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Abstract—We consider orthogonal frequency-division multi-
plexing systems with intercarrier interference (ICI) due to in-
sufficient cyclic prefix and/or temporal variations. Intersymbol
interference (ISI) and ICI lead to an error floor in conventional
receivers. We suggest two techniques for the equalization of ICI.
The first, called “operator-perturbation technique” is an iterative
technique for the inversion of a linear system of equations. Alter-
natively, we show that serial or parallel interference cancellation
can be used to drastically reduce the error floor. Simulations show
that, depending on the SNR and the origin of the ICI, one of the
schemes performs best. In all cases, our schemes lead to a drastic
reduction of the bit error rate.

Index Terms—Cyclic prefix (CP), intercarrier interference
(ICI), interference cancellation, intersymbol interference (ISI),
iterative algorithms, orthogonal frequency-division multiplexing
(OFDM).

I. INTRODUCTION

RTHOGONAL frequency-division multiplexing

(OFDM) transmits data simultaneously on a number of
subcarriers, which, together, form OFDM symbols [1]-[4].
The frequencies of the subcarriers are chosen in such a way
that the signals on different subcarriers are orthogonal to each
other, even though their spectra overlap. This principle causes
an OFDM symbol to be much longer than a data symbol in a
single-carrier system (for equal data rates) and, thus, makes the
system more robust to the delay dispersion of the channel. An
efficient implementation of OFDM [with or without a “cyclic
prefix” (CP)] can be obtained by a blockwise inverse fast
Fourier transform (IFFT) of the input signal. For these reasons,
OFDM is particularly suitable for high-data-rate transmission
and has received great attention for wireless LANs (IEEE
802.11a and g standard [S5]), as well as wireless personal
area networks (multiband-OFDM standard ECMA-368 [6])
and fixed wireless access (IEEE 802.16, WiMax [7]). In
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order to avoid intersymbol interference (ISI) and intercarrier
interference (ICI), the CP, i.e., a copy of the last part of the
OFDM symbol, must be prepended to the transmitted symbol;
alternatively, a zero-suffix can be used [8], [9]. The duration
of this prefix has to be at least as large as the maximum
excess delay of the channel in order to retain orthogonality
between the subcarriers; furthermore, it is required that the
channel does not change during the transmission of one OFDM
symbol. If those conditions are fulfilled, then the receiver can
compensate for the channel distortions by a one-tap equalizer
in the frequency domain.

In many practical systems, the orthogonality between the
subcarriers is destroyed by two effects.

1) Temporal variations of the channel: Those variations lead
to ICI (loss of orthogonality between the subcarriers) due
to the Doppler shift associated with the temporal varia-
tions. Temporal variations of the channel are unavoidable
in wireless systems—even if both the transmitter and the
receiver are stationary, moving scatterers lead to Doppler
shifts of the incoming waves. An important issue in that
context is the correct estimation of the channel at any
given time; this issue is discussed, e.g., in [10]-[12] and
is considered to be perfectly solved for the remainder
of this paper. Similarly, oscillator frequency offset and
frequency drift can lead to ICI; also, this problem is
assumed to be solved for the purpose of this paper (see,
e.g., [13] and [14]).

2) Insufficient length of the CP: If the CP is shorter than
the maximum excess delay of the channel, ISI occurs,
i.e., each OFDM symbol affects the subsequent symbol;
this effect can be eliminated by decision feedback [15],
[16] and will be disregarded henceforth. Furthermore, the
insufficient CP also leads to ICI, as the original symbols
cannot be reconstructed by means of a one-tap equalizer
alone. An insufficient duration of the CP can arise for
various reasons. A system might consciously shorten or
omit the CP in order to improve the spectral efficiency. In
other cases, a system was originally designed to operate
in a certain class of environments (and, thus, a certain
range of excess delays) and is later on deployed also
in other environments that show a larger excess delay.
Finally, for many systems, the length of the CP is a com-
promise between the desire to eliminate ISI and to retain
spectral efficiency—in other words, a CP should not be
chosen to cope with the worst-case channel situation, as
this would decrease the spectral efficiency in the typical-
case situation.

0018-9545/$25.00 © 2007 IEEE
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Irrespective of the reasons, ICI (and ISI) can lead to a con-
siderable performance degradation in many systems and must
be combated. A large range of techniques has been developed
in recent years and can be classified as follows.

1) Optimum choice of the carrier spacing and OFDM sym-
bol length: By trading off ICI caused by temporal varia-
tions and by delay dispersion, the bit error rate (BER) can
be minimized without requiring any structural changes
in either the transmitter or receiver [17]. In a related
approach, the basic pulseshape for the signaling of the
subcarriers can also be modified [18], [19].

2) Self-interference-cancellation techniques: In this ap-
proach, the information is modulated not just onto a
single subcarrier but onto a group of them, which leads to
a strong reduction in the self-interference. The technique
was suggested in [20] and later extended in [21]-[23].
This technique is very effective for the mitigation of ICI
but leads to a reduction of the spectral efficiency of the
system.

3) Temporal equalizers: In these techniques, the equaliza-
tion is done in the time domain, before the FFT at the
receiver (with a possible feedback that undergoes back-
and-forth transformations) [24], [25]. Reference [26]
found the coefficients for a temporal filter that max-
imizes the SINR for both conventional OFDM and
multiple-input—multiple-output (MIMO)-OFDM. An ef-
ficient scheme called RISIC, based on tail cancellation
and cyclic reconstruction, was first suggested in the study
in [15] and improved in the study in [27]. In a similar
approach, channel shortening can be used to make the
effective impulse response shorter than the CP [28].

4) Techniques that depend on the presence of unused sub-
carriers (null carriers): In this approach, redundancy is
placed in the frequency domain by having more carriers
than is strictly necessary. Similarly to the principle of the
CP, which allows elimination of the ISI by redundancy in
the time domain, the redundancy in the frequency domain
allows elimination of the ICI [29]-[31].

5) Forward-error correction [32]: The capability of any
forward-error-correcting code can be used to eliminate
the errors caused by the ICI, and correlative coding [33]
can improve the ICI as well.

An area of particular interest has been linear equalization in
the frequency domain. The impact of the channel can be de-
scribed by a transfer-function matrix, which is inverted explic-
itly or implicitly. Equalization of ICI due to temporal variations
of the channels has been studied in [11], [12], and [34]-[39];
most of the equalization strategies suggested in these papers
rely on the special structure of the transfer-function matrix in
the case of pure Doppler-induced ICI (i.e., with sufficient guard
interval). Reference [38] also provides a matched-filter bound
for time-varying frequency-selective channels for the case that
the CP is sufficiently long. Reference [40] showed that the
elimination of ISI due to time variations is dual to the temporal
equalization in single-carrier systems. Equalization of ICI due
to insufficient guard intervals, possibly in combination with
decision-feedback equalization (DFE), was studied in [16];
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moreover, various algorithms have been considered for the
matrix inversion. Direct inversion of the channel matrix [either
according to a zero-forcing or an minimum mean-squared error
(MMSE) criterion] is computationally too expensive. For wire-
line communications, Bogucka and Wesolowski [41] advocated
the use of the LMS algorithm to find the coefficients in the
frequency domain; however, this approach is not feasible in
time-variant wireless channels.

In this paper, we therefore suggest an iterative inver-
sion technique for the general case of time-varying delay-
dispersive channels with insufficient CP. We also present a
serial-interference-cancellation (SIC), as well as a parallel-
interference-cancellation (PIC) scheme that shows rapid con-
vergence and lower error floor for some ranges of delay spread.
Since 2000, when we first suggested these algorithms in our
conference papers [42], [43], interest in this approach has
greatly increased and various related schemes have been pub-
lished. Reference [44] uses a Gauss—Seidel iteration for the
inversion of the channel matrix; [45] and [46] suggested SIC
schemes and analyzed their performance.

The remainder of this paper is organized the following way:
in Section II, we describe the system model as well as the chan-
nel characteristics determining the system behavior. Section III
is dedicated to the “operator-perturbation technique” (OPT)
for the efficient inversion of matrices. Next, we investigate
interference-cancellation techniques, covering both PIC and
SIC. Section V gives numerical results for both the OPT and
the interference cancellation. A summary and the conclusions
wrap up this paper.

II. SYSTEM MODEL

This section briefly summarizes the model we use for OFDM
transceiver and channel (further details can be found in [2]-[4]).
OFDM divides the data stream into blocks of length N. The
subcarrier modulation is done by means of an inverse discrete
Fourier transform (IDFT) of the data blocks (typical length
N =64...1024 carriers, but up to 8000 carriers are possible
for digital video broadcasting (DVB). Let the block X lgz) be the
ith block of the transmission, with k indexing the N complex
modulation symbols. The transmit signal in the time-domain
2()[n] can then be written as

=2

_ L
N

@ [n] X,gi)ej%w”k7 -G<n<N (1)

o>~
Il

0

where G is the length of the CP; for the case of the CP
being absent, we simply set G = 0. The channel performs the
convolution with the impulse response of the channel h[n,!],
which consists of L multipath components 0 <[/ < L and is
time-variant, as reflected by the double indexing. The received
signal y(!) [n] (without noise added by the channel) is then

YO = (hxa®) ). @

As the CP is discarded by the receiver, we henceforth consider
only 0 < n < N. The first L — G — 1 samples of y[n] are
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distorted by ISI from the previous symbol z(*~1); thus, 3
consists of two parts:

L-1
= Z hln, ]z
1=0

In —lloln — 1+ G

L-1
+ Y hn, 2" Vn—1+ G+N)(1—o[n—1+ G))
I=G+1

=y ] +y "V [n] (3)

where o is the Heaviside function, and y(*[n] and ("~ [n]
are the contributions to y(")[n] stemming from the ith and
1 — 1th block, respectively. To reconstruct the sent symbols,
the receiver performs a DFT on (¥ [n], Yk@ = DFT{y™[n]},
where k again is the subcarrier index. Throughout this paper,
we assume perfect synchronization of carriers and blocks, and
further, if not otherwise stated, absence of noise.

We now write the DFT of (3) in the receiver [15] as (4),
shown at the bottom of the page, where N = N + G.

Y " and V"""V are, again, the parts of Y, that originate
from the own symbol 7 and the previous symbol 7 — 1, respec-
tively. If we use (1), these parts can then be written as

Y0 =
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This can be written in a compact form as a vector—matrix-
product

=HG . x® 4 g1 x-1)
&)

where Y (4%=1) is the ISI term, and Y (%) contains the desired
data disturbed by ICI Note that if X(*~1) was detected suc-
cessfully (and the channel is completely known, as we always
assume in this paper), then Y1) can be computed and
subtracted from Y (). This procedure can either be done in the
frequency domain, as we showed here, or in the time domain,
as in [15]. Due to this reason, ISI is not considered in the
remainder of this paper. For simplicity, we henceforth drop the
index of the block number superscript ().

The above formulation is general in the sense that it includes
the ICI due to the time variations and the insufficient guard
interval.

YO =y @) Ly @i-1)

III. OPERATOR-PERTURBATION TECHNIQUE (OPT)

After ISI cancellation, the data vector still contains interfer-
ence from its own symbol, the ICI. To equalize this interference,
we have to compute the data vector from (in the absence
of noise)

Z X(z (z ’) ®)
Y = HX. (10)
. N-l A straightforward solution is the inversion of this equation
(i,i-1) i—1 (,i—1) ’
Yy = Z X( )Hk m (6) namely
m=0
s = 71 . .
where =X;=H " Y, (11)
p NoiL-l A matrix inversion require O(n3) operations, where n is the
Z Zh n—+1i N 1] eJ ("7”—“”_”"')0[”— I+G| size of the square matrix. In the next section, we will introduce a
n 01=0 technique (OPT) that only needs O(n?) operations per iteration.
(7
and A. Standard OPT
P N1 Lt . . . . .
The OPT is an iterative method to efficiently approximate
(z i— 1) j=E (nm—Im—nk) Yy app
Z Z hln + iN, e % and invert linear or nonlinear operators. It was originally intro-
" 0i=G+1 duced by Cannon in [47] and is well known in the astrophysics
x {l—o[n—1+G]}. (8) community. For matrices, it is also known as Jacobi-Iteration
N-1
i IR 1 —j2rn
v =37 (O] + V) ek
n=0
N-1L-1
~ . S 27
= h[n +iN, )z [n — lJo[n — [ 4+ Gle I ¥k
n=0 1=0
Yk(i,l)
N-1 L-1

+3° 3 B +iN e~ 1+ G+ N1 —ofn—1+G]) e 7 ¥

n=0[1=G+1

“)

(i,i—1)
ch
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(see [48, ch. 10.1]), which has also been used in the context
of interference cancellation in code-division multiple access
(CDMA) [49]-[51]. We write (10) as

Y =HX — ¢ (12)
where H is the approximate operator whose inverse is easy to
compute, gnd € is the deviation from the exact solution. For
example, H could consist of the diagonal elements of H and
zero off-diagonal elements and would thus be trivial to invert.
Alternatively, H can be taken as a banded matrix, i.e., a matrix
that contains only the main diagonal and a few off-diagonals of
the matrix H. The solution of (11) is found by the following
iteration:

X =H'Y (13)
€0y = (H - H)X(g) (14)
Xy =H ' () +Y) (15)
€(it1) = (H - H)X (11 (16)

where subscript (4) indexes the ith iteration. After initialization
[steps (13) and (14)], steps (15) and (16) are repeated until a
criterion is reached. Substituting step (15) in step (16) gives

Xy =X+ H (Y - HX(p)
“(xw)

where e(x ) is the error of the old solution X;. If X(;
converges t0 X (), then

A7)

Xy =H ™ (€0 + Y)

E(oo) = (ﬁ — H)X(OC)
_f (T

Xy =H ! ((H - H)X(x) + Y)
=X (o) + H ! (Y - HX (1))

=0=H"'(Y -HX(,). (18)

This means that if det{H !} # 0, then we get the solution

Y -HX) =0 19)
and therefore, X(OC) =X.

Step (16) of the iteration procedure requires a vector—matrix-
product that needs O(n?) operations. This step determines the
overall performance. The question of how many iteration loops
are necessary for a sufficient accuracy will be treated in the next
section.

B. Acceleration of Convergence

Auer [52] and Ng [53] developed methods to improve the
convergence speed of linear iterative schemes. These tech-
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niques have been invented in astrophysics and chemical physics
but, astonishingly, do not seem to be widely known in mobile
radio. Clearly, linear iterative schemes are only linearly con-
vergent. An improvement of convergent speed can be achieved,
when we use more information than the last solution X,;_; to
calculate the new X;:

M
X(i) = O‘OX(FU + Z OK"LX(iflfm)'

m=1

(20)

ap =1—3 a,, is a normalization factor. The coefficients oy,
are determined as the solutions of the following set of linear
equations [53]:

M&Cca — baCC (21)
where
1
M2 = —[AX, . — AX,—;
1,7 zl: |XN—1,l| [ N} ,l]
X [AXn’l — AXn,j’l] (22)

1
= L AN AN - AX, ] @)
’ ; [ XNl HAKn g

where AX,,; is the lth component of the vector X, —
X (n-1)- For a Mth order acceleration, we must supply M + 2
successive estimates of the solution. Auer [52] gives a pseudo-
code for a second-order acceleration. Unfortunately, there is
no clear optimal choice of M; the results of the study in [52]
indicate that the utilization of higher orders than M = 2 usually
do not significantly improve the acceleration. This was also
validated by our own investigations; therefore, we implemented
the second-order acceleration only (M = 2).

According to the study in [52], the choice for M = 2 requires
the last four successive samples of the sequence of approxi-
mations of the solution. Following this algorithm, after every
fourth iteration in the approximation of Y = HX, one acceler-
ation step is inserted. Then, the next four standard iterations
are done followed by another acceleration, etc. In principle,
this acceleration scheme is a very general method that can be
applied to every linear iterative approximation algorithm.

C. Further Modifications

We can further exploit the finite-alphabet properties of the
modulation: As we know that the solution of X = H~Y must
lie in the set {—1, 41} for BPSK, we can include a BPSK slicer
after step (15) of the OPT algorithm. This slicer decides on the
components of X;; and forces them to +1 or —1. Such an
“OPT with decision” technique can also be interpreted as a PIC
technique, which we will discuss in the next section.

IV. ICI CANCELLATION

In the last 15 years, efficient techniques have been developed
for the suppression of cochannel interferers in CDMA systems
[54]. Closer inspection of (5) and (7) reveals that the ICI
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is mathematically equivalent to cochannel interference (even
though it is stemming from other subcarriers). Thus, the tech-
niques developed for CDMA can be reused for our application.

The basic idea behind OFDM interference cancellation is that
the decisions of the symbols on the subcarriers are improved
iteratively. These improvements are due to the determination
and subtraction of the interference of all the other subcarriers,
based on the decisions of the previous iteration. A proper
initialization has to be done before entering the iteration loop.
We distinguish between PIC and SIC, depending on the order
in which the decisions of the subcarrier symbols are done.

A. Parallel Interference Cancellation (PIC)

For initialization, we again calculate a first estimate X(O) =
(diagH)~! - Y, similar to the OPT technique. Here, diagH is
the diagonal of H only and can be inverted with computational
effort O(n). The interference I; in step ¢ is

I(z) = HX(ifl) — diagH X(ifl)- (24)
The updated interference-canceled received symbol vector Y ;)
is simplified to

Yi =Y —I). (25)
Hence, the updated estimate of the transmitted symbol on
subcarrier k is

(Xr)) = (Yr) )/ Hr

where we equalize the interference-canceled received symbol
by the channel response on the frequency of subcarrier k. This
algorithm is called “parallel,” because (25) and (26) can be
applied to all channels £ =0...n — 1 simultaneously by a
vector—matrix calculus. Due to the vector-matrix multiplica-
tion, the computational complexity of the algorithm is O(n?).
These steps are identical to those of the OPT technique, with
the special assumption of H = diagH.

Before entering the next round of iterations, the estimated
symbols can be processed in a nonlinear fashion. In the most
simple case, they could be forced to the nearest symbol of the
used alphabet. More generally

(X)) = F (X))

where f(-) is the nonlinear decision function. A good choice
for BPSK is the hyperbolic tangent function [55] (Xk)(i) =
tanh(c - (Xy)(;)) because far-off estimates are forced to +1
and thus reduced in their impact on the next cancellation
stage, while estimates with small amplitudes are more or less
unchanged. The factor ¢ in the hyperbolic tangent function
controls the slope near zero. Small ¢ (e.g., ¢ < 1) are appro-
priate if the estimates are not yet reliable. Large ¢ (¢ > 10)
are appropriate for accurate estimates, e.g., if the signal-to-
interference ratio (SIR), which is defined in Section IV-B, is
large. That is the case for good channels with small delay
spread.

Performance can be further improved if c is increased from
one iteration step to the next. In the beginning, decisions are

(26)

27)
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still unreliable so that small ¢ is appropriate. At the end of
the iteration, the decision function approximates the signum
function, and all decisions are in the set {4-1}. This technique
stems from an optimization technique called “simulated an-
nealing” and avoids the convergence of the MSE to a local
minimum [55].

The error vector and the MSE in the receiver are defined as

e=Y-H-X;

MSE = | €]]. (28)

The iteration stops after the MSE falls below a predefined
threshold or the number of iterations reaches a predefined
maximum number.

The most computationally expensive part of the algorithm is
the calculation of the interference (24)—it is a matrix—vector
product and is the reason for the O(n?)-complexity of this
method. For each subcarrier, the interference of all other subcar-
riers is computed. Due to the fact that the influence of two sub-
carriers decreases with increasing frequency distance, we can
restrict the interference calculation to the neighboring carriers.
It is also noteworthy that the optimum PIC scheme makes use
of the log-likelihood ratio from the MAP decoder [56].

B. Serial Interference Cancellation (SIC)

The main difference between SIC and PIC is that the update
steps (25) and (26) are not done in parallel for all subcarriers
but sequentially one channel after the other. In contrast to
PIC, an initialization is not required. After each estimate and
decision, the new interference is determined. This technique,
suggested by us in [43], was also used in [45], which proposed
simultaneous cancellation of several symbols in order to reduce
processing delays.

Let us first define a SIR for the subchannel & as

| Hyi|?
N-1

> | Hrl?

1=0
1%k

SIR; = . (29)

We then order the subchannels by their SIR. This ensures that
high reliable channels (i.e., with high SIR) are processed before
the weak channels. In each iteration step (outer loop), the
subchannels are processed in the order of their corresponding
SIR (inner loop) that was calculated beforehand for the actual
channel situation. For each subchannel k of iteration step i, the
interference

>

1€ X decided in
previous iteration

and l#k

Hia(X1) 1) + Z Hia(X1) @)

1€ X decided in
current iteration

(Ix) iy =

(30)

is computed and subtracted. The computational effort is again
O(n?) due to the necessity to sum up the off-diagonal elements
of the channel matrix and the computation of the interference
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terms. Note that the interference is calculated from the actual
estimate X(i) compared to Section IV-A, where it is calculated

from the previous estimate X ;_1). X(i) contains all the deci-
sions of subchannels that were previously made because they
have higher SIR. The other channels were decided during the
last iteration step. The rest of the algorithm is similar to PIC.
The major advantage of SIC compared to PIC is that, within a
single iteration step, the impact of estimated symbols on low-
SIR carriers is considered immediately.

V. SIMULATION RESULTS

In the following, we present numerical results to demonstrate
the effectiveness of our proposed techniques. We investigate
1) the OPT, without any nonlinear processing (decisions) and
using Auer’s acceleration of convergence; 2) the PIC technique
with progressively increasing values of the parameter ¢, and
3) SIC. These cases will be simply called OPT, PIC, and SIC,
henceforth. For the OPT and the SIC (outer loop), we use a
predetermined number of iterations, namely ten. For the PIC,
we iterate until the MSE between subsequent iteration rounds
falls below a threshold of 1073, or the number of iterations
becomes 30.! For the SIC and the PIC, we use the tanh mapping
function; we set ¢ = 0.5 in the first iteration. For the PIC, ¢
increases by 1.0 in each iteration step, while for the SIC, it
increases by 2.45. Furthermore, we use a depth of five, i.e., four
off-diagonals, for the OPT.

We show the BER of an uncoded OFDM system for vari-
ous propagation channels. The channels are characterized by
their scattering functions Pg(v,7), which is defined via the
relationship

/ / E{h*(t,7)h(t',7")} exp [2mj (vt — V't")] dtdt’

—00 —0OC

= Ps(v,7)0(v — V)o(T — ') (31)
assuming that the wide-sense stationary uncorrelated-scattering
assumption [57] is fulfilled. Here, v is the Doppler frequency.
We furthermore assume that the statistics of the amplitudes are
zero-mean complex Gaussian, resulting in the familiar Rayleigh
fading. For most of the examples, we analyze a static channel
so that the channel is characterized by its power-delay profile
(PDP) only
PDP(7) = E {|h(T)|2} . (32)
We first analyze the impact of the shape of the PDP on
the effect of the bit-error probability (BER) for the different
equalization techniques. It is well known that, for unequalized
single-carrier systems, the BER is proportional to the squared
magnitude of the rms delay spread [58], [59]. For OFDM
systems with CP, however, we need to consider only the part of
the PDP that exceeds the length of the CP. We can thus expect

Tn the simulations that follows, the MSE threshold was not reached, so that
the number of iterations was always 30.
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Effect of "delay spread" only on a 2-spike PDP
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Fig. 1. BER as a function of the rms delay spread for a two-spike profile.

OFDM system with 64 tones and CP with 12 samples length.
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Fig. 2. BER as a function of the rms delay spread for a two-spike profile.
OFDM system with 64 tones and no CP.

a different dependence of the BER for different PDPs. Figs. 1
and 2 show the BER for a two-spike profile

PDP(’T) = 6(7’) + 5(7' - 27—rms) (33)

where 7,5 is the rms delay spread normalized to the OFDM
symbol duration; the simulations use 100 channel realizations,
in each of which 100 OFDM symbols are transmitted (sam-
ple simulations with 500 channel realizations gave the same
results). We find that the BER is lower in an equalized system
without CP than in a conventional system with CP, even if the
CP is large enough to eliminate all ICI. This fact, which is
astonishing at first glance, can be explained by the frequency
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Effect of "delay spread” only on a rectangular PDP
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Fig. 3. BER as a function of the rms delay spread for a rectangular PDP.

OFDM system with 64 tones and no CP.

diversity inherent in delay dispersion. A conventional system
with CP discards all information “hidden” in the first G re-
ceived samples. For an OFDM system without equalizer, this
information is detrimental, since it leads to ICI and, thus,
interference on the different tones. However, a system with
one of our equalizers can actually make good use of this
information—essentially, it carries information about each bit
on several tones simultaneously and is, thus, less sensitive to
fading. We also observe that, for very large delay spreads, all of
the equalization techniques start to break down. Finally, we note
that the SIC and PIC perform slightly better than the OPT. The
“choppiness” (nonmonotonicity) of the curves stems from the
idiosyncrasies for the channel models, i.e., for a given channel
model, some delay spreads can be equalized more easily than
others (this was confirmed by runs with more channel realiza-
tions). Finally, we find that, if there is a CP and no equalizer, the
impact of ICI is noticeable for all rms delay spreads larger than
0.094 (0.5%12/64) for the choice of parameters in Fig. 1. Figs. 3
and 4 show the BER for rectangular and exponential PDPs,
respectively. Note that, for those profiles, the maximum rms
delay spread considered here is smaller: We investigate only
cases where the maximum excess delay is smaller or equal to
one symbol duration (as the exponential PDP extends to infinity,
we require that the “significant” part of the PDP lasts only one
symbol duration).

We also investigate the impact of using different approximate
operators H in the OPT. Fig. 5 shows the BER as a function
of the delay spread of a rectangular PDP when H contains
two, eight, 32, and 64 off-diagonals of H. We see that there
is hardly any difference in the resulting BER, which shows
that good results can be achieved with a H that requires little
numerical effort for its inversion. We also investigate the impact
of the acceleration procedure for the OPT. Fig. 6 shows how the
acceleration steps improve of the MSE.

We analyze next the performance in a scenario that does not
show delay dispersion (single-tap channel) but rather only time
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Fig. 5. BER as a function of delay spread for OPT with different numbers of
diagonals accounted for in H.

variance of the channel, following a “classical” Jakes Doppler
spectrum. We plot the BER versus the rms Doppler spread
(normalized to the inverse of the OFDM symbol duration) for
the case of a classical Jakes Doppler spectrum

So (V) x — (34)
v Iznax —v?

at an SNR of 30 dB; see Fig. 7. Once again, the OFDM symbol
length being considered here is 64 samples. It is noteworthy
that the OPT performs better than the interference-cancellation
technique in this case. Fig. 8 shows the impact of using different
numbers of off-diagonal elements in the iterations. We also note
that, in the Doppler case, the simple but effective approach of
[60] can be used.
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spectrum. Single-tap PDP, 64 carriers.

In order to analyze the usefulness of our algorithms in
comparison to an OFDM system without any equalizer, we
performed simulations of a system similar to the IEEE 802.11
standard. The system bandwidth was taken to be 20 MHz, and
the carrier frequency was taken to be 5 GHz; we used the IEEE
802.11n channel models [61] which define both the delay and
angular dispersion; from this, the scattering function can be
derived. We approximate the standardized system by taking a
64-carrier OFDM system (the actual 802.11a system has 48
data carriers as well as pilots and null carriers); the velocity was
taken to be 100 m/s (which is much higher than can usually
be anticipated for 802.11a systems), making this case suffer
from ICI due to Doppler, as well as delay spread. If the CP
is 16 samples long, as defined in the 802.11a standard, then
ICI is negligible (simulation results not shown here for space
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Fig. 8. BER as a function of Doppler spread for OPT with different numbers
of diagonals accounted for in H.
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Fig. 9. BER as a function of SNR for an 802.11-like OFDM system with 64
carriers and eight samples CP. Performance is analyzed in a channel model F of
the 802.11n channel models with 100-m/s velocity.

reasons). However, if the CP is only eight samples long, which
was recently suggested as an option for the 802.11n standard,
ICI becomes noticeable. Fig. 9 plots the BER for various
interference-cancellation techniques versus SNR in comparison
with a case where no equalizer is present in the OFDM receiver.
We find that, while the unequalized receiver shows an error
floor of 1073, the OPT, as well as the PIC and SIC, does not
exhibit a floor at SNRs up to 30 dB.

VI. SUMMARY AND CONCLUSION

In this paper, we have presented several algorithms for
the equalization of OFDM systems that suffer from ICI. We
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considered all sources of ICI, namely, an insufficient du-
ration of the guard interval, as well as temporal variations
of the channel. ISI can be eliminated by decision-feedback
algorithms. We first established a general system model to
represent all ICI contributions as off-diagonal elements of a
channel matrix that multiplies the transmit symbols. We then
investigated various schemes for the efficient inversion of this
process.

We first considered a linear-equalization approach, where the
inversion of the channel matrix is done iteratively by means of
OPT. This approach can be improved by adding an “acceler-
ation of convergence scheme.” Furthermore, introducing deci-
sions between the iteration steps leads to a PIC scheme, where
the interference from neighboring tones (based on preliminary
decisions) is subtracted in several stages. Alternatively, a SIC
scheme first decides about the tone with the strongest SINR,
subtracts its interference from the neighboring tones, decides
for the next-best tone, and so on.

Simulations demonstrated that all three schemes lead to a
drastic reduction of the error floor created by ICI and can even
lead to performance that is better than with long CP, while,
at the same time improving spectral efficiency. Our simulation
results show that the low-complexity equalization techniques
can be effectively used in practical OFDM systems and give
guidelines for their implementation.
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