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Abstract

This paper presents blind estimation methods for
timing and frequency offset in polynomial cancellation
coded orthogonal frequency division multiplexing (PCC-
OFDM) systems. The estimations are carried out in the
Jfrequency domain. The correct timing point is calculated
by maximizing a timing metric and the frequency offset
estimate is obtained by using pairs of demodulated
subcarriers at the Fast Fourier Transform (FFT) output.
No training symbols, pilot tones or cyclic prefix
extensions are required. The methods can also be used in
OFDM, however a training symbol is required.

1. Introduction

Polynomial cancellation coded OFDM (PCC-OFDM)
is a data transmission scheme in which the data to be
transmitted is mapped onto weighted groups of
subcarriers rather than individual subcarriers [1][2]. PCC-
OFDM overcomes many disadvantages of OFDM. For
example, PCC-OFDM is robust to frequency offset and
Doppler spread, has much steeper power spectrum, and
therefore much lower out-of-band power than normal
OFDM [3]. One important feature of PCC-OFDM is that
no cyclic prefix is required [4].

Figure 1 shows the structure of .a PCC-OFDM
communication system, where d,,---d,,, are n data

values in the ith data block to be transmitted. They are
mapped onto N subcarriers @, *-,ay_;, . In this paper,
the case where data is mapped onto pairs of subcarriers is
considered, so n=N/2 and a,,,,, =—ay,,, where i
represents the ith IFFT output data block. The
demodulated subcarrier pairs will be weighted and added
to obtain the estimates of the transmitted data sequence.
In its simplest form, PCC-OFDM is not bandwidth
efficient. To overcome this drawback, we can use PCC-

OFDM with symbols overlapped in the time domain
(Overlap PCC-OFDM), so that higher bandwidth
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efficiency can be achieved [4][5]. The frequency offset
estimation for Overlap PCC-OFDM has been investigated
in a recent paper [6]. In this paper, we will not consider
the case of Overlap PCC-OFDM in detail.
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Fig.1. Block diagram of a PCC-OFDM system

This paper is organized as follows, in Section 2, the
interchanne!l interference (ICI) and intersymbol inter-
ference (ISI) caused by timing and frequency offset are:
investigated. In Section 3 and 4, the time and frequency
offset estimators are introduced. In Section 5, numerical
simulation results are presented and the performance of
the estimators is evaluated. In Section 6, the application
of the estimators in normal OFDM systems is discussed.
Conclusions are drawn in Section 7.

2. ICI, ISI and PCC-OFDM signals in the
presence of time and frequency offset

Time and frequency offset will cause ICI and ISI in an
OFDM system [7][8]. The ICI and ISI caused by time
offset in PCC-OFDM systems have been investigated in
[9]. It is shown, in PCC-OFDM the ICI and ISI caused by
time and frequency offset have been substantially
reduced. The significant terms of ICI and ISI in PCC-
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OFDM cross fewer subcarriers than in OFDM. Therefore,
PCC is less sensitive to time and frequency offsets.
However, the estimation of these offsets is still crucial in
PCC because of the remaining significant ICI and ISI
terms.

Figure 2 illustrates the time offset to be considered in
this paper. In PCC-OFDM the energy of symbol is
concentrated in the middle of the symbol period because
of the windowing effect due to mapping {4]. The time
offset 7 is caused by the misalignment of the FFT
window and the received symbol, where 7= pT /N, Tis

the symbol period and p is an integer.

Symbol period T’

ith DFT window

Fig.2. Timing offset caused by the
misalignment of the FFT window and the
received symbol

In the presence of a timing offset illustrated in Figure
2, the input of the ith FFT window contains components
from two adjacent received symbols, e.g. from the ith and
(i+1)th received symbols. Consequently, the ith FFT
output will contain the data values from the adjacent data
blocks to be transmitted. The mth output of the FFT is
given by

& —j2amk
z,, = Zykv, exp(—l———) )
k=0 N

where y,, is the kthsample in the ith FFT window,
which is defined by

Beupss 0S kS N-p
Tei =0y, Np<k<N-

k-N+pi+l>

@

The components from the ith and (i +1)th FFT output are
given by

= i2n(k + p)l
biyps = Za,‘, exp(.f_ire)_) 3)
1=0
& j2m(k — N +
bk-N*p.Nl = zal,iﬂ exp(}_LT._p.)i) (4)
1=0

0-7803-6728-6/01/$10.00 ©2001 1EEL.

USing @y, =~y and vy, =(ZZM,| ~Zomei )/2 for
PCC-OFDM, then the output of the weighting and adding
block due to one input in the ith received symbol is given
by [9]

1 JanLp
VM Lig = ﬁ Ny EXP(—N—)

[§ o= 22 o

(-e=5))

Figure 3 shows the graph of \vM'LY,.,,.F, the amplitude

peaks at the point 7=0 and monotonically decreases
with the timing offset. It is shown that all cross terms for
L+# M are negligible, i.e. IVM,iIZ ““"MJJ‘Z +IVM,.-,.-+|'2~
Therefore we may correct the timing offset by

maximizing the amplitude of |y, [*.
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Fig.3. Interference power as a function of
timing offset and subchannel difference

Note in the figure, the components from the (i+1)th

received symbol have not been taken into account. The
(i +1)th symbol affects the amplitude symmetrically at the

point of p/N =0.5. The expression of the ith output of
the weighting and adding block,v,,,, has components
from both ith and (i+1)th symbols.

The ICI caused by frequency offset in PCC has been
investigated in [9][10]. In OFDM, the ICI is significant in
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all subcarriers In contrast, the significant terms cross only
very few subcarriers in PCC-OFDM [1].

3. Timing offset estimator

The timing offset is estimated by calculating a metric
based on the frequency domain modulated data pairs. The
timing metric is given by the function

1 N . 1ME
F(r)= m zIZZM,i - 22M+l.i' = W ZIVM,:I (6)
M=0 M=0

where T is the timing offset. z,,,,and z,,,,, are a pair

of demodulated subcarriers from the receiver FFT output
in the 2Mth and (2M +1)th channel. The correct timing
point is where the timing metric (6) is maximal. In the
ideal case, when there is no timing offset or other
distortions,  zyy, = —2yy4, and the metric reaches a
maximal value of unity. A timing offset interrupts this
balance and causes the impairments of the demodulated
subcarrier pairs.
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Fig. 4. Timing metric as a function of time

Figure 4 shows the timing metric as a function of the
timing offset under the condition of no noise and
distortion. The timing offset is shown as a fraction of the
symbol period 7 . The timing metric reaches its maximal
point when the timing error is zero. The maximal point
(time 0 in the figure) is taken as the start of the useful part
of a symbol.

4. Frequency offset estimator

The frequency offset estimation in PCC-OFDM is
based on the impairments due to the frequency offset in
the demodulated subcarrier pairs. In PCC-OFDM all
subcarrier pairs can be used for the frequency offset
estimation. By averaging all estimates over a symbol the
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variance of the estimator can be substantially reduced.
The frequency offset is estimated by the function

] o

where Re(e) is the real part of a complex number.
AfT represents the normalized frequency offset. z,,,,and

Zopats T 2o

Zom+i ~ Zam i

Fafr)= Nl/2 Nflm{

Zypre,; 1S @ pair of demodulated subcarrier pair. When
|AfT|<0.5, the estimator is an approximately linear
function of the frequency offset.

Figure 5 shows the frequency offset estimator as a
function of the frequency offset for N =1024. The effect
of timing offset on the performance of the frequency
offset estimator will be reported in Section 5.
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Fig.5. Frequency estimator as function of
the frequency offset

It is shown in [10], the frequency offset in normal
OFDM can also be estimated by using a pair of
demodulated PCC coded subcarriers within a symbol. The
advantage of using only one pair of subcarriers in this
case is that it is bandwidth efficient because all other
subcarriers can be used for carrying information data.
However the variance of the estimator is large.

5. Simulation results

To evaluate the performance of the estimators for
timing and frequency offsets, simulations were performed
for different cases, timing estimation with frequency
offset and noise; frequency offset estimation with timing
errors and noise. In all cases, 4QAM modulation with
1024 subcarriers is used.

Figure 6 shows the time metric as a function of the
time for different frequency offset. In the presence of a
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frequency offset, the maximal point of the time metric
remains at 7 =0, however the maximum value of the
time metric is reduced. The larger the frequency offset,
the larger the amplitude reduction. This is because a
frequency offset also breaks the balance between the two
subcarriers of a PCC subcarrier pair.
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Fig.6. Variance of time metric at correct
time as a function of frequency offset

Figure 7 shows the mean at the correct timing of the
time offset estimator as a function of the channel additive
white Gaussian noise (AWGN). The mean value increases
as E, [N, increases, when E,/N, is low, there is an
amplitude reduction up to 17% while the mean value
tends to unity when £, /N, is high. The reason for the
amplitude reduction is that the channel noise causes the
impairment of the demodulated subcarrier pairs.
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Fig.7. Mean value of time metric at correct
time as a function of AWGN noise

Figure 8 shows the variance of the timing metric at the
correct point as a function of channel noise. It is shown
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that the variance of the estimator is very small under
condition of a high signal-to-noise ratio.
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Fig.8. Variance of time metric at correct
time as a function of AWGN

Figure 9 shows the variance of the frequency offset
estimator as a function of the noise level. The variance of
the estimator depends on the frequency offset. In the
figure, three examples are presented for normalized
frequency offset AT =0, 0.2 and 0.4 respectively.
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Fig.9. Variance of the frequency estimator
as a function of E, /N,

Figure 10 shows the frequency offset estimator as a
function of the frequency offset in the presence of
different timing offset. When the normalized timing offset
is less than a half symbol period, the linearity of the
frequency offset estimator changes as the timing offset
increases. However the estimator will still work. A timing
offset of 0.25 will cause only negligible distortion on the
frequency offset estimation.
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Fig.10. Frequency offset estimator as a
function of frequency offset

6. Implementation in OFDM and Overlap
PCC-OFDM

The estimators can also be used for the time and
frequency offset estimation in normal OFDM systems. In
this case, a training symbol must be transmitted for the
estimation of the time and frequency offset. The data
structure of the training symbol can be the same as a
PCC-OFDM symbol or a symbol in which a number of
subcarriers are mapped onto PCC subcarrier pairs. When
only some of the subcarriers are used for pilot tones, the
variance of the estimator will be larger than that if a
whole symbol is being used. A comparison of the
variance in the two cases has been given in [10].

When the PCC-OFDM symbols are overlapped in the
time domain, the implementation is different from the
PCC-OFDM case due to the existence of the overlapping
components. The time metric works for Overlap PCC-
OFDM, however, the estimation range is halved. The
implementation of the frequency offset estimator in
Overlap PCC-OFDM has been investigated in [5]. In this
case, the frequency offset estimator works well but the
variance of the estimator is larger.

7. Conclusion

Two estimators for timing and frequency offset for
PCC-OFDM systems have been presented. The time and
frequency offsets are estimated in the frequency domain
using the demodulated subcarrier pairs in a PCC-OFDM
symbol. The correct timing point is calculated by
maximizing a timing metric. The frequency offset is
estimated by calculating an estimator. No training
sequence, pilot tones and cyclic prefix are required. The
techniques can also be used in normal OFDM systems by
inserting a PCC-OFDM pilot symbol in the OFDM signal.
The frequency offset estimator can be used for Overlap
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PCC-OFDM, however, the linearity of the estimator will
be slightly changed because of the overlapping
components.
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