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Semi-Blind Time-Domain Equalization for
MIMO-OFDM Systems
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Abstract—TIn this paper, a semi-blind time-domain equalization
technique is proposed for general multiple-input-multiple-output
(MIMO) orthogonal frequency-division multiplexing (OFDM)
systems. The received OFDM symbols are shifted by more than
or equal to the cyclic prefix (CP) length, and a blind equalizer is
designed to completely suppress both intercarrier interference
(ICI) and intersymbol interference (ISI) using second-order sta-
tistics of the shifted received OFDM symbols. Only a one-tap
equalizer is needed to detect the time-domain signals from the
blind equalizer output, and one pilot OFDM symbol is utilized to
estimate the required channel state information for the design of
the one-tap equalizer. The technique is applicable irrespective of
whether the CP length is longer than, equal to, or shorter than
the channel length. Computer simulations show that the proposed
technique outperforms the existing techniques, and it is robust
against the number of shifts in excess of the CP length.

Index Terms—Equalization, multiple-input-multiple-output
(MIMO), orthogonal frequency-division multiplexing (OFDM),
second-order statistics (SOS).

I. INTRODUCTION

O ACHIEVE a high system capacity for multimedia ap-

plications in wireless communications, various methods
have been proposed in recent years. Among them, the multiple-
input—-multiple-output (MIMO) system using multiple antennas
at both the transmitter and the receiver has attracted a lot of
research interest due to its potential to increase the system
capacity without extra bandwidth [1]-[4]. Previous work has
shown that the system capacity could be linearly increased
with the number of antennas when the system is operating
over flat fading channels [1], [2]. In real situations, multipath
propagation usually occurs and causes the MIMO channels
to be frequency selective. To combat the effect of frequency-
selective fading, MIMO is generally combined with orthogo-
nal frequency-division multiplexing (OFDM) technique, which
transforms the frequency-selective fading channels into parallel
flat fading subchannels, as long as the cyclic prefix (CP) in-
serted at the beginning of each OFDM symbol is longer than or
equal to the channel length [5]-[17]. In this case, the signals on
each subcarrier can be easily detected by a one-tap frequency-
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domain equalizer. In cases where a short CP is inserted for
increasing bandwidth efficiency, or because of some unforeseen
channel behavior, the CP length is shorter than the channel
length. In this case, the effect of frequency-selective fading
cannot be completely eliminated, and intercarrier interference
(ICD) and intersymbol interference (ISI) will be introduced.
Equalization techniques that could flexibly detect the signals
in both cases are thus important in MIMO-OFDM systems.

The issue of equalization for MIMO-OFDM systems has
been widely discussed in [18]-[24]. In general, there are
three categories of equalization techniques. The first one is
the frequency-domain technique [18], [19], which applies the
conventional equalization algorithm for single-carrier MIMO
systems to each subcarrier after modeling the smoothed per-
subcarrier received signal similarly to the smoothed received
signal of a single-carrier MIMO system [19]. Since a different
equalizer is needed for each subcarrier, the design complexity is
rather high, and the memory required to store the equalizer co-
efficients is large. The second technique is the time—frequency
domain equalization with channel shortening [20]-[23]. A
time-domain equalizer is inserted to reduce the MIMO channels
to the ones with the channel length shorter than or equal to
the CP length, and then, a one-tap frequency-domain equalizer
is applied to each subcarrier. When the MIMO channels are
shortened by the time-domain equalizer, residual ICI and ISI
are introduced. They cannot be eliminated by the subsequent
frequency-domain equalizer and, thus, limit the performance.
Moreover, it has been shown that time—frequency domain
equalization techniques with channel shortening are sensitive to
parameters, including the channel-shortening equalizer length
and the delay [22], [25]. The third technique is the time-domain
statistics-based technique previously proposed by the authors
in [24]. The method is based on some structural properties of
the received OFDM symbols, which are shifted within the CP
length. A time-domain equalizer, which is designed using the
second-order statistics (SOS) of the shifted received OFDM
symbols, is applied to partially cancel the ICI and ISI. The
equalizer output contains two sampled signals from each trans-
mit antenna, and the time-domain signals are then detected with
the aid of two pilot OFDM symbols.

In this paper, the case when the received OFDM symbols are
shifted by more than or equal to the CP length is considered,
assuming that prefect time and frequency synchronization has
been achieved. It turns out that the SOS matrices of the shifted
received OFDM symbols have different and useful structures.
With these structures, a blind equalizer can be designed to
completely suppress the ICI and ISI using the SOS of the
shifted received OFDM symbols. Unlike [24], the equalizer
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Fig. 1. MIMO-OFDM system.

output contains only one sampled signal from each transmit
antenna. Consequently, only a one-tap equalizer is needed to
detect the time-domain signals, and one pilot OFDM symbol is
utilized to estimate the required channel state information for
the design of the one-tap equalizer, given that the number of
transmit antennas is less than the number of subcarriers in one
OFDM symbol.

Compared with the existing frequency-domain techniques
[18], [19], the proposed technique has a lower design com-
plexity and a smaller memory requirement. Compared with
the existing time—frequency domain techniques with channel
shortening [20]-[23], there is no residual ICI and ISI. In ad-
dition, only one parameter (the number of shifts in excess of
the CP length, K) can be varied, and simulation results show
that the proposed technique is robust against variation of K,
whereas the time—frequency domain techniques are sensitive
to a number of parameters, such as the channel-shortening
equalizer length and the delay.

The rest of this paper is organized as follows: Section II in-
troduces the shifted signal model of the MIMO-OFDM system.
Section III presents some properties of the signals and channel
matrix to be used for equalization, and Section IV proposes the
semi-blind time-domain equalization technique. In Section V,
the performance of the proposed technique is investigated in
both cases where the CP length is longer than/equal to or
shorter than the channel length by computer simulations. It is
shown that the proposed technique performs well in both cases.
Finally, this paper is concluded in Section VI.

Notation: Superscripts (¢)7, (e)*, and ()7 represent trans-
pose, conjugate transpose, and pseudoinverse operations,
respectively; ®, F{e}, and I, denote the Kronecker product
of matrices, the statistical mean, and the a X a identity matrix,
respectively.

II. SYSTEM MODEL

Consider a MIMO-OFDM system with P transmit antennas
and M receive antennas, as illustrated in Fig. 1. To achieve
a high throughput, spatial multiplexing is applied here, and
independent data streams are transmitted through different an-
tennas. Before transmission, each data stream is modulated by
N-point inverse discrete Fourier transform (IDFT), and a CP
with length of L¢p is inserted at the beginning of each OFDM

symbol. Denote the ith block signal from the pth transmit
antenna before OFDM modulation as

Bip = [Bipl0]  Bipll] BiplN = 11"
pG{l,?,...,P} (1)

which is the so-called frequency-domain signal vector. Here,
the frequency-domain signal f; ,[n], n € {0,1,..., N —1},
is assumed to be white with zero mean and unit variance.
Performing N-point IDFT, the so-called time-domain signal
vector is generated as

bi,pm

bim = [bi,p[o] bi,p[N - IHT = Fngi,p

where Fy is the N x N IDFT matrix with the (n + 1,k 4 1)th
entry being e/2™*/N /\/N, n, k€ {0,1,...,N — 1}. After

the CP insertion, the transmitted ith OFDM symbol from the
pth transmit antenna is

sip = [5:p[0] sip[1] sipN' =117 Q)
where N’ = N + Lcp, and
. [ bipln—Lep+ NJ], 0<n<Lcp—1
sinln] = {bi,p[n — Lcp], Lep <n< N -1 @

Each OFDM symbol is then simultaneously transmitted over
quasi-static frequency-selective fading MIMO channels. Gen-
erally, the frequency-selective fading channel is modeled as an
L-tap FIR filter, so that the M x 1 sampled received signal
vector in the ¢th received OFDM symbol is written as

L
yiln] =Y hy(1)sipln—1+wiln], n=0,1,...,N'~1

p=1 1=0
5

where hy(l) is an M x 1 channel response vector; w;[n]
represents the M x 1 additive noise vector; and s;,[n] =
5(¢i-1),p|N' +n] when n <0, and s;,[n] = 5341y p[n — N']
when N’ < n. Without loss of generality, the channel length
is assumed to be far less than the number of subcarriers in one
OFDM symbol, i.e., L < N. The noise is assumed to be inde-
pendent of the transmitted signals s; ,[n] and is independently
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identically distributed complex Gaussian with zero mean and
variance o2,

Similarly to [24], the CP is not discarded, and N’ sampled
received signal vectors are collected at the receiver as

vilN' —1—KT]"
k=0,+1,42, ... (6)

v = [yil-HT ik 1)

where y;[n] corresponds to the signal at the (¢ — 1)th received
OFDM symbol and is equal to y;_1[n+ N'] when n <0,
whereas it corresponds to the signal at the (¢ + 1)th received
OFDM symbol and is equal to y;;1[n — N'] when N’ < n.
In fact, the received signal vector ygk corresponds to the
ith received OFDM symbol shifted by k& samples and can be
expressed as

yik) = ngk) + w(k),

i

k=0,£1,42,... (7

where H, xgk), and ng) are given in (8)—(12), shown at

the bottom of the page. Here, the channel matrix H is as-
sumed to be of full column rank after removing all-zero
columns. This assumption is a sufficient condition to detect
the time-domain signals based on SOS of the received signal
vector ygk) [7], [27] and is generally consistent with real
situations [7].

III. PROPERTIES OF THE TRANSMITTED SIGNALS
AND CHANNEL MATRIX

The following properties of the transmitted signals and chan-
nel matrix in the MIMO-OFDM system under consideration
will be used to derive the proposed semi-blind equalization
method.

Property 1: The transmitted signal s; ,[n] satisfies

E {Sihm [nl]sizmz [’n‘?]*}

— 17
=10

i1 =12 and p; =p3 and (n1 =ng or |ny —ns|=N)

2221

Proof: Since independent data streams are transmitted
through different antennas and the frequency-domain signal
Bipln], n€{0,1,...,N — 1} is assumed to be white with
zero mean and unit variance, it follows that the time-domain
signals b; ,[n] (2) are uncorrelated as the IDFT matrix Fy is
unitary, and the uncorrelated property of the signal vector is
maintained by unitary transformation. It follows that b; ,[n] =
Fy(n+1)B;, and

E {bil’pl [nl]bi2,p2 [77‘2}*}
= E{Fy(n1 +1)8;,,,8;, p,Fn(n2 + 1)}

_ 1, i1:i2 andp1 = P2 andm = Ny
10, otherwise

ny,ny €{0,1,...,N — 1} (14)

where Fy(a) denotes the ath row of the IDFT matrix F .
From the structure of the OFDM symbol with CP in (4) and
the cyclic property of CP (which means that the CP is the
repeated signals of the last Lcp time-domain signals b; ;[N —
Lep), - -+, bip[N — 1]), the property follows. [ |
Property 2: The channel matrix H satisfies
H'(HH")"H = A (v ()P (15)

where A (y/4pyp isan (N' 4 L)P x (N’ + L)P identity ma-
trix with all-zero rows corresponding to all-zero columns of H.

Proof: Under the full column rank assumption of the
channel matrix H, the result directly follows from [26]. |

IV. SEMI-BLIND TIME-DOMAIN EQUALIZATION

It is obvious from (7) that the received signal vector ygk)

is a time-domain signal vector with multiantenna interference
(MA), ICI, and ISI. In this section, a time-domain equalization
technique is proposed, as illustrated in Fig. 2. It is a semi-blind
technique since both blind information (the SOS of the received

otherwise signals), and one pilot symbol will be utilized to design the
ni,ne € {0,1,...,N'—1}. (13) equalizers.
H=[H, H; Hp| (8)
hy(L) hy(L 1) hy(0) 0 0
0 h,(L h,(L-1 h,(0
0 0 hy(L) hy(L—1) - hy0)
T T T1T
) — [(ng?) (Xff;)) (ng;;) } (10)
xiy = [sipl=L=k] - sipl0] - sipN=1-H]",  pe{l2... P} (n
wi = [wil KT wilk 1T w1 k)] (12)
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Fig. 2. Receiver structure.

A. Blind Equalization

Now, consider the autocorrelation matrices of the received
signal vector ygk) in (7), and define

R, (0) zE{yz(ch)yl(ch)*}
_ HE{XELCP)XgLCP)* } H*+E{W§LCP)W£LCP)* }
(16)
R, (K) :E{y(LCP+K)yZ(LCP)*}

LCP+K) LCP) }H*

{{ (Lep+K) (LCP)*} <K< Lo
a7
R,(-K) zE{ygLCP)yZ(LCPJrK)*}
= HE{XELCP)XELCP +K)* } *
+ E{ngcp)WchHK)*}  0<K<ILep.
(18)

Unlike the time-domain statistics-based technique [24], which

Here, the parameter K represents the number of shifts in excess
of the CP length.
(Lcp)

Based on Property 1, (10), and (11), the signal vectors x;
and x\"°" ) in (16)—(18) satisfy

B {x{Ferx{Fer  — T nyp (19)
B {x{Fer Ot L 1, @ 3K (20)
E{ (LCP) (LCP"FK) } I ®J K (21)

where J¥ denotes an (N’ + L) x (N’ + L) matrix with zero
entries except along the lower K'th subdiagonal, in which the
entries are one; J ¥ is equal to (J¥)*. According to the
definition of the matrix J¥, it satisfies (22) and (23), shown at
the bottom of the page [28], where 0,y is an a X b zero matrix.
The matrix J-KJK — J-(E+D J(K+1) iy (23) is zero, except
for the (N' + L — K, N’ + L — K) entry being one. Applying
(19)—(21) into (16)—(18) and with the assumption on the noise
vector w( ) , it follows that

Ry(O) E {Yz(ch)yz(LCP) }

considers the autocorrelation matrices of y(O) and ygl), the =HH" + ¢*Iyn (24)
autocorrelation matrices of y( ) and y(LCP+K) are utilized R,(K)=E {yELCP+K)y§L0P)*}
here. It is apparent that y( ®) and y(chJr ), respectively, Ko o K
correspond to the ith received OFDM symbol shifted by Lcp =H(Ip@J")H +o°(Iny ®J") 25
and Lcp + K samples. It follgws that .Ry(O), R, (K), .and R,(—-K)=FE {YELCP)YZ(LCPJFK)*}
R,(—K) are the autocorrelation matrices of the received ok
OFDM symbols shifted by more than or equal to the CP length. =HIp2J H +2Iy0T ) (26)
g K35 _ | Lover-x) O(N/+LK)><K:| 22)
O x(N'+L-K) Oxxk
ON'+L-K-D)x(N'+L-K-1) Oar-k-1)x1 OwW+L-K-1)xK
JEJK _ - (E+D) J(K+1) _ 01 (N'+L-K-1) 1 014k (23)
Orx(N'+L-K-1) Oxx1 OrxK
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where jK is an N’ x N’ matrix with the same structure as the
matrix J¥. From (24), it is observed that the noise variance o>
is the smallest eigenvalue of the matrix R, (0) [7]. Therefore,
it could be estimated from R, (0), and the noise effect could be
eliminated from the autocorrelation matrices (24)—(26). Con-
sequently, the autocorrelation matrices without noise contri-
bution are

R, (0) =R, (0) — oI = HH* (27)
R,(K) =R, (K) - 021y ®3")
=H(Ip ® J*)H* (28)
R,(—K) =R, (-K) - o*(Iyy ® T )
=H(Ip2J *H (29)

Comparing the structures of the autocorrelation matrices in
(27)-(29) with that of single-carrier MIMO systems in [28], it
is easily seen that they are similar. It follows that the equaliza-
tion method based on the autocorrelation matrices for single-
carrier MIMO systems in [28] can be readily applied here.
Using (27)—(29), an equalizer is thus designed for ICI and ISI
cancellation as

Gg =Ug —Ug (30)

where
Uk = R, (KR, (¥R, (K)R, (0%, (1)
Using Property 2 and (27)—(29), the matrix U g is equivalent to

Ug

R, (—K)R,(0)" R, (K)R,(0)*
H(Ip @ J-5H (HH)*H(Ip © JX)H (HH")*
H(Ip ® I~ XI5 H (HH*)*.

(32)

Substituting (23) and (32) into (30), the equalizer becomes
equal to (33), shown at the bottom of the page, where H,(a)

2223

Applymg the e%tlahzer to the received signal vector
y ) = (7) and using Property 2, (10), (11), and
(33) itis easy to obtaln the equalizer output as

9; GKYZ(»k)
P
=Y H,(N' + L - K)s;p[N' =1~k — K] +n{"
p=1
—ﬁéfr)tsi[N’ —1—k-K+n", k=0+1,42,...
(34)
where 77 =Gg W , and we have (35) and (36), shown at

the bottom of the page. Obviously, only one sampled trans-
mitted signal s; ,[N' — 1 — k — K] from each transmit antenna
remains at the equalizer output. It turns out that both the ICI and
ISI are completely eliminated. This is in contrast with the time-
domain statistics-based technique [24], in which two sampled
transmitted signals from each transmit antenna remain and only
partial ICT and ISI cancellation is achieved in the first step of
equalization.

From the derivation of the blind equalizer, it is apparent that
there is no restriction between the channel length L and the
CP length Lcp, which means that the blind equalization is
applicable to general MIMO-OFDM systems, irrespective of
whether the CP length is longer than, equal to, or shorter than
the channel length.

B. One-Tap Equalization

Since the channel matrix H is assumed to be of full column
rank after removing all-zero columns and the structure of H
in (8) and (9) shows that the column H,(N'+ L — K) is a

nonzero column, the matrix ﬁl()fr)t in (36) is of full column rank.
From (34), signal detection is easily achieved by
~ Gone tapo( )7 k=

silN'—1—k — K] 0,41, £2, ...

denotes the ath column of H), in (9). 37
Gxg =Ug —Ug41
-H (IP ® (J—KJK _ J—(K+1)J(K+1))> H*(HH*)#
= [Omnxvirr-k-1) Hi(N+L—K) Ounxg Onvnvx(niir-k-1) Hp(N'+L—K) Ounnixk]
H*(HH*)* (33)
silk] = [si1[k]  si2[K] siplk]])" (35)
Ho = [H(N' +L-K) Hy(N'+L—K) Hp(N' + L — K)] (36)
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where Gone-tap i @ one-tap equalizer given by Gone-tap =
(ﬁ(K)*ﬁ(K))’lﬁ(m*. Up to now, signal detection is per-
part part part ’

formed in the time domain. To recover the frequency-domain
signals f3; ,[n], n=0,1,...,N—1, N-point DFT must be
performed to the time-domain signals b; ,[n], n=0,1,...,
N —1, which is equal to the detected signals (s; ,[Lcp], ...,
sipN' —1]) and is obtained from (37) by setting k = N’ —
1-K—-L¢p,...,— K.

It is clear that the matrix H;ar)t needs to be estimated in the

aforementioned signal detection technique. From (34), let

Oyitot
_ 01(N’-1—K—ch) OEN/—l—K—ch—l) o OE—K)
(38)
Shilot
= [si[Lcp] si[Lep +1] si[N' —1]] (39)
Thilot
_ EN/—I—K—LCP) nEN’—l—K—LCp—l) T’E—K)}
(40)
where Spiiot i a pilot OFDM symbol. It follows that
Opitor = HomtSpitos + Tpitot 1)

(K . .
and the matrix H;ar)t can be estimated using the least squares
method as

(K) -1

ﬁpart ~ Opllotspllot (SpilotS;ilot) (42)

In general, the number of subcarriers /N in one OFDM symbol
is far greater than the number of transmit antennas P, and the
pilot matrix Spiiot can be assumed to be of full row rank.

V. SIMULATION RESULTS

Computer simulation is now conducted to investigate the
performance of the proposed semi-blind time-domain equaliza-
tion technique. In the following, a MIMO-OFDM system with
P = 2 transmit antennas and M = 3 receive antennas is con-
sidered as an example. The transmitted signals are quadrature
phase-shift keying (QPSK) modulated. The number of subcar-
riers in each OFDM symbol is N = 32, and the length of CP is
Lcp = 8. One pilot OFDM symbol is inserted at the beginning
of each data packet with 500 OFDM symbols. The frequency-
selective fading channel responses are randomly generated with
a Rayleigh probability distribution and are static over each data
packet. The parameter K is set as 8, unless otherwise indicated.
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Fig. 3. BER versus SNR for L = 6 (L < Lcp).

The autocorrelation matrices R, (0), R, (K), and R, (—K) are
computed as follows:

R, (0) = E {y{"erly(ter)}

1 &
L L *
“ﬁzyf cp)yl( cP)
S =1

w5
%7 (LCP+K) (LCP)*
N :
Ry( K) = E{ l(LCP)yZ(LCP-‘rK)*}

(43)

N
1 < @ Lop+K)*
zﬁzyg CP)yZ( cpt+K)
S =1

where Ny is the number of OFDM symbols used and is set
as 500, unless otherwise indicated. The signal-to-noise ratio
(SNR) is defined as the ratio of the total received signal power
with the total noise power, i.e.,

2

M

P
2
p=11

> 5 {winbol?)

m
The results shown in the following are averaged over 100 Monte
Carlo realizations:

> B

m=1

Ppm (1) si,p[n — 1]

0
SNR =

(44)

1

A. Case With L < Lcp

In this case, the effect of frequency-selective fading can be
completely eliminated by the standard OFDM technique, and
the signals can be recovered by a one-tap frequency-domain
equalizer on each subcarrier. Fig. 3 illustrates the comparison
of the proposed technique with the conventional technique,
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Fig. 4. BER versus SNR for L = 10 (L > Lcp).

which performs least squares equalization on each subcarrier
after DFT. Results show that the performance of the proposed
technique is close to that of the conventional technique and
confirm that the blind equalizer designed in the first step can
completely suppress both ICI and ISI, which are present in the
time-domain signals.

B. Case With L. > L¢p

Since the channel length is longer than the CP length, the
effect of frequency-selective fading cannot be completely elim-
inated by the standard OFDM technique, and ICI and ISI are
introduced. For comparison, the time—frequency domain equal-
ization technique with channel shortening [22] and the time-
domain statistics-based technique [24] are also implemented.
Results are shown in Fig. 4. Note that knowledge of the channel
responses is assumed to be exactly known in the technique of
Al-Dhabhir [22] and two pilot OFDM symbols are utilized in the
technique of Ma and Ng [24].

Obviously, the proposed technique outperforms the time—
frequency domain technique with channel shortening [22]. For
example, it achieves a bit-error-rate (BER) performance of
1072 at SNR = 23 dB, whereas the time—frequency domain
technique can only do so at SNR = 25 dB, indicating a 2-dB
improvement. The poorer performance of the technique in [22]
is due to the residual ICI and ISI introduced by shortening the
MIMO channels.

Compared with the time-domain statistics-based technique
[24], the performance of the two are close for SNR < 11 dB,
whereas the proposed technique is far superior to that of [24]
for SNR > 11 dB. The explanation is as follows: The time-
domain signals are detected after ICI and ISI are eliminated by
blind equalization in the proposed technique, whereas there are
residual ICI and ISI in the technique of [24]. When the SNR is
low, the additive noise dominates; hence, the performances of
the two techniques are similar. The slightly better performance
of the technique in [24] is probably due to two pilot OFDM
symbols, instead of one, being used. When the SNR is high,
the residual ICI and ISI in [24] limit its performance, whereas

2225
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Fig. 5. Effectof K for L = 6 (L < Lcp; SNR = 20 dB).
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Fig. 6. Effect of K for L = 10 (L > Lcp; SNR = 25 dB).

the proposed technique follows a typical BER versus SNR
behavior.

C. Effect of the Parameter K

In the proposed technique, only one parameter K, which
represents the number of shifts in excess of the CP length, can
be varied. It is set from O to 8 to test its effect on the proposed
technique. Results are shown in Figs. 5 and 6 for L < Lcp and
L > Lcp cases, respectively. It is obvious that the performance
of the proposed technique is insensitive to the parameter K.
This is an advantage over the time—frequency domain tech-
niques, which are sensitive to the channel-shortening equalizer
length and the delay.

D. Effect of the Data Length N

The blind equalizer in the proposed technique is de-
signed using the autocorrelation matrices [R,(0), R, (X), and
R, (—K)]. In practice, they are computed from a finite number
of OFDM symbols, and the number of symbols used, i.e., N,
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may affect the performance. Figs. 7 and 8 show its performance
when N, varies from 50 to 500 for L < L¢gp and L > Lcp
cases, respectively. As expected, better performance is achieved
when more symbols are used.

VI. CONCLUSION

In this paper, a semi-blind time-domain equalization tech-
nique has been proposed for general MIMO-OFDM systems,
irrespective of whether the CP length is longer than/equal
to or shorter than the channel length. A blind equalizer has
been designed using the SOS of the received OFDM symbols
shifted by more than or equal to the CP length to completely
suppress both ICI and ISI. The time-domain signals are then
detected from the blind equalizer output with the aid of only
one pilot OFDM symbol. Simulations have demonstrated that
the proposed technique is effective in suppressing ICI and ISI
and robust against the number of shifts in excess of the CP
length.
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