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Abstract—We propose a time delay estimator for known sym- symbol: time offsets can cause inter carrier interferemCé) (
bol padding (KSP) orthogonal frequency division multiplexing  and IBI [9], [10]. For CP-OFDM, several time delay estimatio
(OFDM) in a multipath fading environment. The estimator makes 5 44rithms have been proposed in the literature. The asithor

use of pilot symbols in the guard interval and known pilot . ; N .
carriers. The performance of the estimator is illustrated by means of [1] derive the maximum likelihood (ML) estimator for

of simulation results for the mean squared error (MSE) and tre @ time delay in the presence of additive white Gaussian
bit error rate (BER). There is a degradation in performance noise (AWGN). The redundancy of the cyclic prefix and pilot
compared with a receiver with perfect synchronization, espcially  symbols on the carriers are exploited. The blind estimator o
for high Es/No, but the KSP-OFDM system with the proposed 11 s 4 special case of the previous estimator and only make
estimator outperforms a cyclic prefix OFDM system with the . . .
time delay estimator from [1]. use of the cor.relatlon of the cyclic p_reflx and the |f':lSt samiple
of the transmitted OFDM block. A time delay estimator that
. INTRODUCTION makes use of a specially designed training symbol is prapose
The number of wired and wireless services has increasetha[12] for the AWGN channel. However, as it does not
lot during the last years. This increase has made it negessamploy all available information, the estimator is suboyati.
to find a technique that combines high data rates withla[13], the ML time delay estimator is derived in the case of
high reliability. Orthogonal frequency division multipieg dispersive channels under the assumption of perfect channe
(OFDM) is a strong candidate as it is a flexible technique themowledge. The estimator uses the cyclic prefix only. Howeve
can support high data rates, and is able to combat frequemsyit is in practice very difficult to obtain a channel estienat
selective channels [2]. These advantageous properties haithout knowledge about the time delay, the performance of
made OFDM a hot research topic and the OFDM techniqtfés estimator can be seen as a lower bound on the performance
has already been applied in various standards like digiidiioa of an estimator which does not assume any knowledge about
broadcasting (DAB) [3], digital video broadcasting (DVB}][ the channel.
in modems for digital subscriber lines (xDSL) [5], in wirele ~ To our knowledge, no research has been done about time
local area networks (WLAN) [6], ... delay estimation algorithms for KSP-OFDM. This motivated
An OFDM system can be efficiently implemented by thes to derive an ML-based timing delay estimator for KSP-
usage of fast Fourier transforms (FFT), which is a gre@FDM in dispersive channels. The performance of the pro-
advantage. Before the transmission, an inverse FFT (IFFI9sed estimator is compared with the estimator for CP-OFDM
is applied to the information to be transmitted, in order toom [1] in terms of the mean squared error (MSE) of the time
convert the data that are modulated in the frequency domaielay estimate, and in terms of the bit error rate (BER).
on the diﬁerent (.:ar.riers into a timg QOmain sigqal. Further Il. SYSTEM MODEL
a guard interval is inserted to avoid inter block interfex@n ) ) .
(IBI) between successively transmitted OFDM blocks. In the CONsider a KSP-OFDM system witiN carriers and
literature, there exist different types of guard intervalse two 2 9guard interval of lengthv. M is defined as the to-
most popular guard interval techniques are the cyclic preiI&I number. of tran;mltted pilot symbols of whicl
(CP) and the zero padding (ZP) techniques [7]. In the cycff® (ransmitted during the guard interval ard —v
prefix technique, the guard interval is transmitted befaehe O the carriers. On the different carriers we trans-
OFDM block and consists of the last samples of the OFDRfit @ block of symbols a = (a(0), ..., a(N—1))

block. In ZP-OFDM, the guard interval is filled with zerog.i. CONsisting of M —v pllc%t symbols denoted ashe =
during the guard interval no signal is transmitted. In thapgr (P ©), ...; b(M—v—1))" and N +v—-M dTata symbols
however, we will consider a third guard interval techniqué€noted asa=(a4(0), ..., a(N+v—-M—1))". The guard
i.e. the known symbol padding (KSP) technique [8]. In thi{térval consists OfVT pilot symbols denoted ashg =
technique, the guard interval is filled with known samples ¢Ps(0), - bg(v—1))". We defineEs as the transmitted
pilots. energy per symboEs=E [|a(n)|2} =E [|bg (k)ﬂ . The trans-

Synchronization of the OFDM receiver with the OFDMmitted symbola is modulated on the different carriers using
transmitter requires to find the starting point of the OFDNhe N-point IFFT. The guard interval is inserted after tNe



) transmitter where r = (r(ko), ..., r(k0+N+v+L—2))T,
| | | | w = (W(ko), ..., Wko+N+v+L—2)", s is defined
U in (1 and H is the (N+v+L—1) x (N+V)
NT vl Toeplitz channel matrix whose entries are defined as
blocki—1 block i blocki+1 (H)j,1;=h; i=0, ..., N+v—1. The contribution of
the useful signal in (4) can be written as the sum of the
b) receiver B contribution of the data symbols and the pilot symbols:
N N Hs = Hysy + Bh )
! t
observation interval where Hy consists of the firstN columns of H and

B is the (N+v+L—1) x L Toeplitz matrix with entries
(Blisiiniy-1i=b; I=0, ..., L-1.
Figure 1. Time-domain signal of a KSP-OFDM block a) transecitsignal For data detection, the contribution from the pilot symbols
b) received signal and observation interval of the guard interval is first subtracted from the receivegai,
and the last samples of the observation interval are added to
the firstv samples of the OFDM symbol (see figure 1b). The

IFFT outputs. The samples of the transmitted time domar'gsulting block ofN samples is then applied to the FFT.

signals= (s(0), ..., s(N+v—1))T are given by
N FHa 1. TIME DELAY ESTIMATION
S=1/ N—( b ) (1) In this section we derive an ML-based estimator for the
+V g . . .. - .
time delaykp, starting from the joint log likelihood function
whereF denotes thé\ x N FFT matrix with element$F), | = of ky and h. We derive the algorithm under the assumption
ANeijH%'; k] =0, ..., N—1. Figure 1 shows the time that only one OFDM block is transmitted, so before and after
agmain signal. We define the Vect(g§andsd as the OFDM block only noise is received. In the simulation
results section, we will evaluate the proposed algorithm in
s, = /Lprc a continuous transmission mode, where continuously OFDM
N-+v symbols are transmitted.
N The joint ML estimate ofkg and h can be obtained by
M= N+VFdad maximizing the log likelihood function oky and h, i.e.

whereF, consists of theM —v columns ofF" which corre- Alko, ). given by (see appendix)

spond to the pilot carriers arigy is given by theN+v —M

1
columns of FH that correspond to the data carriers. §p Ao, ) :7§|09det(R)

can be seen as thd-point IFFT of the pilot carriers only, 1 [ k-1 5 +o0 )

while sy is the N-point IFFT of the data carriers only. We N ( > Irk)I°+ Ir (k)| )
defineb as the total transmitted pilot signal, bacollects the k=—e k=ko+N+v+L-1

contribution from the pilot carriers and the pilot symbafs i —(r th)H R-1(r—Bh) (6)

the guard interval where defR) is the determinant of the matriR, andR is

defined as

Sp
b= / . 2) - NEs HiH
< lebg ) R—Nol +N——|—\}HdFdFd Hd' (7)

The sampless are transmitted over a frequency selectivéhe maximization of (6) with respect tois difficult because
channel with an impulse response of lendthdenoted as of the presence O%HdFdFyHQ in the matrixR. To solve
h=(h(0), ..., h(L—l))T. In order to avoid inter block this problem we simplify the log likelihood function (6) by
interference, the length of the guard intervas chosen so that neglecting,\']‘f\s, HaFaF{HY in R, which means that we neglect
the guard interval exceeds the duration of the channel iseputhe contribution from the unknown data symbols
responsev > L — 1. The received signal(k) can be written

as - A(kg, h) = —% logdet(Nol )
r(k) = %h(l)s(k—%—l)+w(k) (3) 1 (

1= i

No

—+00

S |r(k)|2—rHBh—hHBHr+hHBHBh> . ®)
wherekg is the integer time delay and (k) is additive white k==eo
Gaussian noise with varianddy and zero mean. Note thatThe first two terms in (8) do not depend kfandh, and can

s(k) =0 fork> N+v andk < 0. Expression (3) can be writtentherefore be neglected. The estimatenagivenk is obtained
in the following matrix form by deriving (8) with respect th and results in

r=Hs+w (4) A (ko) = (B"B) ‘BMr 9)



When we substitute this estimate bfin (8) we obtain the ,

function I (kg) which only depends oky: ! | | [ orow e a0
1 10° B—— - — —#— KSP-OFDM estimator (M=200) | |
— = —&— CP-OFDM estimator (M=200
I (ko) = 7-r"B (B"B) "BMr. (10) —
0 10° — 3
The estimate okj is then given by ol N ]
o = argmax(T (ko)} 1y T
Although we derive the joint estimate &f andky in this ol
algorithm, only the estimate fdg is used. Indeed, the estimate
for h will perform badly at high SNR, as the contributions 0° ¢
from Fhe _data symbols in (_6) and (7) have been neglecte ol — ]
resulting in an error floor in the MSE df and the BER
(see [14] and [15]). The derivation of the estimate lofs wl ~ . . . . S
only needed to remove its contribution from (8) in order t BN (49)

obtain a simple expression for the estimate&kgfFor channel

estimation, better estimators are available in the litggate.g. Figure 2. MSE results for a frequency selective chaninet,50, N = 1024,
[16], [17], having better performance at high SNR than the= 100

estimator (9).

If we take a closer look at (10), we see that the functic o7
I (ko) computes the correlation between the received sigr
and the pilot vectob at L successive time instants as can b o6t
seen from the matrix produd@™r. The estimator (11) tries
to find theky that maximizes a function of the successive o5t
correlations between the received signal and the pilotovect <
04r
IV. SIMULATION RESULTS (;o
E‘/ 0.3F

In this section the performance of the time delay estimat
is evaluated by means of simulations. We compare the perf
mance of the estimator with the ML time delay estimatio
algorithm for CP-OFDM from [1]. We consideN = 1024
sub carriers and a guard interval of length- 100 for KSP-
OFDM and CP-OFDM respectively. To make a fair compa 0 ‘ ‘ ‘ ‘
ison between CP-OFDM and KSP-OFDM, we assume th e e w0 20 o o
the number of pilot symbols transmitted on the carriers @ tt. oo
CP_QFDM signal is equal tM —v. The transmitted symbols Figure 3. Histogram of the time delay estimation error fa KSP-OFDM,
consist of randomly generated QPSK symbols. Although veg/N, =20 dB, M = 100
derived the estimator fokg under the assumption that only
one OFDM block is transmitted, we simulate a continuous
transmission of OFDM symbols. As we want to focus on th€SP-OFDM estimator decreases while the MSE of the CP-
impact of time delay estimation errors, it is assumed for tH@FDM estimator does not change much. This indicates that the
simulation of the BER that possible phase rotations of theerformance of the estimator [1] is not robust to a dispersiv
symbol constellation caused by time delay estimation syrochannel.
are perfectly compensated and that the channel is perfectlyFigures 3 and 4 show a histogram of the estimation error
estimated after the time delay estimation. For KSP-OFDMy — kg for the KSP-OFDM estimator and the CP-OFDM
these assumptions mean that the interference caused by mkiimator respectively fdEs/No = 20 dB. For these figures, we
symbols from the guard interval can be perfectly removed. only put pilot symbols in the guard interva(=v). In almost

The performance of both estimators in a dispersive chan€% of all simulated cases, the KSP-OFDM estimator finds the
is shown in figures 2-7. We consider a frequency selectiveal ko and in more than 90% of all simulated cases, we find
Rayleigh fading channel consisting &f= 50 channel taps. that|ko— ko\ < 2 samples. The performance of the CP-OFDM
Figure 2 shows the results for the MSE on the time del@stimator is much worse: the trig is almost never found and
estimate. The KSP-OFDM estimator outperforms the estimatess than 1% of all cases results|k@— ko| < 2 samples.
for CP-OFDM as could be expected: our estimator takesFigures 5 and 6 show a histogram of the estimation error
the dispersive nature of the channel into account while tke — kg for the KSP-OFDM estimator and the CP-OFDM
estimator from [1] was designed for an AWGN channel. Whesstimator respectively fdfs/No = 20 dB and 100 pilot carriers
we add extra pilot carriers, we see that the MSE of th = 200). The KSP-OFDM estimator finds the rdal in
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Figure 7. BER results for a frequency selective chanbe}, 50, N = 1024,

Figure 5. Histogram of the time delay estimation error f& KSP-OFDM, v — 100

Es/No = 20 dB, M = 200

neglection of the data symbols in the channel estimate used t
more than 90% of all simulated cases and in more than 9%4timate the timing offset. As can be seen on the figure, the
of all simulated casegko—ko| is smaller than or equal to performance of the KSP-OFDM estimatoris further improved

2 samples. Hence, a large improvement is obtained by usifg adding extra pilot symbols on some carriers.
100 pilot carriers in the proposed estimator. The perfoicaan

of the CP-OFDM estimator does not benefit from the pilot V. CONCLUSION
carriers: the performance is similar to the case withouttpil \We have derived a time delay estimator for KSP-OFDM in
carriers. multipath fading environments. The estimator is based en th

The BER results for a dispersive channel are shown aorrelation between the received signal and the pilot sysnbo
figure 7. We see that the KSP-OFDM estimator exhibits ia the guard interval and the correlation between the reckiv
lower BER than the CP-OFDM system with the time delagignal and the time domain contribution from the pilot cansi
estimator from [1]. Both estimators exhibit an error floor foWe compared the proposed time delay estimator with the ML
higher Es/No, but the CP-OFDM has a significantly highettime delay estimator for a CP-OFDM system [1]. The KSP-
error floor. This error floor of the proposed estimator is eaus OFDM system with our estimator outperforms the considered
by the assumptions made in the derivation of this estimat@P-OFDM system. The KSP-OFDM system with our time
i.e. that only one OFDM symbol is transmitted whereas in thaelay estimator results in a lower BER than the considered CP
simulations continuous transmission is considered, anthéy OFDM system. We have seen that adding extra pilot carriers



improves the performance of our estimator while the estimat
for the CP-OFDM system does not benefit from the extra pilofy;
symbols.

APPENDIX [2]

For the derivation of the time delay estimation algorithm
we assume that only one OFDM block is transmitted. This
means that before and after the OFDM block, only whit%]
Gaussian noise is received. We definegas the vector of all

observations: -
5
lew={r(k)[ k=—c, ..., too}

The contribution of the unknown data symbols in the receivetf!
OFDM block r can be modelled as an extra noise term.
Each element of the vectay consists of a large weighted [7]
sum of i.i.d random variablegy (if the number of data
carriers is sufficiently large) and can therefore be modedle 4
a Gaussian random variable. Assuming the joint probability
density function ofsy is Gaussian, it has zero mean and
covariance matrix equal t%%EstFg'. The distribution of (9]
the observation., given kg, the channel impulse responke
and the pilot vectord. andby is given by

p(r°°|k07 h7 bCa bg):

(20]

1 1 [ kel [11]
C(det(R)) Zexpy —- | 5 (W)
No \ &,
[12]
+o0 5
+ Ir (K|

k=ko+NFv+L—1
1 (r—Bh)"R(r— Bh)) } (12)
[14]

0
whereC is some constant, deR) is the determinant of the
matrix R, and the covariance matrR is defined as

(23]

NE 1ol
R = Nol + ——HgFqFTHY.
ol Ny ardd M

The log likelihood function oky andh, neglecting irrelevant [16]
terms, is then given by

—% logdet(R)

1 [kt )
N kzm\r(k)l +

~ L r—Bn)"RI(r-Bh) (13)
No

A(ko, h) 17
4o )
Ir (k)|
k=ko+NFv+L—1
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