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Abstract—We propose two time delay estimators for padding (KSP) technique [8]. In this technique, the guard
known symbol padding (KSP) orthogonal frequency division interval is filled with known samples or pilots.
multiplexing (OFDM) in a multipath fading environment. Synchronization of the OFDM receiver with the OFDM
Both estimators make use of pilot symbols in the guard . ) . - .
interval and known pilot carriers and take the frequency transmltte_r requires to find the Sta_rtlng p0|n_t of_the OFDM
selectivity of the channel into account. The performance of Symbol: time offsets can cause inter carrier interference
the estimators is illustrated by means of simulation resut  (ICI) and IBI [9], [10]. For CP-OFDM, several time delay
for the mean squared error (MSE) and the bit error rate  estimation algorithms have been proposed in the literature
(BER). There is a degradation in performance compared Tha gythors of [1] derive the maximum likelinood (ML)

\r/]vlglrr\] an,SE'V%LQN &klsg?gligl\: yg)c/:?trgr?]lsz a&ci)t?]‘ ﬁfg e;;ggﬁgd estimator for a time delay in the presence of additive white

estimators outperform a cyclic prefix OFDM system with ~Gaussian noise (AWGN). The redundancy of the cyclic
the time delay estimator from [1]. prefix and pilot symbols on the carriers are exploited.
The blind estimator of [11] is a special case of the
previous estimator and only makes use of the correlation

The number of wired and wireless services has inef the cyclic prefix and the last samples of the transmitted
creased a lot during the last years. This increase h&~DM block. A time delay estimator that makes use of
created the need for a technique that combines high daaspecially designed training symbol is proposed in [12]
rates with a high reliability. Orthogonal frequency dieisi for the AWGN channel. However, as it does not employ
multiplexing (OFDM) is a strong candidate as it is aall available information, the estimator is suboptimal. In
flexible technique that can support high data rates, af3], the ML time delay estimator is derived in the case
is able to combat frequency selective channels [2]. Thesd dispersive channels under the assumption of perfect
advantageous properties have made OFDM a hot reseattannel knowledge. The estimator uses the cyclic prefix
topic and the OFDM technique has already been appliezhly. However, as it is in practice very difficult to obtain a
in various standards like digital audio broadcasting (DABgthannel estimate without knowledge about the time delay,
[3], digital video broadcasting (DVB) [4], in modems for the performance of this estimator can be seen as a lower
digital subscriber lines (xDSL) [5], in wireless local areabound on the performance of an estimator which does not
networks (WLAN) [6], ... assume any knowledge about the channel.

An OFDM system can be efficiently implemented by Common to the time synchronization algorithms pro-
the usage of fast Fourier transforms (FFT), which is posed for CP-OFDM is the non-negligible degradation
great advantage. Before the transmission, an inverse FEdused by the residual timing error at high signal-to-
(IFFT) is applied to the information to be transmittednoise ratios (SNR) in the presence of a fading channel. In
in order to convert the data that are modulated in th|4], it is shown that CP-OFDM and KSP-OFDM have
frequency domain on the different carriers into a timeessentially the same performance when the guard interval
domain signal. Further, a guard interval is inserted téength is much smaller than the number of carriers. As
avoid inter block interference (IBI) between successivelthis is the case in all practical situations, it motivated
transmitted OFDM blocks. In the literature, there existus to consider the timing synchronization problem for
different types of guard intervals. The two most populaKSP-OFDM, where the pilots are spread both in the time
guard interval techniques are the cyclic prefix (CP) andnd the frequency domain. To our knowledge, no research
the zero padding (ZP) techniques [7]. In the cyclic prefihas been done about time delay estimation algorithms for
technique, the guard interval is transmitted before eaddSP-OFDM. Both the pilot symbols in the guard interval
OFDM block and consists of the last samples of thand the pilot symbols on the pilot carriers are exploited by
OFDM block. In ZP-OFDM, the guard interval is filled our estimator. The performance of the proposed estimator
with zeros, i.e. during the guard interval no signal ids compared with the estimator for CP-OFDM from [1] in
transmitted. In this paper however, we will consider derms of the mean squared error (MSE) of the time delay
third guard interval technique, i.e. the known symbokstimate, and in terms of the bit error rate (BER).

I. INTRODUCTION
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Fig. 2. Definition of the received signal vector

The samples; are transmitted over a frequency selec-
tive channel with an impulse response of lenggttienoted
ash = (h(0), ..., h(L—1))". In order to avoid inter

Time-domain signal of a KSP-OFDM block a) transnditte Plock interference, the length of the guard intervais

chosen so that the guard interval exceeds the duration of
the channel impulse response> L — 1.

The receiver takes a block of samples
r=(r(0), ..., r(2(N+v)+L—3))". Every transmitted
OFDM block, which has a duration dfl +v samples,

guard interval of length. M is defined as the total number contributes toN +v +L —1 successive samples of the

of transmitted pilot symbols of which are transmitted
during the guard interval and! —v on the carriers.

received signal after transmission over a channel with an
impulse response of samples. The vector contains

On the different carriers, we transmit blocks of symboléh€ total contribution from only one OFDM block (along

a = (a(0), ..., a(N—1))" consisting ofM —v pilot
symbols denoted abc = (be(0), ..., be(M—v—1))T
and N +v — M data symbols denoted as;lfjI> =

(ag”(O), e ag'>(N+v—M—1) T. The guard inter-
val consists ofv pilot symbols denoted ady =

(bg(0), ..., by(v—1))T. We defineEs as the transmit-
ted energy per symboEs = E {|a4 (n)\z} —E [\bg(k)ﬂ.

The transmitted symbol vecta is modulated on the
different carriers using theN-point IFFT. The guard
interval is inserted after theN IFFT outputs. The
samples of the transmitted time domain sigrsl=

(s(0), ..., s(N+v—1))T are given by

/N FHa
S N+v bg
where F denotes theN x N FFT matrix with elements

(P = \/—lNe*jznkN'; k=0, ..., N—1. Figure 1 shows
(i)

the time domain signal. We define the vects,g;sandsdi

(1)

as
[N
i _ N (i)
S =\ Ny e (3)

where Fj, consists of theM —v columns of F* which
correspond to the pilot carriers arig} is given by the

N-+v—M columns of F" that correspond to the data
carriers. Sasp and sg” can be seen as the pilot and data

signal in the time domain respectively. We definas the
total transmitted pilot signal, dmcollects the contribution

with partial contributions from adjacent blocks) because
of its length. We assume that this block has the index
i = 0 without loss of generality. The starting poikg of
this block in the received signal vectoris not known
and has to be estimated (see figure 2).

For the detection of the data symbols transmitted in
block i, we take theN + v received samples from the
observation interval corresponding to bloclkas can be
seen in figure 1. The contributions from the pilot symbols
of the guard intervals (dark gray areas on figure 1) are
first subtracted from the received signal. The resulting
system can be seen as a ZP-OFDM system. Now for data
detection in a ZP-OFDM system ([7]), the lassamples
of the observation interval are added to the firseamples
of the OFDM symbol (see figure 1b). The resulting block
of N samples is then applied to the FFT. Finally per carrier
symbol detection is performed.

IIl. TIME DELAY ESTIMATION

In this section we derive the estimator fiy starting
from the joint likelihood function ofkg and h for the
observatiorr. We drop the block indek= 0 for notational
convenience. To keep things simple, we assume that
r only contains noise besides the contribution of the
considered transmitted OFDM bloak. We definerg as
the subvector ofr that collects the contributions from
s rog=(r(ko), ..., r(ko+N+v+L—2)". Because of
the already mentioned assumption, the vectpcan be
written as
ro=Hs+w

(®)

where s is defined in (1) (withi = 0), H is the
(N+v+L—1)x (N+v) Toeplitz channel matrix whose

from the pilot carriers and the pilot symbols in the guarentries are defined ad),,,, ., =h; 1 =0, ..., N+

interval

(4)

]

Sp
N .
N+v bg

v—1andw = (W(ko), ..., W(ko+N+v+L—2)" is

1We only use this assumption to derive the estimator, for iimeils-
tions we will consider a continuous transmission of OFDMck&



the noise vector, where/(k) is white additive Gaussian A second estimator can be obtained by totally neglecting
noise with variancéNy and zero mean. The contributionthe contributions of the unknown data symbols in (8).
of the useful signal in (5) can be written as the sum of th&his means that we neglegt in (8) andRa in (9). In
contribution of the data symbols and the pilot symbols:that case, the estimate bfgivenkg is given by

Hs = Bh+Ah (6) A (ko) = (B"B) "B ro (13)

where B and A are the (N +V+L—1) x L ToeplitZ and the estimate dfo is then given by

matrices with respective entrig®).,,, 1) = b and -

(A)yin-1 =St 1=0, ..., L—1. ’ ko = argmax(T™z (ko) } (14)
The distribution of the received signal vectorgiven

ko, the channel impulse responsgand the data symbol with 1 e b 1o
vectorag is given by M2 (ko) = Ng'0 B(B"B) "Bro. (15)
p(rlko, h, ag) = Although we derive the joint estimate &f andkg in

1 (o1 2AN+v+L-2) this algorithm, only_ the estimate fdg is l_Jsed. Indeed,
Cexp{ —— |r(k)|2+ g |r(k)|2 the estimate foh will perform badly at highEs/Np, as
No k;) k=ko+NFv+L—1 the contributions from the data symbols in (8) and (9)
1 H have been either neglected or replaced by their means,
exp{—N—O [fo—(B+A)h[" [ro— (BJFA)h}} (7)  resulting in an error floor in the MSE df and the BER
. . . . .(see [15] and [14]). The derivation of the estimatehds
whereC is some irrelevant constant. This expression sulﬁ)nly needed to remove its contribution from (9) in order

dependsdon thethunknokwn datda tsymbaﬁ;,alnd' hascito l?[e to obtain a simple expression for the estimatekgfFor
averaged over the unknown data Symbois In order to t3:“?1annel estimation, better estimators are available in the

useful_for our estimation proble_m. '!'his ave_raging s rathqfterature, e.g. [16], [17], having better performance at
complicated so we have to simplify (7) first. For smallhigh Es/No than the estimators (10) and (13).

values ofx, exp(x) can be approximated by the first two If we take a closer look at (11) and (15), we see that

terms of its Taylor SErIes, 1.€. efp ~ 1+x for |)_(| <1 the functionsl 1 (ko) and 2 (kg) compute the correlation
So for low Es/No, expression (7) can be approximated b3f)etween the received signal and the pilot vedioat L

p(rlko, h, aq) = successive time instants as can be seen from the matrix
T productBro:
c ko—1 ; 2(N+v+L-2) )
C—N— Z)|r(k)| + ’g Ir (k)| N-1
0 é: k=ko-+NFv4+L—1 (B"ro), = 5 r(ko+1+K)(sp (k)"
K=0
~ g o= B+AN [ro—(B+AN]. (8) \/Tvl
— N | +N+K)(bg(k)* (16
Averaging (8) over the unknown data symbols is easy - N+v kZO (o 1N+ (b (k)™ (16)

now as we only need to compute the averages and
AHA: E[A] =0and E[AHA] = Ra (See appendix for the
computation ofRp). This yields forp(r |ko, h)

wherel =0, ..., L—1. Both the estimators (12) and
(14) try to find theko that maximizes a function of the
L successive correlations between the received signal and
p(r ko, ) = the pilot vector.
C{l—i[rHr—rEBh—hHBHro] _ I\_/' SIMULATION RESULTS |

No In this section the performance of our time delay
estimators is evaluated by means of simulations. We
compare the performance of the estimators with the ML
time delay estimation algorithm for CP-OFDM from [1].
We considerN = 1024 carriers and a guard interval
of lengthv = 100 for KSP-OFDM and CP-OFDM re-
spectively. To make a faif comparison between CP-
R 1 OFDM and KSP-OFDM, we assume that the number
h(k) = (B"B+Ra) B"rg (10)  of pilot symbols transmitted on the carriers in the CP-
OFDM signal is equal t&1 —v. The transmitted symbols
consist of randomly generated QPSK symbols. Although
we derived the estimator foky under the assumption

(ko) = irHB (BHB+ RA)fl BMro. (11) that only one OFDM block is transmitted, we simulate a
No
; ; ; 2By taking N, v and the numbeM —v of pilot carriers the same for
The estimate oko Is then given by both CP-OFDM and KSP-OFDM, we obtain the same data throughpu
% —arg max{rl(ko)}. ( ) and, assuming perfect synchronization and channel knoeledssen-
ko

1 HgH

— N_oh (B B+RA)h}. 9)
The ML estimates ofky and h can be obtained by
maximizing (9) with respect td& and h. The estimate
of h givenkg is obtained by deriving (9) with respect to
h and results in

When we substitute this estimate lofin (9) we obtain
the functionl" 1 (ko) which only depends oko:

tially the same BER.
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outperform the estimator for CP-OFDM as could be

continuous transmission of OFDM symbols. As we wanexpected: our estimators take the dispersive nature of the
to focus on the impact of time delay estimation errors, iehannel into account while the estimator from [1] was
is assumed for the simulation of the BER that possibldesigned for an AWGN channel and so this estimator
phase rotations of the symbol constellation, caused kg not robust to a dispersive channel as opposed to our
time delay estimation errors, are perfectly compensategstimator. The KSP-OFDM estimator 2 outperforms the
and that the channel is perfectly estimated after the tinféést KSP-OFDM estimator for higheEs/No.
delay estimation. For KSP-OFDM, these assumptions Figures 4 and 5 show a histogram of the estimation
mean that the contributions from the pilot symbols fronerror ko — ko for the KSP-OFDM estimators and the CP-
the guard interval can be perfectly removed from th€©FDM estimator respectively fdEs/No = 20 dB and 100
received signal. In the figures and in the accompanyingilot carriers M = 200). The first KSP-OFDM estimator
text, the KSP-OFDM estimator from (12) which takesfinds the truekg in more than 80% of all simulated cases.
the unknown data symbols in to account, is call&é®- The second KSP-OFDM estimator performs even better
OFDM estimator 1', while the estimator from (14) which and finds the reakg in more than 90% of all simulated
totally neglects the contributions from the unknown dataases. For both KSP-OFDM estimators, the estimation
symbols, is calledKSP-OFDM estimator 2'. error |R0—ko| is smaller than or equal to 2 samples in

The performance of the estimators in a dispersivanore than 99% of all simulated cases. The performance
channel is shown in figures 3-6. We consider a frequendyf the CP-OFDM estimator is much worse: the tikgeis
selective Rayleigh fading channel consistinglof= 50 almost never found and less than 1% of all cases results
channel taps. Figure 3 shows the results for the MS® |ko —ko| < 2 samples.
on the time delay estimate. The KSP-OFDM estimators The BER results for a dispersive channel are shown in



figure 6. The BER curves confirm the results from the
other figures. We see that KSP-OFDM systems with the

proposed estimators exhibit a lower BER than the CP- (Ra); = (N—=1+K) Es

OFDM system with the time delay estimator from [1]. The
performance of receivers with the considered estimators
is close to a receiver with perfect synchronization for
low to middle highEs/No. For higherEs/Np, the KSP-
OFDM systems will also exhibit an error floor for the [1]
BER but CP-OFDM has a significantly higher error floor.
The error floors of the proposed estimators are caused hy;
the assumptions made in the derivation of these estimator,
i.e. that only one OFDM symbol is transmitted whereas 3]
in the simulations continuous transmission is considered[,
and by assuming that the data symbols can be neglected
or replaced by their averages. KSP-OFDM estimator 2%
results in a lower error floor than KSP-OFDM estimator
1, so totally neglecting the contribution of the unknown
data symbols for the estimation of the time delay gives[5]
better results than averaging first over the unknown data
symbols. (6]

V. CONCLUSION -
We have derived two time delay estimators for KSP-

OFDM in multipath fading environments. Both estimators
are based on the correlation between the received sign?é]
and the pilot symbols in the guard interval and the cor-
relation between the received signal and the time domain
contribution from the pilot carriers. The first estimator is ©
derived after averaging the likelihood function of the re-
ceived signal over the unknown data symbols. The second
estimator just neglects the contribution of the unknow
data symbols. We compared the proposed time delay
estimators with the ML time delay estimator for a CP{11]
OFDM system [1] in terms of MSE and BER. The KSP-
OFDM systems with our time delay estimators outperfornu2]
the considered CP-OFDM system. , as they result in a
lower BER. The KSP-OFDM estimator which neglects[lg
the unknown data symbols, gives better performance than
the estimator which averages the likelihood function of
the received signal first over the unknown data symbol§14]

APPENDIX

In this appendix we computes which is the average
of AHA. Note thatA™ A is a Hermitian symmetric matrix,
so it is sufficient to only consider the elemefiksl) with
| > k. The elements oAHA are given by

[15]

[16]

(A"A), (s (M+1—Kk))*sg(m)

| >k k=0, ..., L—1 (17) {7

wheresq (m) are the elements of the vectsy, defined
in (3). Averaging those elements over the unknown data
symbols yields for the elements Bfy

] T. Keller, L. Piazzo, P. Mandarini and L. Hanzo.

N7§V7lefj2n”m('*k)
N+v &

| >kk=0,...,L—1 (18)
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