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Abstract—In this paper, we examine multicarrier transmission
over time-varying channels. We first develop a model for such
a transmission scheme and focus particularly on multiple-input
multiple output (MIMO) orthogonal frequency division multi-
plexing (OFDM). Using this method, we analyze the impact of
time variation within a transmission block (time variation could
arise both from Doppler spread of the channel and from synchro-
nization errors). To mitigate the effects of such time variations,
we propose a time-domain approach. We design ICI-mitigating
block linear filters, and we examine how they are modified in the
context of space-time block-coded transmissions. Our approach
reduces to the familiar single-tap frequency-domain equalizer
when the channel is block time invariant. Channel estimation in
rapidly time-varying scenarios becomes critical, and we propose
a scheme for estimating channel parameters varying within a
transmission block. Along with the channel estimation scheme,
we also examine the issue of pilot tone placement and show that
in time-varying channels, it may be better to group pilot tones
together into clumps that are equispaced onto the FFT grid; this
placement technique is in contrast to the common wisdom for
time-invariant channels. Finally, we provide numerical results
illustrating the performance of these schemes, both for uncoded
and space-time block-coded systems.

Index Terms—Channel estimation, Doppler, fast fading chan-
nels, intercarrier interference, MIMO, multicarrier transmission,
pilot tones, wireless transmission.

I. INTRODUCTION

T HE explosive growth of wireless communications is cre-
ating the demand for high-speed, reliable, and spectrally

efficient communication over the wireless medium. There are
several challenges in attempts to provide high-quality service in
this dynamic environment. These pertain to channel time-vari-
ation and the limited spectral bandwidth available for transmis-
sion. In this paper, we are concerned with the role of time vari-
ation in transmission of multicarrier modulated signals and the
design of schemes to handle such variations.

Multicarrier transmission for wireline channels has been
well studied [1]. The main advantage of orthogonal frequency
division multiplexing (OFDM1 ) transmission stems from the
fact that the Fourier basis forms an eigenbasis for time-invariant
(DMT) channels. This simplifies the receiver and leads to in-
expensive hardware implementations, as the equalizer is just a
single-tap filter in the frequency domain (under the assumption
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1For wireline transmissions, OFDM is commonly referred to as discrete mul-
titone [1].

that the channel is time-invariant within a transmission block).
Furthermore, combined with multiple antennas [2], [3], OFDM
modems are attractive for high data rate wireless networks
(wireless LANs and home networking). However, the block
time-invariance assumption may not be valid at high mobile
speeds or when there are impairments such as synchronization
errors (e.g., frequency offsets). In such situations, the Fourier
basis need not be the eigenbasis, and the loss of orthogonality
(of the carriers) at the receiver results in intercarrier interference
(ICI). Depending on the Doppler spread in the channel and
the block length chosen for transmission, ICI can potentially
cause a severe deterioration of quality of service (QoS) in
OFDM systems. Essentially, ICI arises from “time-selectivity”
of the channel and, therefore, is the frequency-domain dual
of the intersymbol interference (ISI) seen in single-carrier
transmission over frequency-selective channels.

Given the direct relationship between achievable data rate and
the signal-to-inter-carrier-interference-plus-noise ratio (SINR)
at every subcarrier (see, e.g., [1]), ICI has a negative impact
on the data throughput as it effectively decreases the SINR.
Starting from an analysis of the ICI impact on system perfor-
mance, we develop herein an ICI mitigation scheme for both
single-input single-output (SISO) and multiple-input multiple-
output (MIMO) OFDM systems. Founded on optimum block
linear filters and practically realizable channel estimation tech-
niques, our proposed scheme significantly improves the SINR
(which serves as a figure of merit for the system performance)
over a wide range of channel and system configurations.

In SISO OFDM, carrier frequency errors induce a structured
ICI pattern that can be eliminated using either training-based
or blind techniques (see, e.g., [4] and references therein). The
frequency offset manifests itself as a multiplicative factor in
the frequency channel response (at each subcarrier of the FFT
grid), and once the frequency offset has been estimated, it can
be removed rather easily. Without estimating the carrier offset,
transmit precoding can be employed to suppress its impact on
ICI (see, e.g., [5] and references therein). On the other hand,
Doppler-induced ICI appears to be more challenging. In SISO
OFDM, previous studies have quantified the effects of ICI on the
system performance. In [6], a central limit theorem argument is
used to model ICI as a Gaussian random process and quantify
its impact on bit error rate (BER), whereas [7] presents results
for a number of different Doppler spectra. In [8], the focus is on
the wide-sense stationary uncorrelated scattering (WSSUS) [9]
channel to show that if the OFDM block duration is greater than
8% of the channel coherence time, then the SINR (due to ICI)
is less than 20 dB (see also [10] and references therein).

Similar to SISO OFDM, MIMO OFDM is sensitive to
Doppler and carrier frequency errors that destroy the subcar-
rierorthogonality and give rise to ICI. MIMO OFDM may be
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equipped with transmit and/or receive diversity (see, e.g., [2]
and [11]) and may build on beamforming, space-time coding,
and interference cancellation (to name just a few techniques)
to increase the achievable data rates over the wireless medium.
Our ICI-mitigating designs encompass generic MIMO OFDM
systems. In particular, for space-time-coded transmissions, we
illustrate through simulations the significant SINR gains by our
approach.

Compensation for Doppler-induced ICI hinges on the estima-
tion of the time-varying channel. When the OFDM block dura-
tion is less than 10% of the channel coherence time, [12] argues
that the channel can be assumed to vary in a linear fashion (and
as a result, it can be obtained by linear interpolation between
two channel estimates acquired from training blocks). When
the OFDM block duration is much smaller than the channel
coherence time (relatively mild Doppler), the channel can be
assumed approximately constant (over an OFDM block), and
its estimation has been thoroughly studied (see [10] and refer-
ences therein). For rapidly time-varying environments and for
the cases where the channel obeys a parsimonious model, tech-
niques in [13] and [14] can be used for channel estimation and
tracking. In this work, we look atsevereDoppler cases, where
the channel can no longer be assumed constant within a trans-
mission block: for such rapidly time-varying channels, we de-
velop a novel estimation method.

Our contributions in this paper can be summarized as follows.

• We develop a model for intercarrier interference appli-
cable to MIMO channels.

• We present an ICI analysis for MIMO OFDM.
• We propose a time-domain filtering scheme for mitigating

ICI.
• We propose a channel estimation and tracking scheme for

estimating the time-varying (within transmission block)
channel parameters.

• We propose a pilot tone placement scheme (which works
in conjunction with the channel estimation scheme).

The following is an overview of the paper organization. In
Section II, we present the model and the notation used in the
paper. We present an ICI analysis for MIMO OFDM in Sec-
tion III, and in Section IV, we develop optimum block linear fil-
ters that suppress ICI and yield significant SINR improvement.
In Section V, we address the problem of estimating a rapidly
time-varying channel, and in Section VI, we present illustrative
simulations. Finally, in Section VII, we conclude with some dis-
cussion.

II. DATA MODEL

The input data is passed through the filter to
produce the transmitted signal . The received signal can be
written as

(1)

where is the impulse response of the time-varying
channel, and is the additive Gaussian noise. We collect
sufficient statistics through Nyquist sampling. The basic idea is
that if we sample at a rate larger than , where
is the input bandwidth and is the bandwidth of the channel

time-variation [15], then we get Nyquist sampling. A careful
argument about the sampling rate required for time-varying
channels can be found in [16]. In this paper, we assume that this
criterion is met, and therefore, we have the discrete-time model

(2)

where represents the sampled time-varying channel im-
pulse response (which combines the transmit filter with the
physical channel ). The approximation of having a fi-
nite impulse response in (2) can be made as good as we need
by choosing [16]. In this paper, we focus on the discrete-time
model given in (2). For the case of multiple transmitter and re-
ceiver diversity channel with receive and transmit an-
tennas, we can easily generalize this model to

(3)

where is the th tap of the matrix response
with

input;
output;
complex additive temporally-white cir-
cularly-symmetric Gaussian noise with

, i.e., a complex
Gaussian vector with mean and covari-
ance .

The noise is assumed independent of the input. Throughout this
paper, we impose an average power constraint on the input that
is assumed to be zero mean, i.e., . The spe-
cific structure of could be constructed by assigning a
special structure to (for example a discrete multipath
channel).

Over a time block of symbol durations, (3) can be ex-
pressed in matrix notation as

(4)

where , , and . We
assume that a cyclic prefix of length equal to channel memory
is inserted in each input block to eliminate interblock interfer-
ence (IBI). This prefix serves just as a guard interval between
blocks when we have channel time variation within a transmis-
sion block. However, when the channel impulse response (CIR)
is time invariant over the block, the cyclic prefix serves the role
played in OFDM, i.e., becomes ablock-circulantmatrix.

Now, let us consider OFDM transmission, where each of the
time-domain -dimensional input vectors in is generated

by taking IDFT of an information-bearing vector, i.e.,

(5)

where2 ( denotes the Kronecker product
[17]), is the identity matrix of dimension , and

for , is the standard -di-
mensional DFT matrix. We will first develop more detailed no-
tation for the case , and then, the generalization
would not be difficult.

2We denote complex matrix transpose with superscriptH, complex conjuga-
tion by superscript�, and matrix transpose by superscriptT .
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We can write the output of the DFT at the receiver for a time-
block (where is the number of carriers)
as

(6)

for , where , , and are the
DFTs of and , respectively. We have also
defined as the th element of .
Here, is the DFT matrix defined as
and , and is
the equivalent channel matrix including the effects of the cyclic
prefix (used in OFDM) defined as (7), shown at the bottom of
the page. We can easily evaluate as

(8)

Note that the form of the model in (6) is applicable to more gen-
eral transmission scenarios than using OFDM. We can replace

by any arbitrary matrix , and for a given structure of the
guard interval (prefix), we can find the specific structure of
[as in (8) for OFDM] for that case.

In the case when we have transmit and receive diversities, we
can modify (6) to

(9)

where , ,
, , , and is the

equivalent channel matrix [as in (7)] for the time-varying ISI
channel between theth receiver and theth transmitter, which
is denoted by . In addition, the received vector for
the th frequency bin is ,

is the transmitted vector for
the th frequency bin, and is
the noise vector. We can rewrite (9) in compact form as

(10)

where the th block of is given by ,
,

, and .
We can also write the matrix in more compact notation as

(11)

where , , and is obtained
from (4).

III. ICI A NALYSIS

We start with the data model given in (9)

(12)

We are interested in finding the covariance matrix of
the ICI (with noise) , where

. In order to find the co-

variance of , we need to make a few simplifying
assumptions.

• Each channel is modeled as a
WSSUS channel, i.e.,

. Moreover, the channel is modeled
as a complex Gaussian stochastic process.

• The channel between theth receiver and theth trans-
mitter is uncorrelated with the channel between theth
receiver and theth transmitter when or .
That is, elements of are uncorrelated with the ele-
ments of . Moreover, we assume that the channels

are identically distributed over .

These statistical assumptions on the channel arenot crucial,
and the analysis can be accomplished without these assump-
tions. However, they do simplify the algebra and expose the im-
portant issues that we need to point out. Given these assump-
tions, we can make the following observation.

Fact III.1: The elements of the matrix are indepen-
dent and identically distributed (i.i.d.) Gaussian random vari-
ables.

Proof: As , the ele-
ments of are i.i.d. complex Gaussian because the chan-
nels are modeled as complex Gaussian and independent
across the transmit and receive antennas.

Given these statistical assumptions, we can now proceed to
evaluate the covariance of

(13)

...
...

...
...

...
...

...
...

...
...

...
...

...
...

(7)
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where we have defined . Equa-
tion (13) indicates that the basic component of the calculation
is ; this is what we focus on
next.

We start from the observation that we can do an eigende-
composition of the signal covariance matrix as

, where is a unitary matrix.
From Fact III.1), the matrix has i.i.d. Gaussian ele-
ments (i.e., is isotropically distributed), which implies
that the matrix is distributionally equivalent
to (note that if we apply a unitary transformation on
an i.i.d. Gaussian matrix, the resultant matrix is also an i.i.d.
Gaussian matrix with the same distribution). Hence, we can
rewrite in the following way:

(14)

where diag is a diagonal
matrix of the eigenvalues of .

Now, let us examine the elements of the matrix given in (14).
The th element is

(15)

where is due to the assumption that the channels on dif-
ferent links are uncorrelated3 . Hence, the component matrices

are diagonal (a direct result
of the fact that the channels are modeled as being spatially
white).

Using the WSSUS modeling assumption and using the
Fourier basis, we can write

(16)

where we have defined
.

3This can be seen from the fact that[G(m; p)] = [ ~QH ~Q =N ]
and[G (m;n)] = [ ~QH ~Q =N ] , which shows that ifr 6= s,
then[G(m; p)] and[G (m;n)] are uncorrelated.

Consequently, as the channels are spatially independent, we
can write the covariance matrix of the ICI as

tr

where tr denotes the trace of a matrix.
This analysis points to a few issues worth noting.

• The ICI is accentuated with the presence of multiple
transmit antennas (i.e., ).

• The covariance of the ICI is spatially white in (17) due to
the assumption that the channel matrices were as-
sumed to be so. We can analyze spatial correlation with
similar techniques, but the expressions turn out to be a
little more complicated without adding much more in-
sight.

• Multiple-receive antennas could be used to mitigate the
ICI. For example, the ICI term in (12) can be seen as
interference, and hence, using multiple receive-antennas,
we can do either zero-forcing or MMSE interference sup-
pression purely in the spatial domain [18]. However, this
might require many receive antennas, depending on the
amount of dominant ICI. In order to also utilize the ad-
ditional available degrees of freedom (dimensions) in the
time domain, we examine next a combined time and spa-
tial domain approach.

IV. TIME-DOMAIN ICI MITIGATION TECHNIQUE

Henceforth, we focus on the case as it brings
out the essential ideas without unduly complicating the algebra.
Extending the analysis to the general case is straightforward.
Therefore, as , for notational convenience using
(11), we write .

To combat ICI, the length- received vector is multi-
plied by an matrix (corresponding to an -tap
time-varying filter) resulting in

(17)

where the colored noise vectorhas auto-correlation matrix
. Taking the DFT of both sides of (17), we

get

(18)

Note here that captures the effect of filtering with . In
contrast, in (10), captures the effects of ICI before the filtering
operation. Next, we show how to design linear ICI-cancellation
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filters for OFDM. We start with the SISO case and
then extend the design to the MIMO case.

A. Optimum Linear ICI-Cancellation Filter for SISO OFDM

Using (18), we can express the SINR at theth frequency
bin as follows [19]:

SINR
tr

(19)

where is the input energy allocated to theth frequency
bin. We assume that the channel is unknown at the transmitter.
Therefore, the total input energy is divided equally across

all frequency bins, i.e., . Under this as-
sumption and defining to be the th unit vector, (19) becomes

SINR

tr

(20)

where we have defined SNR , ,
, , and

. Furthermore, we assumed
that for , which implies that
tr .

The achievable bit rate in an OFDM system is (approxi-
mately) given by [19]

Rate
SINR

(21)

where is theSNR gap(assumed
the same for all frequency bins), the-function is defined by

, and and denote the desired per-
formance margin and overall coding gain, respectively. Further-
more, and are the target probability of error and the
number of nearest neighbors in the used signal constellation, re-
spectively. It is clear from (21) that optimizing (and hence

) in (20) to maximize SINR also maximizes the bit rate in
(21).

We have the following optimization problem:

subject to

and

This is a standardgeneralized eigenvalue problemwhose solu-
tion is determined as follows.

1) Define the Cholesky factorization

.
2) Compute thedominanteigenvector (call it ) of the ma-

trix . Now, since the matrix is
rank-1, it can be shown that , where
is a constant that makes a unit-norm vector.

3) Compute , where the
constant is chosen to make a unit-norm vector.

4) The corresponding optimum SINR for theth frequency
bin is

SINR (22)

B. Alternative Form

We can avoid the need to compute for each as follows.
Using the matrix inversion lemma, we can write

Therefore, only one inverse, namely, that of the output auto-
correlation matrix , needs to be computed. In summary, the
optimum filters are computed as follows.

1) Compute (using channel estimates obtained with
pilot tones and interpolation or using an ensemble average
from several received vectors).

2) For each frequency bin , compute the fol-
lowing.

a) .
b) .
c) The corresponding optimum SINR for th fre-

quency bin is

SINR (23)

Finally, we note that computational complexity can be further
reduced using a low-rank approximation of (this technique
has been used in [20] as part of the channel estimation process).

C. ICI Cancellation Filter for MIMO OFDM

We can express the SINR for theth transmit antenna and
the th frequency bin, which is denoted by SINR, in MIMO
OFDM as in (24), shown at the bottom of the next page.4

Assuming that for , we have
, and hence, tr .

4Note that in the MIMO case, we define intercarrier interference to include
interference from all other frequency bins for the same antenna and interference
from all frequency bins (includingkth) for other antennas.
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Therefore, (24) becomes [using (18)] the second equa-
tion at the bottom of the page, where we have defined

, , and . If we further
define SNR and

, we get

SINR

where we have made the definitions
diag , diag , and

. It can be shown

that SINR is maximized by the filters

for

(25)

where is a normalizing constant, and
. Finally, the optimum

filter is given by

...

It is worth emphasizing that the filter calculated above
performs joint intercarrier and interantenna interference sup-
pression. With zero Doppler, the matrix will be block cir-
culant; hence, the matrix will be block diagonal(i.e.,
interantenna interference is still present). However, the matrix

will be (approximately)diagonal, indicating that
the matrix filter in this case acts also as a linear “mul-
tiuser” detector that suppresses interantenna interference.

D. Space-Time-Coded OFDM

In this section, we will explore a special case of coded MIMO
OFDM, namely, a space-time block-coded OFDM with two
transmit and one receive antennas, i.e., and
(the analysis can be extended to the case and ).
We study a space-time block-coded OFDM system based on

SINR

tr

tr

(24)

SINR
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the the Alamouti code [21] (as first proposed in [22]); although
details can be found in [22], the basic mechanism is as follows.
We consider two source symbols and , which, in
a conventional OFDM system, would be transmitted over two
consecutive OFDM blocks on the same subcarrier. Similar
to the Alamouti code, the two source symbols are mapped as

(26)

where represents the information-bearing vector for the
first OFDM block, and corresponds to the second OFDM
block5 .

Our goal is to understand the effect of channel time-variation
over such a transmission scheme and the performance of optimal
MMSE receiver structures. Using (12), we can write the output
of two consecutive OFDM blocks as

(27a)

(27b)

and, with the aid of (26), obtain

(28)

which can be written as

Now, it can be seen that the mathematical structure of the Alam-
outi-coded OFDM is identical to that of the MIMO OFDM (with
ICI) structure defined in (12), and therefore, the MMSE anal-
ysis done in Section IV-C carries through with the appropriate
interpretations of notation. Furthermore, the derivation of the
optimum linear MIMO ICI cancellation filter is straightfor-
ward (by applying the results of Section IV-C). In this case,
is a matrix as it processes tones over symbol
durations.

5Intuitively, each OFDM subcarrier can be thought of as a flat-fading channel,
and the Alamouti code is applied to each of the OFDM subcarriers. As a result,
the Alamouti code yields diversity gains at every subcarrier.

Computational complexity can be reduced by defining
a per-tone 2 2 filter that suboptimally attempts to
minimize ICI by processing only and . With
time-invariant channels, and in the absence of noise, it can be
seen that reduces to

which coincides with the Alamouti-decoding matrix. Note
that with time-invariant channels, in (28), all “off-diagonal”
terms become zero, , and

.

V. CHANNEL ESTIMATION AND TRACKING

In this section, we address the challenging problem of channel
estimation in an OFDM system with severe Doppler and we
propose a promising technique based on channel interpolation
and judiciously-placed pilot tones. Throughout this section, we
assume .

In a time-varying environment, estimation of amounts to
estimating channels ,

that comprise the rows of ; in other words, we need
to estimate parameters. This number of parameters can be
significantly reduced ifa priori knowledge about the channel
dynamics is available (see, e.g., [23]), or if it is assumed that the
channel is quasistatic (i.e., constant within an OFDM block, but
varying from block to block). Although it has been shown that
the aforementioned methods have provided promising results,
both of them rely on assumptions that do not necessarily hold
true in the OFDM environment considered in this work. On the
one hand, we have made no assumptions about the underlying
channel structure; on the other hand, our work addresses sce-
narios where there is significant ICI, and as a result, the channel
cannot be assumed quasistatic.

Given the minimal set of assumptions on the structure of the
underlying channel, the estimation of appears, at first sight,
to be a daunting task. Even when a full training block is used
(in other words, all OFDM subcarriers are pilot tones), we have
available only values for the estimation of parameters. To
reduce the number of parameters needed for channel estimation
from to less than , we make the reasonable assumption
that some of the channels can be obtained by linear interpo-
lation. Such an assumption holds true if there is not significant
variation between channels and , ,
and as we illustrate later on, channel interpolation does not have
a significant negative impact on the achievable performance of
our methods. Furthermore, channel interpolation transforms a
seemingly very difficult problem to a tractable one, as we will
shortly see.

The basic idea of using interpolation to reduce the number of
parameters is as follows. We parameterize the matrixby using
a small number of its rows. We then express the entire matrix
as a function of these rows, therefore reducing the number of
parameters to be estimated. Physically, this puts “markers” in
time where the channel is estimated, and the estimates at other
times are interpolated using these estimates. Let us consider
channels , which form rows of the channel
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Fig. 1. Example of interpolated matrix.

matrix ; let us denote by the set
of these rows. Our method is based on the assumption that each
channel , can be expressed as a linear combination
of the channels , i.e.,

(29)

For example, when the channel process is Gaussian, then
such a linear interpolation is optimal in the MMSE sense. Note
that in (29), we have used the same weight vector for
all of the -channel taps of . Using the same weight vector is a
direct consequence of the assumption that

are i.i.d. processes for every(but there is correlation be-
tween and for ).

In Section V-C , we present guidelines on the choice of the
weight vectors s. In Section V-A , we study how channel
estimation can be accomplished using pilot tones.

A. Channel Estimation Using Pilot Tones

Let us denote by the circulant matrix that we
would have in the OFDM system if the underlying channel was
fixed and equal to , i.e., we have (30), shown at the bottom of
the page. Using (29), we can see that the channel matrixob-
tained by the interpolation of the channels
is

(31)

where is an diagonal matrix with entries

and
otherwise.

(32)

An example of this formulation is given in Fig. 1.
Given the structured form of , its estimation amounts to

estimating parameters grouped in the vector

(33)

To perform channel estimation using pilot tones, we need to
express as a function of . From (31),
we can express as

(34)

We can easily evaluate

(35)

which implies that is scaled by

(36)

...
...

...
...

...
...

...
...

...
...

...
...

...
...

(30)
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Hence, by defining the row vector

(37)

we can write

(38)

By defining the row vector
, it follows from (34) and (38) that

(39)

If the channel matrix was (instead of ), then the received
tone would be

noise (40)

Inspired by how pilot-based channel estimation is done in
OFDM systems, one could proceed as follows.

1) Ignore the ICI term, and assume that

noise noise.
2) Assuming that there are pilot tones, which are placed

at subcarriers , form the system
of linear equations

...
... noise

or noise.
3) With chosen such that , obtain as the

least-squares solution of the aforementioned system of

linear equations, i.e., , where is the
pseudoinverse of .

Unfortunately, this approach does not produce reliable
channel estimates because is not full column rank. As
we prove in the Appendix, has rank , irrespective of the
choice of interpolation coefficients . Consequently,
channel estimation is not possible if we look only at “isolated”
pilot tones. Intuitively, this is not a surprising result as we study
a system where ICI is not negligible; hence, we should account
for the ICI in the channel estimation process. The important
practical implicationof this fact is that in OFDM systems with
severe ICI, pilot tones should not be placed far apart from
each other, but rather, they should be grouped together. Before
we explore the reasons for this grouping of pilot tones, let
us note the contrast with OFDM in time-invariant or slowly
time-varying environments, where it has been shown that the
pilot tones should be equispaced [24], [25].

Revisiting (40) for a pilot tone, we obtain

noise (41)

which yields

noise

(42)

Equation (42) is the basis of the following channel estimation
method.

1) Assume that for every pilot tone

(43)

2) Form the system of linear equations

...
...

...

or .
3) Obtain as the least squares solution of the aforemen-

tioned system of linear equations . Ex-
tension of this technique to MIMO OFDM is straightfor-
ward.

B. Placement of Pilot Tones

Unlike time-invariant or slowly-time varying OFDM systems
where pilot tones should be equispaced [24], [25], our proposed
channel estimation method implies that pilot tones should be
grouped together (but in more than one group). In this section,
we quantify this observation and propose a pilot tone place-
ment scheme. For analytical tractability, we start from the case

, which corresponds to channels that are time-varying but
not frequency-selective. Work on pilot symbol assisted modu-
lation (PSAM) [26] has suggested that for Rayleigh flat-fading
channels, pilot symbols should be placed periodically in the time
domain to produce channel estimates; the coherent detection of
the transmitted symbols is based on the interpolation of these
channel estimates. The periodic transmission of pilot symbols
in the time domain suggests a grouping of pilot tones in the fre-
quency domain, which is an intuitive idea explored by the en-
suing discussion.

We adopt as figure of merit the approximation error in
(43), and we seek the pilot tone placement scheme that mini-
mizes for a specific pilot tone . Assuming that the
transmitted symbols are i.i.d. with , we obtain

(44)

where , and is the vari-
ance of the AWGN (which is the same across all subcarriers).
In the Appendix, we show that is a decreasing
function of . Consequently, is min-
imized if we place all pilot tones as close to as possible.
It is implied that for time-selective channels, pilot tones should
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be grouped together. On the other hand, in frequency-selective
time-invariant channels, placing the pilot tones equispaced on
the FFT grid is the optimal scheme [24], [25]. Intuitively, for fre-
quency-selective time-varying channels, the pilot tones should
be grouped togetherbut in more than one group. As we discuss
in the simulations section, we have found that our channel esti-
mation method indeed produces the best results when thepilot
tones are partitioned into equispaced groups on the FFT grid.

C. Selection of the Interpolation Weight Vectors

Without imposing any assumptions on the underlying
channel variations, linear interpolation appears to be the sim-
plest method for choosing the weight vectors. On the other
hand, ifa priori knowledge about the underlying channel model
is available, more sophisticated channel interpolation schemes
can be devised. Let us suppose that the channels follow the Jakes
model [27]: , with

denoting the Doppler frequency, anddenoting the symbol
period. Then, the calculation of the interpolation weights is
straightforward. For example, if we fix rows , , ,
the set of weights
that minimizes the error with

can be ob-
tained using the the orthogonality principle

where , and .
With , it can be seen that

(45)

As we demonstrate in the simulations section, for Doppler
values of practical importance (i.e., less than 200 Hz), there
is little to be gained by adopting the Jakes-based estimator in
place of the linear interpolator. Hence, from an implementation
point of view, the linear estimator appears to be an attractive
solution as it dispenses with the estimation of the Doppler
frequency without sacrificing performance.

D. Channel Tracking

Under relatively mild Doppler, the quality of the channel
estimates (and, consequently, the SINR gains of our ICI
mitigating methods) can be improved by channel tracking. A
simple tracking scheme is the following: An initial channel
estimate can be obtained by transmitting a full training
block; subsequent blocks contain pilot tones that are used to
acquire new estimates . The channel estimate for theth
OFDM block is obtained using a forgetting factoras follows:

(see, e.g., [24] for a similar
method in SISO OFDM). Frequent retraining can further
improve the quality of the channel estimates at the expense of
the overhead of the training symbols. As we illustrate in the

Fig. 2. Gains with known channel.

simulations section, the aforementioned tracking technique
results in higher SINR gains (as channel estimates become
more accurate).

VI. NUMERICAL RESULTS

In this section, we present numerical examples that illustrate
the SINR improvement due to the filter in both SISO and
MIMO OFDM systems. As the design of depends on channel
knowledge, we also study the accuracy of our channel estima-
tion method and the penalty it incurs on the SINR. Throughout
our simulation experiments, we investigate an OFDM system
with subcarriers, a total bandwidth of 200 KHz, carrier
frequency GHz, and the velocity of the mobile is set
to 60 mi/h (the corresponding Doppler frequency is 214 Hz). In
all simulations, we have chosen as figure of merit the average
SINRgain, which is defined as

SINR
SINR

SINR

with SINR SINR being the SINR at subcarrier with
(or without) the filter . TheSINRmetric expresses the SINR
improvement over all subcarriers, and since it depends on the
channel realization, in all figures, we depict the average SINR
over 1000 random channel matrices. The entries of were
generated using the Jakes model, with , and each channel
tap modeled as a complex Gaussian random variable .

SINR Improvements With Known Channel:First, we look at
the SINR improvement due to the filter in SISO OFDM with
perfect channel knowledge. Fig. 2 depicts, for various values
of SNR, the SINR gain achieved with perfect channel knowl-
edge for the carrier frequencies of GHz and

GHz. For smaller values of the SNR, the SINR improve-
ment is smaller, as attempts to suppress both ICI and ad-
ditive noise. As the SNR increases, the SINR improvement in-
creases because attempts to suppress (essentially) only the
ICI. It is also evident that at GHz, the ICI is much more
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Fig. 3. Gains with estimated channel.

Fig. 4. Channel tracking.

severe and, consequently, results in higher SINR improve-
ments over a wider range of SNR. In both cases, the substantial
SINR gains illustrate the merits of our ICI mitigation technique.

SINR Improvements With Estimated Channel:Fig. 3 illus-
trates the performance penalty due to channel estimation

GHz . The channel estimates are obtained using the method
described in Section V with (the top and the bottom row
of are estimated, and the rest of the rows are obtained with
linear interpolation). We have used pilot tones grouped into

groups that are equispaced onto the FFT grid (i.e., subcarriers
are pilot

tones). From Fig. 3, we observe that even with imperfect channel
estimation, significant SINR gains can be achieved; this obser-
vation serves as testament to the effectiveness of our channel es-
timation technique. Additionally, under relatively mild Doppler
(90 Hz), 2–3 dB of SNR can be gained by using frequent re-
training and channel tracking, as Fig. 4 illustrates.

Pilot Tone Placement Scheme:Fig. 5 depicts the average
SINR gains when is based on channel estimation, and a

Fig. 5. Pilot tone placement.

total of pilot tones are placed on the FFT grid according to a
number of different schemes.

• In scheme “A”, the pilot tones
are placed equispaced on

the FFT grid.
• In scheme “B”, the pilot tones

are placed into a big
group of subcarriers centered on the FFT grid.

• In scheme “C”, the pilot tones
are placed into

groups of tones.
• In scheme “D”, the pilot tones

are placed into groups of
tones.

It is clear from Fig. 5 that the placement of pilot tones has a sig-
nificant impact on the quality of the channel estimates and the
resulting SINR gains. It is worth noting that placing the pilot
tones equispaced on the FFT grid results in very poor perfor-
mance, unlike the time-invariant case [24], [25].

Interpolation Technique:Although pilot placement does
have a significant impact on the achievable SINR gains, this
does not seem to be necessarily the case with the choice of
interpolation weights. To illustrate this observation, let us look
at the case (i.e., the top, middle, and
bottom rows are to be estimated, and the rest of the rows are
obtained using interpolation). We compare the SINR gains
obtained with linear interpolation weights and the performance
obtained using the weights of Section V-C. To isolate the effects
of the choice of the interpolation weights, we let all subcarriers
be pilot tones (which amounts to having a full training OFDM
block utilized for channel estimation), and Fig. 6 depicts the
performance of the two interpolation methods. We observe
that linear interpolation achieves the same performance as
the “Jakes-based” interpolation, which, intuitively, is a not a
surprising result: For Doppler frequency values of practical
interest, the variation of the rows of is not very large, and
as a result, linear interpolation performs adequately. On the
other hand, for significant variation, the Jakes-based estimator
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Fig. 6. Interpolation scheme.

Fig. 7. SINR gains in space-time-coded OFDM.

outperforms the linear interpolator. For illustration purposes
only, we look at the case of 858-Hz Doppler. Fig. 6 depicts the
achieved performance at this extremely high Doppler, and it is
evident that the Jakes based-estimator outperforms the linear
interpolator. In addition, it can be deduced from Fig. 6 that
even at high SNRs, where high quality of the channel estimate
is expected (with a full training block), there is significant
difference between the performance achieved with perfect
channel knowledge and channel estimates. This is due to the
large variation across the channel matrix rows that invalidates
the assumption that some channel rows can be expressed as a
function of as few as three channel rows.

SINR Improvements in MIMO OFDM:Finally, Fig. 7
illustrates the SINR gains achieved in space-time block-coded
OFDM transmissions where the channel is perfectly known
at the receiver. As described in Section IV-D, the filter of

Section IV-C operates on two consecutive transmission blocks,
and we define theSINRas the geometric average of the gains
achieved over the tones of the two blocks, i.e.,

SINR SINR SINR

Similar to Fig. 2, we can clearly see the SNR improvements that
the MIMO filter yields.

VII. CONCLUSIONS

In this paper, we have analyzed the effect of intercarrier
interference on MIMO-OFDM. The cause of such an impair-
ment is time-variation within a transmission block and occurs
in practice due to both Doppler spread of the transmission
channel and synchronization errors. We proposed time-domain
filtering-based ICI mitigation techniques that cascade the
time-varying channel with a receive filter so that the overall
channel is approximately (in the appropriate mean-square-error
metric) time invariant. The associated problem of estimating
such a rapidly varying channel was addressed, and a novel
estimation scheme was proposed. Coupled to the proposed
channel estimation scheme is the issue of pilot tone placement.
Examination of this issue showed that nonuniform placement
of pilot tones and in particular grouping of tones into clumps
equispaced on the FFT grid is effective for these situations.
Numerical results illustrating these techniques were also
presented.

APPENDIX A

HAS RANK

From (36), we obtain

Hence, with the aid of (37), we obtain ,
which readily yields that

...
...

...
...

...

has rank .
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APPENDIX B

AS A FUNCTION OF

For analytical tractability, let us focus on the case and
. From (33), we have ,

and can be evaluated as

Then, the term is written as (cf. (37))

(46)

Without any assumptions on the underlying physical channels,
we adopt the linear interpolation scheme for the selection of the
weights of (29); hence, we set

(47)

With the aid of (32) and (36), we can write , in
closed-form as

because

for

with

since

which finally yields

for (48)

Similarly, we can verify that for .
Hence, we obtain , which, with the
aid of (48), finally yields

for (49)

Equation (49) constitutes an intuitive result: The further a tone
is from , the less its interference on toneis.
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