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Abstract—The existing transmit diversity schemes for time
domain synchronous OFDM (TDS-OFDM) is only suitable either
for fast time-varying but weakly frequency-selective channels,
or strongly frequency-selective but slow fading channels. In this
paper, the space-time shifted constant amplitude zero autocorrelation (CAZAC) sequence based TDS-OFDM transmit diversity
scheme is proposed for doubly selective channels. The spaceshifted CAZAC sequence is used for channel estimation, and
the time-shifted sequence is utilized for the cyclicity reconstruction of the received inverse discrete Fourier transform (IDFT)
block. Compared with the state-of-the-art solutions, the proposed
scheme has lower complexity irrelative to the transmit antenna
number, and it achieves better bit error rate (BER) performance
under various multi-path fading channels.

I. I NTRODUCTION
In wireless communications, the frequency-selectivity and
time-selectivity of the channel are possibly encountered, i.e.,
the channel is doubly selective. Space diversity techniques are
proven to be the effective and efficient solution to achieve
high diversity gain and good performance without bandwidth
or power penalty under wireless fading channels [1].
Compared with receiver diversity where hardware complexity is increased for every receiver, transmit diversity is
more attractive, especially in broadcasting scenarios where one
or several transmit towers are radiating signals to thousands
of users. The recently announced standard for the second
generation digital video terrestrial broadcasting (DVB-T2)
also recommended transmit diversity to provide more reliable
transmission under the similar propagation environments [2].
Time domain synchronous OFDM (TDS-OFDM) is the
essential technology of the Chinese national digital television
terrestrial broadcasting (DTTB) standard [3]. Instead of cyclic
prefix (CP), the pseudo-noise (PN) sequence is padded before
the inverse discrete Fourier transform (IDFT) block as the
guard interval to avoid the inter-symbol-interference (ISI)
and at the same time as the training sequence (TS) for
synchronization and channel estimation (CE). Several transmit
diversity schemes for TDS-OFDM were proposed based on
space-time block coding (STBC) [4] or space-time-frequency
block coding (STFBC) [5]. The system performances both
in [4] and [5] were based on the perfect channel state information (CSI) and the ideal cyclicity reconstruction of the
received IDFT block whose cyclicity was destroyed by the
ISI. However, complex iterative algorithm [6] was required for

CSI estimation and cyclicity reconstruction in single-antenna
TDS-OFDM system, which become challenging for transmit
diversity schemes due to the superposition of the signals from
different transmit antennas. Inspired by the space-time (ST)
coded TS [7], frequency-domain CE based on ST coded PN
sequence was proposed in [8]. Similarly, space-frequency (SF)
coded TS was presented for CE in [9].
Nevertheless, there are some shortcomings for those solutions. At first, the ST coded PN sequence based CE [8]
required the hypothesis of static channels along consecutive
two signal frames, which might be not the case in fast
fading channels. The CE using SF coded TS assumed constant
CSI over adjacent two pilots [9], which might be not true
for deeply frequency-selective channels. Therefore, neither of
them can be used in doubly selective channels. Secondly,
they both utilized the estimated channel impulse response
(CIR) to reconstruct the cyclicity of the received IDFT block,
thus the reconstruction quality and consequently the system
performance would be degraded by the CE errors, especially in
doubly selective channels. Moreover, frequency-domain processing has higher complexity than the time-domain operation.
To solve those issues, a novel TDS-OFDM transmit diversity scheme based on the space-time shifted constant amplitude
zero autocorrelation (CAZAC) sequence is proposed in this
paper. The space-shifted CAZAC sequence is used for timedomain CE, and the time-shifted CAZAC sequence is utilized
for cyclicity reconstruction of the received IDFT block, respectively. The main contributions of this paper are listed as below:
1) Unlike the SF coded TS based CE which is applicable
to fast time-varying but weakly frequency-selective channels,
or the ST coded TS based CE which is suitable for strongly
frequency-selective but slow fading channels, the CE method
in this paper works well under both deeply frequency-selective
and rapid fading channels; 2) The cyclicity reconstruction
of the received IDFT block is realized without any CIR
information, so the impact of the CE errors is avoided and
system performance is improved; 3) The receiver complexity
is reduced.
The rest of this paper is organized as follows. Section
II illustrates the system model of the TDS-OFDM transmit
diversity scheme using the space-time shifted CAZAC sequence. The corresponding receiver algorithms are presented
in Section III, together with the computational complexity
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analysis. Section IV shows the simulation results to verify the
feasibility and performance of the proposed scheme. We then
conclude this paper in Section V.
II. S YSTEM M ODEL
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In this section, the novel frame structure using the spacetime shifted CAZAC sequence is firstly presented, based on
which the system model of the TDS-OFDM transmit diversity
scheme is then outlined.

IDFT Block xi , m

pi ,m

Cyclic Extension ST Shifted CAZAC ci ,m
Fig. 1.

Frame structure of the proposed transmit diversity scheme.

A. Space-Time Shifted CAZAC Sequence
Instead of the SF/ST coded PN sequence, the space-time
shifted CAZAC sequence is used for the TDS-OFDM transmit
diversity system. Fig. 1 shows the frame structure for the
proposed scheme.
The signal for the ith transmit antenna in the mth frame
is composed of the IDFT block xi,m with length N and the
TS pi,m with length Ng . The TS consists of the space-time
shifted CAZAC sequence ci,m with length Nc and its Ksymbol cyclic extension (Ng = Nc + K)

ci,m (n − K + Nc ) 0 ≤ n ≤ K − 1
. (1)
pi,m (n) =
K ≤ n ≤ Ng − 1
ci,m (n − K)

CAZAC sequences are padded between adjacent IDFT blocks
in the time domain to form the signal frames shown in Fig. 1
for transmission via Tx 1 and Tx 2 antennas.
The multi-path CIR between the ith transmit antenna and
the receive antenna in the mth frame hi,m is modeled as an Lorder finite impulse response (FIR) filter. The maximum delay
spread of the channel L is assumed to be not larger than the
length of the cyclic extension in the TS, i.e., L ≤ K. The
received IDFT block in the mth frame is given by

The CAZAC sequence can be selected according to [10]

where yi,m denotes the response of the transmitted IDFT
block xi,m passing through the channel hi,m , ∗ is the linear
convolution operator, and wm is the additive white Gaussian
noise (AWGN) with zero mean and the variance of σ 2 .
At the receiver, the CE using the space-shifted CAZAC
sequence works well under doubly selective channels. The
cyclicity reconstruction of the received IDFT block is realized by the time-shifted CAZAC sequence without any CIR
information. The following process including DFT and spacefrequency decoding can restore the transmitted signal with the
diversity gain.

ci,m (n) = ejπrn

2

/Nc

0 ≤ n ≤ Nc − 1,

(2)

where r is relatively prime to Nc . The CAZAC sequence has
perfect autocorrelation denoted by

N
c −1
Nc k = 0
c∗ i,m (n)ci,m ((n − k))Nc =
, (3)
Rc (k) =
0 k = 0
n=0

∗

where (·) means complex conjugate, and ((·))Nc is the
modulo-Nc operator.
The space-time shifted CAZAC sequence is presented as

K
ci+1,m = cΞ
i,m
(4)
ΞK ,
ci,m+1 = ci,m
where (·)ΞK denotes the K-symbol cyclic shift operation. In
the space dimension, the CAZAC sequences for adjacent two
antennas have a constant K-symbol cyclic shift to facilitate CE
at the receiver. In the time dimension, the CAZAC sequences
for consecutive two signal frames similarly hold a constant
K-symbol cyclic shift to simplify the cyclicity reconstruction
at the receiver.
B. Transmit Diversity Scheme for TDS-OFDM
Based on the physical layer of TDS-OFDM system specified
in the Chinese DTTB standard [3], the transmit diversity
scheme for TDS-OFDM using the space-time shifted CAZAC
sequence is shown in Fig. 2. For simplicity, we focus on the
system with NT = 2 transmit antennas and NR = 1 receive
antenna.
At the transmitter, the space-frequency block coding
(SFBC) [11] is applied to the constellation mapped input
data before the IDFT is applied. Then the space-time shifted

rm =

2


yi,m + wm =

i=1

2


xi,m ∗ hi,m + wm ,

(5)

i=1

III. R ECEIVER D ESIGN FOR T RANSIT D IVERSITY
The receiver algorithms based on the space-time shifted
CAZAC sequence are addressed in this section. The corresponding complexity is also analyzed in the sequel.
A. Channel Estimation under Doubly Selective Channels
Protected by the cyclic extension, the received space-shifted
CAZAC sequence is immune to the ISI caused by the multipath dispersion. Therefore, the actually received CAZAC
sequence gm at the receiver inherits the cyclicity property and
takes the form
2

ci,m ⊗ hi,m + wm ,
(6)
gm =
i=1

where ⊗ denotes the circular convolution.
Circular convolution between one local CAZAC sequence
c1,m with the received signal gm will generate the orthogonally separable CIR estimates of hi,m (i = 1, 2) as follows

 2

ci,m ⊗ hi,m + wm
c1 ,m ⊗ gm = c1 ,m ⊗
(7)
i=1
= Nc (h1,m + h2,m δ[n − K]) + wm ,
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Fig. 2.

TDS-OFDM transmit diversity system based on the space-time shifted CAZAC sequence.

where wm = c1,m ⊗ wm is the noise term, and the perfect
autocorrelation of the CAZAC sequence denoted by (3) is
utilized, e.g., c1,m ⊗c2,m = Nc δ(n − K). Intuitively, h2,m
is shifted by K symbols to the right. If L − 1 ≤ K and
 1,m and h
 2,m can be
Nc ≥ K + L − 1, the CIR estimates h
directly extracted from (7).
Unlike the ST or SF coded TS, the space-time shifted
CAZAC sequence also holds the ideal autocorrelation after
cyclic shifting, so the correlation based synchronization can
be directly applied in every signal frame. In addition, synchronization can be simultaneously achieved with the circular
convolution based time-domain CE [12].

in Fig. 3 (a) will be assumed to be identical. So we have
y total,m (n) =
where

The time-shifted CAZAC sequence is used for cyclicity
reconstruction with low complexity. From (1) and (4), the TS
in the (m + 1)th frame can be expressed as

ci,m (n)
0 ≤ n ≤ Nc − 1
. (8)
pi,m+1 (n) =
ci,m (n − Nc ) Nc ≤ n ≤ Ng − 1

i=1

2
i=1

ri,m (n+Nc )

0 ≤ n ≤ K−1
K ≤ n ≤ N−1

0≤n≤N −1 ,

(10)

yi,m (n+N ) + yi,m (n)
yi,m (n)

Tx 1 Ă

y1,m1

y1,m
Nc

K

N

y1,m1

Ă

y 2,m1

Ă

Nc

r2,m (n)

Tx 2 Ă y 2,m1

y 2,m
(a)

^r

(n  N c )`n

^r

(n N c  N )`n

1, m

1, m

N 1
0
K 1

^r1,m (n)`n

0

K 1
0

y '1,m

,

(b)

y '1,m

(9)

y '2,m

K−1

where {ri,m (n)}n=0 is the last K symbols of the received TS
N −1
in the mth frame, {ri,m (n + Nc )}n=0 is the received IDFT
K−1
block in the mth frame, and {ri,m (n + Nc + N )}n=0 is the
first K symbols of the received TS in the (m + 1)th frame, as
shown in Fig. 3(a).
If the wireless channel is quasi-static during one signal
frame, the “tails” shown by the shadows with the same form

i=1

y i,m (n)

r1,m (n)

From (1) and (8), it is clear that the IDFT block xi,m is
enclosed by two identical CAZAC sequences ci,m . Those
three parts can be viewed as the “virtual frame” with length
N + 2Nc . The corresponding received signal is shown by
N +2N −1
in Fig. 3 (a), where the shadows mean
{ri,m (n)}n=0 c
the “tails” due to the multi-path effect. The following one
step add-subtract operation will accomplish the cyclicity reconstruction of the received IDFT block

(n) =
ytotal,m
⎧2
⎪
⎪
⎨ ri,m (n+Nc ) + ri,m (n+Nc+N )−ri,m (n)



2

0 ≤ n < K −1
. (11)
K ≤ n ≤ N −1
N −1
The procedure to generate yi,m = y i,m (n) n=0 (e.g., i =
1) in (11) and the consequent process to obtain ytotal,m in (9)
are also illustrated by Fig. 3(b) and Fig. 3(c), respectively.
Clearly, yi,m (i = 1, 2) is the cyclicity reconstructed IDFT
block for Tx i, and ytotal,m also holds the cyclicity property.
Therefore, cyclicity reconstruction of the received IDFT block
is achieved via the simple one step add-subtract operation in
(9). Note that this method still works if the channel is not
quasi-static during one signal frame, which will be verified by
y i,m (n) =

B. Cyclicity Reconstruction

⎪
⎪
⎩

SpaceFrequency
Decoding

y 'total ,m
(c)

Fig. 3. Cyclicity reconstruction for TDS-OFDM based transmit diversity
system in the mth frame: (a) Received signal from Tx 1 and Tx 2; (b) Cyclicity
reconstruction of the IDFT block for Tx 1; (c) Joint cyclicity reconstruction
for Tx 1 and Tx 2.
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Fig. 4. BER performance comparison under the weakly frequency-selective
Vehicular A channel with the receiver velocity of 28 km/h.

Fig. 5. BER performance comparison under the weakly frequency-selective
Vehicular A channel with the receiver velocity of 140 km/h.

computer simulations in Section IV.

N = 3780, Nc = 256, K = 128; 3) QPSK modulation
is selected; 4) The symbol rate is 7.56 MSPS, and the subcarrier spacing is 2 kHz; 5) The ITU-R defined channel model
Vehicular A [13] and the DTTB test model Brazil D [14]
are used. The Vehicular A channel with short delay spread is
weakly frequency-selective, while the Brazil D channel with
a long echo emulating the single frequency network (SFN)
scenario, has strong frequency-selectivity. For Rayleigh fading
channels, we use the maximum Doppler spread of 20 Hz and
100 Hz with the corresponding receiver velocity of 28 km/h
(slow time-varying) and 140 km/h (fast time-varying) at 770
MHz, respectively.
Fig. 4 and Fig. 5 show the bit error rate (BER) performance
under the weakly frequency-selective Vehicular A channel
with the receiver velocity of 28 km/h and 140 km/h, respectively. Compared with the single-antenna scheme, obvious
BER improvement can be achieved by transmit diversity. Fig.
4 indicates that both the SF and ST based methods work
well under the weakly frequency-selective and slow fading
channels, while the proposed scheme has the best performance.
Fig. 5 shows that the performance of both the SF and ST based
schemes deteriorate in the fast fading channel, especially for
the ST based method. It also shows that the proposed scheme
still has the best performance.
Fig. 6 and Fig. 7 present the BER performance under the
strongly frequency-selective Brazil D channel with the receiver
velocity of 28 km/h and 140 km/h, respectively. The SF
based CE can not work under the deeply frequency-selective
channels like Brazil D. Under the slow fading channel (e.g.,
the receiver velocity is 28 km/h in Fig. 6), the proposed
scheme outperforms the ST based method with the SNR gain
by about 1 dB for the target BER of 1 × 10−3 , while the
SNR improvement gap is enlarged to be about 10 dB under
the doubly selective fading channel (e.g., the receiver velocity
is 140 km/h in Fig. 7).

C. Computational Complexity
Regarding to CE and cyclicity reconstruction, Table I compares the computational complexity between the proposed
scheme and the SF/ST coded TS based systems [8] [9]. All
the operations in Table I are based on the signal block with
length Nc . It is clear that much lower complexity is achieved
by the proposed scheme.
TABLE I
C OMPUTATIONAL C OMPLEXITY C OMPARISON .
FFT/IFFT
SF coded [8]
ST coded [9]
Proposed

2+2NT
2 + NT
0

Division Convolution Addition Subtraction
2
1
0

2NT
2NT
1

1
1
1

2NT
2NT
1

Both the SF/ST coded TS based systems require FFT/IFFT
for frequency-domain CFR estimation and then derived the
CIR for ISI removal and cyclicity reconstruction. The proposed
system only needs one time-domain circular convolution to
acquire the CIR, and cyclicity reconstruction is accomplished
by the one step add-subtract operation without any CIR information. Note that the corresponding complexity is irrelative to
the transmit antenna number NT , thus more complexity will
be reduced when NT is large.
IV. S IMULATION R ESULTS AND D ISCUSSIONS
Simulations are carried out to validate the feasibility and
the performance of the proposed transmit diversity scheme for
TDS-OFDM system without channel coding and interleaving.
The major system parameters are configured as below: 1) The
signal bandwidth is 8 MHz at the central frequency of 770
MHz in the television ultra high frequency (UHF) band; 2)
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A novel TDS-OFDM transmit diversity system with low
complexity based on the space-time shifted CAZAC sequence
is proposed in this paper. Compared with the existing solutions, the proposed scheme provides better system performance under both strongly frequency-selective and fast timevarying wireless fading channels. The concept of the spacetime shifted TS could be directly extended to support more
antennas for both single-carrier and multi-carrier transmissions
in the uplink or downlink. Due to its low complexity and good
performance under doubly selective channels, the proposed
scheme could be adopted as a potential transmit diversity
solution to the Chinese next generation broadcasting standard.

SNR (dB)

ACKNOWLEDGMENTS
Fig. 6. BER performance comparison under the strongly frequency-selective
Brazil D channel with the receiver velocity of 28 km/h.
0

10

1 Tx [6]
2 Tx, ST coded TS [8]
2 Tx, SF coded TS [9]
2 Tx, Proposed

−1

R EFERENCES

BER

10

−2

10

−3

10

−4

10

5

10

15

20

25

This work was supported in part by Tsinghua University
Initiative Scientific Research Program (No. 20091081280) and
in part by a grant from the Ph.D. Programs Foundation of
Ministry of Education of China (No. 20090002120026).

30

SNR(dB)

Fig. 7. BER performance comparison under the strongly frequency-selective
Brazil D channel with the receiver velocity of 140 km/h.

The reason for the superior BER performance of the
proposed TDS-OFDM based transmit diversity scheme under four types of fading channels (i.e., the combination of
the strongly/weakly frequency-selective and fast/slow timevarying channel) lies in two aspects. Firstly, due to the specific
frame structure with the time-shifted CAZAC sequence, the
simple yet efficient cyclicity reconstruction is accomplished
without any CIR information, which avoids the impact of the
CE errors and consequently improves the system performance.
Secondly and more importantly, the space-shifted CAZAC
sequence based CE does not rely on the assumption of constant
CFR along adjacent two frequency-domain pilots, or depend
on the hypothesis of static channels during consecutive two
signal frames. Therefore, the CFR over every pilot can be
updated each frame, leading to the high robustness of the
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