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A Novel Data-Aided Channel Estimation with
Reduced Complexity for TDS-OFDM Systems

Ming Liu, Matthieu CrussiereMember, IEEEand Jean-Francois Hélar8enior Member, IEEE

Abstract—In contrast to the classical cyclic prefix (CP)-OFDM, Then, all the well established equalization techniques|[[d]
the time domain synchronous (TDS)-OFDM employs a known for ZP-OFDM can be applied for TDS-OFDM signals.
pseudo noise (PN) sequence as guard interval (Gl). Conveatial The usage of the PN as Gl is somehow “double-edged

channel estimation methods for TDS-OFDM are based on the d". O hand. it i th ¢ ffici b
exploitation of the PN sequence and consequently suffer fro sword”. Un one hand, It Improves the spectrum efnciency by

intersymbol interference (ISI). This paper proposes a novedata- €conomizing the cost of transmitting redundant data in the
aided channel estimation method which combines the channel CP and the pilots in the data symbols; on the other hand,
estimates obtained from the PN sequence and, most importayt  the channel memory effect introduces mutual interference
additional channel estimates extracted from OFDM data sym- patyeen the PN sequence and the OFDM data symbols. That
bols. Data-aided channel estimation is carried out using t& . . .

rebuilt OFDM data symbols as virtual training sequences. In is to say, the interference from data symbols compr(.)mlsgs th
contrast to the classical turbo channel estimation, integaving Performance of the PN-sequence-based channel estimaiion a
and decoding functions are not included in the feedback loop the inaccurate channel estimate consequently causesfaoper
when rebuilding OFDM data symbols thereby reducing the PN sequence removal and further increases the difficulty to
complexity. Several improved techniques are proposed to f@ie  yacoyer the data symbols. The channel estimation is thus the

the data-aided channel estimates, namely one-dimensionél- . .
D)/two-dimensional (2-D) moving average and Wiener filtemg. key point in the TDS-OFDM based transmissions.

Finally, the MMSE criteria is used to obtain the best combinaion Many papers have addressed this challenging issue in the
results and an iterative process is proposed to progressibe past few years and can be classified into three categories:
refine the estimation. Both MSE and BER simulations using 1. Making channel estimation based only on the PN se-
specifications of the DTMB system are carried out to prove q,ance|n [8], the time domain cross-correlation between the
the effectiveness of the proposed algorithm even in very hah . .
received PN sequence and the locally generated one is used to

channel conditions such as in the single frequency networkSfFN) 3 X ) )
case. make channel estimation. It exploits the correlation prtypef

Index Terms—TV broadcasting, channel estimation, OFDM, the PN sequence in order to optaln_ pr_opessmg gain to_combat
iterative method. the noise and ISI. The complexity significantly grows witle th
increase of the length of the channel delay spread. In [2], a
simple channel estimator is proposed based on the expactati
|. INTRODUCTION (mean value) of the received PN sequence which cancels the

ONVENTIONALLY, orthogonal frequency division random ISI component. However, this algorithm only adapts
multiplexing (OFDM) adopts cyclic prefix (CP) as guard© the static channel situations and requires large storage
interval (Gl) to mitigate intersymbol interference (ISlhca 2. Removing ISI from the PN sequence when making channel

enable simple equalization at receiver side. However, CP&gtimationA first approach [1] proposed to iteratively remove
a redundant copy of the data, which reduces the useful ghe ISI using the decision feedback method. However, much
rate and degrades the spectrum efficiency. Recently, it Hg¥nplexity is spent by a series of fast Fourier transforms
been proposed to replace CP by a known pseudo-noise (RRfT)- In [9], itis proposed to carry out the channel estiorat
sequence. The main advantage of this approach is that #%ng the PN sequence and its tail spread in the beginning par
known sequence, which initially serves as Gl, can be reusgteach OFDM data symbol. By iteratively removing the data
as training sequence to carry out channel estimation and s§¥mbol, the channel estimation is progressively improiée.
chronization. Therefore no pilot is inserted among the ulsefestimation results however suffer an error floor even at low
data symbols in the frequency domain as needed in traditio§#nal to noise ratio (SNR) due to the existence of ISl in the
CP-OFDM. This kind of OFDM waveform is referred to ag’N sequence. [10] proposed to alternately remove the mutual
time domain synchronous-OFDM (TDS-OFDM)L] and has interference between the PN sequence and the OFDM data
been adopted by the Chinese digital television/terrdstria- symbols. A so-called partial decision is also used to reduce
timedia broadcasting (DTMB) system [4], [5]. After perfigct the error detection of data symbols. However, the perfooaan
removing the PN sequence, the received TDS-OFDM sigrid@nificantly degrades when the channel delay spread is long

is converted to the so-called zero padding (ZP)-OFDM [6]11] also adopted the partial decision technique to rembee t
interference on the PN sequence from previous data symbols.

Authors are with Universite Européenne de Bretagne (UBB$A, IETR, In order to avoid the interference from the following data
UMR 6164, 20 avenue des Buttes de Coésmes, F-35708 RemaeseFe- gympols, the “tail” of the received PN sequence is estimated
mail: {ming.liu, matthieu.crussiere, jean-francois.helg@insa-rennes.fr. .
1t is also known as pseudo random postfix-OFDM (PRP-OFDM)aag  @nd then used to reconstruct the interference-free retétie

known symbols padding-OFDM (KSP-OFDM) [3] in other litaregs. sequence for channel estimation.
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Fig. 1. Block diagram of TDS-OFDM system. The shaded blodlesthe processing used for the proposed method. The dasbekkkdre the additional
processing needed for the turbo channel estimation.

3. Using the pilots in a complementary way to the Phnhethod does not cause error propagation due to imprudent
sequence to enhance the channel estimatibiis proposed hard decisions. The uncertainty (noise) is kept in the soft
to replace some data subcarriers by pilots to improve tdata symbols and in the resulting data-aided channel gstima
channel estimation performance in [3]. However, the spattr as well. Moreover, we propose several improved techniques,
efficiency is compromised. Another possible solution is theamely one-dimensional (1-D)/two-dimensional (2-D) mmayi
data-aided channel estimation method which uses the tebailerage and Wiener filtering, which exploit the time-fregae
data symbols as “virtual pilots” to make channel estimatiororrelation property of the channel to suppress the noise ex
and thus does not need any extra pilots. In [12], it is progosisting in the data-aided channel estimates. The cooperafio
to make hard decisions to the equalized symbols that faién tthese refining techniques and soft symbol rebuilding agsiev
reliable decision region. The hard decided data symbols aaisfactory channel estimation accuracy with low computa
used as virtual pilots for channel estimation. Howevers thtional complexity. The final channel estimates combine the
method requires an additional PN frame header for severasults obtained from PN and from data according to MMSE
OFDM symbol to obtain a good initial channel estimatecriteria. The proposed method can adapt to difficult situret;j
Therefore, it is not straightforwardly applicable to thésting including higher order constellations, extremely long rafel
DTMB system. In [13], a turbo channel estimation algorithmpread and channel time variations.
is proposed in the context of CP-OFDM. An obvious disad- The rest of the paper is organized as follows. In section
vantage of this method is the extremely high complexity artl the mobile channel and TDS-OFDM signal models are
long time delay, especially in the systems with sophistidatdescribed. In section Ill, the PN based channel estimason i
channel decoder and deep interleaver. For example, the DT sented. The new proposed data-aided channel estimation
system adopts LDPC codes and convolutional interleavdr winethod is presented in section IV. Computational compfexit
a time delay of 170 (or even 510) OFDM frames whiclis evaluated in section V. Simulation results are shown in
prohibits the using of such a method. section VI. Conclusions are drawn in section VII.

The aim of this paper is to propose a low-complex but Inthis paper(-)* denotes the conjugate of complex number,
effective algorithm to increase the robustness of the oblanf{-} is the expected value-)” and (-)" are the matrix
estimation in TDS-OFDM compared to the already existingjanspose and Hermitian transpose, respectively.
techniques described above. The highlights of algoritho: pr
posed in this paper are (a) excluding the channel decoder, Il. SYSTEM MODEL
interleaver and de-interleaver from the iterative chare®l A Discrete Channel Model for OFDM

(c) exploiting the correlation property of the channel tdzoty is determined by the maximum excess delay of the channel.

|mprovle\z/ldMeSslgmatlonb_restL_JIts, a}ndh(d) m||n|mtl_1m TeanbfquaEe channel is assumed to be quasi-static, namely channel co
ferror P(N d)d ctom ination of-channel estimates oblaiN€sicients remain constant within one OFDM symbol duration
rom and data. but change from one OFDM symbol to another. The channel

More concretely, we propose to rebuild the data symbalgpulse response (CIR) for th&® OFDM symbol is:
using the likelihood information from théemapperThen the

instantaneous data-aided channel estimates are acqsireg u
these rebuilt data symbols. As the interleaving and channel
decoding processes are not included in the feedback loep, th ‘
computational complexity is significantly reduced compiare whered|-] is the Kronecker delta functiorh,l(l) is the " filter

the turbo channel estimation. Theft symbolsre fed back in tap and is modeled as zero mean complex Gaussian random
the iterations serving as virtual pilots in the channelestion. variables. Furthermore, the channel filter taps are assumed
Since no decision is made on the rebuilt symbols, the prapoge follow the wide sense stationary uncorrelated scatjerin

L—1
hliym) =Y hy?om 1], 1)
=0



interference N
Received TDS-OFDM signal: b

| | | |
| | |
g_:r\u : OFDlM symbol i ! : COFDM symbol i+1§

Fig. 3. lllustration of the OLA process.

LOFDM symbol i+1

Equivalent ZP-OFDM signal: residual PN sequence

g N\ < OFDM symbol i '\ /<OFDM symbol i+1§ After passing the multipath fading channel, the received

signal is a linear convolution of the transmitted signal and
Fig. 2. PN removal of the TDS-OFDM signal. the channel as given in (8) which is shown in the top of next
page,
where [n]y is the residue ofr modulo N and w is the
(WSSUS) assumption, namely different taps are stahgncaf"dd't've white Gaussian noise (AWGN) with a variance of

independent, while a specific tap is correlated in time. THe.- From (8) and Fig. 2, it can be found that there are some
channel frequency response (CFR) for & subcarrier of mutual interference between the OFDM data symbols and the

the i" OFDM symbol can be obtained via aN-point FFT PN sequences due to the channel memory. In order to recover

. the data symbols, it is necessary to remove the PN sequence
over the CIR: X i X ; )
N1 from the received signal first. Since the PN sequeri®én]
H[i k] = Z h(z) —i% U @) is perfectly known by the receiver, the channel-distortéd P

sequence can be estimated by making a linear convolution of

_ _ _ _ PN sequence(?[n] and the estimated channel response:
The time-frequency correlation function of the CFR is [15]:

=0

L
¢rlp,a] £ E{H[i +p, k +qlH"[i, K]} = re[plrsla),  (3) D) =S "D m -1, —v<n<L-1. (9)
l

|
_

Il
=]

where r;[p] and r;[g] are the time and frequency domain

cor_relation functions ef the CFR, respect_ively. Concrgtel Usingé(® [n], the PN sequence is removed from the received

taking the Jakes’ mobile channel modelp] is [15]: signal as depicted in Fig. 2. If the channel is perfectly

rilp] = Jo(2mpfaTy), (4) estimated, the PN sequence and its tail can be completely

removed from the received signal. Otherwise, there will be

where Jy(-) is the zero-order Bessel function of the first kindsome residual contribution of the PN sequence in the redeive

and f; is the maximum Doppler frequency related to velocitgignal. The PN sequence removal |s expressed in (10) which

v and carrier frequency, by fs = vf./c, wherecis the speed s given in the next page, Wherzﬂh h() h(l is the

of light, T3 is the time duration of one OFDM block afld = estimation error of thét" channel tap

T, + T givenT, andT the durations of Gl and OFDM data  after removing the PN sequence, the TDS-OFDM signal is

parts respectively. The frequency domain correlatipla] is:  tyrned to an equivalent ZP-OFDM signal. Thus, the so-called
overlap and add (OLA) [3] process is performed by adding

Z ole™d Fa (5) the following GI to the beginning part of the OFDM symbol
as shown in Fig. 3. More precisely, the OLA process can be
written as:

where o2 is the power of thel™ path. Without loss of
generallty, the power of the channel is normalized so that Y (n) _ f(i)(n) _|_7:(i+1)(n_ V), 0<n<L—1. (11)

Zz 0 of = 1.

Suppose that the length of Gl exceeds that of the channel,
B. TDS-OFDM Signal Model there is no ISI between two adjacent OFDM symbols. Taking
0) into account, the received signal after removing thésGl

Fig. 1 presents the baseband model of the TDS-OFDM.. . ..

based system. Th&" OFDM data symbol is formed by-

point inverse fast Fourier transform (IFFT): L1 @
N n]zz h 2@ — 1|y +w'[n]+£€n),0 <n < N, (12)
| M=

2O = —= 3" X[, HIF ™, 0<n<N—1.  (6) =0
VN 5 wherew’(n) is the noise after OLA which is slightly colored
i - and boosted in the OLA process. The equivalent noise power
A v-length PN sequencéc”[n]}, 1 _, is then inserted ) b q P

— N+1/ o2
before {z()[n]})-; as GI. Thei™ transmitted time domain S 7 = 7y [8]- €[n] is the contribution of the residual
signal is thus: n= PN sequence in the received signal. From (12), it can be seen

that the linear convolution of the channel and data becomes a
£ ] = cDn] —-v<n<0 circular one after OLA process. Therefore, after fast Feuri
= t@n] 0<n<N-1

(7) transform (FFT), the received frequency domain TDS-OFDM



L—1
rOn) = 3 At [0 — 1] + win)
=0
Sy PO =1+ S0 M2V =y +wln] —v<n<-—v+L—1

l=n+v+1

lL;ol hl(i)c(i)[n—l]—l-w[n] v+ L-1<n<0 .
Z?:o hl(i)x(i) [n—1] + Zf:7n1+u+l hl(i)c(i) [n — 1] + wn] 0<n<L-1

lez)l hl(i)a:(i)[n—l]—i-w[n] L-1<n<N

7(®) [n] = 7@ [n] _ @ [n] |

oy Ahl(l)c(i) [n—1]+ ZZL:—an hl(l)x(i_l)[n —ly+wn] -v<n<-v+L-1
E£3AQ%@m—ﬂ+wM] v+ L—-1<n<0 10)
Siso b 2O =1+ S A D — 1] +wln]  0<n<L-1

lL;Ol hl(i):c(i) [n —1] + wn] L-1<n<N

signal has finally a similar representation as CP-OFDM: As mentioned before, the channel estimation error resaolts i
interference to the OFDM data symbols. From the analysis

N-1
Y, k]:LNZy(i)[n]e_j%"’“:H[z‘, KX [i, kl4W'[i, k] (13) 9iven in the appendix, the power of the interference is com-
Y7 n=0

puted as:
where W’ is AWGN with the same variance a®’. The 1 k=t ) v-1 )
TDS-OFDM signal can thus be easily equalized by a one-tap 91 (k] = N Z TAR, Z lc[n]
equalizer: 1=0 n=0
. Y[’ka] . 2 vl
Z[i, k] = Hli K (14) + Z2COS <qu> Z aln]*en+q]| .(18)
q=1 n=0
[1l. PN-BASED CHANNEL ESTIMATION The part in the bracket of the above equation is only de-

As specified in [4], the-length PN sequence in the GI istermined by the PN sequence and is constant for a given
composed of anVpy-length PN sequence, more specificalipeduence. Thus, the power of the interference is determined
a maximum-length sequence (m-sequence), as well as its gtg-the length of channel and the MSE of CIR estimation.
and post-circular extensions. Since any shift of an m-secgie Hence, the worse the channel estimation, the more interfer-
is itself an m-sequence, the Gl can also be treated as anoffe¢e Will be introduced to the OFDM data symbols, which
Npy-length m-sequence with its CP. If this CP is longer thaiotivates us to propose additional processing to improge th
the length of CIR, theVpn-length PN sequence is 1SI-free channel estimation results.

Using the ISI-free PN sequence, a least square (LS) channel
estimation is made for thé" OFDM symbol: IV. DATA-AIDED CHANNEL ESTIMATION

Sli, k] Wi, k] A. Instantaneous Data-aided Channel Estimate
- ——,0 <k < Npy, (15) . _—
Pli, k] Pli, k] In contrast to the classical turbo channel estimation al-

where P and S are obtained throughex-point FFT applied 9°rithm like [13], the new proposed methagkcludesthe

on the transmitted and received ISI-free PN sequenceseesfi€interlieaving, channel decoding and interleaving prsings
tively. The CIR estimate is from the feedback loop as shown in Fig. 1. In other words, the

soft data symbols used for data-aided channel estimatien ar

Hyli, k] =

= Hli, k] +

. 1 et PRIy rebuilt using the likelihood information from théemapper
hli, 1] = Npn Z H[i, k]e"Nen (16)  The soft-output demapper demodulates the complex data
k=0 symbols into Log-likelihood ratio (LLR) of bits [16]. The LR

Consequently, theV-length CFR estimatiorff; is obtained \[i,k] corresponding to thé" bit of the (i, k)th equalized
by applying N-point FFT onhli, []. The mean square error ofdata symbolZ[i, k] is defined as:
Hy is: ; _ .
_ N 1 Al[i, k] é lOg P (b[27 k’ l] 1|Z[Z, k])7
1 IE ik L K2 Lo2 & 1 P (i, k.1 = 0|Z]i, k)
EHl_NkZ:O [H i, k] = HL[i, k] }_NPN kZ:O |Pli, k]|* where theP (b[i, k,1] = 1|Z[i, k]) is the conditional proba-
(17) bility of the /™ bit equal to 1 givenZ[i,k]. The sign of

(19)




the LLR decides the corresponding bit equal to 1 or @prrelation of the CFR. Several channel estimate refinement
and its absolute value gives the reliability of the decisiompproaches are proposed in the following sections. Acogrdi
Based on the LLR, the probabilities of a bit equal to 1 ani the time-frequency range that data-aided approaches, wor
0 are P (bli, k, 1] = 1) = % and P (bfi,k,1] =0) = they are catalogued into 1-D (frequency domain) and 2-D
1 — P(bli,k,1] = 1), respectively. Then they are used as (time-frequency domain) ones.
priori probabilities to estimate the data symbols. First, the
probability that the transmitted symba{|[:, k] is equal to a
specific constellation point; is computed as the product of
the probabilities of all the bits belonging to this constgtin: The proposed 1-D refinement approaches process all the
log, 1 instantaneous data-aided channel estimates within oneMODFD
P(X[i,k = a;) = H P(b[z’, k1] = m(aj)), (20) symbol to get an imp_roved estir_nation result at each timeyOn_I
' ' the frequency domain correlation property of the channel is

whereV is the set of the constellation points of a given modue-Xploned' As the 1-D refinement approaches are carried out

lation schemey: is the modulation order ang(«;) € {0,1} na (QFDM) symbol-by-symbol fashpn_, they can track a fa§t
: th 1 ) / variation of the channel and require minimum storage cépaci
is the value of thd™ bit of the constellation pointr;. The : o ; L .

. ! .~ The OFDM symbol index is omitted in this section for the
soft data symbol is an expected value taking theoriori

L . ) sake of notation simplicity.
probabilities (20) into account: ) :
1) Moving Average:Since the channel frequency response
X[i, k] = Z aj - P(X[i, k] = aj). (21) is almost identical within coherence bandwidth [17], thesio
o, €V straightforward way to improve the data-aided estimatfotoi
8erform a moving average over the instantaneous chaniiel est
tes with a length less or equal to the coherence bandwidth.
ore specifically, the instantaneous channel estimatdsirwit
a particular range, namely within a “window”, are averaged
to get a more precise estimate for the central position of the
window. After the window sliding over all active subcarsea
oli k] = 1 X[z‘, K" Y [i, k] refined channel estimation is obtained. Concretely, theingev

B. 1-D Refinements

=1

Note that, being different from the classical decision fee
back channel estimation methods such as [10] and [15],
decision is made here in order to prevent error propagati
Directly using the soft data symbols, an instantaneousrakian
estimate is obtained over all active subcarriers by:

nxlis k] averaged CFR for thé™ subcarrier is expressed as:
=WH[2‘,/€]+ X [i, k]*W"[i, k](22)
nylis k] N i, k] _ 1 -
Hylk] = — > Hy[m]

whereWW”[i, k] is the noise and interference component with M meey,
a varianceo? ., = o, + o7, n¢li,k] = |X[i,k]|* is the 1k IR
power of the%, k)th sg;‘t dataI syr)n(bol which is used as power ~ Hlk] Z Xm)* X m] +LZM
normalization factor. Note that, the power of the constielta meo, X [m] Mm€(~)k i [m]
is a constant and known value in the uniform power constel- 1 X[m]*W”[m]
lation cases such as BPSK or QPSK. Hence,ithé, k] can ~ HU{HM onglm] OsksN-1L (9
be approximated by the power of the constellatignn order mEOk X

to red tational lexity. If the dat bol [ [— I
0 reduce computational complexity. e data symbols %ere@kz{k—LMQlJ,k—LM L4 1,... b+ [ M1y

. o 5 - . 2 2
perfectly rebuilt, e.g. SNR is high, namely[i, k] = Xi, k], is the set of subcarrier indices within the moving average
(22) turns to an LS estimator:

window with thek" subcarrier its central frequency/ is the

length of the moving average window aftl” is the noise
—_— (23) . ) !
nx i, K] and interference component. The moving average lehftis

data. Therefore the rebuilt soft data symbols, i¥€s, are  width using the estimated CIR from initial PN based channel
affected by the noise as well as the channel fades. It is quif:

ible that the i h | . DR | Stimation. The variance of the data-aided CFR estimata for
possible that the instantaneous channel estimate (22pés 'nsPecific subcarrier is:

curate and even erroneous for some subcarriers. Fortynate
as both the time delay spread and Doppler spectrum of the

channel are limited, the CFR is highly correlated, i.e. atmo 0% li k] = ]E{]H[z‘, K — HQ[“{HQ}
identical within the coherence bandwidth and coherence tim 2 R

[17]. Moreover, the coherence bandwidth spreads over akver _ IE{ ‘ 1 Z X[i,m]W"[i, m] ‘2}
adjacent subcarriers in the OFDM system with large FFT size, M N [i,m]

and the coherence time is normally longer than several OFDM ) e . 9 9

symbol durations in low and medium velocity cases. This — Twr [ X[i,m][ _ogn 1

= : = —. (25)
enables us to refine the data-aided channel estimation theng M? meo, X [i,m]>  M? meo, X [i,m]
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The MSE of the data-aided CFR estimate for ifeOFDM

symbol can be estimated by averaging (25) aVesubcarriers: . . R . T
vector isHy = [H[0], H2[1], ..., Ho[N—1]]" and the vector

N—-1
1 _ . . T
haip = 7 Z E{|H[z‘,k] B Hg[z',k]|2} form of CFR isHy = [H[0], H[1],..., H[N —.1]] . The
coefficients of Wiener filtet; are expressed as:
-1
N]\/[2 Z Z N [i,m] (26) _ o _ _ _
k=0 meO wherew; is the Ky x N coefficient matrix of Wiener filter
Specifically, given the uniform power constellation with &yith the (m,n)th elementw;[m,n], ®; = E{H, HH} -
power of7a, (R(l) +o0%. 1) is the Ky x K autocorrelation matrix of CFR
estlmat|0n samples on pilot positions obtained in (2;%)2 is
€fy1D = Z > IX[k 277X7 (27)  the variance of the estimation errflk, derived in (26)] is the
Nz 0meody, identity matrix.0; = E{HsH} = ? is the Ky x N cross-
whereijg = L ZN:—OI | X[k]|? is the mean power of the rebu”tcogrelatlon(gr;atnx of CFR estlmate$2 and the real CFR.
data symbols. R andR}™ are the autocorrelation matrix of the real CFR

2) Wiener Filtering: The proposed Wiener filtering based" the frequency domain, and its components can be computed
refinement is depicted in Fig.4. It consists of two step8y (5)- Note that the coefficients can be computed in either

averaging and interpolation. non-adaptive [18] or adaptive manners [19]. The MSE of the
A bunch of subcarriers are first selected as “virtual pilotsCFR estimate after frequency domain filtering is:

The virtual pilots are equally spaced and the spadipg(in 1 3 AT - 1 (2}

terms of subcarriers) is selected substantially fulfillitige €f, 1D = NTr (R( ) R( ) ‘I>f1R5[) ), (30)

sampling theorem [18]. More concretely, witl2a oversam-

pling ratio, L is determined so that;L/N < 1/4. Denote where Tr(-) is the trace operationRgf’) is the N x N
= the set of virtual pilots indices, i.& = {kp\k: =pLs,0 < autocorrelation matrix of CFR.

p < L J — 1}. The cardinality of= (the quantity of virtual
ilots) is i i

P Th()e mstgntaneous channel estimates within the coheret?c‘eZ'D Refinements

bandwidth around a virtual pildt, € = are averaged to geta As presented in above, 1-D refinement approaches only

more accurate channel estimdt@|k,]. Its expression can be exploit the frequency domain correlation property of the

obtained by setting: = &, in (24). Repeating the averagingchannel. More processing gain can be acquired if the time

process in all virtual pilot positions, we can gkt accurate domain correlation property is also taken into account.

CFR estimation sample&-[k,], vk, € . 1) 2-D Moving Average:Expanding the average range in
To obtain the N-length CFR estimationd>, a Wiener (24) to 2-D, namely to several consecutive OFDM symbols,
filtering [18] based interpolation is performed on these CFRore instantaneous channel estimates can be involved in the

estimation samples: moving average process. With a proper selection of the gvera
ing length in the time domain with respect to the time vaoiati

of the channel, the 2-D moving averaged results are expected
to be better than the 1-D counterpart. More specifically, the
where wylk, ky]'s are the Wiener filter coefficients com-subcarrier indices within the 2-D averaging region with the
puted to minimize the estimation MSEE{| H(k) — k" subcarrier of thei" OFDM symbol its central position

H, (k) |?}. Rearrange the samples in vector foiy = is given by the set©;, = {(p,q)|i — MJ < p <
[Hy[ko), Halk1], ..., Halki, 1]]" . Accordingly, the output i + |Me=L]  — |2z U <g<k+]

Hylk] = Y wylk, kplHalky], 0<k<N-1, (28)
k€2




moving-averaged CFR estimates are written as: optimum 2-D Wiener filter [18]. The 21-D Wiener filtering

_ 1 . is represented as:
HQ[z’k] = Z HQLP,Q]

MMy | o5 Hyi k] = wili ki) Y wylkyip, kp] Halip, kp),  (34)
il 17 l k
, 1 X[p, q*W . z
~ H[Z, k] + Mth Z ﬁ . (31) time domain  frequency domain
O, X L
PAEOLk wherew,;’s andw;’s are the coefficients of the 1-D Wiener
The variance of the estimation error in (31) is then: filter in the time and frequency domains, respectively. The

coefficients of the frequency domain Wiener filter are the

0'1%12 [i, k] = B{|Hi, k] — Hali, k]|} same as those given in (29). Let us define the filtered channel
_ ]E{‘ w” 3 X[p,q| ‘2} estimate matriH, of size Ky x K, whose(m, n)th element
Mthp 22 % [i, k] is Hz[m,n]. The output of the frequ?fncy donjam 1-D Wiener
) > filter is denoted as aiV x K; matrix H; = w?HQ, wherew ¢
_ Tw” Z 1 _ (32) is given in (29). The corresponding MSE of the estimation
(M My)? | == nx[p,d] after frequency domain Wiener filtering is shown in (30).
’ The coefficients of the time domain Wiener filter are com-
The MSE of the 2-D moving averaged CFR is: puted as:
N-1 -1
€f, 2D = % ZE{|H[i,k]—H2[i,k]|2} - i—«l;* P, 0(1;; | (35)
) ]\];i? where®, = E{H, H; } = (R,”’ + U?&gl) is the Ky x K;
_ _Twr Z Z ; (33) autocorrelation matrix of the filtered CFR estimatiszs, ozf
(M My)?N —0p,q€0, . 1X [p,d] is the variance of the estimation error derived in (39).=

ATy 2) . . .

2) 2-D Wiener Filtering: The 2-D estimate refinement and>tH2.xHi} = R;” is the K, x B cross-correlation ma'Er;x of
interpolation is carried out over a number of OFDM symbolEFR estimates for thé™ subcarrier with different timed;, ,
within an interpolation block as shown in Fig. 5. The blocland the real CFR for a particular subcarrier with differemiet
size B, i.e. the number of OFDM symbols in the block, iH:. Finally, Rgl) andR§2) are the autocorrelation matrix of the
chosen according to the constraints of latency, storage ae@l CFR in the time domain, and its components are computed
complexity. by (4).

For low-complexity consideration, some time-frequency in The MSE of the CFR estimate after time domain filtering
dices (ip, k,) € Q are pre-selected as virtual pilots; and is: 1
L, are the virtual pilot spacings in the frequency and time Efy0D = ETr (R§3) — R?)T@;le?)*) . (36)
domains, whileK; = |{-| and K; = [£ ] are the number o , o _
of virtual pilots within ohe OFDM symbol and the number According to the Jakes’ model, the coefficients of the time
of OFDM symbols including virtual pilots, respectively. @h domain Wiener filter are only determined by the Doppler
selection of virtual pilots in the frequency domain is dissed requency. Note that, since the time domain interpolation
in the previous section. The selection in the time domalfN9th is not very large, the computation of the coefficiets
should also satisfy the sampling theorem. In a similar manri"€ domain Wiener filter is not prohibitive. It should beals
as in the frequency domain, the spacing between virtd%\?t_ed _tha_t the same coefficients are used for all suk_Jc_grrlers
symbols in the time domaiii; (in terms of OFDM symbols) which indicates that the storage spent for these coeffigisnt

is selected so thalt, T}, f; < 1/4. Hence, the set of indices ofnegligible compared with the size of interleaver.

virtual pilots is© — {(z’ L )‘i L 0<p< K;—1:k, — Concerning the frequency domain Wiener filter, the coef-

gL;,0<¢<K;—1} prrasty o '™ ficients can be pre-computed according to the uniform delay
Lo == gower spectrum assumption which represents the “worst case

at (i, k,) is computed by averaging all the available CF f the mobile channel [18]. Given a virtual pilot pattern,

estimates within the coherence regién, .. The averaged :j ‘T values CJ Teh coifflmenlts ﬁ_nlﬁ' depgnd on the gn_axmt:m
estimate can be obtained from (31) by setting= i, and _”e] ay fspreaho t eﬁg annet w ICb can be measuorle .";] reality.
k = kp. Repeating this process over all virtual pilots in erefore, the coetiicients can be pre-computed with some

the interpolation block K, - Ky refined CFR estimates aretypical chan_nel situati_on_g. Even more co_mpl_exity reductio
acquired. With these more reliable estimates, the oversi C ¢a" be a}chleyed by limiting the Wiener filtering on several
estimate can be obtained via interpolation. neighboring pilots [20].

The 2-D Wiener filtering outperforms other interpolation o
techniques, e.g. linear interpolation, FFT-based intetim D- MMSE Combination
etc. [20]. The use of two concatenated 1-D Wiener filters, When both PN-based and data-aided channel estimates are
i.e. one in the frequency domain and the other in the tin@btained, a linear combination is proposed to get a final CFR
domain, significantly reduces the computational compyexiestimate:
with negligible performance degradation compared to the H = BH, + (1 - B)Hs,, (37)

Then a refined CFR estimate for the virtual pilot locate



TABLE |
COMPLEXITY AND STORAGE COMPARISON

| Method || Complexity | Storage |
| PN based method || O -logv) | v complex symbols |
Proposed | Moving average || O(N) One OFDM symbol for 1-D methods3
method Wiener filtering O(N) to O(N?) OFDM symbols for 2-D methods.
MUCKO3 [2] O(v - logv) when M < v, O(v?) otherwise M OFDM symbols?
YANGOS [11] O(K -logK) ® One OFDM symbol and one Gl
WANGO5 [1] O(N - log N) Two OFDM symbols
TANGO7 [9] O((N +v) - log(N +v)) One OFDM symbol and one Gl
STEENDAMO7 [3] O(N?) One OFDM symbol
ZHAOO08 [13] (O(N) + complexity of decoding ) for iteration| Storage should be greater than the interleav-
O(N?2) or O(N3) for final stage ing depth.©

@ The parameterV! is the length of the averaging window. It is set26 to 40 OFDM symbols for BPSK and QPSKI0 to 72
OFDM symbols for 16QAM and 20 to 240 for 64QAM.

b K is the size of FFT/IFFT used to build the received PN sequemcemake channel estimation. It can be selected fromL to
N or even largerk is set to 2048 in [11].

¢ As far as the DTMB system is concerned, the interleavingdéptL70 or 510 OFDM symbols.

where H, is a generic expression of the data-aided chanredtimation method. The complexity is evaluated in terms of
estimations which can be obtained from (24), (28), (31) eequired real multiplications and real additions for ea¢to™
(34) using different techniques. The combination is cdrdat symbol per iteration. In this paper one complex multiplicat
only for the active subcarriers while the CFR estimates o n is counted a2 real additions and! real multiplications al-
subcarriers are kept as the results obtained from the PBdbathough there exist some smarter ways requiring fewer mialtip
one. The optimum weight values,,; can be obtained using cation times. The data rebuilding process including (129) (

the MMSE criteria: and (21) need§N -y log, 1+ N -2 log, 1) multiplications and
B . Ao N -2log, p additions. The instantaneous data-aided estimation
Popt = arg i {EHH — H| }} (22) needss N multiplications and3 NV additions.

The computational complexities required by the estimate
refinement vary with respect to different strategies. Ferlh

. N A ) D moving average method, the averaging for each subcarrier
The above equation uses the fact thgtand H, are obtained with an averaging length ol requires2(M — 1) additions

from.d|ff(.erent sources anq thus L.mcorrelated.. Since thg M3Rd 2 multiplications neglecting the edge effect. Hence, the
f_unctlc_)n is convex, the,,, is obtained by settmg_the_denva-moving averaging ovelV subcarriers require8(M — 1)N
tive with respect to3 equal to zero and the solution is: additions and N multiplications. The combination of the two

Bopt = €h, (39) channel estimates requir@dV additions andd N multiplica-

P ep tep, tions. The overall basic operations gg: + 2) log, 11+ 14) N

ultiplications and2 log, i« + 2M + 3) N additions for each
eration. GivenM < N, the additional complexity of the 1-D
oving average based channel estimatio®{3V).

= argmﬁin {ﬁQEHI +(1- 5)25}}2} . (38)

where €i, is MSE of the PN-based estimation obtaine
from (17), whilee 5 is the MSE of the data-aided channe

estimation and is computed from (26), (30), (32) or (36) The 2-D moving average method, on the other hand, has

depending on different methods. v th ional lexi hat th
The proposed method can be carried out in an iteratigeenera. y the same computational complexity except that t
eraging process for each subcarrier requif@g, M, —1)N

manner. More _preC|_ser, if it has not z_;lch|eved the Prestliditions and2V multiplications and the overall required
maximum iteration times yet, the combined CFR estlmat% ditions turns to(2log, st + 2M;M; + 3)N. Given the
2 t :

(37) are used as the initial channel estimates of the nQXf, yiion 17,17, < N fulflled, the complexity is StllO(N).
channel estimation iteration for PN subtraction and symbo . o
As far as the Wiener filtering based approaches are con-

equalization. The equalized data symbols using the UpdaEee(jrned, for thek virtual pilot in each OFDM symbol, the

channel estimates are more accurate than previous itesatiq ; . . :
eraging of the instantaneous estimates in the coherence

; . . v
Henqe, more rellablg dat_a aided channel estimates can ?J%%dWIdth require2(M — 1)K real additions an®K real
acquired in the new iteration. If the the maximum iteration = . . - . ) .
: . : . ultiplications. As the coefficients of the Wiener filter is
times are achieved, the combined channel estimates owugput &

. : o | [18], the Wiener filtering needd N multiplications and
:jheecgg?nlgchannel estimates for the data equalization and F N additions. Taking the symbol rebuilding and combi-

nation into account, the overall operations for 1-D Wiener
filtering based method i®log, t+5+2K)N +2(M - 1)K
V. COMPLEXITY ANALYSIS additions and((x« + 2) log, 1+ 12+ 2K) N + 2K multiplica-
In this section, we analyze the additional computationtibns, which is betwee®(N) and O(N?).
complexity introduced by the proposed data-aided channelFor the 2-D Wiener filtering case, in each block consisting
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Fig. 6. MSE of the proposed data-aided channel estimatimgusD Moving Fig. 7. MSE of the 1-D Moving average methbeéfore combination with
Average and 1-D Wiener filtering with QPSK, in the TU-6 chdnmed SFN different averaging lengths.
channels with velocity of 30 km/h.

) frequency. The signal from these two transmitters expeégn
of B OFDM symbols, the averaging and 1-D frequency,qependent fading. The equivalent CIR of the SFN channel
domain Wiener filtering is repeatell; times which counts i5 the combination of the CIR’'s of two independent TU-6
2(N+M;M;—1)K; K; additions an®(N+1) Ky K; multipli-  channels. The propagation distance difference betweemthe
cations. Then, the time domain Wiener filtering nedSBN  gignals causes time delay and power attenuation on the decon
multiplications and additions. Therefore, the overall@piens g [14]. In this paper, the distance difference is set7to

per OFDM symbol per iterationlzor 2-D Wien%flji'te”ng base@m corresponding t®3.33 us time delay which makes the
method is((11+2) logy p+12+272 +2K,) N+ =L multipli-  oyerall length of the CIR longer than that of the CP of the
cations ano(2log2u+5+2% +2KQN+2W PN. The power attenuation is set 1@ dB. Following the
additions, which is, similar to the 1-D Wiener filtering casecomputation in [17], when the frequency correlation fuouti
betweenO(N) and O(N?). Even lower complexity can beis 0.9, the coherence bandwidths of the TU-6 channel and
achieved by reducing the size of the Wiener filter. the SFN channel ar@8.8 kHz and 2.94 kHz, respectively.
The computational complexities of proposed method ar@iven the2 kHz subcarrier spacing in the DTMB system, the
several typical existing methods [2], [3], [7], [9], [11]13] frequency domain averaging lengitti is accordingly set t®
are shown in Table I. From the comparison, we find thaind3 for the TU-6 and SFN channels, respectively. The virtual
the methodvUCKO03 achieves least computational complexitypilot spacings in the frequency and time domains are setlequa
but requires a large amount of storage. The proposed methodhe averaging lengths in each domain, respectively.
using moving average needs less complexity than rest of
other methods. In the meantime, the complexity and storage
costs of proposed method using Wiener filtering are close 1o
the methodsWANGO5, TANGO7 and YANGO08. The methods  Fig.6 presents the MSE performance of the proposed al-
STEENDAMO07 andZHAO08 spend more complexity than othergorithm with QPSK, using 1-D moving average and 1-D
techniques. Wiener filtering in the TU-6 and SFN channels, respectively.
It can be observed that the accuracy of the channel esti-
VI. SIMULATION RESULTS mation is progressively improved. The iterative estinmatio
process converges very fast. A significant improvement can
be obtained after only two iterations. More specifically, in
Simulation parameters are chosen from the DTMB sythe TU-6 channel, when the 1-D moving average is used,
tem [4]. Baseband signal bandwidth iss6 MHz. FFT size the proposed data-aided channel estimation method asquire
is 3780 which results in a subcarrier spacing 2fkHz. All  about4.1 dB gain in terms of required SNR to achieve
subcarriers are active. The length of the Gl is set te 420. an MSE level of 1 x 10~2 compared with the PN-based
The power of the PN sequence is twice as much as data syame. If the more powerful 1-D Wiener filtering technique is
bols. The COST207 Typical Urban (TU-6) channel model [2Hdopted, the gain increases 8d dB. The higher the SNR,
is employed in the simulation. The proposed algorithm the more efficient the Wiener filtering. Moreover, it shoull b
also evaluated in the single frequency network (SFN) sienanoted that the performance of using Wiener filtering aftez on
which is a spectrum efficient solution widely used in broadcaiteration is as good as the best performance that using movin
networks. In this case, the same signal is sent from tvewerage technique can achieve. This provides a less piogess
different transmitters at the same time on the same carrdglay (less iterations) trade-off with higher computagibn

MSE Performance

A. Simulation Settings
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Fig. 8. MSE performance of the proposed method after twatitams using
2-D moving average and Wiener filtering methods; = 2, M, = 9 for the
TU-6 channel andVl; = 2, My = 3 for the SFN channel. Velocity is set to
6km/h for both TU-6 and SFN channels.

Fig. 9. MSE performance of the proposed method using 2-D ®viéhering
method after two iterations with different velocitied/; = 2, My = 9 for
the TU-6 channel and/; = 2, My = 3 for the SFN channel.

complexity for each iteration. On the other hand, in the Sljg'th such a short averaging length in the time domain, the 2-

channel, since the delay spread is much longer than the C O?wethod can sitil prowqe effectlve_ est|mgt|op. For insian
the PN sequence, there is a strong ISI on the PN sequenthe prpposed method using 2-D Wler_ler filtering acquﬁas_
' dci'gam over the PN-based method in terms of the required

This can be observed from the fact that the performance . 3. .
the PN-based channel estimation is seriously degraded aérr)wlR to achieve an MSE level afx 107 with 16QAM in the

o : -6 channel. In the SFN channel, the improvement is also
appears an estimation error floor at high SNR. Furthermore, . L . -
. . . ignificant. The estimation error floor is reduced frdm10
as the averaging length is much shorter in the SFN case, a

noise mitigation ability is limited in the data-aided chahn 210 : with 16QANI| at ahSNR OBO.dB' Gl\l;en Iongerd .
estimation. Even though in such a harsh channel, the dat'[lgle omain averaging length, more gain can be expected in

; I a static channel.
aided method however offefs9 dB and8.1 dB gain in terms . . .
of required SNR to achieve MSE &f x 10-2 compared to Fig.9 presents the changing of the MSE performance with

the PN based method, when using the 1-D moving averadglr(:;ferent velocities of the receiver in the TU-6 and SFN

and Wiener filtering, respectively. Moreover, the estimmati annels. With the increase of the velocity, the variatibthe

performance is improved approximately ten times at high SI\FFE‘annEI among gor_wsecutlve OFDM s_ymbols IS more and more
region notable, which limits the accuracy in the averaging results

. . . . in (31). In low SNR region (e.g. SNR less thafi dB), the
Fig.7 depicts the impact of the averaging length to thg,anne| variation is a less significant influence that adféue
performance of 1-D moving average based method. At a IQWimation performance compared to the noise. Whereas in a
SNR_’ €.9.10 dB, the MSE IS monotonically decreasing Wlth’]i her SNR region where the noise is no longer the dominant
the increase of the averaging length. However, at a h'_ghrﬁ tor, the channel variation compromises the performarice
SNR, €.9. at30 dB, the MSE of the ayeraged estimation, proposed method. However, it should be noted that the
results is degraded with a long averaging length. Hence g, ,,seq method can still provide adequate improvement. Fo
moderate averaging length, s =7 ~ 9, is a proper choice. jgiance  in the TU-6 channel with a velocity 2 km/h, the

Considering that the data-aided channel estimation is m?ﬁ%posed method obtairs3 dB gain with 16QAM in terms
crucial in lower SNR region, it is better to bias our selemtioof required SNR to achieve MSE afx 10—, While in SFN
to a greater length. Therefor&/ = 9 is a good trade-off that channel, as the ISl is the dominant factor that affects th&MS

suits all noise level for the TU-6 channel, which coincidetw o ,ts Therefore, the impact of the channel variationd n
the selection according to the coherence bandwidth. &m'lﬁgnificant

conclusion can be drawn in the SFN channél.= 3 is the
best trade-off of the averaging length in the SFN channel.

Fig.8 shows the MSE of proposed 2-D method after twg- BER Performance
iterations. As the 1-D method is proved to be effective with In this subsection, we present the bit error rate (BER) per-
QPSK, the 2-D method is only evaluated with higher ordédormance of the DTMB system using the proposed data-aided
constellations, namely 16QAM and 64QAM. The averaginchannel estimation method. Both the convolutional intards,
length in the time domain is selected fd; = 2 which BCH code and LDPC code are included in the simulation
is a very conservative setting that only requires the chlanrie order to give a system level evaluation. The convolutiona
keeping similar within two consecutive OFDM symbols. Eveimterleaver is set tq52,240) which corresponds to a time
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Fig. 10. BER of the DTMB system with QPSK and LDPC (R=0.8) gsin Fig. 12. BER of DTMB system with 64QAM and LDPC (R=0.6) using
different channel estimation methods in the TU-6 channéh welocity of 30  different channel estimation methods in the TU-6 channéh welocity of
km/h. Iteration time is set to 2 for the proposed data-aidehoel estimation 30km/h. M; = 2, My = 9 for Moving Average (MA) and Wiener Filtering
in both 1-D Moving Average (MA) and 1-D Wiener Filtering (WEgases. (WF) cases.

-1 100 .
10 ‘ } —+&— perfect channel estimation —&— perfect channel estimation
—— PN based method PN based method
—>— proposed 1-D MA, 30km/h —>— proposed 2-D MA, 30km/h
—©— proposed 1-D WF, 30km/h "~ —©6— proposed 2-D WF, 30km/h
—H— MUCKO3, 6km/h, M=50 ; —A— YANGO08
—&— MUCKO03, 30km/h, M=20
—4A— YANGO8

BER
BER

14 15 16 17 18 18 20 22 24 26 28 30 32 34
SNR (dB) SNR (dB)

Fig. 11. BER of the DTMB system with QPSK and LDPC (R=0.8) gsin Fig. 13. BER of DTMB system with 64QAM and LDPC (R:) using
different channel estimation methods in the SFN channéi wadocity of 30  different channel estimation methods in the SFN channéi wadocity of 30
km/h. Iteration time is set to 2 for the proposed data-aideahnoel estimation km/h.M; =2, M = 3 for both moving average and Wiener filtering cases.
in both 1-D Moving Average (MA) and 1-D Wiener Filtering (WEgases.

channels. Note that the meth@@NGO07 does not adapt to

delay of 170 OFDM symbols. The mobile speed is set tethe SFN channel. Therefore, its performance is not shown in
30 km/h which introduces a maximum Doppler frequency ahat case. As the methddUCKO3 is affected by the channel
13.89 Hz, given the carrier frequen&p0 MHz. The coherence variations, its performance is presented with low mobility
time is accordingly0.0305 s and equivalent to the durationkm/h) and medium mobility30 km/h) cases. To quantify the
of 61 OFDM symbols (without Gl). The proposed method iperformance of each method, we observe the required SNR
compared with the PN-based method as well as three importentachieve a BER level 05 x 10~°. The gains obtained by
methods in the literatures, namelUCK03, TANGO7 and the proposed method are listed in Table Il. There are some
YANGO8. Since theMUCKO03 method is the least complex oneinteresting observations to be highlighted:
in the literature and th@ANG07 and YANG08 methods have 1. The proposed method outperforms the reference methods.
comparative complexity as the proposed one while providinthe proposed method achieves better BER performance than
superior performance than its predecessors sushi/A#$G05, the reference methods in almost all cases considered in the
it is interesting to take them as reference methods. simulations. More specifically, it acquires more tharp

Fig.10 and Fig.11 present the BER performance with QPS#8, 0.3 dB and 1.1 dB gains over the PN-baseUCK03
in the TU-6 and SFN channels, respectively, while Fig.1&2nd TANG0O7 methods, respectively, with QPSK in the TU-
and Fig.13 depict the BER with the 64QAM in these tw& channel. When used with 64QAM, the improvements are
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TABLE Il
SUMMARY OF THE GAINS OBTAINED USING THE DATA-AIDED CHANNEL ESTIMATION METHODS.

Gain over| Gain over | Gain over | Gain over || Gap away from
Channe| Modulation| Method PN-base method method method perfect estima-
method (dB) | TANGO7 (dB) | MUCKO03 (dB)? | YANGOS (dB) || tion (dB)
QPSK Moving average || 0.5 1.1 0.5[0.3] -0.05 0.5
TU-6 Wiener filtering 0.6 1.2 0.6 [0.4] 0 0.4
64QAM Mgvmg r?lver.age 0.3 0.5 - [> 3.0 -0.05 0.3
Wiener filtering 0.4 0.6 - [>3.1] 0 0.2
QPSK Moving average || 1.7 - > 4.3 [-0.1] 1.38 1.3
SEN Wiener filtering 1.8 - > 4.4 [0.04] 1.46 1.2
640AM M9V|ng e.lver.age > 7.0 - - > 2.0 5.8
Wiener filtering > 8.0 - - > 3.0 4.2

2 The first value is obtained witth/ = 20 given a velocity of30 km/h, while the value in the square brackets is obtained with
M = 50 given a velocity of6 km/h.

accordingly more than.3 dB, 3 dB and0.5 dB, respectively. long ISI.
In the more harsh SFN channel case, the improvements ar&. Both the moving average and the Wiener filtering tech-
more obvious. The proposed method providesdB and4.3 niques provide satisfactory performance with differerdratel
dB gains over the PN-based method andCK03 method conditions. The performance difference between two meth-
with QPSK, respectively. Compared witrANG08 method, ods is small in the TU-6 channel and in the SFN channel
the proposed method achieves similar performance in tiwth QPSK. That is to say it is convenient to use the low-
TU-6 channel. Yet, we also notice that after the partiabomplexity moving average based estimation in the common
decision-aided interference removal there still exiswdeal case. However, the Wiener filtering technique performsebett
interference in the PN sequence. The impact of the residwdath 64QAM in the harsh SFN channel where it requires more
interference is not serious when the channel delay spreatiable channel estimation. Moreover, it has been shown in
is short (for instance in the TU-6 channel). However, tthe MSE simulation that the Wiener filtering technique needs
becomes more harmful in the SFN channel. The performarfesver iterations to achieve a satisfactory estimationltesin
of YANGO08 method significantly degrades in SFN cases. Thaher words, it is suitable for the application that has kigh
proposed method outperforriy8NG08 method more thaim.3 restriction of processing time delay.
dB and 2.0 dB with QPSK and 64QAM, respectively. In Note that all the results are obtained using the powerful
addition, the residual gap between the proposed method diaPC code. More gains can be expected when weaker channel
the perfect channel estimation case turns out to be veryl.smabdings are used.
Especially in the TU-6 channel, the proposed method is only
0.2 dB to 0.5 dB away from the case using perfect channel VII. CONCLUSION
estimation. This paper proposes a novel efficient solution to the chal-
2. The proposed method is robust in different channel condénging channel estimation task in the TDS-OFDM system.
tions. It can steadily provide satisfactory performance in timéFhe presented algorithm takes basis on the classical Pédbas
varying channels as well as the channels with long time delagtimation and processes estimation refinement by expioiti
spread. The methollUCKO3 eliminates the ISI by averaginga low-complex data-aided approach. In contrast to a clalssic
the known sequence over a large number of OFDM symbdigbo channel estimation case, this new algorithm does not
and thus requires the channel to remain unchanged within thelude the decoding and interleaving functions when iebui
averaging window. It is consequently not robust in face ef thing the data symbols in order to reduce the computational
time-varying channel condition. In addition, it is not eifiat complexity. This enables the new proposed method to be
with higher order constellations such as 64QAM. In contrashtegrated in systems which contain extremely long interés
the proposed method performs channel estimation over omlyd sophisticated channel decoder like the DTMB system. The
either one (1-D case) or two OFDM symbols (2-D casejebuilt soft data symbols are used as virtual pilot for datied
Therefore, it has stronger immunity to the channel vanretio channel estimation. In order to suppress the noise exigting
Moreover, the SFN channel has extremely long time deldlye data-aided channel estimates, several techniquesling!
spread with strong echoes and is thus recognized as the mmeving average and Wiener filtering in 1-D and 2-D have been
difficult situation for the channel estimation. For instanthe conducted. The cooperation of these refining techniques and
methodTANGO7 suffers from the interference from previoughe soft symbol feedback enables reliable data-aided @hann
OFDM symbols and does not adapt to the SFN channel. Testimation without intensive computation. Simulationutes
performance offANG08 method significantly degrades in theshow that the new proposed data-aided channel estimation
SFN channel due to the interference as well. In contrast, talgorithm provides satisfactory performance even oftery ve
proposed method exploits the OFDM data symbols to refiotose to the perfect channel estimation case. Compared to
the channel estimates obtained from the PN-based estmatiaready existing techniques, the proposed method performs
which can provide reliable channel estimation in preserfce wery well in various transmission cases, including the 680QA



constellation, long delay spread channels and mobilitpace [4]
ios. Note that the use of the novel low-complex data-aided
channel estimation algorithm presented in this paper is n
limited in TDS-OFDM. In fact, it can be easily adopted by the
traditional CP-OFDM systems where the pilot assisted cbhnn[el
estimate will serve as the initial estimate.

APPENDIX 7]

INTERFERENCERESULTED FROMIMPERFECTPN

REMOVAL (8]

13

J. Song, Z. Yanget. al,“Technical Review on Chinese Digital Terrestrial
Television Broadcasting Standard and Measurements on Sdrieng
Modes,” [EEE Trans. Broadcastvol.53, no.1, pp.1-7, Mar. 2007.

] W. Zhang, Y. Guanet. al,“An Introduction of the Chinese DTTB

Standard and Analysis of the PN595 Working Model§&EE Trans.
Broadcast, vol.53, no.1, pp.8-13, Mar. 2007.

B. Muquet, Z. Wang, G. B. Giannakis, M. de Courville andDhamel,
“Cyclic Prefixing or Zero Padding for Wireless Multicarridiransmis-
sions?,"IEEE Trans. Communvol. 50, no.12, pp.2136-2148, 2002.
J. Wang, J. Song, Z. Yang, L. Yang and Jun Wang, “Framesrtie
analysis of zero-padding OFDM over deep fading wirelesschbs,”
IEEE Trans. Broadcaswol.52, no.2, pp. 252-260, Jun. 2006.

B. Song, L. Gui, Y. Guan, W. Zhang, “On channel estimatiord equal-
ization in TDS-OFDM based terrestrial HDTV broadcastingstsyn,”

Take (10) and (11), and suppose that the PN sequences arelEEE Trans. Consum. Electrgnvol. 51, no. 3, pp. 790-797, Aug. 2005.

identical for all OFDM frames, the residual PN sequence il
the received signal is written as:

L—1
&n] = Z Ahien =1],, 0<n<uv. (40) [l
1=0

. L [11]
The interference for thét" subcarrier is thus:

1 = .
T = = 3 elnle ¥
n=0

[12]

L—-1 v—1
B %NZAhch[n—me-j%”k. (41) [
=0 n=0

Denotec[n —1],, by ¢[n], representing a circular shift éfits [14]

of sequence[n] towards right side.
Using the US assumption, i.&[h;h,] = 5[l — U], the
power of the interference is:

[15]

[16]
o3 [k] = B{I[k]*I[k]}
L—1 v—1 [
1 % —j2m no—ni
- N oAn, Y aln]enale ¥ ", (18]
=0 n1,n2=0

whereoy, = E[AR,|?] is variance of the estimation errorj;g
of the ™ channel tap. Substituting;, ns by ¢ = ns —n; and
n = nq, it yields:

L-1 v—1
1
] = =3 o, | letn?
=0 n=0

v—1 v—1—gq
2T
+ 2cos | —k caln|®c[n +

> (Nq);oml[ d

[20]

[21]

(42)
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