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Abstract—In this paper, a general space-frequency block code
structure is proposed that can guarantee full-rate and full-
diversity transmission in MIMO-OFDM systems. The proposed
method can be used to construct space-frequency codes for an
arbitrary number of transmit antennas, any memoryless modula-
tion and arbitrary power delay profiles. Moreover, assuming that
the power delay profile is known at the transmitter, we devise
an interleaving method to maximize the overall performance of
the code. The simulation results show that under the simulated
environment, the proposed SF codes outperform the existing SF
codes from orthogonal designs by about 3-5 dB, and that the pro-
posed interleaving method results in about 1-3 dB performance
improvement compared to random interleaving.

I. INTRODUCTION

Multiple-input-multiple-output (MIMO) wireless communi-
cation systems have attracted considerable attention recently,
as they can exploit the spatial diversity present in MIMO
channels. In case of frequency selective channels, there is
an additional source of diversity, frequency diversity, due to
the existence of multiple propagation paths between each
transmit and receive antenna pair. By combining the or-
thogonal frequency division multiplexing (OFDM) modulation
with MIMO systems, space-frequency (SF) codes have been
proposed to exploit both spatial and frequency diversity [1]—
[9]. The strategy of SF coding is to distribute the channel
symbols over different transmit antennas and OFDM tones
within one OFDM block.

The first SF coding scheme was proposed in [1], in which
previously existing ST codes were used by replacing the time
domain with the frequency domain. Similar schemes were de-
scribed later in [2]-[5]. The performance criteria for SF coded
MIMO-OFDM systems were derived in [6], [7]. The authors
in [7] showed that, in general, existing ST codes cannot exploit
the frequency diversity available in frequency selective MIMO
channels. Later, in [8], they constructed a class of full-diversity
SF codes relying on the assumption that all of the path delays
are located exactly at the sampling instances of the receiver.
Recently in [9], a systematic design method to obtain full-
diversity SF codes was proposed for arbitrary power delay
profiles. The resulting SF codes provide higher data rates than
the approach described in [8], but they still cannot achieve
full rate (one channel symbol per subcarrier) transmission.
Therefore, it is of interest to devise new SF code design
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methods that can guarantee both performance (full diversity)
and high data rate (full symbol rate).

The detrimental effects of the correlation between adjacent
subcarriers can be reduced by interleaving, or permuting,
the subcarriers. Assuming that the delay paths are equally
spaced and fall onto the sampling instances of the receiver, an
optimum subcarrier grouping method was proposed in [11].
However, the proposed grouping method was not guaranteed
to be optimum for arbitrary power delay profiles.

In this paper, we consider the problem of SF block code
design for MIMO-OFDM systems. We propose a SF code
design approach that offers full symbol rate and guarantees
full diversity for an arbitrary number of transmit antennas,
any memoryless modulation method and arbitrary power delay
profiles. First, we describe a general SF code structure and
show that the combination of this code structure and the
algebraically rotated signal constellations [14]-[18] or the
diagonal cyclic space-time constellations [12] can guarantee
full-rate full-diversity transmission. Second, assuming that the
statistics of the channel (the power delay profile) is known
at the transmitter, we devise a subcarrier permutation (or
interleaving) method to maximize the overall performance of
the code. We decompose the diversity product as the product
of the “intrinsic” and the “extrinsic” diversity products. The
“intrinsic” diversity product depends only on the used signal
constellations and the SF code design, while the “extrinsic”
diversity product depends only on the applied permutation
and the power delay profile of the channel. Based on this
decomposition, we propose a permutation strategy and deter-
mine the optimum permutation to maximize the “extrinsic”
diversity product.

II. CHANNEL MODEL AND SF CODE DESIGN CRITERIA

We consider a SF coded MIMO-OFDM system with M;
transmit antennas, M, receive antennas and N subcarriers. The
MIMO channel is assumed to be constant over each OFDM
block period. The frequency selective fading channels between
different transmit and receive antenna pairs are assumed to
be independent and have the same power delay profile. The
channel impulse response from transmit antenna 7 to receive
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antenna j can be modeled as

L—1
)= ai ()
=0

where 7 is the delay of the [-th path, and «; ;(1) is the complex
amplitude of the I-th path. The «; ;(I)’s are modeled as zero-
mean, complex Gaussian random variables with variances
Ela; (> = 6{2. The powers of the L paths are normalized
such that ZzL;o 6% = 1. From (1), the frequency response of
the channel is given by

L-1
= e,
=0

The input bit stream is divided into b bit long segments,
and each segment is mapped onto a SF codeword. Each
SF codeword can be represented as an N x M; matrix

= {ci(n)}1<i<m, 0<n<n-—1, in which ¢;(n) denotes the
channel symbol transmitted over the n-th subcarrier by trans-
mit antenna . The SF code satisfies the energy constraint
E||C||% = NM,, where ||C||r is the Frobenius norm of C.
The transmitter applies an N-point IFFT to each column of
the matrix C, and after appending the cyclic prefix, the OFDM
symbol corresponding to the i-th column of C' is transmitted
by transmit antenna 4.

After removing the cyclic prefix and applying FFT, the
received signal at the n-th subcarrier at receive antenna j is

given by
=iz ZCZ

where H; j(n) = Z i ;(1)e™32™AST s the channel fre-

quency response atlt_hoe n-th subcarrier between transmit an-
tenna ¢ and receive antenna j, Af = 1/T is the subcarrier
separation, and 7" is the OFDM symbol period. We assume that
H, ;(n) is known at the receiver, but not at the transmitter. In
(3), z;j(n) denotes the additive complex Gaussian noise with
zero mean and unit variance. The factor \/p/M; ensures that
p is the average signal to noise ratio (SNR) at each receive
antenna.

Assuming that the MIMO channel is spatially uncorrelated,
the correlation matrix of the channel frequency response
between transmit antenna ¢ and receive antenna j can be
expressed as [9]

T—1), (1

i=v-1. @

n) + zj(n), 3)

R;j = R=Wdiag(&3,0,---,67_ )W, (4
where
1 1 1
wT(J le wTL—l
W = ,
N.—lT N'—l T1 N—'lT,l
w( ) 0 w( ) w( ) L NxL
and w = e 327AS,
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For two distinct SF codewords C and C , we use the notation
A = (C = C)(C — C)M, where the superscript H stands for
the complex conjugate and transpose. Then, the pairwise error
probability between C' and C can be upper bounded as [9],

() )

(%)
where v is the rank of Ao R, A1, Ag,---, A, are the non-zero
eigenvalues of A o R, and o denotes the Hadamard product'.
Based on the upper bound in (5), two design criteria were

proposed as follows [9]:

— M,
P(C — é) < <2VM

o Diversity criterion: The minimum rank of A o R over all

pairs of distinct C' and C should be as large as possible.

e Product criterion: The minimum value of the product

[1_, Ai over all pairs of distinct codewords C' and C
should also be maximized.

If the minimum rank of Ao R is vy, we say that the SF code
achieves a diversity order of vy M,.. It has been shown that the
maximum achievable diversity is at most min{ LM; M,., N M, }
[6], [7], [9]. If a SF code achieves full diversity, the diversity
product, which is the normalized coding advantage, is given

by [9], [12]
vo |1/ (210)

2\/_mmc7éc H/\

III. FULL-RATE AND FULL-DIVERSITY CODE DESIGN

(= (6)

In this section, we describe a systematic SF code design
method with full rate and full diversity. Specifically, we will
design a class of SF codes with diversity order of I'M; M,. for
any integer ' (1 <T < L).

A. Code Structure

We propose a coding strategy in which each SF codeword
C is a concatenation of some matrices:

C=[G] G} - : (7)

where P = |N/(I'M;)|, and each matrix G, (1 < p < P)
is of size I'M; by M,. The zero padding in (7) is used if the
number of subcarriers N is not an integer multiple of I'M;.
Each matrix G, has the same structure given by

T T T
Gp Oprth]

G= V Mtdiag(leXQa”'aXMt)7 (8)
where X; = [zGoyr41 Ta-nree o @)L i =
1,2,---, My, and all xx, &k = 1,2,---,'M;, are

complex symbols and will be specified later. The energy
constraint is E(ZFM‘ |7x|?) = T'M,. The selection of the
symbols X =[xy @3 -+ arp,] is independent for each
Gp (1 < p < P). The symbol rate of the code is PT'M;/N,
ignoring the cyclic prefix. If N is a multiple of I'M;, the

'If A = {a;;} and B = {b; ;} are two matrices of the same size, the
Hadamard product of A and B is Ao B = {a; ;b; ;}.
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symbol rate is 1, otherwise it is very close to 1 since usually
N is much larger than I'M;.

Now, we derive sufficient conditions for the SF codes
described above to achieve a diversity order of ' M,.
Suppose that C' and C are two distinct SF codewords which
are constructed from G1,Gs,---,Gp and él,ég,---,ép,
respectively. We would like to determine the rank of A o R.
For two distinct codewords C' and C’ there exists at least one
index po (1 < po < P) such that G, # G,,. We may further
assume that G, = G’p for any p # po since the minimum
rank of A o R can be obtained under this assumption ([21],
Corollary 3.1.3, p.149).

From (4), we know that the correlation matrix R =
{rij}1<ij<n is a Toeplitz matrix, in which r;; =
Zf;ol 62w~ 1 < 4,j < N. Under the assumption that
G, = ép for any p # pg, we observe that the non-zero
eigenvalues of A o R are the same as those of [(Gp, —
Gpo)(Gpy = Gpy) "] 0 Q, where Q = {gij }1<ij<r, is also
a Toeplitz matrix whose entries are

L—-1
Gij=y 0wl 1<ij<TM,. (9
=0

Suppose that G, and G, have symbols X =

[x1 22 -+ zrpr,] and X = [y To - -+ Zrag,], respectively.

)

Then, the difference matrix between G, and Gy, is

— GPO =V Mt dzag(X — X) (IMt ® 1F><1)7

where Iy, is the identity matrix of size M; x M;, 1rx; is
an all one matrix of size I' X 1, and ® stands for the tensor
product. Thus, we have

|:(GP0 - épo)(Gpo - GPO)H} © Q
= M, diag(X — X) [(Ing, ® 1rxr) © Q] diag(X — X)™.

Gpo (10)

The determinant of [(Gp, — Gpy)(Gpy — Gpo) ] 0 Q is

I'M;

MM Jar — @l - (det(Qo)™
k=1

(1)

where Qo = {¢ij}i<ij<r and g;; is specified in (9).
Assuming that 7p < 71 < -+ < 7Tp_1, (o is nonsingular.
Therefore, if Hgf{ |z — x| # 0, the determinant of [(Gp, —
Gpo)(Gpo — Gpo)™] 0 Q is non-zero. This implies that the SF
code achieves a diversity order of I'M;M,.. In this case, the
diversity product can be calculated as

is termed as the “intrinsic” diversity product of the SF code.
Thus, we have the following theorem.

Theorem 1:  For any SF code described in (7) and (8),
if Hgf{ |xg — x| # O for any pair of distinct variables
X = [z @2 -+ zra,] and X = [Z1 T2 -+ Zrag,], the SF
code achieves a diversity ord?r of 'M; M, and the diversity
product is ¢ = (;p, |det(Qo)| 2T .

We observe from Theorem 1 that |det(Q)o)| depends only on
the power delay profile, and the “intrinsic” diversity product
(in depends only on mmX?&X(Hgff |z —x])Y/ TMe) | which
is called the minimum product distance [14]. Therefore, under
the code structure in (8), it is desirable to design a set
of variables X such that the minimum product distance is
maximized.

B. Maximizing the “Intrinsic” Diversity Product (;p,

The problem of maximizing the “intrinsic” diversity product
Cin 1s related to the problem of constructing signal con-
stellations for Rayleigh fading channels ([15], [16], and the
references therein). There are two approaches to design the
set of variables X = [x1 x3 - -+ arpy,]. Denote K = T'M;.

One approach is to apply a transform over a K-dimensional
signal set. Specifically, for a signal constellation {2 and any
signal vector S = [s1 83 -+ sx] € QK let

X =SMg, (14)

where M is a K x K matrix, and it should be optimized such
that the minimum product distance of the set of X is as large
as possible. Both Hadamard transforms and Vandermonde
matrices have been proposed for constructing M g [15], [16].
The results have been recently used to design space-time block
codes [17], [18]. The signal constellations 2 from square
lattices, such as QAM, are of practical interest. If K = 2° (s >
1), an optimum transform M g for Q from square lattices has
been given by [15], [16]

1
MK: \/_EV(917027"'79K)7 (15)
where V(-) is a Vandermonde matrix, and 01,0, --, 05 are

the roots of polynomial #% — j over field Qlj] 2 {c+dj :
both ¢ and d are rational numbers}. For more details, we
refer the reader to [15], [16].

Suppose that the spectral efficiency of an SF code is r
bits/s/Hz. As another approach, one may consider to design a
set of Ly = 2"K variables directly under the energy constraint
E||X[|3 = K. We can take advantage of cyclic space-time

1
1 l“f/I[f| | T My | ) . signals [12]:
¢ = —ming_x TE — Tk det(Qo)|>® . . .
2 xX#X el C, = dz’ag(eJulel, efuzfn o eJ“Kel), l=0,1,---,Lyg— 1,
1
= Gin - |det(Qo)|?, (12)  where 6, = LLOZW, 0 <1 < Lg—1, and the parameters
h Uy, ug, - ug € {0,1,---, Lo — 1} are selected such that
where MmN,y HkK:1 |ej“’“0‘ — edurf| s maximized. Now a set of
1
1 M, T™; variables X = [z1 &2 -+ 2rpg,] can be designed as
in = = MiNvy s+ T — 13 .
o =g i | Ll e B = k=1 KI=00 Lo 1 (6)
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IV. MAXIMIZING THE CODING ADVANTAGE BY
PERMUTATIONS

Assuming that the power delay profile is available at the
transmitter, we propose an interleaving/permutation method to
maximize the performance of the SF codes.

A. Diversity Product of the SF Codes with Permutations

By permuting the rows of the SF codeword C specified in
(7) and (8), we obtain a new codeword o (C'). For two distinct
codewords C' and C' constructed from Gp and G’pj in order to
determine the minimum rank of [0(C'—C)o(C—C)"|o R, we
assume that G, # G, and G, = G,, for any p # po. Suppose
that G, and G, have variables X = [z} @ --- rar,] and
X = [Z1 &2 -+ &ra,], respectively, with xp # Iy for all
1 < k < T'M,. For simplicity, denote Az = x) — Tj. After
row permutation, we assume that the k-th (1 < k < I'M,) row
of G, — G, is located at the nj-th (0 < ny < N — 1) row
of ¢(C — C). Then, the product of the non-zero eigenvalues
of [0(C' — C)a(C — C)"] o R can be determined as [10]

I'M, M,
MIMTT 18 [T |det(Win AWH)] (17)
k=1 m=1

where A = diag(63, 67, -+, 62 _,), and W, =

W (m—-1)r+170 wh(m-1r+171 wn(m,—l)l"ﬁ-lTLfl

W (m—-1)r+270 wh(m-1r+271 wn(m-1)r+27L-1

wnml"TO wnml"Tl wanTLfl

Therefore, from (6), the diversity product of the permuted
SF code can be calculated as: ( = (;p, - (ex, Where (y, 18
the “intrinsic” diversity product (13), and (., denotes the
“extrinsic” diversity product, defined as

(i

m=1

ydet(WmAW,’,f)|> By (18)

This result is summarized as follows.

Theorem 2:  For any permutation, the diversity product of
the resulting SF code is

C = Cln : Ce:c~

Moreover, (., is upper bounded as follows:

19)

(i) C(exr < 1; and more precisely,

(i) if we sort the power profile &g, d1,---,dL—1 in a non-
increasing order as: §;, > 0, > -+ > d;,, then
r |, Ty
Cea < (H 511,,) [T detow, Wil 20)
i=1 m=1

where the equality holds/ when I' = L. As a consequence,
1/T
Cez < \/z (le:l 5ll> .

A proof of Theorem 2 can be found in [10]. We observe
that the “extrinsic” diversity product (., depends on the
permutation and the power delay profile of the channel. Note
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that the permutation does not effect the “intrinsic” diversity
product (;p,.

B. Maximizing the “Extrinsic” Diversity Product (e,

In this subsection, we consider a specific permutation strat-
egy. For a fixed integer p (1 > 1), we define a one-to-one
mapping o over set {0,1,---, N — 1} as follows:

o(n) = vl +ep+vo, n=01,---,N—1, (21

where e; = [£], e0 = n—eil, v1 = L%J, and vg = e; —
v1 . We call the integer p as a separation factor. For any SF
codeword C proposed in (7) and (8), we permute the rows of
C such that the n-th (0 <n < N —1) row of C is moved to
the o(n)-th row. We have the following result.

Theorem 3:  For the permutation specified in (21) with
a separation factor p, the “extrinsic” diversity product of the
permuted SF code is given by

Cow = |det(VoAVY)|7F, (22)
where
whTo WML WHTL-1
‘/0 =
TV =Dy wT-Duri s
(23)

The proof of Theorem 3 is described in [10]. The permu-
tation in (21) is determined by the separation factor p. Our
objective is to find a separation factor ji,, that maximizes the
“extrinsic” diversity product (¢,:

|det (VoAV)). (24)

max

Hop =419 | i <N/r)

In some cases, closed form solution to (24) can be obtained:

e If ' = L = 2, the “extrinsic” diversity product is
Cew = V20001 |sin(pu(m1 — 10)7/T)|/2. Suppose that the
system has N = 128 subcarriers, and the total bandwidth
is BW = 1M Hz. Then, the OFDM block duration is
T =128us. If 71 —79 = 5ps, then pop = 64. If 71 —79 =
20ps, then po, = 16. In general, if 71 — 79 = 2%b us,
a > 0 and b is odd, then ., = 128/2°T!. In these
cases, (e = v/20001, Which achieves the upper bound in
Theorem 2.

e Assume that 7, — 79 = INyT/N,l = 1,2,---,L — 1,
and N is integer multiple of LNy. If I' = L or
&8 =6 = ... =02, = 1/L, then the optimum
separation factor p,, = N/(LNp), and the corresponding
“extrinsic” diversity product is Cep = v/L( ZL;()l &)V E
(see [10] for the proof). In particular, in case of 63 =
62 = ... =62 | =1/L, ez = 1. In both cases, the
“extrinsic” diversity products achieve the upper bounds
in Theorem 2. Note that in case of 7, = [T/N (0 <
Il <L-1), T =L and N is integer multiple of L,
the permutation y,, = N/L is similar to the optimum
subcarrier grouping method proposed in [11], which is
not optimal for arbitrary power delay profiles.
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TU power delay profile, BW = 1 MHz
T

° ° C.éx

Extrinsic diversity product

o

. . .
0 10 20 30 40 50 60 70
Separation factor u (1 <p <[N/TJ)

(a) BW =1 MHz

TU power delay profile, BW = 4 MHz
T T

o

o

Extrinsic diversity product {__
o

L
0 10 20

30 40 50
Separation factor u (1< <[N/T))
(b) BW =4 MHz

Fig. 1. Extrinsic diversity product (e, vs. separation factor p for different
T'(2 <T <6) in TU channel model. N = 128.

In Figure 1 (a) and (b), we plot the “extrinsic” diversity
product (., as the function of the separation factor p for
different I' (2 < I' < 6) values using the fypical urban
(TU) 6-ray power delay profile [20]. In case of I' = 2 and
BW = 1 MHz, the maximum “extrinsic” diversity product
is (e = 0.8963. The corresponding separation factor is
top = 40. However, since one-to-one mapping is preferred,
we choose p = 64, which results in (., = 0.8606. In case of
I' = 2 and BW = 4 MHz, the maximum (., is 0.9998, and
the corresponding (i, is 51. Similarly, we choose p = 64.
The resulting (., is 0.9751.

V. SIMULATION RESULTS

We simulated a MIMO-OFDM system with two transmit
and one receive antennas, and N = 128 subcarriers. The full-
rate full-diversity SF codes were constructed according to (7)
and (8) with the G matrix

_ I
G=v2 0

zw 0 017

0 a3 x4 | (25)

where the x;’s were obtained by (14) and (15) as follows:
[l‘l T2 T3 $4] = [51 52 83 54] : V(G, —0,j0, —j@)/?, (26)
in which s;’s are chosen from BPSK or QPSK, and 6 = ¢™/8.
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\ 2 ray channel model, [0 5}us, 1 bit/s/Hz
10° T T T

T T T T
—=— Proposed code without permutation (i = 1)
—+ Proposed code with random permutation
—+ Proposed code with 1, = 64, L, = 1

E
3
T

2 4 6 8 14 16 18 20

10 12
SNR dB

(a) two rays at 0 and 5us

2 ray channel model, [0 20}us, 1 bit/s/Hz
10 T T T

T T T T
—&— Proposed code without permutation (it = 1)
—+— Proposed code with random permutation
4 Proposed code with ki =64, C,, = 1

BER
3
T

107 I L L L I I I L
2 4 6 8 12 14 16 18 20

(b) two rays at 0 and 20us

Fig. 2. Performance of the proposed SF code with different permutations in
two ray channel model.

First, we compare the performance of the proposed SF codes
with three permutation schemes: no permutation, random per-
mutation, and the proposed optimum permutation. The random
permutation was generated by the Takeshita-Constello method
[19]

o(n) =mod(n(n+1)/2, N), n=0,1,---,N—1. (27)

We simulated the proposed code with the structure (25)
and (26), and sq, So,S3,54 were chosen from BPSK. We
assumed a simple 2-ray, equal-power delay profile, with a
delay 7 us between the two rays. The total bandwidth was
BW = 1 MHz. From Figures 2 (a) and (b), we observe that
the performance of the proposed SF code with the random
permutation is better than that without permutation. With the
optimum permutations, the performance is further improved.
In case of 7 = Hus, there is a 3 dB gain between the optimum
permutation (i, = 64) and the random permutation at a BER
of 107°. In case of 7 = 20us, the performance improvement
of the optimum permutation (u,, = 16) over the random
permutation is 2 dB at a BER of 107°.

Then, we compare the performance of the proposed full-
rate full-diversity SF codes with that of the full-diversity
SF codes described in [9]. We simulated the proposed code
with the structure (25) and (26), in which sq, so, s3, 54 were
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2 ray channel model, [0 5us, 2 bits/s/Hz
10 T T T T T T

5~ SF code from orth. design
10°H —o SF code from orth. design with random permutation
—g- Proposed code with p = 1
4 Proposed code with random permutation
_, Proposed code with ji, = 64, L, = 1

T ;

107 T T T L L L L

ex

4 6 8 10 12 16 18 20 22 24

14
SNR dB

Fig. 3. Comparison of the proposed SF code and the code from orthogonal
design in two ray channel model with 7 = 5us.

6 ray TU channel model, BW = 1 MHz, 2 bits/s/Hz
10f T : T T ; T T T T

5~ SF code from orth. design

—o- SF code from orth. desgin with random permutation

&~ Proposed code with 1 = 1

—— Proposed code with random permutation

s Pr?posed cu‘de with - 64, o= 8606 ‘ ‘ ‘ ‘ ‘
4 6 8 10 12

14
SNR dB

Fig. 4. Comparison of the proposed SF code and the code from orthogonal
design in TU channel model with BW = 1 MHz.

chosen from QPSK, so the spectral efficiency was 2 bits/s/Hz,
ignoring the cyclic prefix. The full-diversity SF code of [9] is
a repetition of the orthogonal design two times, in which all
symbols were chosen from 16-QAM in order to maintain the
same spectral efficiency.

We considered the 2-ray, equal-power delay profile with 7 =
5us. From Figure 3, we observe that without permutation, the
proposed SF code outperforms the SF code from orthogonal
design by about 3 dB at a BER of 10~*. With the random
permutation, the proposed code outperforms the orthogonal
code by about 2 dB at a BER of 10~*. With the optimum
permutation (it,, = 64), the proposed code has an additional
gain of 3 dB at a BER of 10~*. Compared to the orthogonal
code with the random permutation, the proposed code with
the optimum permutation has a total gain of 5 dB at a BER
of 1074

We also compare the two SF codes using the TU channel
model with BW = 1 MHz in Figure 4. We can see that without
permutation, the proposed SF code outperforms the SF code
from orthogonal design by about 2 dB at a BER of 10~*. With
the random permutation, the performance of the proposed code
is better than that of the orthogonal code by about 2.5 dB at
a BER of 10~%. With the proposed permutation (i = 64), an
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additional improvement of 1 dB at a BER of 10~* is achieved
by the proposed SF code.

VI. CONCLUSION

In this paper, we proposed a general SF code structure
that can guarantee full-rate and full-diversity transmission in
MIMO-OFDM systems. In addition, assuming that the power
delay profile of the channel is available at the transmitter, we
proposed an optimum interleaving scheme to further improve
the performance. The simulation results showed that the pro-
posed SF codes outperformed previously existing approaches
and demonstrated the importance of interleaving in SF coded
MIMO-OFDM systems.

REFERENCES

[1] D. Agrawal, V. Tarokh, A. Naguib and N. Seshadri, “Space-time coded
OFDM for high data-rate wireless communication over wideband chan-
nels”, Proc. IEEE VTC, vol. 3, pp. 2232-2236, 1998.

[2] K. Lee and D. Williams, “A Space-frequency transmitter diversity tech-
nique for OFDM systems”, Proc. IEEE GLOBECOM, vol. 3, 2000.

[3] R. Blum, Y. Li, J. Winters and Q. Yan, “Improved space-time coding for
MIMO-OFDM wireless communications”, IEEE Trans. Commun., vol.
49, no. 11, pp. 1873-1878, Nov. 2001.

[4] Y. Gong and K. B. Letaief, “An efficient space-frequency coded wideband
OFDM system for wireless communications”, Proc. IEEE ICC, vol. 1,
pp. 475-479, 2002.

[S] Z. Hong and B. Hughes, “Robust space-time codes for broadband OFDM
systems”, Proc. IEEE WCNC, vol. 1, pp. 105-108, 2002.

[6] B. Lu and X. Wang, “Space-time code design in OFDM systems”, Proc.
IEEE GLOBECOM, pp.1000-1004, Nov. 2000.

[7]1 H. Bolcskei and A. J. Paulraj, “Space-frequency coded broadband OFDM
systems”, Proc. IEEE WCNC, pp.1-6, Sept. 2000.

[8] H. Bolcskei and A. J. Paulraj, “Space-frequency codes for broadband
fading channels”, Proc. ISIT’2001, p.219, June 24-29, 2001.

[91 W. Su, Z. Safar, M. Olfat, and K. J. R. Liu, “Obtaining full-diversity
space-frequency codes from space-time codes via mapping,” IEEE Trans.
on Signal Processing (Special Issue on MIMO Systems), vol. 51, no. 11,
pp.2905-2916, November 2003.

[10] W. Su, Z. Safar, and K. J. R. Liu, “Full-rate full-diversity space-
frequency codes with optimum coding advantage,” submitted to IEEE
Trans. Inform. Theory, September 2003.

[11] Z. Liu, Y. Xin, and G. B. Giannakis, “Linear constellation precoding
for OFDM with maximum multipath diversity and coding gains,” IEEE
Trans. Commun., vol. 51, no. 3, March 2003.

[12] B. M. Hochwald and W. Sweldens, “Differential unitary space-time
modulation,” IEEE Trans. Commun., vol. 48, pp.2041-2052, Dec. 2000.

[13] S. Siwamogsatham, M. P. Fitz, and J. Grimm, “A new view of per-
formance analysis of transmit diversity schemes in correlated Rayleigh
fading”, IEEE Trans. Inform. Theory, vol.48, pp.950-956, Apr. 2002.

[14] C. Schlegel and D. J. Costello, Jr., “Bandwidth efficient coding for fading
channels: code construction and performance analysis,” IEEE JSAC, vol.
7, pp.1356-1368, December 1989.

[15] X. Giraud, E. Boutillon, and J. C. Belfiore, “Algebraic tools to build
modulation schemes for fading channels,” IEEE Trans. Inform. Theory,
vol. 43, no. 2, pp.938-952, May 1997.

[16] J. Boutros and E. Viterbo, “Signal space diversity: a power- and
bandwidth-efficient diversity technique for the Rayleigh fading channel,”
IEEE Trans. Inform. Theory, vol. 44, pp.1453-1467, July 1998.

[17] M. O. Damen, K. Abed-Meraim, and J. C. Belfiore, “Diagonal algebraic
space-time block codes,” IEEE Trans. Inform. Theory, vol. 48, no. 3,
pp.628-636, March 2002.

[18] Y. Xin, Z. Wang, and G. B. Giannakis, “Space-time diversity systems
based on linear constellation precoding,” IEEE Trans. Wireless Commun.,
vol. 2, no. 2, pp.294-309, March 2003.

[19] O. Y. Takeshita and D. J. Constello, Jr., “New classes of algebraic
interleavers for turbo-codes,” Proceedings of ISIT, p.419, 1998.

[20] G. Stuber, Principles of mobile communication, Kluwer Academic
Publishers, 2001.

[21] R. A. Horn and C. R. Johnson, Topics in matrix analysis, Cambridge
Univ. Press, 1991.

0-7803-8344-3/04/$20.00 © 2004 IEEE



	footer1: 


