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A Novel Intercarrier Interference Cancellation
for MIMO-OFDM Systems

Aurupong Yiwleak! and Chaiyod Pirak?, Non-members

ABSTRACT

The main impairment of an orthogonal frequency
division multiplexing (OFDM) systems is an inter-
carrier interference (ICI) effect caused by a frequency
offset. A zero-padded technique designed for a con-
jugate cancellation scheme in MIMO-OFDM systems
for ICI cancellation is proposed by padding zero be-
tween two consecutive symbols over a space-frequency
domain. At the receiver, the ICI cancellation and
space-frequency diversity combining techniques are
proposed. In this paper, a performance analysis is
investigated and analyzed. In comparison with the
conventional complex conjugate scheme, the outage
probability expressions of the proposed system and
the repetition-coded conjugate cancellation scheme
are derived for quasi-static Rayleigh fading chan-
nels. Simulation results show the close agreement
with those obtained by theoretical analysis, which
could be used to estimate the proposed system per-
formance. Finally, simulation results in time-varying
frequency-selective fading channels, a bit error rate
(BER) performance of the proposed system is signif-
icantly improved over both the ordinary zero-padded
MIMO-OFDM systems and the repetition-coded con-
jugate cancellation scheme when the frequency offset
is not greater than 10% of subcarrier spacing. Fur-
thermore, the proposed system is shown to be able to
attain significant diversity gain.

Keywords: Frequency Offset, Intercarrier Interfer-
ence (ICT), MIMO, OFDM, Outage Probability

1. INTRODUCTION

Multiple-input and multiple-output (MIMO) is a
widely adopted technique in modern wireless com-
munication systems because it can be used to im-
prove diversity gain or to increase multiplexing gain
[1]. When the multiple transmit or receive anten-
nas are equipped with sufficient spacing, the chan-
nel impulse response between antennas fades inde-
pendently, which in turn yields a space diversity [2].
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The probability that all signals are in deep fade simul-
taneously is significantly reduced. The orthogonal
frequency division multiplexing (OFDM) is another
useful technique due to its high spectral efficiency
and robustness to multipath fading channels. In
frequency-selective fading channels, using this tech-
nique in MIMO systems could yield a diversity gain
across space, time, and frequency domains. By allow-
ing spectral overlapping of subcarriers in OFDM, it
is sensitive to frequency offset, which is caused by a
Doppler shift as well as a carrier frequency synchro-
nization error. In frequency offset situations, the or-
thogonality among subcarriers may be destroyed, and
thus can introduce intercarrier interference (ICI).
There are four techniques for ICI cancellation
which have been proposed, including frequency-
domain equalization [3], time-domain windowing [4],
ICI self-cancellation [5-9] and two-path conjugate
cancellation [10,11,12]. A conjugate cancellation was
proposed [11], in which the first path represents the
ordinary OFDM signal and the second path is the
conjugate copy of the first path. In [12], the au-
thors proposed a phase rotation for conjugate can-
cellation technique that can achieve a better per-
formance in high frequency offset situations with
the need of frequency offset estimation. Although
most of these techniques have been proposed for
single-input and single-output (SISO), the authors
in [13] introduced the ICI self-cancellation scheme
into MIMO-OFDM systems. However, the authors
in [13] mainly focused on the space-frequency-coding
design rather than ICI mitigation. The authors
in [14] proposed ICI self-cancellation for Alamouti
Coding in cooperative systems, in which the chan-
nel impulse response is restricted to real values.
The authors in [15] and [16] proposed the zero
padding technique for MIMO-OFDM systems by us-
ing time-domain complex-conjugate cancellation and
frequency-domain self-cancellation schemes, respec-
tively, which can enhance the diversity gain and sup-
port the complex-valued channels. However, there is
a lack of thorough study of a complex-conjugate can-
cellation designed for multiple-antenna systems and
the performance analysis of such system. The pur-
poses of this paper are to investigate and analyze the
performance of the zero-padded complex conjugate
cancellation scheme for MIMO-OFDM systems. In
comparison with the conventional system, the pro-
posed system is compared with a repetition-coded
complex-conjugate cancellation scheme. The main
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contributions of this paper are as follows.

(i) The proposed zero-padded complex conjugate
cancellation in MIMO-OFDM systems can en-
hance the diversity gain over both the ordinary
zero-padded systems without conjugate cancel-
lation scheme and the conventional repetition-
coded complex conjugate cancellation scheme,
when the frequency offset is small.

(7) The outage probability has been derived for
both the proposed system and the repetition-
coded complex-conjugate cancellation scheme
in Rayleigh quasi-static fading channels. The
theoretical results for both of them are closed
to their simulation results, which could confirm
the validity of the theoretical analysis.

The rest of this paper is organized as follows. In
Section 2, the mathematical models of OFDM sys-
tems with frequency offset and the conjugate cancel-
lation scheme in [11] are described. In Section 3, the
proposed zero-padded conjugate cancellation scheme
in MIMO-OFDM system is presented. In Section 4,
the performance analysis is investigated, and com-
pared with the conventional scheme. In Section 5,
the simulation results are presented, and the conclu-
sions are given in Section 6.

2. OFDM SYSTEM MODEL WITH FRE-
QUENCY OFFSET
2.1 OFDM System Model

The output complex baseband signal of the IFFT
at the transmitter can be expressed as,

N—

,_.

Xﬁ"

%\H

=0

where N is the total number of subcarriers and X
(I=0,...,N —1) is the modulated symbols on the [
subcarrier. At the receiver, the time-domain received
signal is suffered from the frequency offset and an
additive white Gaussian noise (AWGN), which can
be described by [15]

yn = (V/Poxp @ hy)ed FAIT 4 o (2)

where Py and h,, denote the transmit power and the
channel impulse response, respectively; e’ FnAIT de-
notes the corresponding frequency offset at the sam-
pling instants with the frequency offset to subcarrier
spacing ratio denoted as AfT, and z,, modelled as
zero-mean, complex Gaussian random variables with
variance Ny, denotes the additive white Gaussian
noise. Moreover, ® denotes the circular convolution.
In this paper, the authors fairly assume that a cyclic
prefix is inserted at the transmitter and removed out
at the receiver. Then, the frequency domain signal on
the k' receiving subcarrier at the output of the FFT,

which is Y}, = \FZ" 0 Yn€ —i%rk k=0, N -1,

becomes,

N—
> VP X HU,_+Z, k=0,...,N—1,

N-1

= VRXeHUo+ Y VRXIHU  + Z.
1=0,l+#k

(3)

In (3), the first term is a desired transmitted data
symbol, and the second term is the ICI term gener-
ated by other subcarriers. Note that Hy and Zj de-
note the frequency-domain channel impulse response
and the frequency domain of z,, respectively. The
Uiy is the coeflicient of FFT(IFFT), which can be
expressed by

25 n(l—k+AST)
Uk = 3 Z J . (4)

Note that U;_j is a complex weighting function of the
transmitted data symbols in the frequency domain.

2.2 Conjugate Cancellation Scheme and Its
Property
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Fig.1: Structure of a complex-conjugate scheme, (a)
Transmitter, (b) Receiver

In this subsection, the authors present a complex-
conjugate cancellation technique as shown in Figure 1
[11]. The conjugate cancellation scheme transmits a
complex-conjugate copy of the primary OFDM sym-
bol in the second time interval, which provides op-
posite polarities of weighting coefficient at the zero
crossing point. At the receiver, the combined received
signal of both transmission intervals is the desired de-
tected symbol. Assuming that the received signal in
both intervals can be combined coherently without
interfering with each other by using a time division
multiplexing (TDM). The frequency offset is assumed
to be fixed over the two-path time interval. The re-
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ceived signal of the complex-conjugate path is given
by [15]

y;L = (v Pz} ® h/n)ej%r"AfT + z;l, (5)

and the output of the FFT in the frequency do-
main signal on the k" receiving subcarrier of the
complex-conjugate path is expressed as, Y, =
\/% 27127:—01 yre IR | =0, ..., N — 1, becomes,

N-—-1
Yy =Y VRXHY Vi+Z, k=0,... N-L
=0

(6)
Where V;_j, is the complex weighting function of the
conjugate path, given by

1 N—-1
- 2m
‘/l—k _ N Z 6Jﬁ’ﬂ(l*k}*AfT). (7)

n=0

Note that FFT(h,*) is equal to Hy'_,. When the fre-
quency offset to subcarrier spacing ratio is less than
5%, the property of the complex-conjugate cancella-
tion with the complex weighting function is expressed
as follows [11],

9, ifl=k

0, ifl #k’ ®

U_x+Vi_k =~ {

3. THE PROPOSED ZERO-PADDED COM-
PLEX CONJUGATE TECHNIQUE IN
MIMO-OFDM SYSTEMS

3.1 System Model for Zero-Padded Complex
Conjugate Cancellation Scheme

In this subsection, the proposed zero-padded
complex-conjugate cancellation scheme in multiple-
antenna systems is described as shown in Figure
2 [15].  The frequency-domain modulated sym-
bols, X; (I = 0,...,N — 1), will be firstly en-
coded with the zero-padded space-frequency coding
block. The frequency-domain transmitted symbols,
Dl,l (Dl,l = XOaOaleoa"'7XN/2—2707XN/2—1,07
for I = 0,..,N — 1, respectively) and Dy,
(Dgyl = O,Xl,O,Xo, ...,O,XN/Z_l,O,XN/g_Q, for | =
0,..,N — 1, respectively), are then transmitted
through the first and the second antennas, respec-
tively. The time-domain received signal of a primary
path is shown below

Yn = (V/Prdy n@hy 4/ Pady n ®@ho ) )ed FAIT 42
9)

and the complex-conjugate path is,

Yo = (VPud} @0y +/ Pody @y ) R ATz

(10)
where P; and P, are the transmit power for the first
and the second transmit antennas, respectively. Note

that the frequency offset is fixed over the two-path
time interval. Then, the frequency-domain received
signal of a primary path can be expressed as follows,

N-1
Y, = Z\/EDl,lHl,lUl—k
=0

N-1

+ Z \V/PoDy Ho Ui + Zy, (11)
1=0

and the frequency-domain received signal of a conju-
gate path can be expressed as follows,

N-—-1
Ve = Y VPDy H Vi
=0
N—1
+ Y VPaDo Hy'y Viek + 2. (12)
=0

3.2 Received Signal Model for Four Consecu-
tive Subcarriers

In this subsection, the received signals of four
consecutive subcarriers will be described as follows.
At the transmitter, the frequency-domain modulated
symbols are encoded and arranged into a block of
four subcarriers corresponding to the proposed zero-
padded coding structure. As a result, the modulated
symbols are rearranged over space-frequency alloca-
tion and then transmitted over two-transmit antenna,
which can be expressed by

Xo O

= 0 X
Xymivo = X, 01
0 Xo

Note that the first and the second columns of X MIMO
correspond to the first and the second antennas, re-
spectively, while the rows represent the order of sub-
carriers. At the receiver, the received signals of a
primary path of four consecutive subcarriers can be
written as

N
N_q

Y, = \/171X0H170U0+ Z \/171X1H1,21U2z
=1

N
N

+ > VPXiHapi Ui
I=13,...
N_1

2
+ Y VP X HoopaUnga + Zo,
1=0.2,...

(13)
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DLO > dl.f)'
T SP| . | IFFT| . | P/S TDM
Dy, dl,N—L *
X, O
— % Zero-Padded
D’LO > dZ,O > Y
L S/P | . IFFT | , | P/S TDM
DZ.N d2 N-1 4
O
(@
Primary received signal
qu Yk Y() Yo
MRC [« ICI Cancelling¢ -, .
. S/P| e« |FFT| « |P/S TDM
l « - o
ML | X, I S (A S
Decoding Conjugate received signal

(b)

Fig.2: Structure of a zero-padded complex conjugate cancellation scheme in MIMO-OFDM systems as (a)
transmitter and (b) as receiver [15]

F-1 Similarly, the received signals of a complex-conjugate
Yi = VPX1H1Uy+ Z VPIXiHi 5 Ugy—1 path are described as,
1=0
£-1 i
+ Z VP2 Xy 1Hs 211Uy Yo = VPXoH xVo+ Z VPIXi Hy o Vo
I=1,3,... =1
LA |
¥ | B /
+ Y VPXiHeoiUn + 21, (14) + D VPXiHyy o) Varn
1=1,3,...
1=2,4,... =
N

1
2
+ Z VPXiHy' oy Vot + 2y

N
2 1=0,2,...
Yo = VPX1Hi2Up+ Z VP X Hy 21Uzi—2 (17)
1=0,l#1
X1
N
+ Z VX _1Hp 011Uy , , 2! .
1=1,3,... i = VPXiHy'y Vo + Z VPIXiH "y g
Ny 1=0
2 N
+ VPoXi1Ho 2141Un—1 + Z3, (15) S .
z:gzz,... Vai1 + Z VX1 Hy n a1y Ve
1=13,...
|
N_q ’ ’
: + \/EXZ-HH;N— oy Var + 217,
Y = VPXoHy3Up+ Z VP X Hy 21U —3 l:;;_, N )
1=0
18
%,1 ( )
+ Z VP2 X Hs 011Uz 4
1=13,...
PUA, |

2
+ Y VPXiHo43Us + Z3. (16)
1=24,...
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¥
2
Y, = VPXiH'y Yo+ Y VPXHy y
1=0,1#1
y1
Vaco+ Y VP X1 Hy 'y 1) Vo
1=1,3,...
J1
+ Z VPXi 1 Hy' 41y Va1 + 237,
1=0,2,...

(19)

N
N1

Vs = VPXoHyw sVo+ 3 VPIXiH o
=0

N1
2
Vacs+ > VP XiHy'y o 1yVara
1=1,3,...
J1

+ Z V P2XlHéTN—(2l+3)V21 + 2y
1=24,...

(20)

Let us consider the (13)-(16) and (17)-(20), respec-
tively, the first terms on the right hand side of them
are the desired transmitted symbols while the sec-
ond, third and fourth terms are the ICI generated
by other subcarriers, represented as Iy, I, Iz, Is and
Ié,]i,[é,[é, respectively. The last terms are the
AWGN.

3.3 ICI Cancellation and Frequency Diversity
Combining Technique

In the proposed zero-padded complex-conjugate
cancellation for MIMO-OFDM systems, the ICI can-
cellation technique is proposed to exploit the fre-
quency diversity, especially in frequency-selective fad-
ing channels. Thanks to the transmitted symbols
of the complex-conjugate scheme mapped onto the
channel response of H; and Hy_;, they may not suffer
from fading simultaneously. The combined received
signals can be expressed as

Yy = Hi Yo+ Hy nYy, (21)
Y1” =Hy Y1+ Hé}N71Y1/a (22)
YQH = Hi,Ys + H;,N72Y2/7 (23)
Yy = HjyYs+ Hy y 5Ys. (24)

When the frequency offset is smaller than 5%, one
could show that

N-1
j2m
E I NNAIT 1,

n=0

1

U():N

(25)

and

1 N—-1
iz,
Kt PI A T

Substituting (13)-(16) and (17)-(20) in
combined received signals then become

(21)-(24), the

"

Yo = VP(Huol +H; x[*)Xo

+ Hi o(Io + Zo)

+ Hy n(Io+ Zy"), (27)

"

V Pa(|Hz | + |Hé,N—1|2)X1
+ Hj 1 (I + Zy)

+Hy vy (I + Z17),

"

VP Hia + | Hy v o) X0
+ HiQ(IQ + Z2)

+Hy oIy + Z5"),

. V/Pa(|Ha 3 + |H;,N73|2)X0
+ H3 5(13 + Z3)

+ Hé,N—3(IZ; + Z;,*) (30)
When the frequency-domain channel impulse re-
sponse is approximately constant over these subcar-
riers and over two-path transmission, i.e. quasi-
static fading channels, with the property of com-
plex conjugate cancellation in (8), the ICI is very
small compared with the noise. Hence, the ICI, i.e.
I(),I(/),Il,[i,[g,[;,lg,, and I:;, could be ignored (See
Section 4.1). The combined received signal of the
four consecutive subcarriers could be approximated
as,

Yy = 2y/PH\[*Xo + H{ Zo + HZy",  (31)
YIN = 2\/P2|H2|2X1 + ngl + H2Z;*a (32)

Y2N :2\/P1|H1|2X1+HfZ2+H1Z;*a (33)
Yy = 2y/Po| Hal* Xo + Hy Zs + HaZy".

3.4 Space Diversity Combining Technique

In this subsection, when the transmit or receive an-
tennas are equipped with sufficient spacing, the chan-
nel impulse response between antennas fades indepen-
dently. The authors then combine a pair of received
signals which is transmitted from two-transmit an-
tenna corresponding to the zero-padded coding struc-
ture. To exploit the space diversity, a pair of received
signals (31) and (34), and (32) and (33), respectively,
will be combined by using the maximal ratio combin-
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ing [17], which can be expressed as,

XO = a()Ya/ + angﬂ, (35)

Xl = alifl” + a2}/2”. (36)

Assuming that the transmitted symbols have a unit
average energy. To find the coefficient ag, a1, as, and
asz, it is obvious that the optimum value of a; and
ay should be determined such that the SNR of (36)

will be maximized. By using the Schwarz inequality
VP

[17], these coefficients are equal to a1 = 2 and
as = ‘]/\?, and similarly, in (35), ap and a3 can be
also determined as ag = ‘{V—P? and az = ‘J/\,—TZZ. Next,

the maximum-likelihood (ML) detector is employed
for detecting the transmitted symbols.

4. PERFORMANCE ANALYSIS

In this section, the outage probability for the
zero-padded complex conjugate cancellation scheme
in MIMO-OFDM systems is investigated. For
a fair comparison with the conventional complex-
conjugate cancellation scheme, the outage probability
of repetition-coded complex conjugate cancellation in
SISO-OFDM systems is also investigated, given that
the total transmit power and the code rate are the
same. An outage occurs when a signal-to-noise ratio
(SNR) of the systems falls below a predefined thresh-
old, . From the experimental result, the neigh-
boring subcarrier, i.e. the closest subcarrier on the
left and right hand sides, will predominantly gener-
ate ICI to the specific subcarrier. Hence, the authors
could simplify the problem, without loss of general-
ity, by only considering the adjacent subcarrier and
ignoring the rest of the subcarriers. Assuming that
the frequency-domain channel impulse response is ap-
proximately constant over these subcarriers and over
two-path transmission, i.e. Rayleigh quasi-static fad-
ing channels, with the property in (8), the ICI ap-
proaches to zero in the presence of small frequency
offsets. In addition, these cases can be considered
as noise limited system in which an outage can be
caused by deep fades when the instantaneous SNR, v
is driven below 7, namely

Pout = Py <vm] =1— / Jr(v)dy.

Yth

(37)

4.1 Outage Probability for Zero-Padded Com-
plex Conjugate Cancellation in MIMO-
OFDM Systems

For the sake of simplicity, let us consider the trans-
mitted symbol X; in X mimo- Then, the received
signal of transmitted symbol X; on the 1°¢ receiv-
ing subcarrier for the primary path in MIMO-OFDM

systems can be expressed as,

Y1 = PoH X Up + /PLH (XoU_1 + X1Uy) + Z1,
(38)
and for the complex-conjugate path, it is

Y, = VRH;X1Vo + /PiHT (XoVo1 + X1Vi) + 2,

(39)
The combined received signal between Y; and Yll on
the 1% receiving subcarrier can be described as,

"

1 /
Y, = FQ(\/PQH;Yl‘i’\/PQHQYl),

_ P2|H2|2X1(U()+Vo) VPP
= +
Ny Ny

U_1+ HoH{V_1) + X1(Hy H Uy + HyHY
VP
Ny

[Xo(H3 Hy

1) (H3 Zy + HyZ,"). (40)

The terms on the right hand side of (40) is the desired
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Fig.3: The comparison of an average power of the

ICI and noise terms

transmitted symbol, the ICI, and noise, respectively.
In order to compare the ICI with the noise, the aver-
age power of the ICI term and the noise term can be
then expressed, respectively, as

P1P20%0§(|U_1‘2+|V_1|2+‘U1|2+|‘/1|2)a (41)

2P,02Ny. (42)

Note that o} and o2 are the variances of channel
H, and H,, respectively, assuming that H; and Hy
are uncorrelated. From (41) and (42), let us assume
that both P; and P are set to 1 Watt, and both o
and o2 are also set to 1. It is obviously seen that
this ICI term is relatively small compared with the
noise term when the frequency offset to subcarrier
frequency spacing ratio is not greater than 2% corre-
sponding to the maximum allowance in WiMax sys-
tems [18], as shown in Figure 3. Thus, this ICI term
could be ignored in the following analysis for the sake
of exposition. However, the authors will take this
term into account in the simulations without loss of
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generality. The combined received signal can be then
approximated by

Y// ~ 2P2‘H2|2X1 + \/PQ
! No N

(HiZy + HoZ,*).  (43)
Similarly, it is straightforward to get the combined re-
ceived signal between Y3 and Y, on the 2"¢ receiving
subcarrier as follows,

1"

Y,

1 i /
ﬁo(\/PlHlYg + /P HY,),

2P |H |2 X, n VP

HiZo+ H,Z,%).
N NO(12+ 125")

(44)

Assuming that the transmitted symbols have unit av-
erage energy. The approximate signal-to-noise ratio
(SNR) of the MRC output can be expressed as follows
[17],

VR Yy Yy (45)

Thus, the approximated overall SNR of zero-padded
complex conjugate cancellation scheme in MIMO-
OFDM systems can be approximated by

2
v~ —(PLH1|* + Py|Ho|?),

- (46)

where H; and H, are modelled as two Gaussian
random variables with zero mean and variance of
02 /2 with the signal envelop of Rayleigh-distribution.
Since |H|? is exponential distributed with mean of
o2, then PDF of v can be derived by finding the Ja-
cobian of transformation and using transformation of
two random variables. The PDF for the case of equal
channel variances (A\; = Ay = Ag;\; = 1/02) and
equal transmit powers (P, = P, = Fy) can be ex-
pressed as,

NGy

No
67A0ﬁ77

(47)

and the PDF for the case of unequal channel variances
(A1 # A2) can be described as,

No
—A23p5 7

_\ No
—e )‘12P1’Y).

fr(v) = _ relo
= 500 Ps — APy

(48)
The outage probability of (47) for the case of equal

channel variances can be expressed as,

AoV “xo o
Pour =1 - (255 4 e 0w,

2B (49)

and the outage probability of (48) for the case of un-
equal channel variances can be described as,

N N
)\2P1€)\2 s Vth )\1P26)\1 P Vth

APy — A Py
)Noven

POut - 1_(

—( A1Pot+Ao Py
2P, Py

e (50)

Outage Probability of CC-MIMO for 0?:1, 0;:10 and vm=0, 10 dB
T T T T

—0- - CC-MIMO, FO=0, Vm:OdB
—g—- CC-MIMO, FO=0.1, ythOdB

Theory, v[h:OdB

—o- CC-MIMO, FO=0, y, =10dB
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Theory, v[hzlodB

Outage Prob.

0 ‘5 1‘0 15 2‘0 25 30
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Fig.4: The curves of outage probability versus SNR

(dB) for zero-padded MIMO-OFDM conjugate can-
cellation

To verify the derived outage probability expression
in (50), the outage probability performance compari-
son between simulation and theoretical analysis of the
zero-padded conjugate cancellation in MIMO-OFDM
systems is shown in Figure 4. Note that both P; and
P, are set to 0.5 Watts, and the frequency offset to
subcarrier frequency spacing ratio is set to 0 and 0.1,
respectively. In addition, a channel variance of H;
and H is set to 1 and 10, respectively. These curves
show that the theoretical results perform close to the
simulation results.

4.2 Outage Probability for Repetition-Coded
Complex Conjugate Cancellation in OFDM
Systems

For the sake of consistent comparison with the
conventional complex-conjugate systems given the
same code rate constraint, as shown in Figure 2, the
modulated symbols of four consecutive subcarriers
are transmitted with a repetition-coded structure ex-
pressed as,

Xo
Xsrso = §;
X1

The outage performance for these systems is also in-
vestigated. Let us also consider the transmitted sym-
bol X7 in Xsrso- Then, the received signal of trans-
mitted symbol X; on the 1%¢ receiving subcarrier for
the primary path in SISO-OFDM systems can be ex-
pressed as,

Y =

PoH(X1Ug + XoU_1 + XoUn) + Z1,  (51)
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and for the complex-conjugate path, it is
Y, = /PoH*(X1Vo + XoV_1 + XoV4) + Z,*. (52)

. . . !
The combined received signal between Y; and Y, on
the 1% receiving subcarrier can be described as,

"

]. ’
Y, = FO(\/POH*quL\/POHYl),

2P|HP2X: Vo /
DAY O(H*Z, + HZ,*)(53)
No No

Similarly, it is straightforward to get the combined
received signal between Y3 and Y; on the 3" receiving
subcarrier as follows,

1"

Y;

1 /
FO(\/FOH*Y?) + \/FOHY3)7

2P| H[* Xy " VP
Ny Ny

(H*Zs + HZy")(54)

Note that the transmitted symbol is assumed to has
unit average energy. Similarly, in (45), v ~ Yy +
Yy the approximated overall SNR of repetition-

coded complex conjugate cancellation in SISO-
OFDM systems can be described by

4P| HJ?
v=—

Ny (55)

Note that Py is the transmit power. The PDF of ~
can also be derived by finding the Jacobian of trans-

formation. Then, the PDF can be expressed as,

oy = 2228

15, (56)

The outage probability of (56) can be expressed as,

N,
Pout = Ply < qun] = 1 — e 0ir en, (57)

Outage Probability of CC-SISO and CC-MIMO for Vm:O dB
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Fig.5: The curves of outage probability versus SNR
(dB) for complex conjugate cancellation in SISO and
MIMO systems with vy, of 0 dB

Next, the derived outage probability expressions

Outage Probability of CC-SISO and CC-MIMO for ym:m dB
T T

Outage Prob.

—O— CC-SISO, Sim,, FO=0
3|| - —B- - CC-MIMO, Sim., FO=0
—{— - CC-SISO, Sim., FO=0.1
—Vv— - CC-MIMO, Sim., FO=0.1
— CC-SISO, Theory
CC-MIMO, Theory
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i i i
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SNR(dB)

Fig.6: The curves of outage probability versus SNR
(dB) for complex conjugate cancellation in SISO and
MIMO systems with ~, of 10 dB

in (49) for the proposed system and (57) for the con-
ventional one will be investigated. Figures 5 and 6
show the comparison between the outage probabil-
ity of zero-padded MIMO and repetition-coded SISO
conjugate cancellation schemes in both theoretical
and simulation aspects, in which -y, is set to 0 dB
and 10 dB, respectively; Py, P;, and P» are set to
0.5 Watts; and the variances of channel, o, 0% ,and
o2 are set to 1. Note that the first and second an-
tennas are excited in different times for zero-padded
MIMO-OFDM systems. The frequency offset to sub-
carrier frequency spacing ratio is set to 0 and 0.1,
respectively. These curves also show that the theo-
retical results perform close to the simulation results.
In addition, it is obviously seen that the diversity of
MIMO systems is higher than the SISO systems.

5. SIMULATION RESULTS

In this section, the performance evaluation of the
proposed zero-padded complex conjugate cancella-
tion technique in MIMO-OFDM systems is exam-
ined in time-varying frequency-selective fading chan-
nels through a computer simulation. The transmit-
ted power of the proposed system is half of the or-
dinary MIMO-OFDM systems for a fair comparison.
The bandwidth efficiency is 1 bit/s/Hz. Since the
proposed system and the repetition-coded conjugate
cancellation scheme require four subcarriers and two
TDM time slots to transmit two information symbols,
the QPSK modulation is employed for both of them,
while the ordinary one uses BPSK modulation. In
addition, Jake’s model [19] is employed with a nor-
malized Doppler shift of 5,000 Hz and the six paths
Typical Urban (TU) delay profile [20] for simulating
both Rician (Krineof sight = 1) and Rayleigh fading
channels. Note that the Doppler shift for the LOS
is assumed to be zero. The AfT is investigated as
0.01, 0.1, and 0.2, respectively. The simulations as-
sume that the perfect knowledge of the channels is
known at the receiver. The total number of transmit-
ted OFDM symbols is 100,000. Each OFDM symbol
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utilizes N = 64 subcarriers.

Bit Error Rate (BER) vs. )
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Fig.7: The curves of BER versus SNR (dB) for
Rician fading channels
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Fig.8: The curves of BER versus SNR (dB) for
Rayleigh fading channels, increasing FO

Figure 7 presents the BER versus SNR (dB) for
the proposed zero-padded complex conjugate cancel-
lation in MIMO-OFDM systems and the ordinary
zero-padded MIMO-OFDM systems, in Rician fading
channels. It is worth noting that, at BER of 10~ for
AfT of 0.01 and 0.1, the proposed system has a SNR,
gain of 3 dB over the ordinary zero-padded MIMO-
OFDM systems. It is conceivable that the proposed
system offers more diversity gain than that of the
ordinary one. This would be the benefit from trans-
mitting complex conjugate path which could reduce
the effect of ICI and obtain the frequency diversity
gain. Moreover, when AfT is large (AfT = 0.2),
the BER performance of the ordinary zero-padded
MIMO-OFDM systems is obviously better than that
of the proposed system.

Figure 8 presents the BER versus SNR (dB) for
the proposed system and the ordinary zero-padded
MIMO-OFDM systems in Rayleigh fading channels
by increasing A fT from 0.12 to 0.14. It is important
to note that, at high SNR, the performance of the
proposed system is better than that of the ordinary
one when the frequency offset is less than 14% of sub-

Bit Error Rate (BER) vs. SNR(dB)
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Fig.9: The curves of BER versus SNR (dB) for

complex conjugate cancellation in SISO and MIMO

systems, in Rayleigh fading channels
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Fig.10: The curves of BER versus SNR (dB) for
Rayleigh fading channels, two-receive antenna

carrier spacing. It is shown that the proposed system
is robust to frequency offset situations.

Figure 9 presents the BER versus SNR (dB) for
the proposed system and the repetition-coded com-
plex conjugate cancellation in SISO-OFDM systems,
in Rayleigh fading channels. It is worth noting that,
if AfT is small such as 0.01 and 0.1, the proposed
system is better than the repetition-coded complex
conjugate cancellation technique in SISO-OFDM sys-
tems about the SNR gain of 5 dB at BER of 107*
(when AfT = 0.01) and about the SNR gain of 7
dB at BER of 107* (when AfT = 0.1). Thanks to
the multiple-antenna system and two-path complex-
conjugate transmission, it is conceivable that the pro-
posed system achieves higher diversity than that of
the repetition-coded complex conjugate cancellation
system because of using two-transmit antenna. Fur-
thermore, if AfT is large (AfT = 0.2), the BER per-
formance of the proposed system is obviously better
than that of the repetition-coded complex conjugate
cancellation in SISO-OFDM systems.

Figure 10 presents the BER versus SNR (dB) for
the proposed system and the ordinary zero-padded
MIMO-OFDM systems for two receive antennas, in
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Rayleigh fading channels. It is important to note
that, when AfT is small (AfT = 0.01,0.1), the pro-
posed scheme is better than the ordinary case about
SNR gain of 1 dB at BER of 10~%. It is conceivable
that the performance gap between the proposed sys-
tem and the ordinary one is quite small. Although
this significant performance improvement of the or-
dinary one is attained by the space diversity in the
two-received antenna system, the proposed system
still performs better. In addition, when AfT is large
(AfT = 0.2), the BER of the ordinary zero-padded
MIMO-OFDM systems is better than that of the pro-
posed system.

6. CONCLUSIONS

In this paper, the zero-padded complex conjugate
cancellation for ICI cancellation with diversity com-
bining in MIMO-OFDM systems has been proposed.
Simulation results show that when the frequency off-
set is less than 10%, the proposed system outper-
forms the ordinary zero-padded MIMO-OFDM sys-
tems with the SNR gain of 3 dB at BER of 107 is
observed in Rician fading channels. In Rayleigh fad-
ing channels, the performance of the proposed sys-
tem is almost identical to the ordinary one when the
frequency offset is about 14%, at high SNR. In addi-
tion, the SNR gain of 1 dB could be attained at BER
of 10~ for two-receive antenna case. In comparison
with the repetition-coded complex conjugate cancel-
lation, the proposed system outperforms of about 5
dB at BER of 107%. Hence, the proposed system
is useful for frequency offset situations in MIMO-
OFDM systems. Moreover, the derived outage prob-
ability can be used as the performance approximation
of the proposed system.
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