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ABSTRACT

In this paper, we propose two ad hoc frequency offset (FO)
estimation algorithms in a known symbol padding (KSP)
orthogonal frequency-division multiplexing (OFDM) system,
where the guard interval is filled with pilot symbols. Besides
those time domain pilot symbols, some additional pilot
symbols are transmitted on the pilot carriers. The FO is
estimated without any channel knowledge. One algorithm
operates in the time domain (TD), while the other one
operates in the frequency domain (FD). The interference
from the unknown data symbols is much smaller in the FD
than in the TD, especially for small FOs. As a result, the
FD initialization algorithm results in a lower mean squared
error (MSE). Both estimation algorithms reach the BER
performance of a receiver with perfect knowledge about the
FO.

I. INTRODUCTION

In recent years it has been shown that Orthogonal Fre-
quency Division Multiplexing (OFDM) [1] is a worthy tech-
nique to achieve a high data rate transmission over multipath
fading channels. As a result, a number of standards is already
based on OFDM systems: xDSL [2], digital audio and video
broadcasting [3], [4], wireless LAN [5], [6], etc. To tackle
the inter block interference, which is typical for dispersive
channels, an OFDM system inserts a guard interval between
successively transmitted OFDM blocks. Among the most
popular techniques to fill the guard interval are the cyclic
prefix (CP) technique and the zero-padding technique (ZP)
(see [7], [8]). In the CP technique, the last samples of each
OFDM block are copied and transmitted before the actual
OFDM block, whereas the guard interval is left empty in the
ZP technique. For these two techniques, the content of the
guard interval is predefined (zeros for the ZP technique and
the last samples of the OFDM block, which depend on the
unknown data symbols, for the CP technique). As a result,
the guard interval is not very useful for channel estimation
and sometimes insufficient for synchronization purposes
[9]. In this contribution a third guard interval technique is
considered: known symbol padding (KSP) [9], where the
guard interval is filled with pilot symbols. Since we have
full control about which pilot symbols are transmitted during
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the guard interval, we can optimize the pilot sequence so
that it can be useful for synchronization tasks. In [10] for
example, a time delay estimation algorithm is proposed for
KSP-OFDM that outperforms existing time delay estimation
algorithms for CP-OFDM.

One of the problems a receiver has to deal with in an
OFDM system, is the presence of a frequency mismatch
between the oscillators in the transmitter and the receiver. A
frequency offset (FO) causes inter carrier interference and
attenuates the useful signal [11]. When an FO (even of the
order of a fraction of the carrier spacing) is not compensated,
the bit error rate (BER) performance can be severely de-
graded. To our knowledge, no FO estimation algorithms for
a KSP-OFDM system have been proposed in the literature.
Therefore we present in this contribution two ad hoc FO
estimation algorithms: one that operates in the time domain
(TD) and one that operates in the frequency domain (FD).
Both algorithms exploit the presence of the pilot symbols on
the pilot carriers (FD pilots) and in the guard interval (TD
pilots) in the received signal that corresponds to two or more
consecutively transmitted OFDM blocks.

Both estimation algorithms show an error floor for the
mean squared error (MSE), which is caused by the interfer-
ence from the unknown data symbols. The error floor can
be lowered by increasing the number of considered OFDM
blocks to estimate the FO . For the bit error rate (BER), the
performance of a receiver with perfect knowledge about the
FO but with estimated channel is reached by both estimation
algorithms.

II. SYSTEM MODEL

We consider a KSP-OFDM system with N carriers
and a guard interval consisting of v samples. The trans-
mitted symbols on the carriers during the i-th OFDM
block are denoted as a; = (a; (0), ..., a; (N —1))".
During each OFDM block, M — v FD pilot sym-
bols, denoted as b, = (b.(0), ..., b, (M—u—‘l))T,
and N — M + v data symbols, denoted as a((;) =
(ag) o), ..., afj) (N-M+v— 1)(PT, are transmitted.
The set of carrier indices is divided in a subset S, =
{apo, ..., ap—p—1}, consisting of pilot carriers, and a
subset Sy = {fo, .-, BN+v—nr—1}, Which contains the
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Fig. 1. Time-domain signal of KSP-OFDM a) transmitted
signal b) received signal and observation interval

data carriers. The guard interval consists of v (TD) Tpilot
symbols denoted as b, = (b,(0), ..., by (¥ —1))", so
per OFDM block a total number of M pilot symbols is
transmitted. The N + v transmitted time-domain samples
corresponding to the i-th block are obtained by feeding a;
to the inverse Fast Fourier Transform (IFFT) and by inserting
the guard interval after the NV IFFT outputs :
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where F is the N x N FFT matrix with Fy; =
(1/ VN) e 727%  We assume that the data symbols are

independent and identically distributed (i.i.d.) and the en-
ergf/ per symbol is equal to F,. Further we assume that
|

E ||b. (n)|2] = E[|bg (k)ﬂ = FE;. The normalization

factor

S; =

N/ (N +v) in (1) is necessary to make sure that
E {|sl-|2 = NE;. The vector s; can be expressed as the
sum of a vector s,, which collects the contributions from
both the pilot symbols in time and frequency domain, and
a vector SE;), which consists of the contributions from the
unknown data symbols:

(@

S; =8p+8, . 2)

The OFDM blocks are transmitted over a
frequency selective channel with impulse response
h = (h(0), ..., h(L—1))" where L is the number of

samples in the channel impulse response. To avoid inter
block interference, the length of the guard interval can
not be smaller than the duration of the channel impulse
response, i.e. v > L — 1. The N + v received time-domain
samples corresponding to the observation interval shown in
figure 1.b are given by

. i (N
pi2m )

‘E (¢) Hs; 4+ w;. (3)

r, =

where e denotes the unknown FO between the transmitter
and receiver oscillators expressed as a fraction of the inter
carrier spacing. We assume that an initial estimation of the

262

FO already has been performed so that |¢| < 0.5N/ (N + v).
Typically, a coarse FO estimate is obtained using a suitable
preamble which is transmitted before the actual OFDM data
blocks (see for example the IEEE 802.11 preamble structure
[6, sec. 17.3.3]). The (N + v) x (N + v) channel matrix H
is given by

(), —n (-l
where |z|, is the notation of the modulo-K operation
which gives the remainder of the division of by K. The
diagonal matrix E is defined as: (E (¢)), , = e/2"~¢ and
the vector w; represents the white Gaussian noise added by
the channel. The real and imaginary parts of the components
of w; are i.i.d. with zero mean, and variance Ny /2.

The data detection process in a KSP-OFDM system con-
sists of a sequence of operations that have to be carried out.
First, the FO estimate is used to compensate the FO in the
time domain. Then the contributions from the guard interval
samples are removed from the received signal samples using
the channel estimate. The resulting received signal is similar
to a received signal from a ZP-OFDM system. The last v
samples of the considered observation interval in figure 1
are added to the first v samples, to restore the orthogonality
between the carriers (see [7]). After the removal of the guard
interval samples, the resulting first NV samples are applied
to an FFT to transform the frequency selective channel in
N parallel flat fading channels. Finally per carrier single-
tap equalization, for which the channel impulse response h
is needed, and data detection are performed. Note that the
receiver has to estimate € and h first, to be able to perform
data detection. The two proposed FO estimation algorithms
to estimate e are introduced in the next section. For the
channel estimation we consider the algorithm proposed in
[12].

III. FREQUENCY OFFSET ESTIMATION

Both estimation algorithms need the received signal sam-
ples of K (> 2) consecutively transmitted OFDM blocks,
to start from. We denote them as r;, ..., ;4 g1, which are
given by (3):

no= PTNIEEOH (s, 48y ) v wi @)
ritK-1 = S S O (0H (SP + SSJFKA))

+Wir K1 @)

The pilot symbol contribution in r; ;4 (i.e. the contribution
from s,), with £k = 1, ..., K — 1, is equal to the pilot

k(N+v)
N €,

symbol contribution in r; multiplied by a factor €727
We will exploit this fact to estimate the FO e.



III-A. TD Estimation

The first estimation algorithm operates in the time do-
main. When we consider the unknown data symbols as an
additional noise term in (4), we can rewrite (4) as

_ ej27r (i‘Fk)](VNJrV)

‘E (¢) Hs, + Wi (6)

(i+k)(N+v)
N

Uitk

where Wi x = wWipp + 27 E () I:Isg”rk). We
compute the product of the Hermitian transpose of r; ;, with
riyx+1 for k =0, ..., K — 2. The summation of those K
products yields a quantity that can be used to estimate e:

K—2

+> e (D)
k=0

where ny collects the contributions from rfi wTit+k+1 Which

depend on the noise and the unknown data symbols. The
estimate of e is then given by

{ Z rz+krl+k+1} (®)

The main advantage of this approach is the fact that we do
not need to send the received signal through an FFT first.

H j2m N1ve |
E ri ik = (K — 1) e ve ‘HS

€=

27TN+V

III-B. FD Estimation

First we transform the received vectors r;ir, k =
0, ..., K —1 to the frequency domain. To achieve this,
the last v samples of each vector are added to the first v
samples. The first NV samples of the resulting vectors are
then applied to an FFT. The output of the FFT of OFDM
block 7 + k at carrier n is given by

Yiik (n) =
s

N+v—M-—1

+H(e,n) Y

m=0

(e, n, 1) (l))—i—Wi.HC (n) (9

al™ (m) Is,,—u (¢)

where I, (¢), H (¢, n) and By (¢, n, [) are given by

1 1— ej27'r(m+é)
Ln(e) = [CE)
N (N+v)1—ei2r—5—"
L1 _ 271_(71 e)l
H(e,m) = > h(l)e
=0
1 = o ek
Bg(ﬁ, n, l) = \/Nj_w Zbg(u—i—k—l)e N
k=0

v—1
+ Z by (k—1) ejzﬂwmm> |
k=l
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and «,, and (3,, are carrier indices belonging to the subsets
of carrier indices of pilot carriers and data carriers, respec-
tively. The samples Wi, (n), withn =0, ..., N —1, are
Gaussian noise samples with zero mean and an autocorrela-
tion matrix R defined as

v—1
1 ) ﬂ_(nfn/)l
(R),,,, = No (5 ty e ) :

k=0
We collect the M —v FFT outputs from the X' OFDM blocks
corresponding to the set S, of pilot carriers in the vectors
Yitk, k=0, , K—1:

[Yien (@0), «- vy Yin (anr—ve1)]”
GOV D)

" (b + az-l—k) + Wik

Yitk =

where b is the vector that contains the contributions from
both time and frequency domain pilots. The vector a;;
collects the contributions from the unknown data symbols
from the (i + k)-th OFDM block and W, contains the
noise samples at the pilot carrier positions of the (i + k)-
th block. The summation over £ of the multiplications of
the Hermitian transpose of y;ir with y;ir+1 for £ =

0, ..., K —2results in a function which is used to estimate
€:
K-2 i) 5 K-2
D vk = (K — 1) v b‘ + ) i
k=0 k=0

where 7, collects the contributions from the unknown data
symbols and the noise samples from yfikkaH. The
estimate of ¢ is then given by

%NH {Zyz }’z+1} (10)

IV. SIMULATION RESULTS AND DISCUSSION

In this section, the performance of the proposed frequency
estimation algorithms is evaluated. We consider a frequency
selective Rayleigh fading channel consisting of L = 50
channel taps with equal variance. The channel impulse re-
sponse is normalized: Zf;ol E [|h (l)|2} = 1. For the pilots
transmitted on the carriers, the comb-type pilot arrangement
from [13] is used. The pilot symbols are randomly selected
QPSK symbols. The pilot symbols are equally spaced over
the pilot carriers: S, = {mA m= , M —v—1},
where A = floor (N/ (M —v)). We consider an OFDM
system with NV = 1024 carriers and a guard interval of length
v = 100. Besides the 100 pilot symbols in the guard interval,
an additional 100 carriers are selected as pilot carriers which
means that a total number of M = 200 pilot symbols are
transmitted. The data symbols are QPSK symbols.

First we evaluate the performance of the estimators in
terms of the MSE, which is defined as:

MSE=E [|e - gﬂ .

€=
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Fig. 2. MSE versus |e| for TD (left) and FD (right) estima-
tion, v = 100, N = 1024, M = 200, K = 10.
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Fig. 3. MSE versus E; /Ny , v = 100, N = 1024, M = 200

Figure 2 shows the MSE of the TD and FD estimation
algorithms versus |e| for different values of E;/Ny. To obtain
the results in figure 2, we have considered K = 10 received
OFDM blocks. We see that both estimators have a bad
performance for |e| > 0.3. This is due to the discontinuity
of the Z{.} function in (8) and (10). Therefore for the
following simulation results we will assume that |e| < 0.3.
For the TD estimation we see that the MSE is only weakly
dependent on ¢ and for high values of Es/Ny independent
of E4/Ny. The performance of the FD estimator on the
contrary, strongly depends on the value of €, especially
for high E;/Ny. For high values of ¢, the MSE becomes
independent of the F/Ny. As a result, both estimators will
show an error floor for high values of the F; /Ny when we
plot the MSE versus the E;/Np, as can be seen from figure
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Fig. 4. MSE versus K, v = 100, N = 1024, M = 200,
E;/Ny =20 dB

3. This error floor is caused by the unknown data symbols
which interfere with the pilot symbols. We see that the FD
estimation obtains the lowest error floor. This behavior is
expected because for very small values of ¢, the inter carrier
interference becomes very small. In that case the interference
of the unknown data symbols will be much smaller in the
FD (and eventually equal to zero when € = 0), while the
interference in the TD is independent of the presence of a
FO.

As already can be seen from figure 3, the MSE for both
estimation methods also depends on the value of K. Figure 4
provides some better insights on the dependence of the MSE
on the number of considered OFDM blocks. The considered
E;/Ny is equal to 20 dB. The results are similar for both
proposed algorithms: The MSE decreases when the number
of considered OFDM blocks increases because we get a
better averaging of the contribution of the unknown data
symbols.

Figure 5 shows the BER results. For low to moderate
E; /Ny, the BER of a receiver which applies the TD or FD
estimation algorithm for the estimation of the FO, is close to
the case when the FO is perfectly known (but with estimated
channel). Increasing the number of received OFDM blocks
that are used to estimate the FO results in a better BER
performance especially for high E; /Ny for both estimation
algorithms.

V. CONCLUSION

In this contribution, we present two ad hoc FO estimation
algorithms: TD estimation and FD estimation. Both exploit
the presence of the pilot carriers and the pilot symbols in
the guard interval to estimate the FO without any knowledge
about the channel. The MSE of both estimation algorithms
shows an error floor for moderate to high E;/Ny but FD
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Fig. 5. BER results, v = 100, N = 1024, M = 200

estimation gives the better performance. The MSE can be
decreased by increasing the number of received OFDM
blocks to estimate the FO. A receiver with one of the
proposed estimation algorithms to estimate the FO, reaches
the BER of a receiver with perfect FO knowledge.

The TD estimation method has the advantage that no extra
FFT operation is needed, so it has a lower computational
complexity.
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