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Towards Maximum Achievable Diversity
in Space, Time, and Frequency:
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Abstract—Maultiple input multiple output (MIMO) communi-
cation systems with orthogonal frequency division multiplexing
(OFDM) modulation have a great potential to play an impor-
tant role in the design of the next-generation broadband wireless
communication systems. In this paper, we address the problem of
performance analysis and code design for MIMO-OFDM systems
when coding is applied over both spatial, temporal, and frequency
domains. First, we provide an analytical framework for the per-
formance analysis of MIMO-OFDM systems assuming arbitrary
power delay profiles. Our general framework incorporates the
space-time and space—frequency (SF) coding approaches as spe-
cial cases. We also determine the maximum achievable diversity
order, which is found to be the product of the number of transmit
and receive antennas, the number of delay paths, and the rank
of the temporal correlation matrix. Then, we propose two code
design methods that are guaranteed to achieve the maximum
diversity order. The first method is a repetition coding approach
using full-diversity SF codes, and the second method is a block
coding approach that can guarantee both full symbol rate and
full diversity. Simulation results are also presented to support the
theoretical analysis.

Index Terms—Broadband wireless communications, maximum
achievable diversity, MIMO-OFDM systems, multiple antennas,
space—frequency coding, space—time—frequency coding.

I. INTRODUCTION

ULTIPLE INPUT MULTIPLE OUTPUT (MIMO) com-

munication systems have a great potential to play an
important role in the design of the next-generation wireless
communication systems due to the advantages that such sys-
tems can offer. By employing multiple transmit and receive
antennas, the adverse effects of the wireless propagation en-
vironment can be significantly reduced. In case of narrow-
band wireless communications, where the fading channel is
frequency nonselective, many modulation and coding methods
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[1]-[9], termed as space—time (ST) codes, have been proposed
to exploit the spatial and temporal diversities available in the
multiantenna channel.

In case of broadband wireless communications, where the
fading channel is frequency selective, orthogonal frequency
division multiplexing (OFDM) modulation can be used to
transform the frequency-selective channel into a set of parallel
frequency flat channels, providing high spectral efficiency and
eliminating the need for high-complexity equalization algo-
rithms. To take advantage of both MIMO systems and OFDM
modulation, MIMO-OFDM systems have been proposed, re-
sulting in two major channel coding approaches for these
systems. The first approach is space—frequency (SF) coding,
where coding is applied within a single OFDM block to ex-
ploit the spatial and frequency diversities. The other approach
is space—time—frequency (STF) coding, where the coding is
applied across multiple OFDM blocks to exploit the spatial,
temporal, and frequency diversities available in frequency-
selective MIMO channels.

Early works on SF coding [10]-[15] used ST codes directly
as SF codes, i.e., previously existing ST codes were used by
replacing the time domain with the frequency domain (OFDM
tones). The performance criteria for SF-coded MIMO-OFDM
systems were derived in [15] and [16], and the maximum
achievable diversity was found to be LM;M,;, where M; and
M, are the number of transmit and receive antennas, respec-
tively, and L is the number of delay paths in the channel impulse
response. Bolcskei and Paulraj [16] showed that, in general,
systems using ST codes directly as SF codes can achieve only
spatial diversity and are not guaranteed to achieve the full
spatial and frequency diversity L M; M,. Later, in [17] and [18],
systematic SF code design methods that could guarantee to
achieve the maximum diversity were proposed.

To further improve the performance, one may consider STF
coding across multiple OFDM blocks to exploit all of the avail-
able diversities in the spatial, temporal, and frequency domains.
The STF coding strategy was first proposed in [19] for two
transmit antennas and further developed in [20], [21], and [22]
for multiple transmit antennas. Both [19] and [22] assumed that
the MIMO channel stays constant over multiple OFDM blocks,
and we will show later that in this case, STF coding cannot
provide any additional diversity compared to the SF coding
approach. In [21], an intuitive explanation on the equivalence
between antennas and OFDM tones was presented from
the viewpoint of channel capacity. In [20], the performance
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criteria for STF codes were derived, and an upper bound on the
maximum achievable diversity order was established. However,
there was no discussion in [20] whether the upper bound can
be achieved or not, and the proposed STF codes were not
guaranteed to achieve the full spatial, temporal, and frequency
diversities.

In this paper, we consider the problem of performance
analysis and full-diversity STF code design for MIMO-OFDM
systems. We provide a general framework, taking into account
coding over the spatial, temporal, and frequency domains.
Our model incorporates the ST and SF coding approaches
as special cases. First, we derive the performance criteria for
STF-coded MIMO-OFDM systems, based on the results of
[18], [23], and [24], and we show that the maximum achievable
diversity order is LM M, T, where T is the rank of the
temporal correlation matrix of the channel. Then, we propose
two STF code design methods that are guaranteed to achieve
the maximum achievable diversity order. The first method is
a repetition coding approach, which achieves full diversity
at the price of symbol rate decrease. The advantage of this
approach is that any full-diversity SF code (block or trellis)
can be used to design full-diversity STF codes. The other STF
code design method, a block coding approach, provides both
data rate (full symbol rate) and performance (full diversity).
In this case, the STF codes are constructed using existing
results on signal constellation design for single-antenna fading
channels.

The paper is organized as follows. In Section II, we describe
the MIMO-OFDM system model with an arbitrary power delay
profile. In Section III, we derive the STF code performance
criteria and determine the maximum achievable diversity order.
In Section IV, two STF code design methods are proposed.
The simulation results are presented in Section V, and some
conclusions are drawn in Section VL.

II. SYSTEM MODEL

We consider an STF-coded MIMO-OFDM system with M
transmit antennas, M, receive antennas, and /N subcarriers, as
shown in Fig. 1. Suppose that the frequency-selective fading
channels between each pair of transmit and receive antennas
have L independent delay paths and the same power delay
profile. The MIMO channel is assumed to be constant over
each OFDM block period, but it may vary from one OFDM

STF-coded MIMO-OFDM system with My transmit and M, receive antennas.
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block to another. At the kth OFDM block, the channel im-
pulse response from transmit antenna ¢ to receive antenna j at
time 7 can be modeled as

hE (1) = af’ (Do(r —m) )

where 7; is the delay and aﬁ j (1) is the complex amplitude of the
lth path between transmit antenna ¢ and receive antenna j. The
aiﬁ ;(1)’s are modeled as zero-mean complex Gaussian random
variables with variances E|a} ;(1)|* = 67, where E stands for
the expectation. The powers of the L paths are normalized
such that Zle_Ol 62 = 1. We assume that the MIMO channel is
spatially uncorrelated, so the channel coefficients aﬁ ;(1)’s are
independent for different indices (¢, j). From (1), the frequency
response of the channel is given by

L-1

Hi’fj(f) = Zaﬁj(l)e—jzwfn @

=0

where j = v/ —1.
We consider STF coding across M, transmit antennas, [V
OFDM subcarriers, and K consecutive OFDM blocks. Each

STF codeword can be expressed as a K N x M; matrix
C=[Cf

cy cET" 3)

where the channel symbol matrix C}, is given by

C'£(0) c50) i (0)

ci (1) 1) o (D)

k
2
5
Cr = : : , : )

FIN-1) AN -1) - (V-1

and cF(n) is the channel symbol transmitted over the nth
subcarrier by transmit antenna ¢ in the kth OFDM block.
The STF code is assumed to satisfy the energy constraint
E||C||3 = KN M,, where ||C||r is the Frobenius norm of C.
During the k&th OFDM block period, the transmitter applies an
N-point IFFT to each column of the matrix C},. After append-
ing a cyclic prefix, the OFDM symbol corresponding to the
ith (i = 1,2,..., M) column of C}, is transmitted by transmit
antenna i.
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At the receiver, after matched filtering, removing the cyclic
prefix, and applying FFT, the received signal at the nth subcar-
rier at receive antenna j in the kth OFDM block is given by

My
k 4 k k k
n) =,/ A ; cf(n)HY ;(n) + zF(n) 5)
where
L1
aﬁj(l)efj%rnAfﬂ (6)
1=0

is the channel frequency response at the nth subcarrier between
transmit antenna ¢ and receive antenna j, Af = 1/T is the sub-
carrier separation in the frequency domain, and 7" is the OFDM
symbol period. We assume that the channel state information
sz j(n) is known at the receiver but not at the transmitter. In
(5), zjk (n) denotes the additive white complex Gaussian noise
with zero mean and unit variance at the nth subcarrier at receive
antenna j in the kth OFDM block. The factor \/p/M; in (5)
ensures that p is the average signal-to-noise ratio (SN R) at each
receive antenna.

III. PERFORMANCE CRITERIA

In this section, we derive the performance criteria for STF-
coded MIMO-OFDM systems, based on the results of [18],
[23], and [24], and we also determine the maximum achievable
diversity order for such systems.

A. Pairwise Error Probability
Using the notation ¢;[(k — 1)N +n] £ ck(n), H; ;[(k—
A A
LN +n] = HEj(n),y;[(k = DN +n] = yf(n), and 2;{(k —
)N+n]fzj( n)for I<E<K, 0<n<N-1,1<i<

My, and 1 < j < M, the received signal in (5) can be ex-
pressed as
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for m=0,1,..., KN — 1. We further rewrite the received
signal in vector form as

[p
Y=,/—DH+7Z
M +

where D is a K NM, x KN M;M, matrix constructed from
the STF codeword C' in (3) as follows:

®)

D=1y ®[D1 D, Dy, | 9)

where ® denotes the tensor product, Iy, is the identity matrix
of size M, x M., and

D; = diag {Ci(o)vci(l)v sy

for any ¢ =1,2,...,M;. The channel vector H of size
KNM;M, x 1 is formatted as in (11) (at the bottom of the
page) where

G(KN -1} (10)

Hij=[H;;(0) Hi (1) Hi (KN -1]". (2
The received signal vector Y of size K NM,; x 1 is given by
(13) (at the bottom of the page) and the noise vector Z, which
has the same form as Y, is given by (14) (at the bottom of the
page). ~

Suppose that D and D are two matrices constructed from two
different codewords C' and C, respectively. Then, the pairwise
error probability between D and D can be upper bounded

as [23]

oD < (¥ (H%) () (1)

where r is the rank of (D — D)R(D — D)H S Y1, 72, e, Y are
the nonzero eigenvalues of (D — D)R(D —D)", and R =
E{HH"} is the correlation matrix of H. The superscript H
stands for the complex conjugate and transpose of a matrix.
Based on the upper bound on the pairwise error probability
in (15), two general STF code performance criteria can be
proposed as follows.

1) Diversity (rank) criterion: The minimum rank of (D —

\/» Z ci(m )+ zj(m) (7) ]3)R~(D — ]3)H over all pairs of different codewords C
and C should be as large as possible.

H= [H1T1 H;L,,l HlT,2 H}L,z HEMr HJ?@,,Mr]T (11

Y = [31(0) yi(KN —1) y2(0) Yy2(KN —1) yn, (0) ym, (KN —1)]" (13)

Z = [2(0) 21(KN —1)  2/(0) 2(KN —1) 2z, (0) 2 (KN —1)]F (14)
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2) Product criterion: The minimum value of the product
[T;—, 7: over all pairs of different codewords C' and C
should be maximized.

B. Performance Criteria and Maximum Achievable Diversity

In case of spatially uncorrelated MIMO channels, i.e., the
channel taps af ;(1) are independent for different transmit
antenna index ¢ and receive antenna index j, the correlation

matrix R of size K N M; M, x KN M; M, becomes

R = diag (R1,1,---, Ry 15 B2, -+ R, 2,
~~‘7R1,Mr7"':RM¢,,Mr) (16)
where
R, = E{H, ;H.} (17)

is the correlation matrix of the channel frequency response
from transmit antenna ¢ to receive antenna j. Using the notation
w = exp(—j2rAf), from (6), we have

H; ;= (IK®W)Ai7j (18)
where
1 1 1
wTo U)Tl wTL—l
W = . .

wN-D10  (N-Dm wN-D7i1
and A; ; is defined at the bottom of the page. Substituting (18)
into (17), R; ; can be calculated as follows:

=(Ix @ W)E{A; ; A} (Ix @ W),

With the assumptions that the path gains aff ;(1) are inde-
pendent for different paths and different pairs of transmit and
receive antennas, and that the second-order statistics of the time
correlation is the same for all transmit and receive antenna
pairs and all paths (i.e., the correlation values do not depend
on i, j, and [), we can define the time correlation at lag m as
ro(m) = E{affj(l)ozf,’}'m ()}. Thus, the correlation matrix
E{A; jA};} can be expressed as

E{A4;;Al,} =Rr @A (19)
where A = diag {63,07,...,07 ;}, and Ry is the temporal
correlation matrix of size K x K, whose entry in the pth row
and the gth column is given by rp(¢ —p) for 1 <p, ¢ < K.
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We can also define the frequency correlation matrix, Rp, as
H
Ry = E{HZ’“]H{“] }, where

T
Then, Rp = WAWM. As aresult, we arrive at

R ={Ix @W)(Rr @ A)(Ix ®WH)

=Rr® (WAWH) = Rr ® Ry (20)
yielding
R = Iy m, © (R @ Ry). @D

Finally, combining (4), (9), (10), and (21), the expression for
(D — D)R(D — D) in (15) can be rewritten as

(D -D)R(D - D)H

:IMr®

Zt(Di — D;)(Rp ® Rp)(D; — Di)H‘|

i=1

=1y, e {[(€-C)C -] o (Rr@ Rr)} (22)
where o denotes the Hadamard product.! Denote

A2 (C-C)C-O)H (23)
and R £ Ry ® Rp. Then, substituting (22) into (15), the pair-
wise error probability between C and C' can be upper bound-
ed as

P )< (M1 (1T AR 24
c=o= () () e

where v is the rank of Ao R, and Ay, Ag,..., )\, are the
nonzero eigenvalues of A o R. The minimum value of the
product []7_; A; over all pairs of distinct signals C' and C is
termed as coding advantage, denoted by

Csrr = min 1_11 i (25)
As a consequence, we can formulate the performance criteria
for STF codes as follows.

1) Diversity (rank) criterion: The minimum rank of Ao R
over all pairs of distinct codewords C' and C should be as
large as possible.

2) Product criterion: The coding advantage or the minimum
value of the product [];_; \; over all pairs of distinct
signals C' and C should also be maximized.

Suppose that A = {a; ;} and B = {b; ;} are two matrices of size
m X n. The Hadamard product of A and B is defined as Ao B =

{ai,jbi, 5} 1<i<m, 1<j<n-
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If the minimum rank of A o R is v for any pair of distinct
STF codewords C' and é, we say that the STF code achieves a
diversity order of v M,. For a fixed number of OFDM blocks K,
transmit antennas M, and correlation matrices Rt and Rp, the
maximum achievable diversity or full diversity is defined as the
maximum diversity order that can be achieved by STF codes of
size KN x M;.

According to the rank inequalities on Hadamard products and
tensor products [38], we have

rank (A o R) < rank(A)rank(Rr)rank (Rp).

Since the rank of A is at most M, and the rank of Ry is at most
L, we obtain

rank(A o R) < min {LM;rank(Rt), KN}. (26)

Thus, the maximum achievable diversity is at most
min {LMyM,rank(Rr), KNM,}, in agreement with the
results of [20]. However, there is no discussion in [20] whether
this upper bound can be achieved or not. In the following
sections, we show that this upper bound can indeed be
achieved. We can also observe that if the channel stays constant
over multiple OFDM blocks (rank(Rt) = 1), the maximum
achievable diversity is only min{LM;M,, KNM,}. In this
case, STF coding cannot provide additional diversity advantage
compared to the SF coding approach.

Note that the proposed analytical framework includes ST
and SF codes as special cases. If we consider only one subcar-
rier (N = 1) and one delay path (L = 1), the channel becomes
a single-carrier time-correlated flat fading MIMO channel. The
correlation matrix R simplifies to R = R, and the code de-
sign problem reduces to that of ST code design, as described
in [24]. In the case of coding over a single OFDM block
(K = 1), the correlation matrix R becomes R = Ry, and the
code design problem simplifies to that of SF codes, as discussed
in [18].

IV. FULL-DIVERSITY STF CODE DESIGN METHODS

We propose two STF code design methods to achieve the
maximum achievable diversity order min { LM; M, rank (Rr),
K N M.} in this section. Without loss of generality, we assume
that the number of subcarriers N is not less than LM, so the
maximum achievable diversity order is LM; M, rank (Rr).

A. Repetition-Coded STF Code Design

In [18], we proposed a systematic approach to design full-
diversity SF codes. Suppose that Csr is a full-diversity SF code
of size N x M. We now construct a full-diversity STF code
Cstr by repeating C'sp K times (over K OFDM blocks) as
follows:

Cstr = 11 @ Csp (27)

where 1, is an all one matrix of size k x 1. Let

Astr = (Cstr — Cstr)(Csrr — Csrr)™
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and
Asr = (Osp — Csp)(Csp — Csp).

Then, we have

Agtr = [1}c><1 ® (Csr — éSF)} |:11><k ® (Csr — éSF)H}
=1k ® Agr.
Thus,

Agrr o R = (1pxr ® Agr) o (Rt ® Ry)
=Rr® (ASF o RF)

Since the SF code Csp achieves full diversity in each OFDM
block, the rank of Agp o Rp is LM;. Therefore, the rank of
Agtr o Ris LMirank(Rr), so Csrr in (27) is guaranteed to
achieve a diversity order of LM, M, rank(Rr).

We observe that the maximum achievable diversity depends
on the rank of the temporal correlation matrix Rr. If the
fading channels are constant during K OFDM blocks, i.e.,
rank(Rr) = 1, the maximum achievable diversity order for
STF codes (coding across several OFDM blocks) is the same as
that for SF codes (coding within one OFDM block). Moreover,
if the channel changes independently in time, i.e., Rt = I,
the repetition structure of STF code Csrr in (27) is sufficient,
but not necessary to achieve the full diversity. In this case

Ao R =diag (Ao Rp,A20 Rp,...,Axg o Rp)
where A, = (Cy, — C’k)(Ck — ék)H for 1 < k < K. Thus, in
this case, the necessary and sufficient condition to achieve full-
diversity K LM M, is that each matrix Ay o Rr be of rank
LM, over all pairs of distinct codewords simultaneously for all
1<k<K.

The proposed repetition-coded STF code design ensures full
diversity at the price of symbol rate decrease by a factor of 1/ K
(over K OFDM blocks) compared to the symbol rate of the
underlying SF code. The advantage of this approach is that any
full-diversity SF code (block or trellis) can be used to design
full-diversity STF codes.

B. Full-Rate STF Code Design

We can also design a class of STF codes that can achieve
a diversity order of I"'M;M,rank(Rr) for any fixed integer
I' (1 <T < L) by extending the full-rate full-diversity SF code
construction method (coding over one OFDM block, i.e., the
K =1 case) proposed in [25].
We consider an STF code structure consisting of STF code-
words C' of size KN by M,
c=[Ccf o

cErlt (28)

where

T
Cr = [G;cr,l G;crg GE,P OIT\lfPFMt] (29)
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fork=1,2,...,K.In(29), P = | N/(T'M;)], and each matrix
Grp (1 <k<K,1<p<P)isofsize 'M; x M. The zero
padding in (29) is used if the number of subcarriers /V is not an
integer multiple of I'M;. For each p (1 < p < P), we design
the code matrices Gy, Ga,p, . .., Gk,p jointly, but the design
of G, p, and Gy, p,, P1 # D2, is independent of each other.
For a fixed p (1 < p < P), let

Gk’,p:\/ Mt diag (Xk71,Xk72,. . .,Xka[t), k:1,2, .. .,K
(30)

where diag (X4, 1, Xk,2,..., Xk, ) is a block diagonal ma-
trix, Xgi = [Tr,(i—1)P+1 Tk (i-1)T+2 zgr|T, i =
1,2,---, My, and all x ;, j=1,2,---,'M;, are complex
symbols and will be specified later. The energy normalization
condition is

K T'M,

E(>2) loe

k=1 j=1

2| = KT'M,.

The symbol rate of the proposed scheme is PT'M; /N, ignoring
the cyclic prefix. If N is a multiple of I'M;, the symbol rate
is 1. If not, the rate is less than 1, but since usually N is much
greater than I' M, the symbol rate is very close to 1. We define
full rate as one channel symbol per subcarrier per OFDM block
period, so the proposed method can either achieve full symbol
rate, or it can perform very close to it. Note that this scheme
includes the code design method proposed in [25] as a special
case when K = 1.

The following theorem provides a sufficient condition for
the STF codes described above to achieve a diversity order
of T M;M,rank(Rr). For simplicity, we use the notation
X =[z1, T1,0M, T g, rMm,| and
X = [.’i‘171 5317th 57](71 i‘K,I‘Mt]- MOI'GOVCI‘,
for any n x n nonnegative definite matrix A, we denote its
eigenvalues in a nonincreasing order as: eig; (A) > eigy(A) >
- > cig, (4).

Theorem 1: For any STF code constructed by (28)—(30), if
<, H?gf |z, ; — &k, ;| # 0 for any pair of distinct sym-
bols X and X, the STF code achieves a diversity order of
T M M,rank(Rr), and the coding advantage is bounded by

(MiGiain) MDD < (yrp < (Midmax) ™MD 0

(31)
where

Smin = min min T (32)

X£X 1<k<K, 1<j<I M,
Omax = 1MAax max |, ; — a’ﬁk,j|2 (33)

X£X 1<k<K, 1<j<I'M;

rank(Rr)
® = |det (Qo)[M ™™ ) ] [eig, (Rr)]"™ (34)
1=1
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and

QO =Wy dlag (5875%7"'75%71) Wé{ 35)
1 1 - 1
w‘l‘o w‘l’l wTL—l
Wy = . (36)

w(I‘il)‘ro w(F;l)‘rl w(I‘fi)TL,l

I'xL

Furthermore, if the temporal correlation matrix Rt is of full
rank, i.e., rank(Rr) = K, the coding advantage is

Corr = 0 MEY™e |det (R)|"™™* |det (Qo)|* ™M (37)
where
K T M,
§ = min [T [] lee; — @i (38)
XAX 21 =1

Proof: Suppose that C' and C are two distinct STF code-
words that are constructed from Gy, and Gy, (1 <k <
K, 1 < p < P), respectively. We would like to determine the
rank of A o R, where A = (C — C)(C —C)" and R = Rt ®
Rp. For convenience, let

G, = [Gr{p Gg,p G}F(»p]T
for eachp = 1,2, - - -, P. For two distinct codewords C and C,
there exists at least one index py (1 < po < P) such that G, #
épo. We may further assume that G, = ép for any p # po
since the rank of A o R does not decrease if G, # Gp for some
p # po [38, Corollary 3.1.3, p. 149].

Note that the frequency correlation matrix Ry is a Toeplitz
matrix. With the assumption that G, = ép for any p # po,
we observe that the nonzero eigenvalues of Ao R are the
same as those of [(Gp, — Gp,)(Gp, — Gp,)H] 0 (R @ Q),
where @ = {¢i,j}1<i, j<rnm, is also a Toeplitz matrix whose
entries are

L-1
gi; =Y orwl=m, 1<i,j<TM,. (39
=0

Note that () is independent of the index po, i.e., it is independent
of the position of G, — Gp, in C —C. Forany 1 <k < K,
we have
Gk»Po - CN*Yk»I)o
=/ M; diag(Xk,1 — Xp1, Xpo — Xpo,
cos Xpor, — Xk,]m)

=\ Mt diag(xhl — fik,h sy TR TM, — jk,f‘]\[t)
X (Ing, ® 1rx1)
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so the difference matrix between G, and G,, is defined at the
bottom of the page, where

. oy A L. - -
diag(X — X) = diag(x1,1 — T1,1,-- ., %1,0rM, — T1,0M, »

TR —TK 1, TR TM, — TK,0M,) -

Thus, we have

(6n-6n) (60 -60) oines0
— M, {diag (X = X) [Lxn1 ® (Ing, ® 1pst)]

X [1rx1 @ (I, ® 1rx1)]H

x diag (X — X)H} o(Rr®Q)
= M, [diag (X — X) (1gxr @ Ing, @ 1rar)
x diag (X — X)H} o(Rr®Q)

= M, diag (X — X) {Rr @ [(Ia, ® 1rur) 0 Ql}
x diag (X — X)H
= M; diag (X — X) (Rt ® Iy, ® Qo) diag (X — X)"
(40)

where Qo = {¢;,j}1<i, j<r and g¢; ; is given by (39). In the
above derivation, the second equality follows from the identities
Lrex1 ® (Ing, @ 1) ]! = 110k @ Ing, @ Liyr and (A1 ®
Bl)(AQ ® BQ)(Ag ® Bg) = (AlAQAg) X (BlBQBg) [38, p.
251], and the third equality follows from a property of the
Hadamard product [38, p. 304].

From (40), we observe that if diag (X — X) is of full rank,
ie, oy — Ty, #0 forany 1 <k <K and 1 <j<T'M,,
then the rank of [(G,, — Gp,)(Gpo — Gpo)] o (RT ® Q)
can be determined as rank(Rt ® Ips, ® Qo), which is equal to
M rank(Rr) rank(Qp). Similar to the correlation matrix Ry
in (20), Qo can be expressed as

QO = WO dlag (58?6%7 .. .,(5%71)Wé{

where Wy is defined in (36). Note that W is a I' x L matrix
consisting of I" rows of a Vandermonde matrix [38], so with
To < T < -+ <Tr_1, Wp is nonsingular. Thus, Qg is of full
rank (rank T). Therefore, if Hle H;ff |zk, ; — Tk, ;| # O, the
rank of A o R is ' M, rank(Rr).
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The assumption that G, = (~}p for any p # po is also suf-
ficient to calculate the coding advantage since the nonzero
eigenvalues of A o R do not decrease if G, # G,, for some
p % po [38, Corollary 3.1.3, p. 149]. Using the notation vy =
I'M; rank(RT), the coding advantage can be calculated as

CsTF = )T(T;g}( ﬁeigi{KGPO - c~"’po) (Gpo - GPO)H}

o(Rr® Q)}
= min H eig; [Mt diag (X — X) (R @ Ins, ® Qo)
X#EX =1
x diag (X — X)H} 41)

X#AX

where eigrray [diag (X — X)diag (X — X)H] < 6; <
eig; [diag(X — X)diag (X — X)H] for i=1,2,...,1. In
the above derivation, the second equality follows by (40), and
the last equality follows by Ostrowski’s theorem [37, p. 224].
Since

Vo
[[eig: (Br ® I, ® Qo)

i=1

T'rank(RT)

- I

i=1

leig; (Rt © Qo))"

rank(Rr)

[det (Qo)| M ™ ) T [eig; (Rr)]™™"
=1

and
eig; (diag (X — X) diag (X — X)H)

= max max |2k, — Tk, |2

XAX 1<k<K, 1% j<0M,
eigxra, (diag (X — X) diag (X — X)H)

= min min

~ 2
) . |Tk,5 — Tk, 51
X£X 1<k<K, 1< j<I'M,

we have the lower and upper bounds in (31).

diag (3?171 — le) ..
diag (21 — %21, - -

GPO - épo =M

diag (rx1 — Tk 1, - -

SxirM, — T1,rm,) (I, @ 1rxa)
S xarm, — Ta,rm,) (Iv, © 1rxa)

ST TM, — TrorM,) (Iv, @ 1rx)

= /M, diag (X — X) [1 51 ® (Ing, ® 1ps1)]
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Finally, if R is of full rank, vy = KT'M;. From (41), the
coding advantage is

(srr = min det [Mt diag (X — X) (Rr ® Lns, ® Qo)
X£X

x diag (X — X)H]

- MtKFMt det (Rt ® Ing, ® Qo)

K T'M,

X min H H Tk 5 —ik7j|2

X#EX 21 =1
=0 METMdet (Rp) "™ |det (Qo)| ™M

where § is given by (38). Thus, we have proven Theorem 1
completely. |

From Theorem 1, we observe that with the code structure
specified in (28)-(30), it is not difficult to achieve the di-
versity order of I'M;M, rank(Rr). The remaining prob-
lem is to design a set of complex symbol vectors, X =
[1‘1}1 T1,T M, TK,1 TK TM, }, such that
the coding advantage (g is as large as possible. One approach
is to maximize i, and 0.y in (31) according to the lower
and upper bounds of the coding advantage. Another approach
is to maximize J in (38). We follow the latter for two reasons.
First, the coding advantage (sTr in (37) is determined by §
in closed form although this closed form only holds with the
assumption that the temporal correlation matrix Rt is of full
rank. Second, the problem of designing X to maximize ¢ is
related to the problem of constructing signal constellations for
Rayleigh fading channels, which has been well solved [9]-[26].
In the literature, § is called the minimum product distance of
the set of symbols X [26], [27].

We summarize some existing results on designing X in
order to maximize the minimum product distance § as follows.
For simplicity, denote £ = KT'M; and assume that 2 is a
constellation such as quadratic-amplitude modulation (QAM),
pulse-amplitude modulation, and so on. The set of complex
symbol vectors is obtained by applying a transform over a
L-dimensional signal set QF [9], [28], [29]. Specifically

1
X:S'ﬁv(el,ezw“,@z) 43)
where S =[s1 s2 sc] € QK is a vector of arbitrary
channel symbols to be transmitted, and V' (61,0s,...,0,) is a
Vandermonde matrix with variables 01, 0, ..., 0, [37]
1 1 1
0, 0y - O
V(01,02,....00) = | . : . (44)
oyt 05! 07!

The optimum 6;’s, 1 <1 < L, have been specified for different
L and . For example, if 2 is a QAM constellation and £ =
2% (s > 1), the optimum 6;’s were given by [28], [29]

s41-3
— 2 T
0, = el 2z s

1=1,2,...,L. (45)
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In case of £ = 2% - 3t (s > 1,t > 1), a class of 6;’s were given
in [29] as

6=l 1=1,2,... L (46)
For more details and other cases of €2 and £, we refer the reader
to [9], [28], and [29].

The STF code design discussed in this subsection achieves
full symbol rate, which is much larger than that of the repetition
coding approach. However, the maximum-likelihood decoding
complexity of this approach is high. Its complexity increases
exponentially with the number of OFDM blocks K while the
decoding complexity of the repetition-coded STF codes in-
creases only linearly with K. Fortunately, sphere decoding
methods [30]-[32] can be used to reduce the complexity.

V. SIMULATION RESULTS

We simulated the proposed two STF code design methods
for different fading channel models and compared their per-
formance. The OFDM modulation had N = 128 subcarriers,
and the total bandwidth was 1 MHz. Thus, the OFDM block
duration was 128 us. We set the length of the cyclic prefix to
20 ps for all cases. We present average bit error rate (BER)
curves as functions of the average SNR.

A. Performance of the Repetition-Coded STF Codes

We simulated a block code and a trellis code example. The
simulated communication system had M, = 1 receive antenna.
We considered a two-ray equal power delay profile (L = 2),
with a delay of 20 us between the two rays. Each ray was
modeled as a zero-mean complex Gaussian random variable
with variance 0.5.

The full-diversity STF block codes were obtained by repeat-
ing a full-diversity SF block code via (27) across K = 1,2,3,4
OFDM blocks. The used full-diversity SF block code for
M = 2 transmit antennas was constructed from the Alamouti
scheme [4] with quaternary phase-shift keying (QPSK) mod-
ulation via mapping described in [18]. The spectral efficiency
of the resulting STF codes were 1, 0.5, 0.33, and 0.25 bit/s/Hz
(omitting the cyclic prefix) for K = 1,2, 3, 4, respectively. We
simulated the full-diversity STF block code without temporal
correlation (Rt was an identity matrix). In Fig. 2, we can see
that by repeating the SF code over multiple OFDM blocks, the
achieved diversity order can be increased.

The simulated full-diversity STF trellis code was obtained
from a full-diversity SF trellis code via (27) with K = 1,2, 3,4,
respectively. The used full-diversity SF trellis code for My = 3
transmit antennas was constructed by applying the repetition
mapping [18] to the 16-state QPSK ST trellis code proposed in
[33]. Since the modulation was the same in all four cases, the
spectral efficiency of the resulting STF codes were 1, 0.5, 0.33,
and 0.25 bit/s/Hz (omitting the cyclic prefix) for K = 1,2, 3,4,
respectively. Similar to the previous case, we assumed that the
channel changes independently from OFDM block to OFDM
block. The obtained BER curves can be observed in Fig. 3. As
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Fig. 2. Performance of the repetition block codes.
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Fig. 3. Performance of the repetition trellis codes.

apparent in the figure, the STF codes (K > 1) achieved higher
diversity order than the SF code (K = 1).

B. Performance of the Full-Rate STF Codes

In this part, we used a more realistic six-ray typical urban
(TU) power delay profile [36], which is shown in Fig. 4, and
simulated the fading channel with different temporal correla-
tions. We assumed that the fading channel is constant within
each OFDM block period but varies from one OFDM block
period to another according to a first-order Markovian model
[34], [35]

af () =eaf W) +nf (1), 0<I<L-1 (47
where the constant ¢ (0 < e < 1) determines the amount of
the temporal correlation and néf ;(1) is a zero-mean complex
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Fig. 4. Six-ray power delay profile of the TU channel model.
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Fig. 5. Performance of the full-rate STF codes, € = 0.

Gaussian random variable with variance &;(1 — £2)/2. If ¢ =
0, there is no temporal correlation (independent fading), while if
€ = 1, the channel stays constant over multiple OFDM blocks.
We considered three temporal correlation scenarios: € = 0; & =
0.8; and £ = 0.95.

The simulated full-rate STF codes were constructed by
(28)—(30) for M; = 2 transmit antennas with I' = 2. The set
of complex symbol vectors X was obtained via (43) by apply-
ing Vandermonde transforms over a signal set Q*% for K =
1,2,3,4. The Vandermonde transforms were determined for
different K values according to (45) and (46). The constellation
) was chosen to be binary phase-shift keying. Thus, the spectral
efficiency of the resulting STF codes was 1 bit/s/Hz (omitting
the cyclic prefix), which is independent of the number of jointly
encoded OFDM blocks K.

The performance of the full-rate STF codes are depicted in
Figs. 5-7 for the three different temporal correlation scenarios.
From the figures, we observe that the diversity order of the STF



1856

Two transmit and one receive antennas

Average BER

=4 Il I I l 1 1
2 4 6 8 10 12 14 16 18 20

Average SNR per Bit (decibel)
Fig. 6. Performance of the full-rate STF codes, € = 0.8.
> Two transmit and one receive antennas

10 ——7 17— T T T

e

Average BER

1 1 L L 1 1 1 L
0 2 4 6 8 10 12 14 16 18 20
Average SNR per Bit (decibel)
Fig. 7. Performance of the full-rate STF codes, € = 0.95.

codes increases with the number of jointly encoded OFDM
blocks K. However, the improvement of the diversity order
depends on the temporal correlation. The performance gain
obtained by coding across multiple OFDM blocks decreases as
the correlation factor ¢ increases. For example, without tem-
poral correlation (¢ = 0), the STF code with K = 4 achieves
an average BER of about 6.0 x 1078 at an SNR of 16 dB. In
case of the correlated channel model and ¢ = 0.8, the STF code
with K = 4 has an average BER of only 3.0 x 1076 at an SNR
of 16 dB. Finally, in case of the correlated channel model and
€ = 0.95, the STF code with K = 4 has an average BER of
around 10~* at an SNR of 16 dB.

VI. CONCLUSION

In narrowband MIMO wireless communications, the max-
imum achievable diversity order is MM, for quasi-static

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 4, JULY 2005

fading channels, while in the SF-coded broadband MIMO-
OFDM systems, the maximum achievable diversity order is
LMM,. The factor L comes from the additional frequency
diversity due to the spread fading. In this paper, we explored
different channel coding approaches for MIMO-OFDM sys-
tems by taking into account all opportunities for performance
improvement in both the spatial, the temporal, and the fre-
quency domains in terms of the achievable diversity order.
First, we developed a general framework for the performance
analysis of STF-coded MIMO-OFDM systems, incorporating
the ST and SF coding approaches as special cases. Then, we
derived the code performance criteria and showed that the
maximum achievable diversity order is LM M, T, where T
is the rank of the temporal correlation matrix of the channel.
Moreover, we proposed two STF code design methods that are
guaranteed to achieve the maximum achievable diversity order.
The simulation results showed that by coding across multiple
OFDM blocks, the diversity order of the code can be increased
significantly, and the achieved improvement depends on the
temporal correlation.
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