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Abstract— Use of space-frequency block coded (SFBC) OFDM
signals is advantageous in high-mobility broadband wireless ac-
cess, where the channel is highly time- as well as frequency-selec-
tive because of which the receiver experiences both inter-symbol
interference (ISI) as well as inter-carrier interference (ICI). ISI
occurs due to the violation of the ‘quasi-static’ fading assump-
tion caused due to frequency- and/or time-selectivity of the chan-
nel. In addition, ICI occurs due to time-selectivity of the chan-
nel which results in loss of orthogonality among the subcarri-
ers. In this paper, we are concerned with the detection of SFBC-
OFDM signals on time- and frequency-selective MIMO channels.
Specifically, we propose and evaluate the performance of an in-
terference cancelling receiver for SFBC-OFDM which alleviates
the effects of ISI and ICI in highly time- and frequency-selective
channels.

I. INTRODUCTION

Multiple input multiple output (MIMO) orthogonal frequency
division multiplexing (OFDM) techniques have become pop-
ular in modern wireless communication systems [1]. Space-
time coding is a well known means of achieving improved
performance in fading, in the form of transmit diversity using
multiple transmit antennas [2]-[4]. Combining the advantages
of space-time coding and OFDM is attractive in wireless sys-
tem designs [1],[5]-[11]. This involves coding across space
and frequency, which is often referred to as space-frequency
coding (SFC). A way to do space-frequency coding is to take
the space-time codes (e.g., Alamouti code), and apply them in
the frequency dimension instead of time dimension [6]. That
is, instead of mounting the space-time coded symbols on mul-
tiple time slots, they are mounted on multiple OFDM subcar-
riers. Use of orthogonal space-time block codes (OSTBCs) in
the frequency dimension is attractive for SFC OFDM because
of their low complexity decoding (i.e., single symbol decod-
ability) and suitability for fast fading channels [1]. A space-
frequency block coded (SFBC) OFDM using Alamouti code
in the frequency dimension is defined in [12] for high mobility
broadband wireless access.

For the time dimension OSTBCs to be single symbol decod-
able, the often made ‘quasi-static’ (QS) assumption (i.e., fade
remains constant over one block time, which is valid only for
slow fading channels, e.g., low/no mobility scenarios) is es-
sential, the violation of which results in an error-floor. Rapid
time-variations in the fading process result in such a viola-
tion. In SFBC OFDM systems, on the other hand, the QS as-
sumption gets violated in the frequency dimension in highly
frequency-selective channels (i.e., different subcarriers, and
hence symbols belonging to the same SFBC block mounted
on different subcarriers, see different channel gains), even if
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time-variations in the fading process is very slow. The sever-
ity of this effect depends on the channel length L, power delay
profile of the channel, and the SFBC block size. In highly
frequency-selective channels (i.e., large L), this QS assump-
tion violation becomes a source of significant inter-symbol in-
terference (ISI) in the frequency dimension in SFBC OFDM.
If left uncared for, this results in error floors [9]. Further,
in any OFDM system, the orthogonality among subcarriers is
lost if the channel changes within an OFDM symbol duration,
which results in inter-carrier interference (ICI) [13]. Thus, in
addition to the issue of ISI caused due to frequency-selectivity
of the channel, SFBC OFDM experiences ICI caused due to
time-selectivity of the channel (i.e., channel varying within
one OFDM symbol duration) [14]. Like ISI, ICI, if uncared
for, also will result in error floors.

Attempts have been made in the literature to cancel ICI in
MIMO OFDM systems. Stamoulis et al, in [14], have de-
signed ICI-mitigating block linear filters for STBC-OFDM.
However, they do not consider the loss of QS assumption in
large delay spread channels. Improvement in performance is
possible in SFBC-OFDM if both ISI (due to loss of QS as-
sumption) as well as ICI (due to time-selectivity) can be esti-
mated and cancelled. Linear detectors including zero-forcing
and MMSE detectors can be used, which require inverse of
matrices, the complexity of which can be alleviated if paral-
lel interference cancellers (PIC) are employed for the purpose.
Accordingly, in this paper, we propose a linear PIC approach
to mitigate the effects of both ISI and ICI in SFBC-OFDM.
The proposed detector estimates (using soft values of the de-
modulator output) and cancels the ISI in the first step, and then
estimates and cancels the ICI in the second step. This two step
procedure is then carried out in multiple cancellation stages.
We evaluate the performance of the proposed detector for dif-
ferent codes including 7) rate-1 Alamouti code [2], ¢%) rate-
2/3 G5 code [17], and i) rate-3/5 Gg code [17], for varying
degrees of time-selectivity (different speeds) and frequency-
selectivity (different channel lengths, L). We show that the
proposed detector effectively cancels the ISI and ICI in high
mobility, large delay spread channels.

The rest of the paper is organized as follows. In Sec. II,
we present the SFBC-OFDM system model. In Sec. III, we
present the proposed PIC detector. Results and discussions are
presented in Sec. IV. Conclusions are given in Sec. V.

II. SYSTEM MODEL

We consider a MIMO OFDM system with N, subcarriers, N;

transmit antennas, and [V, receive antennas. Let X ,ii) denote
the complex data symbol transmitted on the kth subcarrier of
an OFDM symbol from the ith transmit antenna. That is, the
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symbols {X,il)7 k=1,---,N.,i=1,---, N;} are transmit-
ted in parallel on N, subcarriers by V; transmit antennas. Af-
ter IDFT processing and insertion of guard interval of n, sam-
ples at the transmitter, the discrete-time sequence at the ith
transmit antenna is given by

n:NCZ

ng is assumed to be longer than the maximum channel de-
lay spread, L. Assuming perfect carrier synchronization, tim-
ing, and sampling at the receiver, the discrete-time received

J27rnk

X e —ng<n<N,—1. (1)

sequence at the jth receive antenna, j = 1,2,---, N,, can be
written as
Ny L—1
yr(L]) — Zzh(w)nl l)+z)
i=1 1=0
j:L"'va —TNy SnSNc_L (2)

where h(%)(n;1) represents the discrete-time, time-varying
(i.e., time-selective) L-length (i.e., frequency-selective) chan-
nel impulse response between the th transmit and jth receive
antennas, and z,(f ) is the additive noise on the jth receive an-
tenna, assumed to be complex Gaussian with zero mean and

variance V.
After guard interval removal and DFT operation, the received

signal on the kth subcarrier on the jth receive antenna, Yk(j ),
can be written as

N, N.—1
v =3 6 x +Z Yo XD zP, )

i=1 i=1 m=0,m#k

ICI

where the coefficients G (6,7

kom ) are given by

Ne—1L-1 2 ( k) i2mml
Gl = 30 SRR
(’ n=0 (=0

Note that G,(f’jm), k # m denotes the amount of carrier leak
from mth subcarrier to the kth subcarrier, which essentially
contributes to the ICI term in (3). It is easy to see that if the
channel is not time-selective (i.e., time-flat) between all trans-
mit/receive antenna pairs, i.e., if,

RO (ny;l) = RO (ng;l), Vi, j,l,

_ngSn17n2<NC_17 (5)

then G(l J ) = 0 for k # m, and (3) reduces to (resulting in no
ICI term)

N,

Z G(l’J

i=1

where C:',(f,g) is G,(;,g) for time-flat channels, given by

e 1 b=t
Gl = 5 2o h ()
¢ 1=0

—j2wkl
e Ne

(N

A. Space-Frequency Block Coded OFDM

Here, we adopt the above system model to the case of space-
frequency coded symbols transmission on different transmit
antennas (space) and different subcarriers (frequency). That
is, X ,il) ’s are obtained from the output of the space-frequency
coding scheme employed. Specifically, we consider the use
of OSTBC:s as the space-frequency codes. Let K denote the
length of one space-frequency code block. We group the N,
subcarriers into N, groups each having K subcarriers so that
N, = NyK + x and each group carries one SFC block. For
example, K = 2 for Alamouti code, and K = 8 for the G3
code (rate-1/2, 3-transmit antenna OSTBC). If N, is not a
multiple of K, then there will not be any transmission on &
subcarriers, or, alternatively, these x subcarriers can be used
for pilot transmission.

Based on the above, the transmission of a SFBC OFDM frame
can be written as an N, x N; matrix

Xfl) Xl(Nf,) X(1)
X" x{M :
X = . = : (®)
: : : X(Nyg)
x® ox (W 01 x N
where X(¢) is a K x N; matrix, ¢ = 1,2,---, Ng. X(q) is

from a OSTBC in P complex information symbols
[v1(q),v2(q), - -,vp(q)] and rate-P/K. The ith column of
X is transmitted on the ¢th transmit antenna after IDFT pro-
cessing. For example, for SFBC OFDM with N, = 4 using
Alamouti code, N; = 2 and the matrix X can be written as

e
X Alamouti = 1]12(2) 7)12(2) (&)
—v2(2)" 01 (2)7

Now, we stack all the K rows of X(g) into one K N; x 1
vector, X(q). This X(g) vector can be written as

X(q) = AV(q), (10)
where V(q) is a 2P x 1 vector, given by
V(q) = [’Ulf(q)a e 7UPI<Q)5 UlQ(Q)a e 7UPQ(Q)] ) (1 1)

where v, (g) and v, (q), respectively, are the real and imag-
inary parts of the pth complex information symbol in the gth
group, p = 1,2,---,P, ¢ = 1,2,---, Ny. The matrix A in
(10) is a K N; x 2P complex matrix which performs the cod-
ing on V(g). Again, for the SFBC OFDM with Alamouti code
example, A is given by

1 0 7 0
0 1 0 ]
A Alamouti 0 -1 0 J (12)
1 0 —j 0
Using (12) in (10), we get
XAla’mouti (Q) = [Ul (q)a V2 (Q)v _’UQ(q)*? U1 (Q)*}T 5 (13)
and
vi(q)  va(q)
X amouti = * * 14
Al t (Q) _v2(q) Ul(Q) ( )
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B. Received Signal Model for SFBC OFDM

At the receiver, the DFT outputs, Yk(j ) ’s, of (3) are stacked to
form a KN, x 1 vector for each group, as

1
7 Yr(Jr)I{? .

T
Yig) = [ v, v as)
where = (¢ — 1) K. Now, Y (¢) in (15) can be written in the
form

Y(q) = H(9)X(q)+1(q) + Z(q),

where H(q) is a K N,. x K N; block diagonal matrix, given by

(16)

H(g,1) - 0
S (17)
0 - H¢,K)

where H(g, s) is the N,. x Ny channel matrix, ¢ = 1,2, - -, Ny,
s=1,2,.--, K, given by

G G
H(g,s) = : Coa®
Gt G

where v = (¢ — 1)K + s. The noise vector Z(q) in (16) is
given by

(N+)

T
7 AN 7...72£2K,...,Z£f}()} . (19)

Z(q) = r41s°

where r = (¢ — 1) K. The interference vector I(¢) in (16) can
be written in the form

N.q
I(q) =R(@X(@)+ > Qlgbn)X(®), (20)
b=1,b%£q
where the block matrices R(q) and Q(g, b) are given by
0 Ry i1.4'42 R4k
— Ryo,441 0 Ryvoq4x
R(q) = . : , @D
Royvragt1 Reyrgie - 0
Ryyipran Rysiprtx
Q(g,b) = : : ;o (22
Rq’+K,b'+1 Rq’+k,b’+K
where ¢ = (¢ — 1)K,V = (b— 1)K, and
1,1 (1,N¢)
Gm+1,y+1 G$+1,ty+K
(N1 (N7,N¢)
Gz+K,y+1 GI+K,yf+K

C. Detection of SFBC-OFDM

For the case of time-flat and frequency-flat conditions (i.e., no
ISI and no ICI), the detector for OSTBCs presented in [16]
for conventional space-time codes can be used for detecting

SFBC OFDM as follows. For the time-flat case, (16) can be
written as

Y(q) =

where H,,(¢) is a KN, x 2P equivalent channel matrix for
the gth group, given by

Hey(9)V(g) + Z(q), (24)

H.,(q) = H(g)A. 25)

For the frequency-flat case, the quasi-static assumption holds,
i.e., in (17)

Now, from [16], the optimal detector for SFBC OFDM under
the above conditions can be shown to be of the form

Y(q) =R (H;,(9)Y(q)) , 27
where Y (¢) is a 2K x 1 vector containing the estimates of the
real and imaginary parts of the complex information symbols
in a stacked up fashion, which can be shown to be [16]

Y(a) = R[H,(0)He(a)] V(a) + R [H (a)Z(9)]
= A@)V(9) +Z(a), (28)
where A(g) = R [qu(q)Heq(q)] is a diagonal matrix, and

hence there will not be any inter-symbol interference. Fur-
thermore, it can also be shown that under these conditions
Z(q) = R [H;q(q)z(q)] is white Gaussian. Hence, the Eu-

clidean distance based symbol-by-symbol detection on ?(q)
is optimal.

On the other hand, for the case when the quasi-static assump-
tion is violated (in this case due to frequency-selectivity of
the channel), then A(g) is not diagonal. Hence, the detec-
tor in (27) results in an error floor. The optimum detector for
this system would be a Maximum Likelihood (ML) detector in
P variables which will have exponential receiver complexity.
Moreover, if the channel is time-selective, then there would be
inter-carrier interference (16) as well to handle.

We illustrate the effect of interferences due to time- and fre-
quency selectivity of the channel in Fig. 1, where we plot the
output SIR of SFBC-OFDM with Alamouti code (N; = 2),
as a function of user velocity and channel delay spread (L
equal-power Rayleigh fading paths) for N, = 128 subcarri-
ers, Ay = 0.5 KHz subcarrier spacing, f. = 2.5 GHz carrier
frequency, N,, = 1 receive antenna, and no noise. From Fig.
1, it can be seen that the SIR degrades for increasing user ve-
locity and channel delay spread. Even when the user is static
(i.e., velocity = 0 Km/h and hence time-flat fading), the SIR
degrades significantly for increasing L (e.g., about 30 dB of
SIR degradation from L = 2 to L = 16). Also, for a given
L, increasing velocity degrades SIR (e.g., about 8 dB degra-
dation from 0 to 60 Km/h for L = 8). We further observe that
cancellation techniques can be employed to recover the per-
formance loss due to time- and frequency-selectivity induced
interferences, which is our focus in the following section.
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Fig. 1. Output SIR in SFBC-OFDM (without interference cancellation) as
a function of user velocity and channel delay spread in time- and frequency-
selective Rayleigh fading. N. = 128, Alamouti code (N = 2), N, = 1,
Af = 0.5 KHz, f. = 2.5 GHz, no noise.

III. PROPOSED IC RECEIVER FOR SFBC OFDM

In this section, we propose a novel two-step PIC detector that
cancels ISI and ICI in SFBC OFDM. The proposed detector
estimates and cancels the ISI (caused due to the violation of
the quasi-static assumption) in the first step, and then esti-
mates and cancels the ICI (caused due to loss of subcarrier
orthogonality) in the second step. This two step procedure is
then carried out in multiple stages. The proposed detector is
presented in the following.

We consider perfect channel knowledge at the receiver. Hence,
in the notation, we will not differentiate between the actual
channel and the channel estimate available at the receiver. The
detector, however, can work with imperfect channel estimates.

First, we model the ISI caused by the violation of the quasi-
static assumption. To do that, we split the block diagonal ma-
trix H(g) in (16) into two parts; i) a quasi-static part H,s(gq),
and i7) a non-quasi-static part H,,,(q), such that

H(q) = Hys(q) + Hygs(q), (29)
where
H(q, 1) 0 0
_ 0 H(q,1) --- 0
Hyo(g)= | . A P!
0 0 H(qg, 1)
and
0 0 0
— 0 AH(g,2) 0
ans (Q) = . . . 5 (3 1 )
0 0 AH(q, K)

where AH(q,m) = H(q,m) — H(qg, 1).

Similarly, we split the equivalent channel matrix H.4(g), as
Heq(q) = Heg—gs(q) + Heg—ngs(9), (32)

where Heqqu (q) = ﬁqs (q)A, and Heqfnqs (q) = ans (Q)A

Based on the above formulations and (20), we can write (16)
as

Y(q) = Hy(9)X(q) + Hngs(q)X(q)
~——
QS violation

NQ

Q(q,b)X(b) +Z(q). (33)
b=1,b#q

loss of orthogonality

As in (27), an estimate of Y (¢) can be obtained as

Y() = R(H,_ . (@Y()
= R[H,_ . (0Heqqs(9)] V(a)
desired signal
+ R [HZ 4o (@) Heg—ngs(a)] V(a)
ISI
Ny
R [H, L OR@OX@] + %[, 0 Y QabX@)|
b=1,b#q
ICI

+ R [H,_ . (@)Z(q)] - (34)
[ —

noise

As can be seen, (34) identifies the desired siggal, ISI, ICI,
and noise components present in the estimate Y (¢). Based
on this received signal model in (34) and the knowledge of
the matrices Hey—45(q), Heg—ngs(q), R(q), Q(g,b) V q, b, we
formulate the proposed interference estimation and cancella-

tion procedure as follows.

1) For ea/l\ch SF code block g, estimate the information sym-
bols V(gq) from (34), ignoring IST and ICL

2) For each SF code block ¢, obtain an estimate of the ISI
(i.e., an estimateA of the 2nd term in (34)) from the esti-
mated symbols V(q) in the previous step.

3) Cancel the estimated ISI from Y (q).

4) Using \Af(q) from step 1, regenerate X(q) using (10).
Then, using X(q), obtain an estimate of the ICI (i.e., an
estimate of the sum of 3rd and 4th terms in (34)).

5) Cancel the estimated ICI from the ISI cancelled output
in step 3.

6) Take the ISI and ICI cancelled output from step 5 as the
input back to step 1 (for the next stage of cancellation).

Based on the above, and defining A(q) = ® I:H:q_qs(q)ch—qs(q):l >
the cancellation algorithm for the mth stage can be summa-
rized as follows.

Initialization : Setm = 1.

Evaluate
Y(g) = R(HL, ,Y(), 1<¢<N,. (9
Loop
Estimate
V(g = YA (@), 1<g<N,. (6)
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Fig. 2. Output SIR in SFBC-OFDM (with interference cancellation) as a

function of user velocity in time- and frequency-selective Rayleigh fading for
L = 4. N. = 128, Alamouti code (N; = 2), N = 1, Ay = 0.5 KHz,
fe = 2.5 GHz, no noise.

Cancel ISI
Y () = YO(g) = R (HI,_ge(@)Hegngs(@) VO™ (9),
1<qg< Ny €0)
=(m)
FormX  (q) from,
"™ §m)
X (9 =AV™(q), 1<q<N, (38)
Cancel ICI
~ ~ — =(m)
Yl = Y(g - (H:q_qs(q)R@X (q>>
Al =(m)
- (quqs(@ > QX (b)) :
b=1,j#q
1<g<Ng. (39
m=m-+1
goto Loop.

It is noted that the above cancellation algorithm has polyno-
mial complexity. Also, since A(q) = R(H;,_, Heq—gs) is a di-
agonal matrix, its inversion is simple. In practice, accurate es-
timation of the channel coefficients is essential, which can be
achieved, for example, using the algorithm proposed in [14].

IV. SIMULATION RESULTS

We evaluated the SIR and BER performance of the proposed
interference cancelling detector through simulations. First, in
Fig. 2, we illustrate the improvement in output SIR achieved
using the proposed IC detector for the same system parame-
ters used in Fig. 1 (for the case of L = 4). We consider two
cases, where the detector cancels ¢) only ISI (bypassing the
ICI cancellation part in the algorithm), and i7) both ISI and
ICI. Plots for no cancellation (m = 1) as well as 2nd and 3rd
stages of cancellation (m = 2, 3) are shown. From Fig. 2, we
observe that in time-flat channels (velocity = 0 Km/h), can-
cellation of IST only improves performance significantly, and

T
paths, Stage-1
, PIC Stage-3
paths, Stage-1
, PIC Stage-3
path (freq. flat)

reeee
[T
—AADN

Bit Error Rate

2 Tx Alamouti code; 16-QAM, Time-flat fading -

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

10
Average SNR (dB)

Fig. 3. BER performance as a function of SNR for space-frequency coded
OFDM on time-flat and frequency-selective fading. N. = 64, N, = 1,
Alamouti code (N¢ = 2), 16-QAM, L = 2 and L = 4.

cancelling ICI also in this case does not bring additional ben-
efits. However, for non-zero user velocities, cancellation of
ISI only is not adequate, and there is substantial further im-
provement that is possible by the cancellation of ICI as well.
For example, at a speed of 30 Km/h, canceling only the ISI
improves the SIR by just about 4 dB compared to no cancel-
lation, whereas canceling both ISI and ICI improves the SIR
by about 20 dB for m = 2 and 40 dB for m = 3. This il-
lustrates the potential for significant improvement of using the
proposed joint cancellation of both IST and ICIL.

In Fig. 3, we plot the BER performance of the PIC detec-
tor in time-flat (velocity = 0 Km/h) and frequency-selective
Rayleigh fading with L = 2 and L = 4 equal power paths for
SFBC OFDM using Alamouti code and 16-QAM. The other
system parameters used are N, = 128, N, = 1, Ay = 312.5
KHz, and f. = 5.4 GHz. In Fig. 3, Stage-1 performance
corresponds to the case of no cancellation, whereas Stage-3
performance is after two stages of proposed cancellation. For
comparison purposes, we have also plotted the performance
for time-flat and frequency-flat fading (i.e., no ISI and no ICI),
which provides the best possible performance. From Fig. 3, it
can be observed that for L = 2 (i.e., channel delay spread is
small), the ISI induced is small, and hence there is no major
performance improvement due to the cancellation. However,
for L = 4 (i.e., delay spread of the channel is large), the ISI
induced is high, and, in this case, the proposed cancellation
results in significant performance gain (e.g., about 2 dB gain
at 2 x 1072 BER).

In Fig. 4, we plot the BER performance of SFBC OFDM on
time-selective and frequency-selective fading for rate-2/3 G5
OSTBC (5 Tx antennas) using 16-QAM. The mobile speed is
50 Km/h and I = 2. The BER plot for the case of time-flat
and frequency-flat fading (i.e., the case of no ISI and no ICI)
is also plotted for comparison. From Fig. 4, it can be seen that
due to ISI and ICI the performance without cancellation (i.e.,
Stage-1) is severely affected compared to the case of time-
flat and frequency-flat fading. However, the performance is
significantly improved by the proposed PIC detector (Stage-
2 and Stage-3) because of the effective mitigation of ISI and
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Fig. 4. BER performance as a function of SNR for space-frequency coded
OFDM on time-selective and frequency-selective fading. N. = 64, N, = 1,
5-Tx antennas (N¢ = 5), rate-2/3 G5 code, 16-QAM, L = 2, and mobile
speed = 50 Km/h.
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Fig. 5. BER performance as a function of SNR for space-frequency coded

OFDM on time-selective and frequency-selective fading. N, = 128, N, =
1, 6-Tx antennas (N+ = 6), rate-3/5 Gg code, 16-QAM, L = 4, and mobile
speed = 100 Km/h.

ICI. For example, at a BER of 5 x 102, the proposed canceller
results in about 6 dB improvement in performance compared
to the case of no cancellation at the receiver.

Finally, in Fig. 5, the BER performance of SFBC OFDM
using rate-3/5 G code and 16-QAM is presented. The user
velocity is 100 Km/hr and L = 4 indicating a severe time-
selective and frequency-selective channel scenario. It can be
seen that while the no cancellation receiver (Stage 1) signifi-
cantly loses performance compared to the time-flat and freq-
uency-flat performance, the proposed two-step PIC is found
to improve performance by effectively cancelling the ISI and
ICIL.

V. CONCLUSIONS

We presented a PIC algorithm for cancelling frequency-selec-
tivity induced ISI and time-selectivity induced ICI in SFBC
OFDM systems. In the first step of the algorithm, an estimate
of ISI is obtained and cancelled, and in the second step an
estimate of the ICI is obtained and cancelled. This two-step

procedure is repeated in multiple stages to reduce the ISI-ICI
induced error-floors. Our simulation results for varying de-
grees of time- and frequency-selectivity of the channel show
that the proposed detector effectively mitigates the effects of
IST and ICI. The proposed PIC detector algorithm can be eas-
ily extended to space-time-frequency (STFC) coded OFDM as
well.
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