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ABSTRACT

OFDM transmission is known to be sensitive against
carrier frequency offsets, as well as against the chan-
nel impulse response (CIR) variations incurred dur-
ing an OFDM symbol period. Both of these phe-
nomena lead to inter-subcarrier interference (ICI).
Here we will concentrate on the latter phenomenon.
ICI can be considered as an additional noise contri-
bution, which linearly depends on the signal power
and thus it potentially limits the achievable BER
at relatively high SNRs. In this contribution we
propose a second-order time-domain CIR tap vari-
ation estimator, which relies on both the received
signal as well as on tentative symbol decisions. Our
simulation results obtained in the context of a sys-
tem employing decision-directed channel-prediction
demonstrate that with the aid of the proposed al-
gorithm, ICI cancellation can be performed even in
high Doppler frequency channel scenarios. This is
achieved without inserting additional time-domain
pilot symbols.

1. INTRODUCTION

OFDM transmission is known to be sensitive against the
variations of the channel impulse response (CIR) taps dur-
ing the OFDM symbol period. Specifically, a loss of or-
thogonality between the subcarrier transfer functions is ob-
served, which results in inter-subcarrier interference (ICI).
In each subcarrier the ICI contribution can be viewed as ad-
ditional noise which is - assuming a sufficiently high num-
ber of subcarriers - near-Gaussian distributed. However,
in contrast to the AWGN, the ICI in different subcarriers
is correlated. Since the ICI power is a linear function of
the signal power, the AWGN power may be exceeded by
the ICI power for sufficiently high signal levels. Several
schemes have been proposed in the literature for reduc-
ing the ICI noise power [1-3]. For example, Hasholzner
et al. {1} propose to model the ICI generation by means of
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a Multiple-Input Multiple-Output (MIMO) system. Equal-
ized and potentially less ICI contaminated subcarrier sig-
nals are obtained by a weighted superposition of the signal
received in each subcarrier with the contributions from its
neighbours. Adaptation of the frequency domain MIMO
equalizer weights is achieved by means of the Recursive
Least Squares (RLS) algorithm upon invoking the differ-
ence between the complex signals at the symbol detector
output and at the equalizer output. A drawback of this ap-
proach is the RLS algorithm’s limited CIR tracking capa-
bility under rapid fading channel conditions. An algorithm
which follows a similar strategy was proposed in [2]. Here
the equalizer weights are obtained by directly inverting the
channel matrix describing the MIMO system inflicting the
ICI. This approach is equivalent to de-coupling the subcar-
riers. However, the dimension of the channel matrix is in
most cases excessive for direct inversion. Hence, the in-
version of multiple lower-dimensional sub-matrices hosting
only a limited subset of complex ICI transfer factors be-
tween the subcarrier to be decontaminated and its near-
est neighbours was proposed in both [1] and [2]. Since
the rate of change of the CIR tap values is limited by the
channel’s Doppler frequency, the ICI is is predominantly
restricted to neighbouring subcarriers. The estimation of
the channel matrix was achieved in [2] upon regularly in-
serting time-domain pilot symbols into the OFDM sym-
bol stream. More specifically, the channel sounding sym-
bol was a Dirac-impulse like time-domain pilot tone sur-
rounded by zero-samples, where the length of each zero-
segment was identical to that of the OFDM symbol’s cyclic
prefix. For the simulations presented in [2], a propagation
scenario having a relatively small delay spread was assumed,
since otherwise the additional channel-sounding overhead
would have been prohibitive. In the context of the Wire-
less Asynchronous Transfer Mode (WATM) system model,
512 subcarriers and a 64-sample guard interval were as-
sumed [4]. Using the channel sounding symbols proposed
in [2], this would impose a pilot overhead of 25%, which is
excessive. A potential solution requiring no additional pi-
lot information for estimating the CIR tap’s variation will
be detailed in Sections 3 of our contribution. Another ap-
proach which we would like to mention is that of Hutter
et al. [3], where a reduction of the ICI was achieved upon
exploiting the correlation between the ICI contributions im-



posed on adjacent subcarriers. In contrast to the algorithms
outlined in [1,2], in [3] no explicite knowledge concerning
the frequency domain MIMO channel transfer factors be-
tween the different subcarriers was invoked. An estimate
of the short-term channel correlation matrix was obtained
by evaluating the vector of error signals between the sliced
and remodulated symbol and the received symbol for each
subcarrier, followed by multiplication with its Hermitean
transpose. A refinement was achieved through averaging
with the corresponding tentative estimate associated with
the previous OFDM symbol period. The rest of the paper
is organized as follows. In Section 2 the mechanismens of
ICI generation will be reviewed, followed by an evaluation
of the potentially achievable ICI reduction. The CIR tap
variation estimator will be detailed in Section 3, while the
ICI canceller is described in Section 4. The system’s BER
performance is characterized in Section 5 and we will draw
our conclusions in Section 6.

2. THE SIGNAL MODEL

It has been demonstrated for example in [2] that the signal
z{n, k] received in the k-th subcarrier of the n-th OFDM
symbol is a weighted superposition of the complex symbol
8[n, k] assigned to this subcarrier at the transmitter, with
the contributions s(n, Ié] from all other subcarriers & % k:
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Specifically, Hp[n,k — k] defined in Equation 2 denotes
the (k — k)-th frequency bin of the DFT associated with
the complex time-domain fading signal hm[n,t] of the m-
th CIR tap during the n-th OFDM symbol period - nor-
malized to the number of subcarriers N. Furthermore,
nin, k] is the k-th DFT bin of the complex time-domain
AWGN noise process 7[n, t], again for the n-th OFDM sym-
bol period. The term M — 1 represents the maximum
multipath-delay imposed by the channel, given as an inte-
ger multiple of the sampling interval duration Ts. It should
be noted that in Equation 1 the contributions for k # k
constitute the ICI inflicted by the neighbouring subcarri-
ers upon the k-th subcarrier. In {3,5] the variance of the
ICI has been evaluated, employing the standard definition
olci = E{z[n, klz[n, K}ly24} with the aid of Equation 1,
where E{} denotes the expectation. Similarly, we can eval-
uate the variance of the residual ICI, U?C,,,.es,-d at the out-
put of an ideal ICI cancellation scheme which is capable of
suppressing the undesired ICI contributions in the range of
{k — sym,...,k + sym}\{k} around the subcarrier k, as
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Table 1: Residual ICI variance normalized to the signal
variance for an OFDM symbol normalized Doppler fre-
quency of fyTy = 0.1 in the context of the indoor WATM
channel environment using NV = 512 and N, = 64.

follows:
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where a normalization to the signal variance o2 has been
performed. In Equation 4, Jo() denotes the zero-order Bessel
function of the first kind, assuming Jakes fading [6], T is the
sampling interval duration and fp is the maximum Doppler
frequency of the channel. It should be noted that by set-
ting the one-sided ICI cancellation range sym equal to zero,
Equation 4 degenerates into the corresponding expression
for the ICI noise variance given in [3,5]. We have evalu-
ated Equation 4 for channel sub-matrix sizes of 1, 2 and
4, where the sub-matrix size is related to the one-sided ICI
cancellation range according to matriz_size =1+ 2 - sym.
Hence, a sub-matrix size of 1 corresponds to the case of no
ICI cancellation. Here we employed the parameters of the
indoor WATM system model [4]. Specifically N = 512 and
faTy = 0.1 was assumed as a worst-case scenario, where T
denotes the frame duration, which is related to the sampling
interval duration Ts by Ty = (N + Ny )T, with N, as the
number of guard samples. The results are listed in Table 1,
where we have also calculated the differential ICI variance
reduction in terms of dB, achieved by increasing the ICI
cancellation range. In accordance with [2] the highest im-
provement is achieved by employing ICI cancellation with a
one-sided range of 1 instead of no cancellation. Specifically
this results in an ICI reduction of about 4.1dB. A prerequi-
site for attaining this performance is the availability of per-
fect channel- and error-free symbol knowledge, so that the
ICI contributions can be perfectly reconstructed and sub-
tracted from the received signal. Upon invoking Equation 4
and by considering the first two elements of the Taylor ap-
proximation of Jo(z), which is Jo(z) = 1— %mz Vzg1][7],
we also confirm that in the range of fpT; of interest, the
ICI variance is proportional to the square of the Doppler
frequency fp: U?mmed = c¢- fbo?, where c is the pro-
portionality constant inherent in Equation 4. We conclude
furthermore that the maximum achievable ICI reduction is
independent of the Doppler frequency fp. In the next sec-
tion we will embark on a description of the system model.



3. CHANNEL ESTIMATION

In Section 1 we outlined that a prerequisite for the can-
cellation of CIR variation induced ICI considered here is
the availability of an estimate of the variation of each CIR
tap during a specific OFDM symbol period. In contrast
to [2], our aim is to avoid using dedicated time-domain pi-
lot symbols while also circumventing the employment of
an iterative MIMO equalizer weight update strategy. Ex-
plicitely, our strategy is to obtain tentative symbol
decisions without using ICI cancellation in a first
iteration, followed by an estimation of the CIR tap
variations on the basis of these tentative symbol de-
cisions and by also capitalizing on the knowledge of
the received time-domain signal. This is followed by
frequency-domain ICI cancellation and a final itera-
tion to obtain symbol decisions on the basis of a po-
tentially less ICI-contaminated signal. Hence, our aim
in this section is to develop the CIR tap variation estimator.
The received time domain signal r[n,t], t € {0,...,N — 1}
within the FFT window of the n-th OFDM symbol period is
given by the convolution of the time-variant CIR tap values
hm{n,t], where m € {0,..., M — 1} denotes the tap index,
with the output ¢[n,t] of the OFDM modulator, yielding:

M-1
rint] =Y huln, tltn, t — m] + nn, t]. (5)
m=0
Here we follow the philosophy that the evolution of each
CIR tap value during the FFT window of an OFDM sym-
bol period can be linearly approximated, which was also
advocated in [2], resulting in:
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where &m[n] and by [n], m € {0, ..., M —1} are the CIR tap
variation estimator coefficients to be determined. Hence,
a cost-function given by the aggregate mean-square error
between the received time-domain signal and the appropri-
ately synthesized signal can be defined as follows:
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In order to determine the estimator coefficients &,[n] and
bm[n] for all m € {0,..., M — 1}, a suitable approach is
to minimize Equation 7 using standard optimization tech-
niques, namely by evaluating the partial derivatives with
respect to the desired variables:
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At the optimum point the partial derivatives 6C[n]/85m
and 8C[n]/0¢m are zero for all m € {0,..., M —1}. Hence,
a system of equations can be established assuming knowl-
edge of the received signal r[n,f] and that of the trans-
mitted signal t[n,t], yielding estimates for the desired es-
timator coefficients upon inverting a matrix of dimensions
2M x 2M. In [8] it was proposed - assuming a similar esti-
mation problem - to identify the path delays exhibiting the
highest signal power and hence only to incorporate these
so-called significant taps in the estimation process. This
could be achieved with the aid of dedicated OFDM train-
ing symbols employed in the context of decision-directed
channel estimation [6,9]. The advantage would potentially
be a significant size reduction of the matrix to be inverted.
In the next section we will outline a range of different ICI
cancellation schemes applicable to our system.

4. CANCELLATION SCHEMES

We commence with a brief review of the most prominent
ICI-cancellation schemes employed. Let us recall Equa-
tion 1, which established a relationship between the sym-
bols sn, k] transmitted in different subcarriers % and the
complex symbol z(n, k] received on the k-th subcarrier, as
a function of the subcarrier coupling factors and that of
the channel noise. This relation could also be expressed
in matrix form, potentially leading to an NV x N frequency
domain MIMO channel matrix, where N denotes the num-
ber of subcarriers. Fully compensating for the effects of ICI
would require as alluded to in Section 2 the inversion of the
channel matrix, which is impractical in terms of computa-
tional complexity. Hence, a more practical solution is to
exploit the band structure of the channel matrix, which is a
direct consequence of the sharply decaying ICI influence as
a function of the frequency-domain separation of subcarri-
ers. This is a ramification of the relatively low Doppler fre-
quency in comparison to the OFDM symbol’s bandwidth.
Therefore we perform ICI cancellation only for a limited
subset of the subcarriers, namely within a range of sym
around the subcarrier considered [1,2]. Hence, for the k-
th subcarrier a simplified relation between the transmitted
symbol s[n, k] and the received symbol z[n, k] - assuming a
cancellation range of sym = 1 is given by [2]:

x[k] = Hk|s[k] + n,[¥], (10)
where
x[k] = (k- 1],z[k],z[k+1])T (11)
slk] = (s[k—1],s[k],s[k+1)7 (12)
n k] = (k- 1], nF[k], nFlE + 1T, (13)
and ‘
Hk-1,k—-1] Hk-1,k 0
H[k| = Hlk, k —1] Hlk, k] Hlk, k+1]
0 Hlk+1,k] Hk+1,k+1]

(14)
For notational convenience we have omitted the OFDM
symbol index n. The vector n,[k] of residual noise contri-
butions requires further explanation. Each of its elements



n¥[z] is constituted by the sum of the AWGN in the z-th
subcarrier and the residual ICI taking into account the par-
tial ICI cancellation. For example, following from the struc-
ture of the matrix H[k] defined in Equation 14, the residual
ICI contribution in the (k — 1)-th subcarrier is identical to
the original contribution minus the contribution from the
k-th subcarrier. By contrast, the residual ICI in the k-th
subcarrier is constituted by the difference between the orig-
inal contribution in this subcarrier minus the interference
due to the (k — 1)-th and the (k + 1)-th subcarrier. The
elements of the matrix H[k] can be directly inferred from
Equation 1, specifically from the term in round brackets.
Equation 10 suggests several approaches for recovering the
symbol transmitted on the k-th subcarrier. The authors
of [2] proposed the direct inversion of the partial channel
matrix Hk], which will be referred to during our compara-
tive study as the zero-forcing (ZF) solution. Hence, the
signal at the output of the combiner is given by:

Szrlk] = H™'[k]x[K], (13)

where finally only the desired element in the center of the
vector Szr[k] is retained. An exception is given by the
first and the last vector of recovered symbols, where the
first sym + 1 elements and the last sym + 1 elements are
retained [2], respectively. A well-known disadvantage of the
ZF solution is the associated potential noise amplification.
A more attractive, but also more complex approach is the
minimum mean-square error (MMSE) solution, which
was also advocated in [3]:

8mmsEelk] = (H”[k]H[k] + (%ﬁ + dl) 1) i HY [k]x[k].

(16)
It should be noted that in contrast to [3] we have not taken
into account the correlation between the residual ICI as-
sociated with the subcarriers encompassed by the partial
MIMO channel matrix H[k], since the merit of doing so ap-
pears to be relatively limited. The residual noise variance
"121.2 in Equation 16 is given by the sum of the AWGN noise
variance o2 and the residual ICI variance o?¢ 1,cancel; Where
in the context of our simulations we have employed the esti-
mated noise variance given in the second column of Table 1.
Furthermore, in Equation 16, d! denotes a diagonal loading
constant, which is often employed in the literature 3] for
facilitating the inversion of ill-conditioned matrices. In the
context of our simulations in Section 5 we experimentally
found a value of d! = 0.055 to operate best for BPSK and
dl = 0 for QPSK. A third approach to ICI cancellation,
which - in contrast to the previously mentioned ZF- and
MMSE solutions - requires the knowledge of the transmit-
ted symbols, is that of subtractive cancellation, which is
defined here simply by the subtraction of the reconstructed

from the received signal. This can be expressed as:

k+sym
Smmselk] =r[k]— Y H[k KK, 17
k=k—sym

Ltk

where 3[k] denotes the tentative symbol decision of the &-
th subcarrier symbol obtained during the first iteration.

In next section the above ICI cancellation schemes will be
characterized in conjunction with the CIR tap variation es-
timator introduced in Section 3.

5. SIMULATION RESULTS

In this section we will assess the performance of the pro-
posed system using a decision-directed channel estimator
similar to that proposed in [6] for obtaining initial symbol
decisions. In [6] Wiener filtering of the CIR taps in the
time-domain is employed for obtaining a potentially less
noise-contaminated estimate of the channel transfer func-
tion for the current timeslot, which is then employed as an
initial channel estimate during the next timeslot. This im-
plies assuming the invariance of the channel transfer func-
tion between two consecutive OFDM symbols. By contrast,
we employ a Wiener prediction filter in order to compen-
sate for the CIR tap variations actually incurred in the
high-Doppler propagation scenarios considered here. As
outlined in [9], the conceptual difference between the in-
terpolation and the prediction filter resides in the structure
of the co-variance vector, which is part of the Wiener equa-
tion. In our simulations we employed a decision-directed
channel estimator capitalizing on an 8-tap CIR predictor, a
training period of 32 OFDM symbols and a training block
length of two OFDM symbols. It should be noted that the
training period or equivalently the time-domain distance
between two training blocks is a crucial parameter, espe-
cially at low SNRs, where error propagation is known to
deteriorate the decision-directed channel estimator’s per-
formance. The training block length has two implications.
Firstly, at low SNRs error propagation extending over the
training period is experienced as the result of using past
CIR estimates in the process of CIR tap prediction. Sec-
ondly, the CIR tap predictor is required to deliver suffi-
ciently accurate channel estimates already during the re-
ception of the first information-bearing OFDM symbol. It
should be noted that the proposed CIR tap variation esti-
mator could also be employed in a system, which invokes
for example frequency-domain pilot symbols for obtaining
a tentative CIR estimate, in order to assist in the tenta-
tive. initial demodulation required. Qur simulations have
been conducted in the context of the 512-subcarrier indoor
WATM channel [4] employing a worst-case Doppler scenario
of fpTy = 0.1. Our BER results for BPSK modulation are
portrayed in Figure 1, while those for QPSK modulation
are depicted in Figure 2. In both figures we have also plot-
ted the system’s performance without ICI cancellation. We
considered both, a “frame-invariant” fading scenario, where
the fading envelope was kept constant during an OFDM
symbol period in order to avoid the generation of ICI, and
a “frame-variant” fading scenario. We observe that even in
the context of “frame-invariant” fading, where no ICI was
generated, the BER performance is limited at high SNRs,
which is attributed to the imperfections of the CIR pre-
dictor. Amongst the different ICI cancellation schemes the
MMSE canceller exhibits the best performance. Specifi-
cally, in the context of BPSK the BER is reduced by a
factor of 5, while in conjunction with QPSK a reduction by
a factor of 3 is observed. The BER difference between these
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Figure 1: BER performance of a system employing 8-tap
Wiener filter prediction assisted decisions-directed channel
estimation and two-stage ICI cancellation according to Sec-
tions 3 and 4 by using BPSK modulation.
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schemes can be explained by pointing out that the minimum
distance between signal points hosted by a QPSK constella-
tion are located closer to each other than in the BPSK con-
stellation and hence a higher vulnerability against channel
estimation errors and channel noise can be observed. An-
other phenomenon, which requires further explanation is
that for BPSK the ZF-inversion performs worse, than sub-
traction based cancellation. By contrast, for QPSK the
situation was reversed. An explanation is that in the case
of BPSK, when relatively reliable first-iteration symbol de-
cisions are available, the subtractive combiner does not en-
counter the problem of noise amplification, which was as-
sociated with the ZF-inversion based solution. Again, by
contrast, for QPSK more erroneous symbol decisions are
employed in the subtractive cancellation process and hence
the ZF-inversion, which does not capitalize directly on ten-
tative symbol decisions is advantageous.

6. CONCLUSION

In this contribution we have demonstrated the feasibility
of CIR tap variation-induced ICI cancellation without re-
quiring additional time-domain pilot symbols as in [2] or
without necessitating iterative weight update techniques as
in [1]. We employed a two-stage detection technique, where
during the first iteration tentative symbol decisions are pro-
vided on the basis of the initially ICI-contaminated received
signal. These initial estimates are then employed to esti-
mate the CIR tap variations incurred during the current
OFDM symbol period. Following the process of ICI can-
cellation, the potentially less ICI-impaired received signal
is employed in a second demodulation iteration to provide
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Figure 2: BER performance of a system employing 8-tap
Wiener filter prediction assisted decisions-directed channel
estimation and two-stage ICI cancellation according to Sec-
tions 3 and 4 by using QPSK modulation.

symbol decisions. As a result, the BER was reduced by a
factor of five in the context of BPSK and a factor of three in
the context of QPSK, when using decision-directed channel
estimation as a basis for first-stage detection.
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