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Impact of Time-Selective Fading on the Performance
of Quasi-Orthogonal Space—Time-Coded
OFDM Systems
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Abstract—In this paper, we study the impact of time-selective
fading on quasi-orthogonal space-time (ST) coded orthogonal
frequency-division multiplexing (OFDM) systems over fre-
quency-selective Rayleigh fading channels. OFDM is robust
against frequency-selective fading, but it is more vulnerable to
time-selective fading than single-carrier systems. In ST-OFDM,
channel time variations cause not only intercarrier interference
among different subcarriers in one OFDM symbol, but also inter-
transmit-antenna interference. We quantify the impact of time-se-
lective fading on the performance of quasi-orthogonal ST-OFDM
systems by deriving, via an analytical approach, the expressions
of carrier-to-interference and signal-to-interference-plus-noise
ratios. We observe that system error performance is insensitive to
changes in vehicle speeds and the channel power-delay profile, but
very sensitive to changes in the number of subcarriers. We also
evaluate the performance of five different detection schemes in
the presence of time-selective fading. We show that although there
exist differences in their relative performances, all these detection
schemes suffer from an irreducible error floor.

Index Terms—Intertransmit-antenna interference (ITAI),
intercarrier interference (ICI), orthogonal frequency-division
multiplexing (OFDM), space-time (ST) codes (STC), time-selec-
tive fading.

1. INTRODUCTION

OBILE wireless channels exhibit time-varying multi-

path fading, the rapidity of which can be quantified by
the Doppler shift. Orthogonal frequency-division multiplexing
(OFDM) is effective in avoiding intersymbol interference (IST)
that multipath delay might cause. However, it is sensitive to
time-selective fading, which destroys the orthogonality among
different subcarriers in one OFDM symbol, causing intercarrier
interference (ICI) [1], [2].

Space-time (ST) coding (STC) is a technique to achieve
transmit diversity in a multiantenna system by coding across
both space and time domains [3]. Orthogonal ST block codes
(STBCs) were originally proposed in [4] for systems with two
transmit antennas. The orthogonal design was then generalized
to systems with an arbitrary number of transmit antennas [5].
Since complex orthogonal STBCs with full spatial diversity
and full transmission rate do not exist for more than two
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transmit antennas [5], quasi-orthogonal design with rate one
but partial diversity was investigated in [6] and [7]. Recently,
quasi-orthogonal STBC with constellation rotation was pro-
posed in [8], [9] to provide full diversity. STBCs are typically
designed assuming a quasi-static channel, and time-selective
fading will cause intertransmit-antenna interference (ITAI) in
orthogonal codes [10]. For quasi-orthogonal codes, channel
time variations cause ITAI among all symbols,! and the pairwise
maximum-likelihood (ML) decoding scheme [8] becomes sub-
optimal. To mitigate ITAI caused by channel time variations,
many schemes have been studied: a simplified linear quasi-ML
decoder for orthogonal STBC with two transmit antennas was
proposed to cancel ITAI when the channel varies from one sig-
naling interval to another [11]; a low-complexity receiver was
proposed to lower the bit-error rate (BER) floor of orthogonal
STBC with four transmit antennas using the conventional ML
decoding method [12]; and a two-step zero-forcing (TS-ZF)
scheme was applied to cancel ITAI and to eliminate the error
floor of quasi-orthogonal STBC [13].

Multiple antennas can be combined with OFDM to achieve
spatial diversity and/or to increase spectral efficiency through
spatial multiplexing [14]. For multiantenna OFDM systems
in frequency-selective environments, STC schemes must be
extended to include the frequency element, forming ST-coded
OFDM (ST-OFDM) [15], [16]. Similar to single-antenna
OFDM, ST-OFDM is also sensitive to the Doppler shift
and frequency errors which destroy the orthogonality among
subcarriers, causing ICI [17]. In OFDM systems with N,
subcarriers, the OFDM symbol duration could be IV, times of
the data symbol period. Consequently, ITAI caused by channel
time variations in ST-OFDM systems is more pronounced than
in common STC systems.

While the problems caused by time-selective fading in
ST-OFDM have been recognized, the exact quantitative impact
has not been well understood yet. In this paper, we analyze,
via mainly an analytical approach, the impact of both ICI
and ITAI to the performance of quasi-orthogonal ST-OFDM
systems in the presence of time-selective Rayleigh fading. We
also compare five detection schemes: the ZF scheme [18];
the TS-ZF scheme [13]; the minimum mean-squared error
(MMSE) scheme [18]; the decorrelating decision-feedback
(DF) scheme [19]; and the MMSE-DF scheme [20], and
evaluate their symbol-error rate (SER) floors. This paper is

I'With a quasi-static fading model, ITAI exists only between pairs of symbols
with the 4 X 4 codes given in [8].
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organized as follows. Section II provides the ST-OFDM system
model. Analysis of the impact of ICI and ITAI is detailed in
Section III. Simulation results are given in Section IV, followed
by concluding remarks in Section V.

II. SYSTEM MODEL

We focus on an STBC OFDM system with P transmit an-
tennas, one receive antenna, and N, subcarriers in a time-se-
lective Rayleigh fading environment. Input symbols {a(4)} are
assumed to have the following properties:

Bla@=0
Blaa () = {3 13

where (-)* and E[-] denote complex conjugate and expectation,
respectively. The input sequence {a(i),7 = 0,..., NP — 1}
is serial-to-parallel converted into P sequences, each of length
Ny, as

ap(k) = a(k + (p — )N;)
p =
Each of the N, sequences {ai(k),...,ap(k)}, & =

0,...,Ns — 1, is mapped to a matrix ¥, of size P x P
by using a quasi-orthogonal STBC scheme (e.g., the 4 x 4
quasi-orthogonal scheme given in [8]).

Then we take the inverse discrete Fourier transform (IDFT)

of {¥y,..., ¥y, _1}, forming the transmitted signals as?

1

Sy =
VN,

N.—1
> Wy JCTNImE =0, N, — 1.
k=0

(2)
Note that S, is a P x P matrix, which represents the transmitted
signals on the mth subcarrier. If we define

U=[0,.... 0% ,]", (N.PxP) (3a)
S=[87,....8%. 4", (N,PxP) (3b)

where ()7 denotes transpose, then S can be written as
S=UwlIp)iy 4)

where (-)# denotes complex conjugate transpose, ® denotes
Kronecker product, I'p is the P x P identity matrix, and U is

2Note that this is not the only way to construct ST-OFDM. We adopt it be-
cause of its mathematical convenience. Implementation of this scheme requires
P x P IDFT operations. If IDFT is done before STBC mapping, then only P
IDFT operations are needed.
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the Ns; X Ny unitary discrete Fourier transform (DFT) matrix
given by

1

U=
VN,
1

1 ... 1
=i (27 /N)(N.~1)(N.—1)
S

In frequency-selective fading channels with L resolvable paths,
there exists interblock interference (IBI). To minimize this IBI,
a cyclic prefix of length ¢, (¢, > L) is added to each OFDM
symbol. In the receiver, the cyclic prefix is discarded, leaving
IBI-free, information-bearing signals. Combined with the char-
acteristics of time-selective fading, the Ny x NP spatiotem-
poral channel matrix H; is given by (6) at the bottom of the
page,> where L is less than or equal to Ng, 0 isa P x 1 zero
vector, and each nonzero block of H; contains the P X 1 channel
vector hy ;(n) for a particular path [ at time nT; (T} is the data
symbol period) expressed as

hei(n) = [heaa(n), ... he pa(n)]t,
1=0,....L—1n=0,... N,—1.

1 e—iCm/N)(N.=1)

(N

In the case of quasi-static fading* that allows the channel coeffi-
cients to be constant over an OFDM symbol period and change
independently from one symbol to another, H; has a block-cir-
culant structure. Without loss of generality, we omit the index
of OFDM symbol period ¢ in the following discussion.

Assuming a wide sense stationary uncorrelated scattering
(WSSUS) channel [17], all elements of h;(n) are modeled as
independent complex Gaussian random variables with zero
mean and equal variance. Let the power of the first path ho(n)
be normalized, i.e., all elements of ho(n) have unit variance.
The model of the channel with L resolvable multipath compo-
nents can be expressed as [21, eq. (2)]

L-1
h(r) = Z pid(1 — Ty) (®)
=0

where p; is the zero-mean complex Gaussian random variable,
and 7; is the delay of the /th path normalized with respect to 7.
The delays {7;} are assumed to be uniformly distributed over
the cyclic prefix c,,. The channel has an exponential power-delay
profile (7;) = e~ Tt/Trms | \where T,ms represents the root-mean-

3The index in the parenthesis following k. ; is the time index.
4Quasi-static fading models are appropriate to describe slow-fading channels.

hZO(O) oT

H,= |hi,_(L-1) h{ (L —1)

oT o R 4 (Ng—1)

2)

h{;_1(0)
hfo(i —1) . o'T (6)

h{ (N, —1) hig(N,—1)
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square (rms) delay spread, which is also normalized with re-
spect to T. Since the channel is time-varying, the relationship
between the channel coefficients for path [ of antenna p at times
nTs and (n + m)T can be described by using a first-order au-
toregressive model as [11], [22]

hpi(n+m) = anhy(n) + Bpi(n+m) 9)
where

E [th(n) R (n+ m)}

e~ Tt /Trms

Uy = = Jo(2rm fqTs)  (10)
where f; is the Doppler shift, Jy(-) is the zeroth-order Bessel
function of the first kind, and 3, ;(n) are independent (for dif-
ferent indexes p, [, and 1) complex Gaussian random variables

with zero mean and variance

2 1—a?, =0
o5 = m
B 6—Tz/rrms(1 _ 011271)7 1#0.

The received signals is expressed in an Ng x P matrix as

Y

R=HS+V (12)

where V' = [vg,...,vn.-1]7 (Ns x P) is the additive white
Gaussian noise (AWGN) matrix whose elements are indepen-
dent and identically distributed (i.i.d.). Hence
E[(V)- (V)] = o’In.p (13)
where (V) is the vector obtained by vertically stacking the
columns of matrix V, and o2 is the variance of the zero-mean
noise samples when the transmitted symbol energy is normal-
ized to unity.
In the special case of a quasi-static fading, h;(n) = h;, n =
0,...,Ns — 1. Thus, H becomes a block-circulant matrix and

has the following eigendecomposition:
H=U"ANU®Ip) (14)

where N, x N, P matrix A = diag[AJ,..., AL
diagonal matrix whose (k, k)th block is given by

_4] is a block-

L-1
M= 3 b
=0

 N,—1. (15

Analysis of the receiver under quasi-static fading is straightfor-
ward. The received signal R is processed by multiplying it with
U, forming N, X P matrix X as

X = [.’170 ..... TN, ,1]T

:UR:A\II+UV (16)
where = [1(k),...,zp(k)]T. Let wy =
[wl(k)7 PN ,wp(]{})]T and W = UV = [’U)()7 AN waS,l]T

(N4 x P). From (16), x;, can be obtained as
z} =AU +wl, k=0,...,N,—1 (17)

where
=

Uy - efj(QW/Ns)mk (18)

E

m=0

Note that W has the same first- and second-order statistics as
V,i.e., all elements of W are i.i.d. with zero mean and variance
o2. Tt is clear from (17) that ICI does not exist in the ST-OFDM
system over quasi-static channels.

The P symbols in each column of ¥y, are transmitted from
the P transmit antennas simultaneously during every OFDM
symbol period. If the channel is time-invariant over P consecu-
tive OFDM symbol periods, the pairwise ML scheme [8] can be
used to detect pairs of transmitted symbols, instead of symbol
by symbol, and there is no error floor in BER performance.

III. IMPACT OF TIME-VARYING FADING

A. CIR and SINR in the Presence of Time-Varying Fading

For OFDM systems over fast-fading channels, channel esti-
mation is generally carried out by transmitting pilot symbols in
given positions of the frequency-time grid [23], [24]. We assume
hereafter that channel-state information (CSI) is known in the
receiver. In the presence of time-selective fading, H is no longer
a block-circulant matrix. Consequently, G = UH(U @ Ip)¥
no longer a block-diagonal matrix as A given in (14). This shows
that time-selective fading causes ICI, which is represented by
the off-diagonal blocks of G. For this more general case, we
can rewrite (16) as

X = [Z()?...,Z]\rs_l]T:G‘I’—i—W (19)
where
N,—1
zf:gak‘llk—i— Z gik,‘llk/ +wl, k=0,...,N,—1
k' =0,k' #£k
(20)
and g, = [g,(i ) ,(Ci),]T k,k' = 0,...,N, — 1, is the

(k, k)th block of G. Apparently, the second term on the right-
hand side of (20) represents ICI.

To make the rest of the analysis in this paper clearer and easier
to understand, we focus on using the 4 x 4 (i.e., P = 4) quasi-
orthogonal STBC with constellation rotation given in [8], which
is replicated here as

a(k)  —af(k)  eas(k) —e~Iai(k)
o, — | @k aj (k) ePay(k) e I?a3(k)
" eitag(k) —ei%az(k)  ax(k) —as(k)
el%ay(k)  e7I%a3(k) az(k) ai (k) (

21)
where the rotation angle ¢ depends on the signal constellation.
The analysis procedures and conclusions drawn for this specific
case can be easily extended to different numbers of antennas and
code structures (e.g., the 8 x 8 code in [8]).

ICI can be well quantified by using the carrier-to-interference
ratio (CIR) [25]. In order to quantify the effects of time-varying
fading, we derive CIR as a function of the number of subcarriers
and the normalized Doppler shift (f;75). Let us define three
vectors

yy, = [z1(k), 25(k), z3(k), 23 (k)]"
z1, = [wi(k), w3 (k), ws(k), wZ(k)]T
Pi = [a1(k), az(k), e’ Pag(k), e’ as (k)]
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From (20), y;, can be expressed as

N,—1
Y, = My 19, + Z My by + 2 (22)
k'=0,k' £k
where
M M3 (0) M(0)
kb = (3,4) (1,2)
Mk K’ (2(Ns +Cp)) Mk % (2(Ns + Cp))
k,k’:o,....N -1 (23)
with
M}(ch]g,)( ) = [ gl(:)k/( ) gl(c].l)c/ (n)
q,(j?; (n+ Ny +¢p) —q,(:l,(n + N, +¢p)
(24)
By letting q(p) (0) = q,(cp,)c,,p =1,...,4, we have
G0 (N, + ¢)) = Jo(2m fa(Ny + c)T5)
gl (g = DN, + )] + b (a(Ns +¢)  (29)

where {6,(:;,1, (¢(Ns+c¢p)), ¢ = 1,2, 3} are independent complex

Gaussian random variables with zero mean and variance

02 = (1= Brfa(Ns+)T2) -var(g))  (26)
where var(-) denotes variance. Note that the spaced-time cor-
relation function (10) is for channel coefficients in the time do-
main. In obtaining (25) in the frequency domain, we have ap-
plied the time-frequency relationship G = UH(U ® Ip)* and
(9) and (10).

Let T be an N, x N, matrix given by

(P))

var (g g o) )

Var(g0 N._1
T = 27)
var(g](gs)fl’er)

As shown in the Appendix, for a particular antenna index p, T
has a circulant structure as

var(g®)_, o)

Yo 71 IN.—1
IN:—1 Y0 YN, —2
T = ) ) ) (28)
71 Y2 o Yo

Since elements of g, ,, are i.i.d. Gaussian random variables
[17], (28) applies to all antennas. It is also shown in the Ap-
pendix that v, defined in (28) can be expressed in closed form
as

1

’}/k/ = N2
2 N +2 Z ) aj cos (Ns k’z)] x ¢~ Tt/ Tems
K =0,. Ns ~ 1 (29)

With (29), g,(cp,)c,(q(Ns + ¢p)) in (25) can be obtained by sub-
stituting g into (26). As a result of channel time variations,
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v # 0 for k' # 0, which causes ICL In the presence of
time-varying fading, CIR for quasi-orthogonal STBC given in
(21) applied in an OFDM system is obtained as

E [[| My, xtbi]|%]

CIR = —— .
N,—1
E > My i
K'=0
LIl &2k F
tr{ B [Mi il M, ] }
N,—1
trd & > My i Z M, i
k'=0 k'=0
{ k'#k k' #k
SERO) 2
4Dy |95 £ (a(Ns + ¢))]
. q=0p=1
Neg1 304 o
E 2 2 Ngkre (a(Ns + ¢p)[?
k'=0 ¢=0p=1
k'#k
_
T N.-1
>
k=1
Not2 S5 (N, - i)Jo(2mifuT,)
_ i=1
T N.-1
S |N, 42 Z N i) o2 f4T, )cos (27 K )]
k=1 i=
(30)
where || - || denotes the Frobenius norm and ¢r(-) denotes the

trace of a matrix. In deriving the fourth equality of (30), we
have applied the property that g,(cp,)c,(q(Ns +cp))p=1,...,4,
have the same variance. Note that CIR is independent of the
channel power-delay profile and the number of resolvable paths.
Furthermore, the signal-to-interference-plus-noise ratio (SINR)
of this quasi-orthogonal ST-OFDM system is obtained as

E [||My. 19, )|7]

SINR = — 5
N:—1
E Z Mkykl’l/Jk/ +Zk
k'=0
LI w2k r
tr {E |:Mkk1/)k1/)kHMka:|}
tril E Mk k/’l[)k/ Z Mk k/‘l/)k/ —|—ZkZ£I
k'=0 k'=0
. /#k /#k
479
=X~ 31
4 Z Vi + 02
k'=1

where ;- was given in (29). Moreover, the channel time varia-
tions over four consecutive OFDM symbols, as seen in the 4 x 4
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matrix M, ;- given in (23) introduce, as mentioned in Section I,
additional ITAI among elements of 9.

B. Detection

In a quasi-static fading channel, the received signal can be
directly processed by a ST decoder. In a time-varying fading
channel, detection could be done as follows. Let ICI and noise
terms in (22) be represented by a single variable dy, as

N,-1

Z M. 1 + 2.

k'=0,k'#k

di = (32)

Various schemes have been proposed for detection of quasi-or-
thogonal STBC over time-selective fading channels. For ex-
ample, a TS-ZF detector was proposed in [13], assuming perfect
CSlI in the receiver; an effective equalization technique based on
the lattice representation of STBC schemes was derived and an-
alyzed in [10]. The main objective of this scheme is to lower
the error floor due to ITAI caused by channel time selectivity.
However, quasi-orthogonal ST-OFDM systems over time-selec-
tive multipath fading channels not only suffer from ITAI, but
also ICI, especially when [V, is large. Thus, the TS-ZF scheme
will not be very effective for the system being addressed in this
paper.
In a simpler ZF detector, vy, is processed as

0.y, = O, M, 11, + Ord;,

where @, = M ;}C Then the least-square (LS) criterion can be
used to detect the transmitted signal as

(33)

=1,2

1%, p=1,

arg min |[O],y;, — a(?)
N——

a(i)eA _
arg min |[O],y, — ¢/?a(i)]?,
——

a(i)eA
where A is the symbol alphabet, and [©],, is the pth row of ©.

When the MMSE detection scheme is applied, the cost func-
. H

tion E[||$x — W, y,||%] is minimized by finding an appropriate
coefficient matrix W. With some algebraic manipulations, the
optimal matrix is obtained as

ap(k) = (34)

3,4

, .o\ 1
W, = (MMMﬁk + Nk) My, (35)
where N & 1s given in (36) at the bottom of the page, with J’i =
Jo(2m fai(Ns + ¢,)T5), ¢ = 1,2, 3. Thus, the MMSE criterion
is given by
-1
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The decorrelating DF and the MMSE-DF schemes have been
shown to provide better performance than the ZF and MMSE
schemes [26]. In the decorrelating DF detection scheme, y,, is
premultiplied by £~ M f & as

Y :L_leH,kyk
=L "M Mt + L7 M d
=Ly + ey, (38)

where £ is an upper triangular matrix obtained by using the
Cholesky decomposition as

R =M} M, =L
The pth component of y,, is given by

Z o lili +

i=p+1
which contains only interference from (4 — p) signals.
The last component [y,]s contains no interference, so
a decision for this transmitted signal can be made first:
a4(k) = dec{e 7?[y,]s}, where dec() is the slice function
corresponding to the specific modulation scheme applied. The
next signal can be detected by subtracting the interference con-
tribution from the fourth signal using the previous decision as
as(k) = dec{e 7% ([g,]s — L ;a4(k)e?)}. This procedure is
repeated until all signals are detected. The MMSE-DF scheme
is the one that minimizes the average energy of [y, ], — a,(k),
p = 1,2 and [g,], — e/?a,(k), p = 3,4 under the assump-
tion that previously detected signals in the feedback filter are
correct. Details of this scheme can be found in [20] and [27].

lex]p (39)

[yk]p = ‘Cp P "/)k

IV. SIMULATION RESULTS AND DISCUSSION

In simulations, we assume a system with four transmit
antennas and one receive antenna, employing quaternary
phase-shift keying (QPSK) modulation. The 4 x 4 quasi-or-
thogonal STBC given in [8] and replicated in (21) is applied
(¢ = /4 used in simulation). The time-selective Rayleigh
fading channel is assumed to have three resolvable multipath
components, and the channel Doppler shift is calculated based
on a carrier frequency of f. = 2 GHz.

Fig. 1 shows the impact of data symbol period T (N5 = 12)
and vehicle speed on CIR by using the analytical expression
given in (30). Note, again, that CIR does not depend on the
power-delay profile of the channel. CIR curves are compared
for three different vehicle speeds chosen as vy = 30, 60, and
100 km/h, which are typical for urban and suburban environ-

y i H H '
Y =Wiy =M, (M kM + N k) Y- (37)  ments. It is clearly observed that CIR is inversely proportional
rN,—1 N,—1 , N,—1 .
4 Z Vi’ —|—U 4.J, Z Vi 4J2 Z Vi 4.J3 Z Vi
k/—l k/ 1 k’:l
, No—1 -1 No—1
4.J; Z Vi 4 Z Ve + o2 4J1 Z Yi! 4.5 Z Vi
7 k=1 K= 1 k=1 k=1
Ny = N,—1 N,—1 No—1 (36)
4‘]2 Z ryk’ 4‘]1 Z ’Yk’ 4 Z ’Yk’ + 02 4J1 Z ’yk/
k'=1 k’ 1 k'=1 k=1
N,—1 -1 , N,—1 N,—1
43 30 4y Z Vr! 401 Y e 4 e +o?
L k=1 k=1 k=1 k=1 _
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70 T T

T
v_=30 Km/h
s

— — —v_=60Kmh
s

v, =100 Km/h
60 . B

CIR (dB)

L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ts (s) 4

Fig. 1. CIR comparisons with different fading rates (N, = 12).

g
[any
o
~10 ( I L 1 I 1 1 I 1
0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Ts (s) X107
Fig. 2. CIR comparisons with different numbers of subcarriers (v, = 30
km/h).

to T and vehicle speed, which makes sense, as a larger value
of T or vy makes the quasi-orthogonal ST-OFDM system more
vulnerable to time variations of the channel coefficients.

In Fig. 2, CIR curves of the system with vs = 30 km/h and
different numbers of subcarriers in one OFDM symbol (N =
12, 64, 128, and 256) are obtained. It is observed that given the
same data symbol duration T, CIR decreases significantly as
the number of subcarriers increases.

Shown in Fig. 3 are the simulated SER performances of the
system when a ZF detection scheme is employed. The power-
delay profile-related parameters are 79 = 0, 1y = 2, 79 = 3,
and 7yms = 20. The OFDM symbol is assumed to have Ny =
12 subcarriers, and the data symbol period is Ts = 1/(2 X
106) s. Performances with different vehicle speeds (vs = 30,
60, and 100 km/h) are compared. In the same figure, the curve
of the quasi-orthogonal ST-OFDM system over a time-invariant
multipath fading channel is used as the baseline performance.
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10 T T T
—*— Time—invariant channel
—o— Vv =30 Kmh

— vs =60 Km/h

+vs:100 Km/h

& oL ]
2]
107 E
10°E 5
0 5 10 5 20
EJN, (dB)
Fig. 3. SER versus E,/N, for quasi-orthogonal ST-OFDM systems with

different fading rates (N, = 12, T, = 5 x 107 s).

107*Yf —*—— Time—invariant channel <
—o— N =12

——x— N =64

— NS: 128

—p— N =256

I T I L
0 5 10 15 20
E /N, (dB)

Fig. 4. SER versus E, /N, for quasi-orthogonal ST-OFDM systems with
different numbers of subcarriers (vs = 30 km/h, T, = 5 x 107 s).

When the number of subcarriers is small (N, = 12 in Fig. 3), the
system performs almost the same for any of the vehicle speeds
applied, and they all approach the baseline performance. As the
number of subcarriers increases, however, system performance
deteriorates dramatically. This is clearly shown in Fig. 4, where
the vehicle speed is vs = 30 km/h, and all other parameters
are the same as those applied to generate Fig. 3. From the SER
versus Es/Ny curves with Ny = 12, 64, 128, and 256, it is
observed that the error floor increases as N, increases. The main
reason is that a larger number of subcarriers within one OFDM
symbol not only causes more severe ICI, but also increases the
time interval ((Ns + ¢,)T5) in (26), causing a greater amount of
ITAI within one STBC matrix.

In Figs. 3 and 4, the same exponential power-delay profile is
applied. Fig. 5 shows the impact of different power-delay pro-
files on the SER performance. Three cases are simulated: 1) a
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Fig. 5. SER versus E,/N; for quasi-orthogonal ST-OFDM systems with
different power-delay profiles (N; = 12, 7.pys = 10, v, = 30 km/h).

5 20 25

1
E/N, (dB)

Fig. 6. SER versus E./N, for quasi-orthogonal ST-OFDM systems with
different detection schemes (IV, = 128, v, = 30 km/h, T, = 5 x 107 s).

uniform power-delay profile as defined in [21, App. A], which
results in unit variance of all elements of H;2) 79 = 0, 7y = 2,
7o = 3;and 3) 79 = 0, 71 = 7, 79 = 10. Other parameters ap-
plied are 7,,s = 10 for cases 2) and 3), vs = 30 km/h, Ny = 12,
and T, = 1/(2 x 10%) s. For comparison, the baseline perfor-
mance curve shown in Figs. 3 and 4 is also shown in Fig. 5. For
the set of channel parameters chosen, it seems that the channel
profile only affects the system performance slightly.

In Fig. 6, we compare the performances of five different
detection methods: the ZF, the TS-ZF, the MMSE, the decor-
relating DF (also known as the ZF-DF), and the MMSE-DF
schemes. Other than that Ny = 128, all other parameters are the
same as those applied for Fig. 4. The ML scheme is used as the
benchmark for other detection schemes. Since these schemes
are not specifically optimized for ST-OFDM systems over
time-varying fading channels for which ICI should be dealt

T
—— No FEC

-6~ (1/2,3) Conv. coding
—— (1/2,7) Conv. coding

BER

: i i B
0 5 10 15 20
E/N, (08)

Fig. 7. BER versus E, /N, for quasi-orthogonal ST-OFDM systems with
different FEC schemes (N, = 128, v, = 30 km/h, Ts = 5 x 1077 s).

with, error floors are observed for all of them. To effectively
cancel the error floor, the receiver schemes must deal with both
ICI and ITAI The frequency-domain correlative coding [28]
combined with a sequential nulling and cancellation process
[29] could be one of such schemes, but discussions of its details
are beyond the scope of this paper.

As a result of dividing the total bandwidth into many nar-
rowband subcarriers, each subcarrier in an OFDM system
suffers from flat fading, and system performance degradation
is dominated by the weakest subcarrier. To protect data against
deep fades an individual subcarrier may experience, an effec-
tive technique is to employ forward error correction (FEC)
codes, which is often combined with an interleaver before
modulation of input data onto subcarriers. This will effectively
spread the same information bit onto many subcarriers which
may experience fading of low correlations. The receiver must
perform channel decoding after the normal detector (e.g.,
the ZF or MMSE detector). Fig. 7 shows the simulated BER
curves of the quasi-orthogonal ST-OFDM system with rate-1/2
convolutional codes of different constraint lengths (three and
seven). Ny = 128 is adopted, and all other parameters are the
same as those applied for Fig. 4. Although, as expected, the
outer channel encoding improves system performance, there is
still a need of other techniques to effectively eliminate the error
floor caused by time-selective fading.

We have assumed perfect CSI for all numerical results so far.
In practical systems, however, there exist channel-estimation er-
rors. It is beyond the scope of this paper to discuss channel-esti-
mation schemes for time-varying fading channels. To assess its
impact, channel-estimation error is emulated by introducing an
error with a normalized average mean-square error (MSE) de-
fined as MSE = E[||H — H||%]/E[||H||%]. The performance re-
sults of quasi-orthogonal ST-OFDM systems with various MSE
values are shown in Fig. 8, where N, = 64 and other parame-
ters are the same as those applied in Fig. 4. It is observed that
when the MSE value of channel-estimation errors is small (e.g.,
10~3), the performance degradation is negligible.
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Fig. 8. SER versus E,/N, for quasi-orthogonal ST-OFDM systems with
different MSE (N, = 64, v, = 30 km/h, T, = 5 x 10~7 s).

V. CONCLUSION

We have analyzed the impact of channel time selectivity
on the performance of quasi-orthogonal STC OFDM systems.
Specifically, we have quantified ICI and evaluated ITAI caused
by channel time variations. Performances of five detection
schemes are compared, and it seems that none of them can
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where U is the DFT matrix defined in (5). We note
that U = {ULJ} = [’II.O7 ce S UN, _1] where Uij =
(1/y/Ny)e=@mV=1/NJii - Since Y is independent of p,
we omit antenna index p in the followin E dlscussmn If we
denote H as the sum of L matrices H = ;" Hy;), where H
is a matrix formed by cyclic left-shifting the diagonal matrix

diag{h;(0),...,h/(Ns — 1)} by [ columns, we have
L-1 L-1
G=UHU" = Z G = Z UHU" (42)
1=0 1=0
where G; = {g;,;;}. Because
Elh(n)]=0,1=0,...,L-1,n=0,...,Ns— 1
E [hl( ) hl/(S)] Jo (27T|7" — S|deS)5l,l/€_n/T““5,
ros=0,...,Ny—1 (43)

it is easy to recognize that ¥ = lL:_Ol T,, where
= {v,} {var(g;;)}. Since the sum of circulant
matrices of the same dimension is also a circulant matrix, we
only need to prove that each Y is a circulant matrix.
For any integer n, let [n] denote n modulo Ny, i.e., [n] is the
remainder from dividing n by N,. Then g, ;; is obtained as

effectively eliminate the error floor of ST-OFDM in a time-se- grii =uT Myt
lective environment. It is also observed that an increase in " J\; _1[] !
Doppler shift, symbol duration, or number of OFDM subcar- _ Z e hu(n)
riers lowers the achievable CIR. With a symbol duration of o n g =1
T, =5x 107" s and a small N, (e.g., 12), system SER perfor-
A e . ; =1; hz (44)
mance is quite insensitive to changes in vehicle speeds and the K
channel power-delay profile. However, with the same 7T and
even a low vehicle speed (e.g., 30 km/h), SER performance is  where 7;; = [mjg, e 777ij,(Ns—1)]T’ Nijn = umu] [n—1]> and
very sensitive to changes in the number of subcarriers. hi = [m(0), ..., hi(Ns — 1)]T. Thus
APPENDIX Yiij = var(guij) = var(n;;hy)
PROOF THAT Y IS A CIRCULANT MATRIX ’ o . Y
. . . . ijCOV(hz)mj
Since T in (27) is the same for any antenna index p, we can N1 N1
replace vector h;(n) of the channel matrix H in (6) with a scalar _ \ \ - %
hp.1(n) (note that the OFDM symbol index is omitted for nota- 7;) SX:O i X (7 )1
tion simplicity), forming a new N5 X N, matrix given in (40) at N.—1N.—1
the bottom of the page. Let us also define - Z Z T, S Uit [y Ut s 1
r=0 s=0
G={g®, i,j=0,...,N,— 1} = UHU" 1 Nttt
A ») =5 D > x(rs)emCTVIUNI 45)
T= {’Y } = {Va‘r(gz] )} (41) Ns r=0 s=0
hpv()(()) s 0 }prLfl(O) }Lp,l(())
H=|hpr-1(L—-1) hp1(L —1) hpo(L —1) “e 0 (40)
0 hp,L—l(Ns - 1) hp,l(Ns - 1) hp,O(Ns - 1)
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L-1N,—-1N;,—-1

1
=— Z Z Jo(2m|r — s|faTs) % e~ (mV=1/No)tijrs =Tt/ Tems

r=0 s=0

N:—1

L—1
1 2r )T
=— [NS +2 E (Ns —m)Jo(2rmfaTs) X cos <F[J - z]m) }e 1/ Tems

(46)

S

where cov(-) denotes covariance, x(r, s) = cov(h;(r) - h}(s)),
and t;5,. = ir — j[r — l] — is + j[s — {]. It suffices to show, for
any fixed r and s, that [t; 5] = [ir — j[r =] —is+ j[s = ]| =
i — ills - 7.

Also note that an Ny X N, matrix B = {b;;},0 <4, < Ns—
1, is circulant if and only if b;; = K[j—q]» 1.€., if and only if bi;
depends only on [j — i] and e~ 2™V=1/No)k — o= (2mv/=T/N.)[K]
because 2™V =1 = 1. Thus, from (45), we can conclude that Y,
is a circulant matrix if h;(n),n = 0,..., Ny — 1, are finite.

Moreover, from (45), we have (46), shown at the top of the
page.
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