandom noise (PN) sequence as a guard interval as
well as a training sequence (TS) for synchronisation and channel es-
timation. Consequently, it does not require any frequency-domain
pilots as usual used in CP-OFDM and ZP-OFDM, leading to a
better spectral and energy efficiency [8].

In this paper, it is intended to combine the TR technique for
TDS-OFDM SIMO scheme with a Zadoff–Chu sequence (ZOS)
sequence [9] as the TS for channel estimation, frame synchronisa-
tion, think to its perfect autocorrelation properties, as well as the
guard interval for long multipath channels.

However, the cost of the spectral efficiency of TDS-OFDM is
that the mutual interferences between the TS and the OFDM data
block in multipath channels must be removed. In traditional
systems the iterative padding subtraction (IPS) algorithm [10] is
used, whereby IPS is required before the TS-based channel estima-
tion, and demodulation are mutually conditional in conventional
TDS-OFDM systems. To solve this problem, the DPN-OFDM
scheme has been proposed with two repeated PN sequences [11].
The second PN sequence is not affected by the IBI) from the previ-
ous OFDM data block and hence can be used to accurate channel
estimation. However, the doubled length of the guard interval in
DPN-OFDM obviously compromises the spectral efficiency of
TDS-OFDM, especially in long multipath fading channels. In this
paper, a correlation-based coder for mutual interferences reduction
is proposed. Circular convolution is used to convolve an informa-
tion sequence with a perfect correlated sequence to reduce mutual
interference in the TDS-OFDM.

The rest of this paper is organised as follows. Passive TR for MC
communication is introduced in Section 2. In Section 3, the pro-
posed system model is analysed. Then, the mutual interference re-
duction based on a correlation coder is presented in Section 4. A
summary for measured time-reversal channels is discussed in
Section 5. Correlation-based coder capability for system BER per-
formance improvement is presented and discussed in Section 6. The
performance is analysed and further tested in Section 7. A summary
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of the major techniques and contributions of this paper is included
in Section 8.
Notations: Column vectors (matrices) are denoted by boldface

lower (upper) case letters; superscripts T, * and H stand for trans-
pose, conjugate and conjugate transpose, respectively; IK denotes
the K × K identity matrix;⊕ denotes the linear convolution and⊗
denotes circular convolution.

2 Passive TR for MC communication

The TR is a feedback wave focusing technique that can be used to
transparently compensate for multipath dispersion in digital com-
munications over several types of physical propagation media,
such as radio or acoustic channels [12]. In a TR process, the trans-
mitter transmits a probe at the very beginning of the communica-
tion, which is recorded at the receiver. The received probe,
serving as channel information, is time reversed and retransmitted
at the receiver. Thus, signal focusing can be achieved at the trans-
mitter if the channel does not change significantly. This process
can be implemented as passive TR or passive phase conjugation
when a receiving array is available [13]. This paper considers a
passive TR system in the multipath fading channels with significant
delays such as shallow water channels, which consists of a single
transducer and an M element hydrophone array.
Generally, for a signal s(t) transmitted from a probe source (PS),

the received signal on the ith element of a receiver array is ri(t) =
si(t) ⊕ ci(t) in the absence of additive noise where ci(t) is the
channel impulse response (CIR) and ⊕ denotes linear convolution.
Although active TR retransmits the time-reversed version of the
received signal ri (−t) [14–16]. Passive TR applies matched
filtering at each receiver element with ci(−t) and combines them
coherently.
To achieve low BERs, one promising approach is to use SIMO

OFDM with multiple receiver antennas. SIMO-OFDM relies on di-
versity combining (e.g. maximum ratio combining) technique to
combat fading, and adopts MC transmissions (in the form of
OFDM) to avoid costly channel equalisation. TR-OFDM can be
used for SIMO communications over time-dispersive fading
channels [17]. Fig. 1 shows a TR-OFDM system. The difference
between a TR-OFDM system and an SIMO-OFDM system lies in
how the antenna receiver signals are processed. In conventional
SIMO-OFDM, signal received by vertical line array are individually
OFDM demodulated before jointing processed while in TR-OFDM
they are jointly processed prior to OFDM demodulation.
The TR-OFDM was tested for CP-OFDM in [4]. In this paper,

TR-OFDM tested for TDS-OFDM and solves the IBI mutual inter-
ference problem between the TS and OFDM information data block
and IBI of OFDM frame on each other when guard interval is
Fig. 1 SIMO TR-OFDM system model
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shorter than maximum channel tap delay. The TR-TDS-OFDM is
tested in this paper in two cases, first one with a sufficient guard
interval (TS length larger than maximum channel tap delay) and
the second one with an insufficient guard interval (TS length
shorter than maximum channel tap delay). The guard interval
length directly impacts bandwidth efficiency spatial in the long
tap delay channels [as underwater acoustic (UWA) channels] and
decreasing guard interval length increase bandwidth efficiency.
3 System model

Assume the frequency-selective fading channels between the trans-
mitter antenna and the receiver antennas to be a linear time-
invariant (LTI) FIR filter [14] with impulse responses given by in
the following formula [4]

cm(l) =
∑Lc
p=0

cm,pd(l − p), m = 1, . . . , M (1)

The performance of TR communications depend entirely on the
behaviour of a q-function which combines the complexity of the
channel cm(l ) (i.e. the number of multipaths), the number of array
elements and their spatial distribution [14]. The TR channel, q
assumes a perfect matched filtering that can be represented as

q(l) :=
∑M
m=1

cm(l)⊕ c∗m(−l) (2)

TR channel q(l ) has a time support [−Lc, Lc] and therefore its
maximum order is Lq = 2Lc which doubles the cm(l )’s. After
passive TR, received signal y(n) delayed by t and h(l ) = q(l− t)
is a delayed version of TR channels which with the same order
Lh = Lq = 2Lc.

In TDS-OFDM, the PN TS serves not only as the guard interval
of the subsequent OFDM data block, but also as the time-domain
TS for synchronisation and channel estimation. Since a general
PN sequence has a non-ideal autocorrelation property in conven-
tional TDS-OFDM systems, it is not optimal for channel estimation
[18]. A ZOS [19] is known to have impulsive autocorrelation func-
tion as such it can be adopted as a better TS. Given a ZOS set {e(v)i }
with family sizeM, v = 1, 2, 3,…,M, i = 0, 1, 2, 3,…, Q− 1, where
each sequence e(v)i is of length Q, and each sequence element ei is a
complex number, one ZOS with Q length will have the following
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)



Fig. 2 Signal structure comparison between the proposed TDS-OFDM and
CP-OFDM in the time-domain
periodic auto-correlation function (ACF)

Rv,v(t) =
∑Q−1

v=0

e(v)i e∗(v)i+t (3)

Here, the subscript addition i + t is performed modulo Q and e∗i
denotes the complex conjugate of sequence element ei. The
sequence set is said to be perfectly autocorrelated if the set has
the following characteristic

Rv,v(t) = Q, for t = 0
0, for t = 0

{
(4)

The ZOS has perfect autocorrelation property, the PN sequence has
good autocorrelation property, but not perfect [18], denoted by Q[1
(1/Q)1×(Q−1)]

T.
Fig. 2 shows the signal structure comparison between

TDS-OFDM and CP-OFDM in the time and frequency domains.
The CP used by CP-OFDM can be replaced by the known ZOS.
The ith transmitted TDS-OFDM signal frame denoted by si = [si,0,
si,1, …, si, P−1]

T is composed of two independent parts: a known
ZOS ei = [ei,0, ei,1, …, ei, L−1]

T of length Q and an OFDM data
block Xi = [Xi,0, Xi,1, …, Xi, K−1]

T of length K

Si = Ei

Xi

[ ]
N×1

(5)

where N =Q + K is the length of a TDS-OFDM signal frame.
The system proposed can be illustrated in Fig. 3. The

TR-TDS-OFDM transmitter employs standard TDS-OFDMmodula-
tion. K is the number of sub-carriers, Q is the guard interval (GI)
length, IQ is a Q ×K guard interval matrix, u(i): = [u(iK), …,
u(iK +K− 1)]T is the information block and s(i): = [s(iB), …,
Fig. 3 Proposed communication system

This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
s(iB + B− 1)]T (with B =K +Q) the corresponding transmitted block

s(i) = Tex(i) (6)

x(i) = u(i)⊗ g(i) (7)

where⊗ represents the circular convolution, (7) represents the
correlation-based encoder operation, g is the K-point ZOS is used
in correlation-based encoder. The Q ×K matrix Te represents the op-
eration of ZOS (TS) insertion and u(i) = FH

K d(i), d(i) is the inverse
fast Fourier transform (IFFT) input and the K ×K matrix FK (with
[FK ] p, q = 1/

��
K

√( )
exp −j2p(p− 1)(q− 1)

( )
/K

( )
represents the

K-point fast Fourier transform (FFT) operation. Let Ie be the last Le
rows of the K ×K identity matrix IK.

At the TR-OFDM receiver, joint processing of pm(n) is con-
ducted by using passive TR. Passive TR is used to focus signals
in time and/or space. In the context of TR-TDS-OFDM, the TR
operation amounts to generating y(n) as y(n) := ∑M

m=1 pm(n) ⊕
c∗m(−n) with⊕ standing for linear convolution. Owing to the chan-
nels cm(l ) are LTI, pm(n) will be pm(n) = s(n)⊕ cm(n) +wm(n).
Therefore y(n) can be related to s(n) in the following way

y(n) =
∑Lc
l=−Lc

q(l)s(n− l)+ z(n) (8)

This reveals that TR-TDS-OFDM transmission is equivalent to
single-input single-output TDS-OFDM transmission over a
so-termed TR channel in (2) with effective additive noise

z(n) :=
∑M
m=1

wm(n)⊕ c∗m(−n) (9)

After passive TR, y(n) is delayed by t to yield r(n) = y(n− t),which,
according (8), is given by

r(n) =
∑(Lq/2)+t

l=−(Lq/2)+t

h(l)s(n− l)+ z(n) (10)

where h(l ) = q(l− t) is a delayed version of TR channel with the
same order Lh = Lq = 2Lc and z(n) := ∑M

m=1 wm(n)⊕ c∗m(t− n)
(with slight abuse of notation without causing confusion).

The data model of TR-TDS-OFDM can be obtained as

r(i) = H0s(i)+ H1s(i− 1)+ H−1s(i+ 1)+ z̃(i) (11)
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Fig. 4 Decomposition for transmitted and received signal frames in
TR-ZP-OFDM (case: channel tap delay less than guard interval)
a ZP-OFDM transmitted signal frame
b ZP-OFDM received signal frames
Here, for l = 0, 1, −1, the Q ×Q matrices Hl are defined to have the
(p, q)th entry [Hl]p,q = h(lQ + p− q). z̃(i) denotes the additive
Gaussian noise vector. In deriving the data model of (11),
without specifying the value of guard interval relative to the TR
channel order Lq. Therefore (11) is applicable for any guard interval
length regardless of whether it is larger or smaller than Lq.
If a sufficient guard interval (Q = Lh) is used, by choosing t =Q/2

such that h(l ) = 0 for l < 0 or l >Q, it can be verified that H−1 = 0
and H1 = 0. Equation (11) becomes

r(i) = H0s(i)+ z̃(i) (12)

The decompositions of transmitted and received signal frames are
shown in Figs. 4 and 5. The ith received OFDM frame

{ri, k}
Q+K+Lc−2
k=0 excluding noise now consists of two overlapping

parts: {ai, k}
Q+Lc−2
k=0 represents the linear convolution output

between the ZOS (TS) {ei, k}
Q−1
k=0 and the CIR and {bi, k}

K+Lc−2
k=0 de-

noting the convolution output between the information sequences
{xi, k}

K−1
k=0 and the CIR. The expressions of received frame are

given by

ri, k = yi, k + z̃i, k (13)

where yi,k, in the case of sufficient guard interval (i.e. guard interval
length longer than maximum channel tap delay), can be written as

yi, k =

bi−1, k+N + ai, k 0 ≤ k , Lc − 1
ai, k Lc − 1 ≤ k , Q− Lc + 1
bi, k + ai, k Q− Lc + 1 ≤ k , Q+ Lc − 1
bi, k Q+ Lc − 1 ≤ k , Q+ K − Lc + 1
bi, k + ai+1, k−N K + Q− Lc + 1 ≤ k , K + Q

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(14)

and in the case of insufficient guard interval (guard interval length
shorter than maximum channel tap delay) it can be written as (15).
yi, k =

bi−1, k+N + bi, k + ai, k 0 ≤ k
bi, k + ai, k Lc −
bi, k Q+
bi, k + ai+1, k Q+
bi, k + ai+1, k−N + bi+1, k−N 2Q+

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x̃(i) =
bi, k + ai, k + z̃i,k L
bi, k + z̃i, k Q
bi, k + ai+1, k + z̃i, k Q
bi, k + ai+1, k + bi+1, k−N + z̃i, k 2

⎧⎪⎪⎨
⎪⎪⎩
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Shown in Fig. 4 are the decompositions of transmitted and
received frames for ZP-TR-OFDM. In the case of TR-ZP-OFDM,
no IBI will be in case of guard interval length equal or longer
than maximum channel tap delays, it will only present in case of in-
sufficient guard interval length. In case of TR-TDS-OFDM, mutual
IBI presents in all the cases: for sufficient guard interval length, the
IBI will be between data and TS as shown in Fig. 5d. In the case of
insufficient guard interval length, the IBI mutual interference will
be between TS and data block and also between data blocks itself
as shown in Fig. 5f. The mutual interference will effect on
channel estimation accuracy and synchronisation.

4 Mutual interference reduction based on correlation coder

As illustrated in Fig. 5, the TS and the OFDM data block introduce
mutual interference to each other in multipath channels. The basic
principle of TDS-OFDM is that, with perfect channel information,
the contribution of the TS can be completely subtracted from the
received OFDM data block, and then the received TDS-OFDM
symbol is essentially equivalent to a ZP-OFDM symbol, which
can be converted into a CP-OFDM symbol by the classical overlap-
ping and adding scheme to realise a low-complexity channel equal-
isation [20]. However, perfect channel estimation for some multipath
channels is very difficult, particularly for UWA channels [1].

This paper proposes a correlation coder for mutual interference
reduction, where at transmitter side as shown in Fig. 3, the IFFT
output u(i) convolved with ZOS g(i) with circular convolution
data frame with encoder process as in (7). At the receiver side, as
shown in Fig. 3, after frame synchronisation and TS subtraction
the OFDM data frame will be

x̃(i)=
bi,k + ai,k + z̃i,k Q−Lc+ 1≤ k ,Q+Lc− 1
bi,k + z̃i,k Q+Lc− 1≤ k ,Q+K−Lc+ 1
bi,k + ai+1,k + z̃i,k K+Q−Lc + 1≤ k ,K+Q+Lc− 1

⎧⎨
⎩

(16.a)

or (see (16.b))

based on TS length [(16.a) in sufficient TS length case or (16.b) for
insufficient case]. Generally, the received OFDM data symbols can
represent as

x̃(i) = bi, k + vi, k + z̃i, k (17)

The vi,k represent the mutual interference of ZOS TS in OFDM data
frame, z̃i, k is the additive white Gaussian noise. Receiver directly
uses the known local ZOS g(i) to acquire the rough correlated
OFDM data frame. The correlation-based decoder operation will be

f̃ (i) = 1

K
x̃(i)⊗ g(i) = u(i)+ v′i + z′i (18)

where v′i = (1/K)vi⊗ g(i) denotes the noise term and z′i = z̃i ⊗ g(i).
, Lc − 1
1 ≤ k , Q+ Lc − 1
Lc − 1 ≤ k , K + Q− Lc + 1
K − Lc + 1 ≤ k , K + 2Q− Lc + 1
K − Lc + 1 ≤ k , K + Q

(15)

c − 1 ≤ k , Q+ Lc − 1
+ Lc − 1 ≤ k , Q+ K − Lc + 1
+ K − Lc + 1 ≤ k , 2Q+ K − Lc
Q+ K − Lc + 1 ≤ k , K + Q

(16.b)

access article published by the IET under the Creative Commons
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Fig. 5 Decomposition for transmitted and received signal frames in TR-TDS-OFDM
a Transmitted signal frame
b Time-domain decomposition for transmitted signal frame
c Time-domain decomposition for received signal frames (case: channel tap delay less than guard interval)
d Received signal frames (case: channel tap delay less than guard interval)
e Time-domain decomposition for received signal frames (case: channel tap delay greater than guard interval)
f Received signal frames (case: channel tap delay greater than guard interval)
Since the ZOS sequence g(i) is independent of the OFDM data
block u(i), v′i can be regarded as another noise term. The correlated-
based coder reduces the mutual interference and white noise by K.

5 TR channel

In this section, the TR channel properties will be reviewed.

5.1 Realistic TR channel

An ideal TR channel offers many benefits. Whether or how much
those benefits can be realised depends on how impulse-like a real-
istic TR channels is. To evaluate ‘impulse-likeness’ of a TR channel
This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
in [4] author used two different approaches for statistical approach
the TR channel expressed as [4]

q(l) =

∑M
m=1

∑Lc
p=0

cm, p

∣∣∣ ∣∣∣2, l = 0

∑M
m=1

∑
(p, p′)[I (l)

cm, pc
∗
m, p′ , l = 0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(19)

where I(l ) denotes the set of pairs (p, p′) satisfying p− p′ = l for p,
p′∈ [0, Lc]. The cardinality of I(l ) is |I(l )| = Lc− |l| + 1.q(l )′s treated
as deterministic number. From (19), it is observed that the terms in
Commons J Eng, 2014, Vol. 2014, Iss. 7, pp. 358–367
doi: 10.1049/joe.2014.0064



Fig. 6 Power delay profile of measured UWA channels
q(0) are added coherently as a sum of real numbers, whereas the
terms in q(l ), l≠ 0, are added up arbitrarily as a summation of
complex numbers. Intuition suggests that q(l ), l≠ 0 would be sup-
pressed and eventually become negligible relative to q(0) if a suffi-
ciently large number of terms get involved in the summations in
(20). This implies that for a multipath-rich channel environment,
qideal(l ) offers a good approximation of q(l ).

5.2 Measured UWA channels

Adopting the channel measurements obtained from an experimental
data collection in the ASCOT01 experiment conducted off the coast
of New England in June 2001, as reported in [21]. The same set of
data has also been used in [4, 22, 23]. In this experiment, the
source is deployed 4 m above the bottom with 103 m bottom
depth. The receiver is a vertical vector sensor array with 16 receiving
elements covering a depth of 30–90 m. The source–receiver range
was ∼10 km. To study the channels, a probe signal is repeatedly
transmitted every 120 s for a period of about 160 m. The carrier fre-
quency is centred at 3550 Hz and the bandwidth is 500 Hz. The
probe signal is a linear frequency modulated (LFM) signal. By
matched filtering the received signal with the LFM signal, 78 esti-
mates of each of the 16 channels can be acquired on a large time
scale of 120 s. Using the channel estimates, computing the corre-
sponding TR channels and normalises their peak values to be one.
It can be observed that (i) the mean of TR channels matches the
ideal one qideal(l ) quite well for all M’s and (ii) the variance of TR
CIRs becomes smaller and smaller as M increases. This implies
that the TR CIR is quite impulse-like even for a fairly small value
of M (say, M = 4). This result is not surprising because the UWA
channels are typically multipath-rich, as exemplified in Fig. 6 [4]
where the power delay profile of the first channel is shown.

6 BER performance improvement using correlation-based
coder

After removing mutual interference between TS and OFDM data
block in TR-TDS-OFDM, it can be considered as the
TR-ZP-OFDM and any equaliser used in ZP can be used in TDS.
In this section, performance of the proposed system will be dis-
cussed and the effect of TS length on the BER performance will
be evaluated.
The performance of the proposed TR-TDS-OFDM detector can

be approximately measured by the signal-to-interference plus
noise ratio (SINR)

g(q, Q, t) = TrE XsXH
s

[ ]
TrE XISI + XIBI + XN

( )
XISI + XIBI + XN

( )H[ ]
(20)
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where E(†) denotes the statistical expectation and Tr(†) stands for
the trace of a matrix. In (20), the SINR γ has been expressed as a
function of q, Q and t to highlight its dependence on the TR
channel q: = [q(− Lc), …, q(Lc)]

T, the TS length Q, the delay t,
XISI is the inter-symbol interference, XIBI is the mutual inter-block
interference and XN are the additive white Gaussian noise.

Cast the channel taps h(l )’s into a vector h: = [h(− Lh/2 + t), …,
h(−Q/2),…, h(0),…, h(Q/2),…, h(Lh/2 + t)]T and then split it into
h = �h+ h̃ where �h := 0, . . . , 0, h(− Q/2), . . . , h(0), . . . ,

[
h(Q/2), 0, . . . , 0]T and h̃ := h(− Lh/2), . . . , h(− Q/2− 1),

[
0, . . . , 0, . . . , h(Q/2+ 1), 0, . . . , h Lh/2

( )]T and collect
those taps inside and outside the TS window [−Q/2, Q/2]. The
inter-symbol interference XISI will be equal to zero in case of suffi-
cient TS length and XISI = H̃0S(i) if the guard interval length
shorter than the maximum channel tap delay. XIBI is the mutual
inter-block interference it will be Vi, k (the mutual interference
between TS and OFDM data block of each frame) in case of suffi-
cient TS length and will be XIBI = Vi, k + H̃−1S(i+ 1)+ H̃1S(i− 1)
in case of insufficient TS length.

After correlation-based coder SINR will be

g(q, Q, t) = TrE FsFH
s

[ ]
TrE FISI + FIBI + FN

( )
FISI + FIBI + FN

( )H[ ]
(21)

FISI, FIBI and FN are the XISI, XIBI and XN, respectively, after
reduced by K factor. Correlation-based coder increases the receiver
SINR by K factor without any spectrum efficiency loss.

7 Simulation

In this section, the performance of the proposed communication
system will be investigated by testing uncoded and coded BER per-
formance of TR-OFDM via Monte Carlo simulations. In all experi-
ment simulations, sub-carrier number K = 1024 and quadrature
phase shift keying (QPSK) modulation are employed. To generate
data symbols d(i), random information bits generated are modulated
directly by QPSK modulation in uncoded case, but in coded case
the random information bits are first encoded by a rate-1/2 convo-
lutional encoder with generator polynomial [65,57] [24], then the
coded bits are interleaved by a block interleaver of depth 8 prior
to QPSK modulation. Two different types of channels are used.
One is the simulated channels where channel taps cm(l )’s are gen-
erated as independent zero-mean, complex Gaussian random vari-
ables with equal variance. The other is the measured channels
described in Section 5.2. The measured channels are truncated to
have an order Lc = 159. All simulation results are averaged over
500 random realisations of simulated channels or over 78 realisa-
tions of measured channels.
access article published by the IET under the Creative Commons
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Fig. 7 BER performance with different guard interval lengths (simulated channels)
a Uncoded BER performance
b Coded BER performance
Channel characteristics can be estimated either frame-by-frame,
using the periodically transmitted ZOS TS associated with the
signal frame [10]. Channel estimated as

h0, k = IFFT
FFT(ai, k )

FFT(ei, k )

{ }
(22)

Multi-tap equaliser is used to foregoing and recovery of OFDM
time-domain data information u(i) at low complexity by using a
symbol-by-symbol detector

ũ(i) = det f̃ (i)/h̃0(i)
( )

(23)

Experiment 1: (the effects of the Guard interval length): In this
experiment, the uncoded and coded BER performance of
TR-TDS-OFDM with different TS lengths will be simulated.
The number of receiver antennas is fixed at M = 4 and simulated
channels of order Lc = 32 are generated. Channel knowledge is
Fig. 8 BER performance for UWA channel with different guard interval lengths (
a Uncoded BER performance
b Coded BER performance

This is an open access article published by the IET under the Creative
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estimated at the receiver using (22). The uncoded performance
results shown in Fig. 7a indicate that when the guard interval
length is not sufficient (i.e. Q = 10, 20, 30), the BER performance
tends to be saturated at high SNRs because of the residual IBI. As
a result, a performance ‘floor’ shows up with its level decreasing
as the guard interval length increases. No such error floor appears
when the TS length is sufficient (i.e. Q = 64). In practice, the
error floor can be removed by using channel coding, as confirmed
by the coded BER performance results plotted in Fig. 7b. The
same simulation is repeated for measured channels with guard
interval length (i.e. Q = 30, 60, 90, 120, 250) and the results
are plotted in Figs. 8a and b. The same observations can be
made.

Experiment 2: (the effect of the number of receiver antennas): In
this experiment, the coded and uncoded BER performance of
TR-TDS-OFDM with different numbers of receiver antennas will
simulate and discussed. Only simulated channels of order Lc = 32
are used. The TS length is fixed at Q = 16. The performance
results are displayed in Fig. 9, showing that the performance floor
measured UWA channels)
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Fig. 9 Uncoded BER performance with different number of receiver antennas M (simulated channels)
a Uncoded BER performance
b Coded BER performance
becomes lower when the number of receiver antennas M increases.
Recalling that the level of error floor is a function of the residual
mutual IBI and the amount of IBI depends on how impulse-like
the TR channel is, these results thus (to some extent) validate the pro-
posed claim that the TR channel becomes more impulse-like as M
increases.
Generally when the channels are rich in multipath, the TR

channel is quite impulse-like even for a smallM; when the channels
are sparse, a large number of receiver antennas (i.e. large M ) are
required to render the TR channel impulse-like. These results are
quite consistent with observations in the previous section. Note
that for UWA channels, the same conclusion has been drawn
based on waveguide physics with CP-OFDM system [22].
Experiment 3: (performance comparison between proposed

and IPS [10]): In this experiment, the uncoded BER performance
of TR-TDS-OFDM will simulate. Measured UWA channel and
simulated channel with order Lc = 32 are used. The guard interval
length is fixed at Q = 60 for measured UWA channel and Q = 20
for simulated channel. The performance results in Fig. 10 show
Fig. 10 Uncoded BER performance with different mutual TR-TDS-OFDM inter-b
a Uncoded BER performance (simulated channels)
b Uncoded BER performance (measured UWA channels)
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that the performance floor becomes lower when the proposed
correlation-based coder are used and it produces higher perform-
ance than conventional IPS [10] for different types of channels.

Experiment 4: (BER comparison of TR-TDS-OFDM and
TR-ZP-OFDM). In this experiment, the coded and uncoded BER
performance of TR-TDS-OFDM and TR-ZP-OFDM will be com-
pared. Measured UWA channel and simulated channel with order
Lc = 32 are used. Correlation-based coder increases the receiver
SINR by K without spectrum efficiency loss. The performance
results displayed in Fig. 11 compare the BER performance of
TR-OFDM system for TDS and ZP guard interval. The
TR-TDS-OFDM based on correlation coder produces better per-
formance than conventional TR-ZP-OFDM. That is because the
correlation-based coder not only reduces inter-block interference
and inter-symbol interference, but also reduces the Gaussian
channel noise by factor K.

Experiment 5: (spectral efficiency comparison of
TR-TDS-OFDM and TR-ZP-OFDM): In this experiment, the
effect of using TDS in spectrum efficiency is studied. If Ku is the
lock interference reduction methods
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Fig. 11 BER performance comparison between TR-ZP-OFDM and TR-TDS-OFDM
a Uncoded BER performance (simulated channels)
b Uncoded BER performance (measured UWA channels)
c Coded BER performance (simulated channels)
d Coded BER performance (measured UWA channels)
useful sub-carrier information of TR-OFDM, the bandwidth effi-
ciency will be

hOFDM = Ku

K + GI
(24)

where K is the total sub-carrier and GI is the guard interval length.
Note that (24) only accounts for the bandwidth efficiency loss
because of the use of guard interval and pilot symbols, and its
value is generally much higher than the actual one because it
ignores other possible bandwidth efficiency losses because of, for
example, channel coding and the use of training, etc. In
Table 1 Spectral efficiency comparison

GI (length) TR-ZP-OFDM [4], % TR-TDS-OFDM,%

20 (Lc = 32) 91.95 98.08
64 (Lc = 32) 88.24 94.12
60 (Lc = 159) 88.56 94.46
120 (Lc = 159) 83.92 89.51
250 (Lc = 159) 75.35 80.38

This is an open access article published by the IET under the Creative
Attribution License (http://creativecommons.org/licenses/by/3.0/)
TR-ZP-OFDM, 64 pilot used tones equally spaced in frequency
domain to estimate the channels. Table 1 shows the comparison
of the spectrum efficiency between the proposed TR-TDS-OFDM
scheme and conventional TR-ZP-OFDM. It is clear that the pro-
posed scheme offers significant spectral efficiency improvement.
8 Conclusion

This paper proposed a more efficient spectrum alternative to the
TR-ZP-OFDM scheme. It uses correlation-based coder to enable
TDS-OFDM systems to support TR schemes over long multipath
fading channels such as UWA channels. A proper design of
correlation-based coder is crucial to the success of
TR-TDS-OFDMmutual interference reduction between TSs and in-
formation block. ZOS with perfect autocorrelation property is
adopted for correlation-based coder for TS for TDS-OFDM
system. In this way, not only is BER improvement achieved, but
it also gives the capability of using TDS-OFDM in channels with
large delay spread even if guard interval length is shorter than the
maximum channel tap delay. The correlation-based coder outper-
forms the detector signal-to-interference plus noise ratio by a
factor of K (OFDM sub-carrier number) without any spectrum
Commons J Eng, 2014, Vol. 2014, Iss. 7, pp. 358–367
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efficiency loss. It is shown that the proposed scheme outperforms
TR-ZP-OFDM in spectrum by more than 5.7% and gives significant
BER improvement. Simulation experiments are carefully conducted
to test the proposed design by using simulated channels as well as
real channels measured from one sea-going experiment. The experi-
ment results also support the significant spectral and BER improve-
ments by using the proposed scheme.
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