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Abstract—In high mobility orthogonal frequency division multiplexing systems, subcarriers are no longer orthogonal, causing
Inter-Carrier Interference (ICI). Equalization then becomes more
challenging and requires an accurate estimate of the time-variant
channel. In this paper, we propose a novel Minimum Mean
Squared Error (MMSE) estimation of the sampled time-variant
transfer function. Based on such channel estimation, we propose
an iterative three step ICI mitigation technique whereby each step
increases the channel estimation accuracy and, consequently, the
performance of our MMSE equalization. In Step 1, we consider
ICI as an additional noise term. In Step 2, we reduce the ICI at
pilot positions and finally, in Step 3, we treat all estimated data
symbols, obtained from Step 2, as if they were pilot symbols.
We evaluate the Bit Error Ratio (BER) of our ICI mitigation
technique by means of simulation and testbed measurements (up
to 400 km/h). In both cases, we achieve a BER close to perfect
channel knowledge and zero ICI.

I.

I NTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is
currently employed by many wireless communication standards, such as LTE, DAB and WIFI 802.11, because it can
efficiently deal with frequency-selective channels, caused by
multi-path delays. However, in high mobility scenarios, as they
appear for example in car/train to infrastructure communication by LTE, the channel is additionally time-selective, i.e.,
it changes significantly within one OFDM symbol, so that
subcarriers are no longer orthogonal, leading to Inter-Carrier
Interference (ICI). The signal detection then becomes more
challenging and requires an accurate estimation of the timevariant channel, typically based on pilot symbols. We can,
in principle, distinguish between channel estimation methods
utilizing either one OFDM symbol [1] or multiple OFDM
symbols [2]–[4]. The first method usually employs a basis
expansion model to reduce the number of unknown variables and requires a clustered pilot symbol structure, which
is not compliant with most standards. The second method,
on the other hand, initially ignores ICI and interpolates the
estimated time-averaged channel impulse responds of several
OFDM symbols, e.g., linearly [2], by Least Squares (LS)
polynomial fitting [3] or by LS discrete prolate spheroidal
fitting [4]. Once the channel is estimated, the ICI at pilot
positions can be reduced in order to increase the accuracy
of an iterative channel estimation. We follow such second
approach, based on multiple OFDM symbols. By assuming
a continuous transmit signal, a discrete receiver structure
and a sufficient long Cyclic Prefix (CP), the sampled timevariant transfer function straightforwardly describes the OFDM
transmission. Compared with the usually considered impulse
response, which includes frequency components not relevant
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for data transmission, the transfer function allows to ignore
these irrelevant frequency components. In contrast to [2]–[4],
we interpolate the estimated channel of several OFDM symbols
according to the Minimum Mean Squared Error (MMSE)
criteria, thus obtaining the MMSE channel estimation of the
sampled time-variant transfer function. MMSE channel estimation was investigated in [5] and [6]. However, they consider
only one OFDM symbol and their estimation process includes
ICI, making it rather complex. We, on the other hand, treat ICI
as an additional noise term which is then stepwise reduced by
our iterative ICI mitigation technique that combines channel
estimation, equalization and ICI cancellation. Iterative channel
estimation was for example discussed in [7] where they model
the channel variations by a polynomial basis expansion and use
the estimated data symbols to estimate the ICI. We, however,
use the estimated data symbols only to cancel ICI and, in
the final iteration step, as pilot symbols. Many authors [8]–
[10] proposed low-complexity equalizers which exploit the
underlying structure of the ICI. However, the main focus of this
paper is channel estimation so that we employ an ordinary full
block MMSE equalizer [11]. For our measurements, we utilize
the Vienna Wireless Testbed in combination with a rotation
wheel unit [12], i.e, the receive antenna rotates around a central
pivot, allowing high velocity measurements of up to 400 km/h.
II.

S YSTEM M ODEL

In our OFDM transmission model, xl,k ∈ C denotes
the transmitted, unit-power data-symbol at subcarrier-position
l (l = 1, 2 . . . , L) and time-position k (k = 1, 2 . . . , K),
chosen from a Gray coded Quadrature Amplitude Modulation
(QAM) signal constellation. We denote Ts as the length of
one OFDM symbol in the time domain. For the interval
(k − 1)Ts ≤ t < kTs , the continuous baseband signal in the
time domain can be written as:
L
1 X
s(t) = √
xl,k ej2πl∆f (t−kTcp ) ,
(1)
T l=1
where ∆f denotes the subcarrier spacing, Tcp the length of the
CP and T the length of one OFDM symbol without CP, i.e.,
T = Ts − Tcp = 1/∆f . Convolution of the transmitted signal
s(t) with the time-variant channel impulse response h̃(τ, t)
delivers the received signal r(t) in the time domain, given for
the interval (k − 1)Ts + Tcp ≤ t < kTs by:
τZmax
L
1 X
j2πl∆f (t−kTcp )
r(t) = √
xl,k e
h̃(τ, t)e−j2πl∆f τ dτ .
T l=1
0
|
{z
}
H(l∆f ,t)

(2)

yl,k

N −1
ln
∆t X
=√
r(n∆t + (k − 1)Ts + Tcp ) e−j2π N ,
T n=0

yk = Dk xk + zk ,
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(3)

Placing the transmitted data symbols xl,k and the received
data symbols yl,k in a vector yk = [ y1,k . . . yL,k ]T ∈
CL×1 , respectively xk = [ x1,k . . . xL,k ]T ∈ CL×1 and
including a noise vector zk ∼ CN (0, P Z IL ), we obtain the
transmission model in matrix notation as:
(4)

Data symbols

CP

|H[l, m]|

We assumed that the CP is sufficient long, so that OFDM symbol k − 1 does not influence Equation (2) and also means that
the time-variant transfer function H(f, t) straightforwardly
describes the channel behavior. For the demodulation step,
T
we sample the received signal r(t) with ∆t = N
and apply
a discrete Fourier transformation, so that the received data
symbol yl,k can be obtained as:

Ncp

N

[Dk ]l,d

yk = diag{h̄k }xk + ykICI + zk
ICI
yl,k = h̄l,k xl,k + yl,k
+ zl,k ,

(6)
(7)

S
whereas the signal power is given by Pl,k
= E{h̄l,k h̄∗l,k }, the
ICI
ICI ICI ∗
ICI power by Pl,k = E{yl,k (yl,k ) } and the noise power
∗
by P Z = E{zl,k zl,k
}. For simplicity, we assume that the ICI
ICI
terms yl,k are uncorrelated and Gaussian distributed, even if
the real distribution is given by a weighted Gaussian mixture
due to random data symbols [13].

III.

ICI P OWER

In order to calculate the ICI power, we define a new vector
hk ∈ CLN ×1 in which we stack all elements of the sampled
time-variant transfer function, relevant to OFDM symbol k,
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ICI
y1,4 = h̄1,4 x1,4 + y1,4

according to:



H[1, kNs + Ncp + 1]


:


 H[L, kNs + Ncp + 1] 
hk = 
.
 H[1, kNs + Ncp + 2] 


:
H[L, kNs + Ncp + N ]

(5)

The discrete function H[l, m] is the sampled (in both frequency
and time) time-variant transfer function H(f, t) and defined for
m = 1, 2, . . . Ns K (see Figure 1). Furthermore, we assume
unit power Rayleigh fading, i.e., H[l, m] is jointly complex
Gaussian with zero mean and unit variance. If the channel
changes within one OFDM symbol, matrix Dk is no longer
a diagonal matrix so that different subcarrier interfere each
other, which is called ICI. In contrast to the time-invariant
case (for N ≥ L), the performance also depends on the
number of samples N due to aliasing in combination with
non-orthogonality. The diagonal elements of the OFDM matrix
Dk correspond to the piecewise time average of the channel
H[l, m], are denoted by h̄k ∈ CL×1 and characterize the
desired signal components, while the non-diagonal elements
describe the ICI. We thus decompose Equation (4) in a signal,
an ICI and a noise part:

50

Fig. 1. A possible realization of the sampled time-variant transfer function
H[l, m] for L = 13, K = 15, N = 13 and Ncp = 2. The data symbols xl,k
are transmitted over a L × K frequency-time grid, whereas h̄l,k denotes the
piecewise time average of the channel H[l, m]. The pilot symbol positions
are chosen according to the LTE standard.

where the l-th row and d-th column of the OFDM matrix Dk ∈
CL×L is given by:
N −1
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1 X
=
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N n=0

1



(1, 1) 




(7, 1) 







(13, 1) 




 (4, 5) 






 (10, 5) 








(1,
8)


(7,
8)
P =




(13,
8)








 (4, 12) 






(10,
12)








(1,
15)






(7,
15)




(13, 15)
200
150
100 index m
15
12
time
8
lk
o
b
m
5
sy
1
OFDM
+ z1,4

(8)

We can then find a sparse matrix Wl ∈ CL×LN (100 L−1
L
percent of the elements are zero), so that Equation (5) can be
rewritten in matrix notation as:

T
(W1 hk )


..
(9)
Dk = 
,
.
T

(WL hk )

with Wl (l = 1, 2 . . . , L) given by:




l−1 0
0


1
j2π 


..
Wl = exp −
11×N ⊗  0
.
0  ◦

N
 N
.
0
0 l−L
o
◦ ([0 · · · N − 1] ⊗ IL ) ◦ (11×N ⊗ diag{11×L })
(10)
Here, the exp{·} operator is applied at each element of the
matrix, the operations ⊗ and ◦ are the Kronecker product,
respectively the Hadamard (point-wise) product, IL denotes
the identity matrix of size L and 11×N an all-one vector of
size 1 × N .
Let us further split the matrix Wl into a signal part WlS
and an ICI part WlICI :
Wl = WlS + WlICI .

(11)

WlICI

Matrix
consists of nearly the same elements as Wl ,
with the difference that the l-th row is set to zero.
S
ICI
The signal power Pl,k
and the ICI power Pl,k
are then
given by:
n
H o
S
(12)
Pl,k
= tr WlS Rhk WlS
n
o

H
ICI
Pl,k
= tr WlICI Rhk WlICI
,
(13)

LN ×LN
whereas Rhk = E{hk hH
denotes the correlak} ∈ C
tion matrix (see Section VII for an example). For a WideSense Stationary Uncorrelated Scattering (WSSUS) channel,
the signal power is independent of the subcarrier position
S
l and the time position k, i.e., Pl,k
= P S . On the other
hand, the ICI power depends on l and k if the number of
samples N is larger than L, due to aliasing. For infinitely
many subcarriers, we can find analytical expressions for the
signal power and the ICI power. For example, assuming a
Jakes Doppler spectral density, Equation (12) approaches a
generalized hypergeometric function [14].

IV.

MMSE C HANNEL E STIMATION

Our goal is to estimate the channel H[l, m] out of known
pilot symbols xP ∈ C|P|×1 . The pilot symbol pattern can be
arbitrary, e.g., diamond shaped, as defined in the LTE standard
(see Figure 1). Similar to Equation (8), we stack all elements
of the channel H[l, m] in a large vector h ∈ CLNs K×1 :
h = [H[1, 1] · · ·

H[L, 1]

H[1, 2] · · ·

T

H[L, Ns K]]
(14)

The assumption of Rayleigh fading implies that h is jointly
complex Gaussian, i.e., h ∼ CN (0, Rh ). The channel is
normalized so that the diagonal elements of Rh become one.
According to Equation (6) and (7), an LS estimation of
the channel (Equation (17)) delivers only the piecewise mean
h̄l,k , corrupted by ICI and noise. The relationship between the

T
piecewise mean channel h̄ ∈ CLK×1 (h̄ = h̄T
)
· · · h̄T
1
K
and the channel vector h ∈ CLNs K×1 can be described by a
sparse matrix M ∈ RLK×LNs K (100[1 − LNNs K ] percent of
the elements are zero):
h̄ = Mh.
with M given by:


M = IK ⊗ 01×Ncp

 1
11×N
N

(15)

(16)

The received data symbols at pilot positions P are stacked
in a vector yP ∈ C|P|×1 and element wise divided by the pilot
symbols xP , so that the LS estimate of the piecewise mean
ˆ LS ∈ C|P|×1 at pilot positions becomes:
channel h̄
P
ˆ LS = diag{x }−1 y .
h̄
P
P
P

(17)

An estimation of the channel vector h can then be found by:
ˆ LS .
ĥ = Ah̄
P

H
Rh−ĥ = Rh − AMP Rh − Rh MH
P A + Rĥ .

(18)

LNs K×|P|

The matrix A ∈ C
represents a general description
of a linear estimation and includes, for example, basis expension models [4] or the MMSE solution (Equation (24)). The
correlation matrix Rĥ = E{ĥĥH } ∈ CLNs K×LNs K of such
channel estimation can be written as:
 H
ICI
Z
Rĥ = A MP Rh MH
P + diag{pP } + P I|P| A , (19)
|P|×1
whereas the vector pICI
consists of all ICI power
P ∈ R
elements (Equation (13)), corresponding to the correct pilot
positions. In order to determine the matrix MP ∈ R|P|×LNs K ,
we take |P| rows, at correct pilot positions, out of the matrix
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(20)

For the derivation of the MMSE channel estimation, we
consider the i-th element of the channel estimation ĥ individually (i = l + (k − 1)L). Let us denote the i-th row of matrix
1×|P|
A as ãT
. Equation (18) then transforms to:
i ∈R
ˆ LS
[ĥ]i = ãT
i h̄P

−1
ICI
= ãT
(yP
+ zP ) .
i MP h + diag{xP }
The orthogonal projection theorem requires:
n
o
E ([ĥ]i − [h]i )[ĥ]∗i = 0,

(21)
(22)

(23)

so that the MMSE solution AMMSE ∈ CLNs K×|P| becomes:
−1
H
ICI
Z
AMMSE = Rh MH
P MP Rh MP + diag{pP } + P I|P|
(24)
Equation (24) together with (18) delivers all LNs K MMSE
estimates of the channel H[l, m] which can be inserted in
Equation (5) or (9) to estimate the behavior of our OFDM
system. Multiplying matrix M with Equation (24) results in
the MMSE filter matrix ĀMMSE ∈ CLK×|P| , which delivers
ˆ:
the MMSE estimate of the piecewise mean channel h̄
ĀMMSE = MAMMSE .

(25)

This is the conventional two-dimensional MMSE solution [15]
|P|×|P|
where usually the matrices Rh̄P = MP Rh MH
P ∈ C
LK×|P|
H
and Rh̄,h̄P = MRh MP ∈ C
are assumed to be
known explicitly. We, on the other hand, showed in this paper
how these matrices (Rh̄P and Rh̄,h̄P ) can be decomposed to
describe OFDM systems over doubly-selective channels.
V.


⊗ IL .

M ∈ RLK×LNs K . The Mean Squared Error (MSE) of our
channel estimation is then given as the diagonal elements of
the following correlation matrix:

ICI M ITIGATION

Our ICI mitigation method combines the OFDM matrix estimation in Equation (28), the MMSE equalization in Equation
(29) and the ICI cancellation in Equation (30).
Let us denote Ak ∈ CLN ×|P| as the filter matrix, consisting of those row elements of A ∈ CLNs K×|P| which deliver
the estimated channel ĥk (see Equation (8)):
ˆ LS .
ĥk = Ak h̄
P

(26)
(i)
ak

We now denote the column i of Ak as
∈ CLN ×1 :
h
i
(|P|)
Ak = a(1)
.
· · · ak
k

(27)

Combining Equation (9), (26) and (27), the estimated OFDM
matrix D̂k becomes a linear combination of the basis matrices
(i)
Ck ∈ CL×L :
T 

(i)
W
a
1
k
|P|

X
yPi 


..
(28)
D̂k =

.
.
x

P
i

T 
i=1
(i)
WL ak
|
{z
}
(i)

Ck

(i)

Note that the matrices Ck can be precomputed. Once we have
the estimated OFDM matrix D̂k , the equalization is performed
as follows:

−1
H
Z
x̂k = D̂H
yk .
(29)
k D̂k D̂k + P IL
For perfect channel knowledge, i.e., D̂k = Dk , Equation (29)
delivers the MMSE estimation of the transmitted data symbols
x̂k [11]. However, we will call it MMSE equalization even if
the channel estimation is not perfect. Note that the complexity
of Equation (29) can be reduced by exploiting the banded
structure of the OFDM matrix Dk [9]. It is also possible to
reduce the amount of ICI by means of ICI cancellation [16]:
ykICICancel = Dk xk + zk − D̂ICI
k Q (x̂k ) ,

(30)

where matrix D̂ICI
consists of nearly the same elements as
k
D̂k , with the difference that the diagonal elements are all zero,
thus reflecting only the ICI relevant terms. The function Q (·)
indicates quantization of the estimated data symbols x̂k , i.e.,
hard decision according to the minimum distance criteria. The
quantization process is nonlinear, so that the ICI power after
ICICancel
cancellation Pl,k
cannot be straightforwardly calculated.
We approximate this power by assuming that the estimated data
symbols in Equation (30) are perfectly known x̂k = xk . The
ICI power after cancellation can then be found as:
n
H o
ICICancel
Pl,k
= tr WlICI Rhk −ĥk WlICI
,
(31)
whereas the correlation matrix Rhk −ĥk is given by Equation
(20). The three basic steps of our ICI mitigation method are:
Step 1: We estimate the OFDM matrix D̂k according to
Equation (28) in combination with (24) whereby the ICI power
pICI
is given by Equation (13). The MMSE equalization,
P
Equation (29), then delivers the estimated data symbols x̂k
of the first step.
Step 2: The estimated data symbols x̂k together with
the estimated matrix D̂k , both obtained from the first step,
reduce the ICI at pilot position, see Equation (30), so that
the piecewise mean LS channel estimates at pilot positions
ˆ LS become more accurate: h̄
ˆ LS = diag{x }−1 yICICancel .
h̄
P
P
P
P
This improved channel estimation is then used in Equation
(28) together with (24) to estimate the OFDM matrix D̂k .
Compared with the first step, the ICI power pICI
P in Equation
(24) is now lower and given by Equation (31). After MMSE
equalization, Equation (29), we obtain the estimated data
symbols x̂k of the second step.
Step 3: Here, we treat all estimated data symbols x̂k
as if they were pilot symbols. After ICI cancellation, using
x̂k and D̂k from the second step, see Equation (30), we
obtain the piecewise mean LS channel estimates at all LK
ˆ LS = diag{x̂}−1 yICICancel . In this step, we
positions by: h̄
assume LK “pilot symbols”, so that matrix MP in Equation
(24) becomes M and |P| in Equation (28) becomes LK.
Additionally, the ICI power pICI
P in Equation (24) is further
decreased compared to Step 2, because the ICI cancellation
uses more accurate estimations of the OFDM matrix. Note
that, if there exist data symbols of nonunit magnitude, e.g.,
16-QAM, the ICI power and noise power are enhanced due
to the LS estimation process. Again, MMSE estimation of the
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OFDM matrix, Equation (24) and (28), in combination with
MMSE equalization, Equation (28), delivers the estimated data
symbols x̂k of the third step.
VI.

B IT E RROR P ROBABILITY

We evaluate the performance of our ICI mitigation technique by means of uncoded Bit Error Ratio (BER) and
compare it to conventional methods, i.e., zero-forcing one-tap
equalizers, given by:
ˆ }−1 y,
x̂ = diag{h̄

(32)

In Rayleigh fading channels, the one-tap equalizer results in
a complex Gaussian ratio so that there exists a closed form
solution for the cumulative distribution function. Using this
fact, we derived in [17] a closed-form solution for the Bit Error
Probability (BEP) under arbitrary linear channel estimation
Ā. For example, the BEP for the MMSE channel estimation
ĀMMSE , Equation (25), becomes (i = l + (k − 1)L):
1
1
BEP4QAM,MMSE
= − r
. (33)
l,k
S
ICI +P Z
Pl,k +Pl,k
2
−
1
2 2 ĀMMSE
MP Rh MH ]
[
i,i
For perfect channel knowledge and no ICI, the zero-forcing
one-tap equalizer corresponds also to the Maximum Likelihood
(ML) detection and outperforms MMSE equaliziation in terms
of BEP (but not in terms of MSE). For 4-QAM, however, these
two equalizers show the same performance. Its BEP is given
by:
1
1
BEP4QAM,perfect,NoICI
= − q
,
(34)
l,k
2 2 1 + 2 PSZ
Pl,k

which corresponds to the lowest possible BEP that can be
achieved (ignoring the small loss of signal power to adjacent
subcarriers).
VII.

N UMERICAL R ESULTS

As illustrated in Figure 1, we use 13 subcarriers, 15 OFDM
symbols and an LTE pilot symbol pattern. Furthermore, we
assume 4-QAM, a subcarrier spacing of 15 kHz and a carrier
frequency of 2.5 GHz.
A. Simulations
In order to obtain a sampled time-variant transfer function
H[l, m], as in Equation (5), we utilize the following WSSUS
channel model:
I
νi m
τi
1 X j(θi +2π ∆f
N −2π T l) ,
e
(35)
H[l, m] = √
I i=1
whereas the random Doppler shifts νi are distributed according
to a Jakes Doppler spectral density, the random normalized
delays τTi are uniformly distributed between 0 and τmax
T = 0.01
and the random phases θi are uniformly distributed between 0
and 2π, ensuring circularly symmetry. We assume N = 13
samples, I = 200 channel paths and consider 50 000 realizations over which we average. Additionally, all random
variables are assumed to be statistically independent, so that
the frequency-time correlation function becomes:
E {H[l1 , m1 ]H ∗ [l2 , m2 ]} = rHf [l1 − l2 ]rHt [m1 − m2 ]. (36)
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Fig. 2. Simulated BER and theoretical BEP as a function of SNR. Simulation
confirms our analytical prediction. At high SNR, our ICI mitigation method
avoids an early saturation of the BER. Each step improves the BER and Step
3 achieves a performance close to perfect channel knowledge and no ICI.

with (J0 is the zero-th order Bessel function):


νmax m1 − m2
rHt [m1 − m2 ] = J0 2π
(37)
∆f
N

τ
τmax
max
(l1 − l2 ) e jπ T (l1 −l2 ) . (38)
rHf [l1 − l2 ] = sinc
T
If the channel elements are stacked according to Equation (14),
correlation matrix Rh ∈ CLNs K×LNs K becomes:


rHt [0]
· · · rHt [(KNs − 1)]


..
Rh = 

.
:
:
rHt [−(KNs − 1)] · · ·
rHt [0]


rHf [0]
· · · rHf [(L − 1)]


..
⊗
.
.
:
:
rHf [−(L − 1)] · · ·
rHf [0]

(39)

Figure 2 shows that our theoretical BEP expressions for
one-tap equalizers (Section VI) coincide with the simulated
BER. The illustrated conventional methods ignore ICI and
estimate the channel either by MMSE (ICI is considered
as additional noise) or by linear interpolation of the three
closest LS estimates at pilot position (no statistical knowledge
necessary). For a high Signal-to-Noise Ratio (SNR), the ICI
becomes the limiting factor so that the BEP of conventional
methods soon saturates. This effect can be mitigated by our
proposed ICI mitigation technique. The BER after the third
step comes very close to perfect channel knowledge and no
ICI which corresponds to the lowest possible BER.
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Fig. 3. Simulated BER relative to the BER of Step 3 as a function of velocity,
respectively normalized maximum Doppler shift. The higher the velocity, the
better our methods performs compared to conventional methods. For a velocity
of zero, the BER of MMSE (no ICI mitigation), Step 1 and Step 2 coincide.

generate high speed movements [12]. Transmitter and receiver
are both placed indoors, in different rooms, and the number
of samples N after demodulation is set to 26. For a given
transmit power, corresponding to a specific average SNR, we
obtain different channel realizations by relocating the transmit
antenna to 144 positions, equidistantly spaced over a 3 × 3
wavelength grid. The receive antenna moves at up to 400 km/h
and we measure always over the same 3 wavelength movement
interval. To estimate the noise power at the receiver, we include
two all-zero OFDM symbols, x0 = 0L×1 and xK+1 = 0L×1 .
Similar, the ICI-plus-noise power is estimated by using all-zero
subcarriers, x0,k = 0 and xL+1,k = 0. Because the second
order statistics, required for the MMSE estimation, are not
perfectly known, we obtain only a mismatched solution. We
assume a WSSUS channel and a separable correlation function,
as in Equation (36). For the MMSE estimation, we cannot
directly insert the estimated correlation functions because they
are corrupted by noise, leading to large errors due to the
matrix inversion. We thus model the delays as well as the
Doppler shifts by a uniform distribution, so that the frequency
correlation is given by Equation (38) and the time correlation
by:


νmax m1 − m2
.
(40)
rHt [m1 − m2 ] = sinc 2
∆f
N

B. Measurements

From the estimated frequency correlation function r̂Hf we
conclude that τmax = 0. The maximum Doppler shifts νmax ,
on the other hand, are chosen so that the theoretical ICI
power and the measured ICI power coincide. At a velocity of
100 km/h, we measure the same ICI power we would expect
at 98 km/h for a uniform distributed Doppler spectral density,
so that the normalized maximum Doppler shift in Equation
max
(40) is set to ν∆f
= 0.015. Similar, the measurement velocity
of 200 km/h corresponds to an equivalent (uniform Doppler
spectral density) velocity of 187 km/h, 300 km/h to 280 km/h
and 400 km/h to 372 km/h.

Our measurements were conducted on the Vienna Wireless
Testbed that has been augmented by a rotating wheel unit to

Figure 4 shows that our theoretical expressions for onetap equalizers (Section VI) accurately model the true physical

Figure 3 shows the BER relative to the BER of Step 3,
thereby delivering the improvement factor of our proposed
method. Clearly, for higher velocities, the ICI becomes more
and more an impediment so that the performance of our
ICI mitigation technique increases relatively to conventional
methods. For time-invariant channels, i.e., a velocity of zero,
Step 1 and Step 2 exhibit the same BER as the one-tap
equalizer using MMSE channel estimation (no ICI mitigation).
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