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Abstract— Effective Inter-carrier Interference (ICI) mitigation
for MIMO-OFDM requires accurate channel estimation which is
very challenging due to the large number and fast time-varying
nature of the channel parameters to be estimated using scattered
pilots. We present a novel SFBC-OFDM scheme for doubly-
selective channels and a reduced-complexity channel estimation
algorithm which exploits the banded and sparse structure of the
channel in the frequency and time-domains, respectively. Fur-
thermore, we design an FIR-MMSE ICI cancellation algorithm
for mobile SFBC-OFDM and demonstrate its effectiveness for
Digital Video Broadcasting-Handheld (DVB-H) systems.

Index Terms— OFDM, SFBC, ICI, Doppler effect, Alamouti
scheme

I. I NTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is
very sensitive to the channel time-selectivity which man-
ifests itself as variations in the channel impulse response
(CIR) within each OFDM symbol. This so-called Doppler
effect results in ICI whose energy is proportional to the
Doppler frequency due to receiver mobility and is a significant
performance-limiting impairment for OFDM systems.

In most previous studies, a quasi-static channel is assumed
where the CIR is assumed constant over each OFDM symbol
and a conventional one-tap per subcarrier frequency-domain
equalizer (FEQ) is used, which becomes highly suboptimal
under high Doppler. In [1], we proposed a finite-impulse-
response minimum-mean-square-error (FIR-MMSE) FEQ with
few (typically 3) taps per subcarrier which utilizes the ap-
proximately banded structure of the channel matrix in the
frequency-domain.

OFDM in a multiple-input multiple-output (MIMO) system,
known as MIMO-OFDM, is an attractive transmission scheme
for high-rate reliable broadband wireless communication. A
prime example is the Alamouti space-time block code (STBC)
[2] which can be integrated with OFDM systems to achieve
spatial and multipath diversity gains and reduce the error
floor due to ICI. However, under high mobility, implementing
the Alamouti STBC over adjacent OFDM symbols is not
effective due to the significant channel time variations [3].
Instead, space-frequency block coding (SFBC) was considered
in [4] [5] where the Alamouti scheme is implemented over
adjacent subcarriers within the same OFDM symbol and
where the channel frequency response (CFR) is approximately
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constant1. However, the Alamouti structure is destroyed in
the presence of ICI and the corresponding diversity gains are
diminished. An ICI mitigation scheme for SFBC-OFDM based
on multi-stage non-linear iterative interference cancellation
was proposed in [6], however, it involves high complexity of
implementation. In this paper, we design a novelembedded
Alamouti SFBC-OFDM scheme and show how to efficiently
integrate it with the low-complexity FIR-MMSE FEQ in
[1]. To compute the MIMO FIR-MMSE FEQ coefficients,
we investigate a reduced-complexity hybrid time/frequency-
domain channel estimation algorithm to estimate theQ main
diagonals of the frequency-domain channel matrix. Simulation
results show that our proposed scheme can effectively combat
ICI under high-mobility conditions.

This paper is organized as follows. In Section II, the OFDM
system model is described and the FIR-MMSE FEQ design for
the single-antenna case is briefly discussed. In Section III-A
this design is generalized to the MIMO case and integrated
with our new embedded SFBC-OFDM system. A reduced-
complexity channel estimation algorithm to estimate the fast-
varying channel is described in Section IV and a detailed
complexity analysis is given in Section IV-A. Simulation
results are presented in Section V, and finally conclusions are
drawn in Section VI.

Notation: We use (·)T to denote the transpose,(·)∗ the
complex-conjugate,b·c the floor operation and(·)N the
modulo-N operation.Gi,j denotes the element in thei-th row
andj-th column of matrixG. The estimated value of a random
variablea is denoted bŷa. IN denotes theN × N identity
matrix andG(:, j) denotes thej-th column ofG.

II. SYSTEM MODEL AND ASSUMPTIONS

A. Mobile OFDM

Consider an OFDM system withN subcarriers where
each OFDM symbol, denoted byX = [X0 . . . XN−1]T , is
converted into time-domain samplesx = [x0 . . . xN−1]T using
the N -point Inverse Fast Fourier Transform (IFFT) operation
x = FHX whereFH is theN -point IFFT matrix. The cyclic
prefix (CP) length is assumed to be equal to or larger than
the Channel Impulse Response (CIR) memory length denoted
by ν. Hence, the received OFDM symboly = [y0 . . . yN−1]T

after CP removal is given by

y = Hx + v (1)

1This will be the case when the FFT size is chosen large enough such that
the channel coherence bandwidth is much larger than the subcarrier width, as
in the DVB systems.
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where H is an N × N time-domain channel matrix with
elementsHn,l = hn,(n−l)N

where hn,l is the CIR at lagl
for 0 ≤ l ≤ ν − 1 and time instantn for 0 ≤ n ≤ N − 1,
andv is the time-domain noise vector with correlation matrix
σ2IN . Applying the FFT to (1), we obtain

Y = Fy = FHFHX + Fv = GX + V (2)

whereG , FHFH is the frequency-domain channel matrix
andV is the frequency-domain noise vector. For a quasi-static
fading channel,H is a circulant matrix and hence transforms
into a diagonalG matrix in (2). This in-turn decouples the
sub-carriers, and a one-tap FEQ is optimal. However, for the
time-varying channel,H is not circulant, and henceG is no
longer diagonal. In this case, the input-output relation for the
k-th subcarrier is given by

Yk = Gk,kXk +
N−1∑

n=0,n 6=k

Gk,nXn + Vk (3)

The first term on the right-hand side of (3) is the desired
signal term while the second one is the ICI term which is
characterized by the normalized Doppler frequencyFd = fdT
wherefd is the Doppler frequency andT is the time duration
of the data portion of one OFDM symbol.

For a MIMO system withMr receive andMt transmit
antennas, we can generalize the model in (2) as follows. The
frequency-domain channel matrix isG ∈ CN.Mr×N.Mt whose
(i, j)th block is theN ×N frequency-domain channel matrix
between thei-th receiver andj-th transmitter, denoted by
G(i,j) = FH(i,j)FH and H(i,j) is the corresponding time-
domain channel matrix. The receive and transmit symbols are
denoted byY = [(Y(1))T . . . (Y(Mr))T ]T ∈ CN.Mr andX =
[(X(1))T . . . (X(Mt))T ]T ∈ CN.Mt are the receive and trans-
mit symbols, respectively, whereY(i) = [Y (i)

0 . . . Y
(i)
N−1]

T

and X(j) = [X(j)
0 . . . X

(j)
N−1]

T for 1 ≤ i ≤ Mr and
1 ≤ j ≤ Mt.

B. FIR-MMSE FEQ for SISO-OFDM

We approximateG by a banded matrix which has non-zero
elements only along(2D+1) main diagonals and twoD×D
triangular matrices in the top-right and bottom-left corners.
Based on this banded structure, we proposed in [1] a reduced-
complexity MMSE FEQ algorithm which computes for each
subcarrier an FIR-MMSE FEQ based only on the following
(2D + 1)× (4D + 1) submatrix ofG

Gm =




G(m−D)N ,(m−2D)N
. . . G(m−D)N ,(m+2D)N

...
...

...
Gm,(m−2D)N

. . . Gm,(m+2D)N

...
...

...
G(m+D)N ,(m−2D)N

. . . G(m+D)N ,(m+2D)N




(4)
The Q-tap (whereQ = 2D + 1) FIR-MMSE FEQ is given

by
wm = gH

m(GmGH
m + σ2IQ)−1 (5)

wheregm = Gm(:, 2D + 1) is the middle column ofGm.
Hence, the FIR-MMSE FEQ output for them-th subcarrier is
given by

X̂m = wmYm (6)

whereYm = [Y(m−D)N
, . . . , Y(m+D)N

]T .
This FIR-MMSE FEQ hasO(NQ2) complexity, compared

to the conventionalN -tap per subcarrier FEQ which has
O(N3) complexity. In [1], we showed that for a normalized
Doppler spread of up to 10%, choosing a 3-tap FEQ (i.e.
Q = 2D + 1 = 3) achieves a favourable performance-
complexity tradeoff.

III. FIR-MMSE FEQ FOR MIMO-OFDM

In this section, we generalize our FIR-MMSE FEQ design
to the MIMO case and propose a new embedded Alamouti
SFBC-OFDM scheme which can be readily integrated with
the FIR-MMSE FEQ. Here, we consider pilot-symbol-assisted
channel estimation where the pilot tones are embedded in each
OFDM symbol.

A. Conventional SFBC-OFDM

In a conventional SFBC-OFDM system [5], pairs of in-
formation symbols(X1, X2) are fed to the SFBC encoder
according to the Alamouti encoding rule [2]

[
X1

X2

]
→

[
X1 X2

−X∗
2 X∗

1

] → space
↓ subcarrier

Hence, each Alamouti codeword spans two adjacent subcar-
riers. Assuming the CFR fixed over each pair of adjacent
subcarriers, each orthogonal Alamouti codeword can be de-
tected optimally using a space-frequency matched filter in the
absence of ICI. However, in the presence of high Doppler,
severe ICI from adjacent subcarriers destroys the Alamouti
structure resulting in significant performance degradation,
which motivates this work.

B. Embedded Alamouti SFBC-OFDM

We consider an Alamouti SFBC-OFDM system withMt =
2 transmit andMr receive antennas. The signal at theith
receive antenna is given by

Y(i) = G(i,1)X(1) + G(i,2)X(2) + V (7)

Similar to the SISO case in Section II-B, eachG(i,j) is
approximately a banded matrix withQ = (2D + 1) non-
zero diagonals. In order to guarantee spatial diversity gains
(by preserving the Alamouti structure) in the presence of
severe ICI and exploit the banded structure ofG(i,j), we
design our SFBC encoding scheme as shown in Fig. 1. Each
OFDM symbol of sizeN is divided into data blocks each
consisting ofL subcarriers separated byD pilot subcarriers
whereD is equal to the number of significant superdiagonals
in G(i,j). Two information symbols are grouped into pairs and
form an Alamouti codeword which is implemented over the
k-th (1 ≤ k ≤ L) subcarriers of two adjacent data blocks
which are separated byB = L + D subcarriers. As shown in
Fig. 1, two adjacent data blocks and their two corresponding
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Fig. 1. Proposed embedded Alamouti SFBC-OFDM frame structure

pilot blocks form onesuperblock; hence, each superblock
spans2B subcarriers and containsL Alamouti codewords.
For each non-edge codeword (i.e.k 6= 1 or L), ignoring noise
and considering (for simplicity) ICI only from the adjacent
subcarrier (i.e.D = 1) at thei-th receive antenna, we have

Y(i)
k (l) =G(i)

k,k−1(l)Xk−1(l) + G(i)
k,k(l)Xk(l)

+ G(i)
k,k+1(l)Xk+1(l)

(8)

where Y(i)
k (l) = [Y (i)

2lB+k (Y (i)
2lB+k+B)∗]T and Xk(l) =

[X2lB+2k−1 X2lB+2k]T correspond to the receive and transmit
pair for thek-th Alamouti codeword in thel-th superblock,
respectively, for2 ≤ k ≤ L − 1. G(i)

k,m(l) is the CFR for the
k-th Alamouti codeword given by

G(i)
k,m(l) =[

G
(i,1)
2lB+k,2lB+m G

(i,2)
2lB+k,2lB+m

(G(i,2)
2lB+k+B,2lB+m+B)∗ −(G(i,1)

2lB+k+B,2lB+m+B)∗

]

(9)

It is clear thatG(i)
k,k(l) is at the main diagonal ofG; hence,

the second term on the right-hand side of (8) is the desired
term while the other two are ICI terms. Using this form, we
can easily extend the SISO FIR-MMSE FEQ of Section II-B
to the Alamouti SFBC case which will be discussed in the
next subsection.

A key advantage of our proposed SFBC-OFDM scheme is
that each Alamouti codeword experiences ICI only from its
neighboring Alamouti codewords as shown in (8) while the
ICI within each Alamouti codeword is negligible since the2
subcarriers in each Alamouti codeword are separated byB =
L + D subcarriers.

We note that the first (k = 1) and last (k = L) Alamouti
codewords of each superblock experience ICI from a non-
Alamouti codeword on their left and right sides, respectively;
hence, Equation (8) does not hold for these edge codewords.
To mitigate the ICI for these edge codewords, we insert two
pilot blocks, each composed ofD subcarriers as shown in Fig.
1. Since the pilot subcarriers are known to the receiver, their
interference to the edge codewords in each data block can be
computed and cancelled from the received signal to facilitate
equalization. This can be viewed as the dual of the role of the
guard interval in the time-domain which cancels inter-symbol
interference (ISI) between successive OFDM symbols.

We emphasize that this scheme is different from STBC-
OFDM [2] in that the Alamouti scheme is implemented over

the kth subcarriers of two adjacent OFDM symbols and
is not suitable for the fast time-varying channel conditions
considered in this paper. It is also different from conventional
SFBC-OFDM [5], in that the Alamouti scheme is implemented
over adjacent subcarriers and fails in the presence of severe
ICI between adjacent subcarriers. In both of these schemes,
the Alamouti structure is destroyed and hence spatial diversity
gains can not be realized. Our proposed scheme solves this
problem. To achieve full spatial diversity,G(i)

k,m(l) must be
as close to the Alamouti matrix as possible. This requires
G

(i,j)
k,m ≈ G

(i,j)
k+B,m+B , j = 1, 2, or equivalently, the channel

coherence bandwidth must be much larger than the width ofB
subcarriers. For the TU06 channel model we use in this paper
for the DVB environment2, the channel coherence bandwidth
is around 200 KHz while the subcarrier width is 1 KHz for the
8K mode. Hence, the CFR can be approximated as fixed over
tens of subcarriers. For normalized Doppler up to 10%, we will
sow in Section V thatD = 1 represents good performance-
complexity trade-off.

The choice of the design parameterL entails a rate-
reliability trade-off. Choosing a largerL results in higher
data-rate but less diversity gain (since the channel frequency
response fluctuates more within each Alamouti codeword).
On the other hand, a smallerL results in a lower data rate
but approximating (9) as an Alamouti matrix becomes more
accurate resulting in higher diversity gain.

C. FIR-MMSE FEQ for Embedded Alamouti SFBC-OFDM

In this section, we integrate the FIR-MMSE FEQ in Section
II-B with our Alamouti SFBC-OFDM scheme in Section III-
B. For them-th Alamouti codeword of thel-th superblock,
we omit the superblock indexl, and construct a matrixGm =
[(G(1)

m )T . . . (G(Mr)
m )T ]T as a stack ofMr matrices, each of

which has a similar structure to (4) for the SISO case, i.e.

G(i)
m =




G(i)
(m−D)N ,(m−2D)N

. . . G(i)
(m−D)N ,(m+2D)N

...
...

...

G(i)
m,(m−2D)N

. . . G(i)
m,(m+2D)N

...
...

...

G(i)
(m+D)N ,(m−2D)N

. . . G(i)
(m+D)N ,(m+2D)N




(10)

2As discussed in [7], the accuracy of the TU06 channel model for the
mobile DVB environment was verified experimentally
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where each element ofG(i)
m is a 2 × 2 matrix of the form

given in (9) (settingl = 0 to omit the superblock index).
Hence, similar to (5), the FIR-MMSE FEQ coefficients are
given by

wm = gm
H(GmGm

H + σ2I2QMr )
−1 (11)

where gm ∈ C2QMr×2 contains the middle two columns
of Gm and wm ∈ C2×2QMr is the FIR-MMSE FEQ
coefficient matrix. Finally, the FEQ output for them-
th codeoword is X̂m = wmYm where X̂m =
[X̂2m−1 X̂2m]T , Ym = [(Ȳ(1)

m )T . . . (Ȳ(Mr)
m )T ]T andȲ(i)

m =
[Y (i)

(m−D)N
(Y (i)

(m−D+B)N
)∗

. . . Y
(i)
(m+D)N

(Y (i)
(m+D+B)N

)∗]T . We conclude this section
by noting that our embedded SFBC-OFDM scheme can be
directly extended toMt > 2 transmit antennas using complex
orthogonal designs [8]. However, the CFR must be fixed over
(Mt− 1)B = (Mt− 1)(L + ν) subcarriers which reduces the
allowable upper-bound onL. In addition, the complexity in-
volved in computing and applying the FEQ weights increases.

IV. SIMPLIFIED HYBRID FREQUENCY/TIME CHANNEL

ESTIMATION

We assumed a tri-diagonal (D = 1) banded structure forG
in Fig. 1. Furthermore, we considerP = N

B pilot subcarriers
equally spaced atXp(0), · · · , Xp(P ) wherep(l) = l × B and
each superblock contains one Alamouti pilot codeword, i.e.
two pilot subcarriers separated byB subcarriers. Assuming
the channels fixed overB adjacent subcarriers (i.e.G

(i,j)
k,k ≈

G
(i,j)
k+B,k+B , j = 1, 2 and 1 ≤ i ≤ Mr) and ignoring ICI

and noise, we obtain the following input-output relation for
subcarriersp(l) andp(l) + B for the i-th receive antenna

[
Y

(i)
p(l)

Y
(i)
p(l)+B

]
=

[
Xp(l) Xp(l)+B

−X∗
p(l)+B X∗

p(l)

][
Gi,1

p(l),p(l)

Gi,2
p(l),p(l)

]

(12)
which is used to obtain the least squares (LS) estimate for the
CRF at the main diagonal ofG(i,j). To estimate theQ = 3
diagonals ofG(i,j) (i.e. the main diagonal and the first sub-
and super-diagonals), we extend the hybrid frequency/time-
domain channel estimation algorithm in [9] to the MIMO case.
This algorithm exploits the fact that for normalized Doppler of
up to 20%, the channel time-variations can be approximated
by a piece-wise linear model with a constant slope over each
OFDM symbol. We summarize the algorithm in [9] and extend
it to the MIMO case as follows.

Step 1Ignoring ICI, for each receive antennai, we obtain
the CFR at the pilot codeword locations using (12) and
compute Ĝ

(i,j)
p(l),p(l) for j = 1, 2 and 1 ≤ i ≤ Mr. For

each transmit-receive antenna pair, we omit thei, j indices
to simplify the notation, since we are estimating each of the
2Mr frequency-domain channel matricesindependently. After
linear or Wiener filtering interpolation on̂Gp(l),p(l), we obtain
an estimate of the diagonal ofG, denoted bŷg, followed by
a P -point IFFT to estimate the average CIR (i.e. the middle
row of H) denoted byhavg

t−1 where we assume that the current
OFDM symbol index ist− 1.

Step 2Repeat Step 1 for the next two OFDM symbols
to calculate the middle rows for three consecutive OFDM
symbols, denoted bŷhavg

t−1, ĥavg
t and ĥavg

t+1.
Step 3For the current OFDM symbol, we denote byα̂1 and

α̂2 the estimated slope vectors for the first and second halves
of the OFDM symbol, respectively. Hence

α̂1 = (ĥavg
t − ĥavg

t−1)/N ; α̂2 = (ĥavg
t+1 − ĥavg

t )/N (13)

Step 4 Using the CIR slope vectors, we calculate the
estimated off-diagonal elements ofG (see [10]). Combined
with the estimated main diagonal obtained from Step 1, we
now have an estimate of the fullG matrix which we denote
by Ĝ.

To further reduce the complexity of this hybrid channel
estimation algorithm, we exploit thesparsenessof the time-
domain CIR and thebandedstructure of the frequency-domain
channel matrixG. In practice, the CIR in DVB applications is
usually sparse and the number of active channel taps is much
less thanL. Hence, many channel taps can be zeroed out to
reduce the processing complexity with negligible performance
loss. To do this, we choose theM taps from ĥavg with the
largest absolute value, and zero out all the remaining taps.
Therefore, we only need to estimateM instead ofL slopes
when calculatingα̂1 and α̂2 in (13). Choosing the value of
M entails a complexity-performance tradeoff.

Further, we exploit the banded structure ofG to reduce
channel estimation complexity. Simulation results in Section
V show that a3-tap FEQ [1] which requires an estimate of only
the three main diagonals ofG performs well (and only within
0.5dB from a 5-tap FEQ) even at a relatively high normalized
Doppler of 10% . Since the main diagonal ofG is estimated
in Step 1, we only need to compute one sub-diagonal and
one super-diagonal of̂G in Step 4 instead of the full matrix.
Furthermore, we proved in [10] that the elements of the sub-
diagonals are approximately the negatives of the corresponding
elements of the super-diagonals for largeN ; hence, we only
need to compute one super-diagonal ofĜ.

A. Complexity Analysis

For the SISO case, Steps 1-3 have much lower complexity
than Step 4 in Section IV. In Step 4, a closed-form expression
to compute the off-diagonal elements ofG from α̂1 and
α̂2 was given in [10]. We first need to calculate twoN -
point IFFT of anL-sample vector3 (namely α̂1 + α̂2 and
α̂1− α̂2), which has a complexity of[log2 L+2(1− L

N )] · N
2

complex multiplications each [11]. In [12], a generic FFT
pruning algorithm is proposed which does not require the
sparse input data to be grouped together (as in our case
where theM active CIR taps are dispersed among the entire
L CIR taps). This algorithm has a complexity saving ratio
of β, which is defined as the ratio of number of complex
multiplications saved using this algorithm (see [12]) and the
number of complex multiplications required to perform one set
of conventional FFT operation; Hence, we need approximately
(1 − β)[log2 L + 2(1 − L

N )]N complex multiplications for

3TheseL samples are grouped together.

Sili Lu
Highlight

Sili Lu
Note
One line above AQ4 in the proof document:'2' added to the equation. It was 'M_t>' before, with '2' missing

Sili Lu
Highlight

Sili Lu
Note
AQ4 in the proof documentA new citation added. Please see the email message.

Sili Lu
Highlight

Sili Lu
Note
AQ5 in the proof document



5

TABLE I

COMPLEXITY FOR HYBRID CHANNEL ESTIMATION ALGORITHM

# of multiplications (Nmulti.)
System single antenna 2-TX 1-RX 2-TX 2-RX

M=10, D=1 13850 27700 55400
M=10, D=2 15898 31796 63592

M=10, D=N-1 6.2× 106 1.2× 107 2.4× 107

M=64, D=1 20253 40506 81012
M=64, D=2 22400 44800 89600

M=64, D=N-1 (as in [9]) 6.2× 106 1.2× 107 2.4× 108

8 10 12 14 16 18 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

SNR (dB)

B
E

R

N=8192, Doppler = 10%

 

 

STBC
Conventional SFBC
Proposed Embedded SFBC

Fig. 2. BER comparison for STBC, conventional SFBC and our proposed
embedded SFBC with perfect channel and 10% Doppler

2 IFFT operations, whereβ is given in [12] for different
scenarios. Furthermore, to compute 1 off-diagonal element
of Ĝ, we need 2 complex multiplications for odd-indexed
diagonals and 1 for even-indexed diagonals [10]. We estimate
D subdiagonals for aQ-tap FEQ (whereQ = 2D +1), which
requires(3bD

2 c+2(D)2)N complex multiplications (see [10]
for details). Denoting the total number of multiplications by
Nmulti., we have

Nmulti. = (1−β)(log2 L+2(1− L

N
))N +(3bD

2
c+2(D)2)N

(14)
For the MIMO case, we repeat the same procedure for

all Mt × Mr channels; hence the complexity will increase
linearly by a factor ofMt×Mr. Table I lists the total number
of multiplications used by the hybrid channel estimation
algorithm assuming a CIR withL = 64 taps andN = 2048 for
different M andD. By usingM = 10 instead of 64 as is the
case for the conventional scheme in [9], the IFFT complexity is
reduced by approximately 40% (i.e.β ≈ 0.4) [12]. In addition,
by exploiting the banded structure ofG (i.e. assuming a tri-
diagonalG with D = 1 instead of a fullG with D = N − 1
as is the case for the scheme in [9]), the number of required
multiplies is reduced significantly.

V. SIMULATION RESULTS

We consider the DVB-H standard as our case study, which
supports high mobility. We focus on the 8K mode of DVB-H
with N = 8192 subcarriers since it suffers more from ICI than
the 2K or 4K modes. We adopt the typical urban TU-06 chan-
nel delay profile defined by the COST 207 project with 6 taps

8 10 12 14 16 18 20
10

−6

10
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10
−4

10
−3

10
−2

10
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SNR (dB)

B
E

R

1−RX Alamouti SFBC, N=8192, 3−tap FEQ, Estimated channel, Doppler = 10%

 

 

B=6

B=12

B=24

B=48

Fig. 3. 1-RX embedded Alamouti SFBC-OFDM with differentB and 10%
Doppler

in the continuous-time domain, 8 MHz channel bandwidth, and
a carrier frequency of 800 MHz. After sampling, a discrete-
time CIR with approximately 50 taps is obtained. Each discrete
channel tap is generated by an independent complex Gaussian
random variable with time correlation based on Jakes’ model.
Furthermore, we use a 64-state rate-1/2 convolutional code
and the coded bits are interleaved and mapped into QPSK
constellation points.

The BER performance for the 8K mode system is evaluated
at a relatively high normalized Doppler of 10% corresponding
to a highway speed of approximately 130 Km/h in this sim-
ulation. We first compare our proposed embedded Alamouti
SFBC scheme with the Alamouti STBC and the conventional
SFBC scheme assuming perfect channel knowledge at the
receiver. Fig. 2 shows that the Alamouti STBC fails in the
presence of high Doppler, since the channel is fast time-
varying and the fixed channel assumption for the Alamouti
codeword does not hold in this case. We also observe an
error floor for the conventional SFBC with a 3-tap FEQ. This
is due to the fact that conventional SFBC implements the
Alamouti codeword over two adjacent subcarriers; hence, there
will be ICI within each Alamouti codeword which destroys its
orthogonality. Our proposed scheme eliminates the error floor
by implementing the Alamouti codeword over non-adjacent
subcarriers (B = 12 in this case) and integrating it with a
3-tap FEQ to further mitigate the ICI.

Fig. 3 shows the BER performance for a two-transmit
and one-receive antenna system implementing our proposed
embedded Alamouti SFBC scheme with differentB. We
observe that asB increases, the BER performance becomes
worse (since the assumption of the Alamouti matrix structure
in (9) becomes less accurate and due to the increased difficulty
in channel interpolation between pilot subcarriers), but the
pilot overhead is reduced.

Keeping the same 1/12 pilot overhead rate of the DVB
standard, we insert a pilot for every 12 subcarriers (B = 12)
and Fig. 4 shows the performance for this scenario. Since there
is significant ICI, error floors are observed with a 1-tap FEQ
with either perfect or estimated channel conditions. To combat
this ICI, we implemented our 3-tap FEQ design as described
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in Section III-A which improves performance significantly.
To estimate the 3 main diagonals ofG, we implemented
the reduced-complexity hybrid channel estimation algorithm
in Section IV and it results in only 2 dB performance loss
from the case of perfect channel knowledge.

Finally, to realize additional spatial diversity gains, we
increased the number of receive antennas to 2. Fig. 5 com-
pares the performances of the 1-RX and 2-RX systems (with
estimated channel information) where the increased slope of
the BER curves for the 2-RX case is evident and results in
additional ICI mitigation.

VI. CONCLUSION

High mobility causes performance-limiting ICI in MIMO-
OFDM receivers. We designed a novel SFBC-OFDM scheme
and showed how to integrate it with FIR ICI-mitigating
equalization. To compute the equalizer coefficients, we showed
how to estimate the fast time-varying MIMO channel matrix
efficiently by exploiting its sparse and banded structure in the
time and frequency-domains, respectively. Simulation results
for the DVB-H system demonstrate the effectiveness of our
proposed scheme.
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