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Abstract—Time domain synchronous OFDM (TDS-OFDM)
has higher spectral efficiency than cyclic prefix OFDM (CP-
OFDM), but suffers from severe performance loss over fast fading
channels. In this paper, a novel transmission scheme called time-
frequency training OFDM (TFT-OFDM) is proposed. The time-
frequency joint channel estimation for TFT-OFDM utilizes the
time-domain training sequence without interference cancellation
to merely acquire the time delay profile of the channel, while the
path coefficients are estimated by using the frequency-domain
group pilots. The redundant group pilots only occupy about 1%
of the useful subcarriers, thus TFT-OFDM still has much higher
spectral efficiency than CP-OFDM by about 10%. Simulation
results also demonstrate that TFT-OFDM outperforms CP-
OFDM and TDS-OFDM over time-varying channels.

I. INTRODUCTION

OFDM has been widely used in numerous wireless commu-
nication systems. There are three fundamental types of OFDM-
based block transmission schemes: cyclic prefix OFDM (CP-
OFDM) [1], zero padding OFDM (ZP-OFDM) [2], and time
domain synchronous OFDM (TDS-OFDM) [3]. The widely
used CP-OFDM scheme utilizes the CP to eliminate the inter-
block-interference (IBI) as well as inter-carrier-interference
(ICI) [4]. The CP is replaced by zero samples in ZP-OFDM
to tackle the channel null problem [2]. In TDS-OFDM [3] the
known sequence like the pseudorandom noise (PN) sequence is
used as the guard interval as well as the training sequence (TS)
for synchronization and channel estimation. Consequently,
the large amount of frequency-domain pilots used in CP-
OFDM and ZP-OFDM can be saved. Thus, TDS-OFDM
outperforms CP-OFDM and ZP-OFDM in spectral efficiency
by about 10%. As the essential technology, TDS-OFDM has
been successfully applied by Chinese national digital television
standard [5].

However, the TS and the OFDM data block will cause
IBI to each other, and the iterative interference cancellation
algorithm with high complexity and poor performance over
fading channels has to be used [6]. This issue can be partly
solved by inserting redundant pilots to generate the TS in
the cyclic postfix OFDM scheme [7], but the inserted pilots
suffer from very high average power [8]. The most attractive
solution to the interference problem of TDS-OFDM is the
dual-PN OFDM (DPN-OFDM) scheme [9], but the double
length of the TS leads to the remarkable reduction in spectral

efficiency, especially when the guard interval length is long.
In summary, it is a big challenge to simultaneously achieve
high spectral efficiency as well as good performance over
fast fading channels for current OFDM-based transmission
schemes.

To solve the challenging problem mentioned above, a novel
OFDM transmission scheme called time-frequency training
OFDM (TFT-OFDM) is proposed. The innovation and contri-
bution of this paper can be specifically described as below:
1) Unlike CP-OFDM or TDS-OFDM where the training
information exists only in the frequency or time domain,
TFT-OFDM has TS in the time domain and a very small
amount of group pilots in the frequency domain; 2) Unlike
CP-OFDM or TDS-OFDM, the proposed time-frequency joint
channel estimation in TFT-OFDM utilizes the time-domain
TS to merely estimate the time delay profile of the channel,
while the path coefficients are acquired by using the frequency-
domain group pilots; 3) The group pilots in TFT-OFDM only
occupy about 1% of the used subcarriers, thus much higher
spectral efficiency than CP-OFDM can be achieved; 4) There
is no need to remove the IBI between the TS and OFDM
block before channel estimation, thus the iterative interference
cancellation algorithm in TDS-OFDM is naturally avoided,
leading to the obvious performance improvement over fast
fading channels.

The remainder of this paper is organized as follows. The
TFT-OFDM system model is described in Section II. The
corresponding receiver design is addressed in Section III.
Section IV analyzes the spectral efficiency of the proposed
scheme. Simulation results are presented in Section V before
the final conclusions summarized in Section VI.

Notation: We use the boldface letters to denote matrices
and column vectors; Iy is the N x N identity matrix, and
Oy« n denotes the M x N zero matrix; Fpy denotes the
normalized N x N fast Fourier transform (FFT) matrix whose
(n+1, k+1)th entry being exp(—j27nk/N)/v/N; @ presents
the circular correlation, and ® means the Hadamard product of
two vectors; ()%, (-)T, (-)¥, (-)~! and |-| denote the complex
conjugate, transpose, conjugate transpose, matrix inversion and
absolute operations, respectively; diag{u} means a diagonal
matrix where the elements of u are placed at its diagonal
positions; Z presents the estimate of .
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II. SYSTEM MODEL OF TFT-OFDM

Fig. 1 shows the signal structure comparison between CP-
OFDM, TDS-OFDM and the proposed TFT-OFDM schemes.

In the time domain, similar to TDS-OFDM, the ith TFT-
OFDM symbol s; = [si o $i1--sip—1]" is composed of the
known TS ¢; = [ci0 ¢i1- ~cinm—1)T and the OFDM data
block X; = [mi’o Ti1: e $i7N71}T

si = [f;} = [OiM ] ¢ + [OAI“N] FiXi,

i1px1 *M | px N IpxN o
where M is the length of the TS, N is the length of the
OFDM data block, P = M + N presents the length of a
TFT-OFDM symbol, X; = [X;0 X; 1+ X; n_1]T denotes
the frequency-domain OFDM symbol, and x; = FIX,.
Being different from the time-domain PN sequence used in
TDS-OFDM, the TS in TFT-OFDM could be any kind of
sequences with favorable features defined in the time or
frequency domain. Here we adopt the TS having constant
envelope in the frequency domain, i.e., ¢; = Fﬁcl where
C, = [Ci,() Ci,l v Ci’Mfl]T with the entry Ci,k S {+C, —C},
and c is an arbitrary real or complex number. For simplicity,
c =1 is used. It can be proved that such TS with any length
has perfect circular auto-correlation property, since the circular
correlation theorem allows

ci®¥c; = Fﬁ[ (\/MFJWCq‘, O] (FMCZ)*) = M[l le(M_l)]T.
2

In the frequency domain, unlike TDS-OFDM where all
active subcarriers are used to carry data, TFT-OFDM has Ny
data subcarriers and N0,y group pilots scattered within the
signal bandwidth. Each group has 2d + 1 pilots. The index set
of the central pilot within each group can be denoted by n =
{mo m -1, 0u,—1}, and the index set of all pilots is ¥ =
{no—dmno—d+1--notd-- NN, pp—1—d" NN, pu,—1+d},
and the pilot number is N, = Ngroup(2d + 1), where
N = Ny + N,. Later in Section III-A, we will show that
TFT-OFDM requires much smaller amount of pilots than CP-
OFDM.

After the cyclic reconstruction of the received OFDM block
has been achieved (the specific method will be addressed in
Section III-B), the received frequency-domain OFDM block
Y, =[Yi0,Yi1, - Yi,N_l]T can be expressed as

Y, = H;X; + W, 3)

where W, is the additive white Gaussian noise (AWGN)
vector with each element having zero mean and the variance

of 02, H; is the channel frequency response (CFR) matrix
with the (p +1,q + 1)th entry H, , 4 be [10]
L—1
. 27
Hipg =) < Z hi e~ ¥ P q)> e NI, (4)
1=0

where h; ,; denotes the coefficient of the [th path with the
delay of n; at the time instant of n within the ¢th OFDM
block, L is the number of resolvable paths. If the channel is
time-invariant within each TFT-OFDM symbol, i.e., h; 01 =
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Fig. 1. Signal structure comparison between CP-OFDM, TDS-OFDM and
the proposed TFT-OFDM: (a) CP-OFDM,; (b) TDS-OFDM,; (c) TFT-OFDM.

hiig =+ = hin_1, = hi, the ICI coefficient H, , ; (p #
q) is zero, and H; becomes a diagonal matrix.

III. TFT-OFDM RECEIVER DESIGN

This section presents the TFT-OFDM receiver design issues,
including the time-frequency joint channel estimation, cyclic
prefix reconstruction and channel equalization.

A. Time-Frequency Joint Channel Estimation

Unlike CP-OFDM or TDS-OFDM where channel estima-
tion is solely dependent on the frequency-domain pilots or the
time-domain TS, channel estimation in TFT-OFDM is jointly
achieved by time-frequency processing of the received TFT-
OFDM signal.

1) Time Delay Profile Estimation Using Time-Domain TS

For simplicity, we firstly assume that the channel is
time-invariant during one TFT-OFDM symbol. Let h; =

[Rio hi1---hiz—1]" be the channel impulse response (CIR)
vector, the received TS d; = [d; o d;1---dia—1])7 should be
d; = Bjsici + Bi—1 1B1Xi—1,N—M:N—1 + Vi, @)

where B, 1s1 denotes the M x M Toeplitz inferior triangular
matrix with the first column [h;o h;q1---hip—1 0---0]7T,
B;p1 presents the M x M Toeplitz superior triangu-
lar matrix of the first row [0 -0 hz}Lfl hi)L,Q s hi)l]T,
Xi—1,N—Mm:N—1 denotes the last M elements of x;_;, and
BiBixi—1,N—m:N—1 is the interference caused by the pre-
vious OFDM block x;_1, v; is the AWGN vector.

In TDS-OFDM, the interference B; 1p1X;—1, v — M. N—1 Must
be cancelled [6], which is difficult even if the CIR is exactly
known, since x;_1 is random and cannot be perfectly detected.
Therefore, performance loss is unavoidable, especially when
the channel is varying fast. To solve this problem, without
interference cancellation, we directly use the “contaminated”
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Fig. 2. Time delay profile estimation using the time-domain TS without
interference cancellation and cyclic prefix reconstruction.

TS to only estimate the time delay profile of the CIR

=)

®@d; =h; +v;' +n;, (6)

i — 77Ci

M

where v;/ = ﬁci ® v; is the noise term, and

1
n; = 57Ci ® (B;—11B1Xi—1,N—m:N—1 — Bimic;)  (7)

denotes the extra “noise” due to the interference. However,
n; will not severely affect the time delay information of the
channel, since x;_; and c¢; are_completely uncorrelated. As
an example, Fig. 2 compares h; and h; over the Brazil D
channel with the signal-to-noise ratio (SNR) of 5 dB. Although
the rough estimate h; is not accurate due to the interference,
the time delay profile of the channel is preserved well, as
demonstrated in Fig. 2, which is just the expected target of
this stage. Moreover, h; can be further refined by averaging
several results from (6). Finally, the time delays of the most
significant taps of h; are saved in the time delay profile set I'

2
hig

r={nm: > P}y ®)

where P, is pre-defined power threshold.

2) Path Coefficient Estimation Using Frequency-domain Pilots
For time-varying channels, the path coefficient h; ,,; in (4)

can be modeled by the Q-order Taylor series expansion [11]

hi,n,l = 071/’17[ + Eimn,ls (9)

where 8, = [1 n n*- - thx(QH)’ Pii=pito pisi-
le_,Q}(TQH)M, Pi.l,q 1s the polynomial coefficient, and €; ,,;
denotes the approximation error. The order () depends on the
maximum Doppler spread f; of the channel. According to the
study in [11], @ = 1 ensures good approximation performance
if f;7 < 0.1, where T is the OFDM block length. Take the
value 7" = 500us specified in [5] as an example, fq < 200
Hz meets such criterion.

Since the ICI is dominantly caused by the neighboring
subcarriers [11], it can be assumed that the ICI coefficient
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H;,q = 0if |p—q| > d. Thus, by substituting (9) and (4)
into (3), Y; ;. can be rewritten as

Yie =Ai10ip; + Cikes

where A; k= [Xi0,06 Ai01k "

(10)

NiN—1,0-1,k]1x LN With
ktd

1
)‘i7n,l7k = N Z e_an(k a) _qumXi,qv (11)
q=k—d

0i = [0,11: 0T1 0 o’LN 1]NL><(Q+1)L with the en-
tryT 01‘,; :T [dzc;g{e 0,0, Lx(@+1Le Pi
[pi,0 pi,1~~pi7L_1](Q+1)LX1, and the noise term (;, =
N-1L-1
Z Z€i7Ll)\i7le+M/ik-
n=0 (=0

Using the known group pilots {X;, q}
lay profile I‘_{nl}l in (8), A; 1,k in (11) can be calculated
if ke n, and Al*[AhT]o’Aiymv e Aiﬂ]zvgmup—J%gmuprN
is consequently known. Therefore, the received central pilots
in the frequency-domain group pilots in (10), ie., Y, =

T4, and the time de-

Yo Y - 'E,nwgmup—lmgmupxl’ can be expressed by
Y, = Aibip;, +C;, (12)
where ¢; = [Cz o Ciom ** Cinw T,,up_1]71\1/gmu,,><1'

Because p; in (12) contains (qQ + 1)L unknown parameters,
the number of group pilots should satlsfy Ngroup > (Q+1)L
to guarantee the matrix 8; = A;6; to be of full column rank.
Thus, p; can be estimated as

pi=BIY, = (16.) BV,

where ()T denotes the Moore-Penrose inverse matrix. Then,
hin,g in (9) and H; 4, 4 in (4) can be calculated based on D

Note that only N, = (Q + 1)(2d + 1)L pilots are required
in TFT-OFDM to estimate the path coefficients after the time
delay profile has been known according to (8). In addition,
it has been shown that @ = 1,d = 1 can already provide
satisfying performance over fading channels [11], so the pilot
number [V, is small. However, both the time delays and path
coefficients are estimated by using the frequency-domain pilots
in CP-OFDM, and the pilot number should be not smaller than
the CP length M according to the Karhunen-Loeve theorem
[10]. Therefore, TFT-OFDM needs much fewer pilots than
CP-OFDM due to L is normally much smaller than M, i.e.,
L < M.

13)

B. Channel Equalization

Due to the multi-path propagation, the received OFDM
block y; = [yi.0 i1+ yin—1]T can be expressed by

O(N—nm)x1

%

vi = H; 151x; + H; 111 [ } +w;,  (14)
Nx1

where H; g1 and H,;mpr be the N x N Toeplitz
inferior and superior triangular matrix with the first
column [hig hig1---hir—10---0/7 and the first row

[0---0 hjp—1 hip—2---hi1]T, respectively, and w; =
FEW, is the AWGN vector. Similar to the hybrid domain
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equalization method proposed in [12], cyclic prefix reconstruc-
tion of y; can be achieved by

~ O/n_ d; C;
Yi :}’i_Hi,IBI|: (NCM)Xl ] +[O o }_Hz‘,ISI|:O o }
i Nx1 (NM X1 (N—M)x1
= H; cirxi + wi + [ 0 Vit } . (15)
(N—M)x1

where d;;; can be found according to (5), and H; cir =
H; 151 + H; ;g1 means the N x N circular matrix with the
first column [h; o h;1---hip—1 0---0]T. Since any circular
matrix can be diagonalized by the FFT matrix, i.e., H; cir =
FyH;FL, applying DFT to y; would produce the signal Y
in 3),ie.,Y; =Fyy, = H;X;, + W,.

Then, the zero-forcing equalization can be performed after
the iterative ICI removal:

o Step 1: Initial channel equalization. The CFR estimate
H; ;4 in (4) can be calculated after channel estimation.
Then the initial channel equalization is performed as

Y.

bk k¢ w.

ik,k

(0
X9 = (16)
o Step 2: Iterative ICI cancellation. Since the ICI is domi-
nantly caused by the adjacent subcarriers, the transmitted
signal on the kth subcarrier in the jth iteration is updated

according to

om0

Yik— > HirgXiy

X(j o q=k—d,q#k
ik T =

H; io.i

L ke W, (17)

o Step 3: Iteration termination. The iterative process is
stopped if the pre-defined iteration number .Jy (normally
Jo < 3) is approached. Otherwise, jump to Step 2.

Note that the channel equalization and estimation in TFT-
OFDM are not iteratively performed like that in TDS-OFDM.

IV. SPECTRAL EFFICIENCY OF TFT-OFDM
A. Spectral Efficiency

Both the time-domain guard interval and the frequency-
domain pilots are the overheads for OFDM systems [13]. So
the spectral efficiency of TFT-OFDM is

N (Q+1)(2d+1)L
B M+ N '

Table I shows the spectral efficiency comparison between
CP-OFDM, TDS-OFDM, DPN-OFDM and the proposed TFT-
OFDM. For digital broadcasting systems, typically N = 4096
is selected. In addition, all the channel models defined by ITU
have not more than 6 resolvable paths, so we assumed L = 6
without the loss of generality, and Q = 1,d = 1 are considered
as mentioned before. In this case, only 36 pilots occupying less
than 1% of the used subcarriers in TFT-OFDM, is sufficient
to track the time-varying channel, while CP-OFDM requires
12.5% pilot occupation ratio when M = N/8.

It is clear from Table I that TFT-OFDM only suffers
from negligible loss in spectral efficiency compared with

Eq

(18)

TABLE I
SPECTRAL EFFICIENCY COMPARISON.

TS Length  CP-OFDM  TDS-OFDM  DPN-OFDM  TFT-OFDM

K =NJ4 60.00% 80.00% 66.67% 79.30%

K =N/8 77.78% 88.89% 80.00% 87.52%

K =N/16  8823% 94.12% 88.89% 92.59%

TDS-OFDM who has the least overhead. It also shows that
TFT-OFDM has higher efficiency than CP-OFDM and DPN-
OFDM, especially when the guard interval is long, which is
just the important application scenario of single frequency net-
work (SFN) mode for the digital broadcasting systems as well
as the next generation wireless system called the long term
evolution (LTE) [14]. For example, TFT-OFDM has higher
spectral efficiency than CP-OFDM by about 9.74% when
M = N/8, and TFT-OFDM outperforms DPN-OFDM by the
increase of 12.63% in spectral efficiency when M = N/4.

B. Extension to Multiple-Input Multiple-Output (MIMO) Sce-
narios

It is well-known that extending TDS-OFDM to MIMO
applications is difficult due to the much more complicated
interference issue than that in the single-antenna TDS-OFDM
system [15]. CP-OFDM can be easily extended to MIMO
systems by adopting orthogonal pilots, at the high cost of the
linearly increased pilots with respect to the transmit antenna
number Np[1]. However, without the obvious increase in the
overhead, the proposed TFT-OFDM can be easily adapted
to MIMO scenarios by configuring quasi-orthogonal time-
domain TS to each transmit antenna, and using orthogonal
pilots in the frequency domain. Taking N = 4096,M =
N/8,N, =36, Ny = 4 as an example, we can find that 50%
of the used subcarriers would be occupied by the pilots in CP-
OFDM-MIMO, while the group pilots in TFT-OFDM-MIMO
take up only 3.5% of the signal bandwidth.

V. SIMULATION RESULTS AND DISCUSSION

Simulations were carried out to investigate the performance
of the proposed TFT-OFDM transmission scheme. The signal
bandwidth is 7.56 MHz at the central radio frequency of
770 MHz. The modulation scheme is QPSK. Other system
parameters are consistent with those specified in Section IV-A.
Two typical 6-tap multi-path channel models named Vehicular
B and Brazil D were used. The first channel has moderate
frequency-selectivity, while the later has deep frequency-
selectivity. The maximum Doppler spread of 20 Hz and 100
Hz are considered, which correspond to the relative receiver
velocity of 28 km/h and 140 km/h @ 770 MHz, respectively.

Fig. 3 compares the bit error rate (BER) performance of
TFT-OFDM with CP-OFDM, TDS-OFDM and DPN-OFDM
over the Vehicular B channel with the receiver velocity of
28 km/h. In CP-OFDM, the comb-type pilots were used for
least square channel estimation, and then discrete Fourier
transform interpolation was used [1]. We can observe that TFT-
OFDM has superior BER performance over the conventional
OFDM transmission schemes. When BER is 0.1, TFT-OFDM
outperforms DPN-OFDM, CP-OFDM and TDS-OFDM by
about 0.6 dB, 1.5 dB and 3.1 dB, respectively.
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Fig. 4 shows the BER performance comparison of those four
OFDM-based transmission schemes over the Brazil D channel
with the mobile speed of 140 km/h. It can be observed that
TFT-OFDM still has the best performance, and the advantage
has been enlarged over the fast fading channel. For example,
when the BER equals to 0.1, compared with DPN-OFDM,
CP-OFDM and TDS-OFDM, the SNR gain achieved by TFT-
OFDM is increased to be about 1.0 dB, 3.3 dB and 6.9 dB,
respectively. The superior performance of TFT-OFDM over
TDS-OFDM is mainly contributed by the avoidance of the
conventional iterative interference cancellation algorithm with
poor performance over fast time-varying channels. Compared
with CP-OFDM and DPN-OFDM, TFT-OFDM achieves the
performance improvement due to the proposed joint channel
estimation can accurately track the channel variation, and ICI
is removed before the frequency-domain equalization.
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VI. CONCLUSIONS

This paper proposed a novel OFDM-based transmission
scheme called TFT-OFDM, where the training information ex-
ists both in the time and frequency domains. The correspond-
ing time-frequency joint channel estimation naturally avoids
the conventional iterative interference cancellation algorithm
with high complexity and poor performance. It also it tracks
the variation of the fading channels well and ICI is removed to
further improve the system performance. The group pilots in
TFT-OFDM occupy only about 1% of the signal bandwidth.
Therefore, high spectral efficiency as well as good perfor-
mance over fast time-varying channels can be simultaneously
achieved. In addition, TFT-OFDM can be easily extended to
MIMO and multiple access scenarios without obvious increase
in the overhead.
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