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Abstract—This paper proposes a zero-padded symmetric con-
jugate self-cancellation technique in orthogonal frequency divi-
sion multiplexing (OFDM) systems by padding zero in between
two consecutive symbols for mitigating intercarrier interference
(ICI) caused by a frequency offset in MIMO systems. The
proposed system is not limited to the real-value channels as
required in applying ICI cancellation technique in Alamouti-
coded MIMO systems. The proposed system offers advantages
of a symmetric conjugate cancellation scheme and MIMO sys-
tems such as efficiently mitigating ICI and enhancement of a
diversity gain. The property of symmetric conjugate cancellation
is investigated, a technique for ICI cancelling and diversity
combining is proposed. Simulation results show that the proposed
scheme achieves a lower bit error rate (BER) compared to the
ordinary zero-padded MIMO-OFDM systems in AWGN channel.
In Rayleigh fading channels, when frequency offset is 1-10%, the
proposed system performance, i.e. BER, is significantly improved
over the zero-padded conjugate cancellation in MIMO-OFDM
systems when the frequency offset is not greater than 10% of
subcarrier frequency spacing.

I. INTRODUCTION

Multiple-input and multiple-output (MIMO) has been a
widely used technique in broadband wireless communication
systems as it offers both diversity and multiplexing gain.
The orthogonal frequency division multiplexing (OFDM) is a
useful technique due to high spectral efficiency and robustness
to multipath fading channels. By allowing spectral overlapping
of subcarriers, OFDM suffers a sensitivity to frequency offsets,
which are caused by a Doppler shift as well as a carrier
frequency mismatch between local oscillators in the transmit-
ter and receiver. Such frequency offsets destroy orthogonality
among subcarriers, and thus can introduce intercarrier inter-
ference (ICI).

Currently, four approaches have been developed to miti-
gating ICI, namely frequency-domain equalization [1], time-
domain windowing [2], ICI self-cancellation [3],[4],[5],[6] and
two-path conjugate cancellation [7],[8]. A symmetric data
conjugate ICI self-cancellation, which was proposed in [5],
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has received great attention in this research area owning to
its simplicity and frequency diversity. [6] applied a symmetric
data conjugate method for mitigation of phase noise (PHN).
However, most of these techniques have been proposed for
single-input and single-output (SISO) except in [9], which
introduced the ICI self-cancellation scheme into MIMO-
OFDM systems. However, the authors focused on the space-
frequency-coding design. [10] proposed application of ICI
self-cancellation to Alamouti Coding for cooperative systems.
Thereby, the resulting system is a system in which channel
impulse response is limited to real values. [11] proposed
a zero-padded complex conjugate cancellation scheme for
MIMO-OFDM systems, which support complex-valued fading
channels.

A lack of a self-cancellation scheme for multiple-antenna
systems that supports complex-valued fading channels in
MIMO-OFDM systems motivated us to improve the per-
formance of MIMO-OFDM systems in the presence of a
frequency offset by combining the zero-padded technique with
symmetric conjugate self-cancellation. The main contributions
of this paper are as follows

e The proposed zero-padded symmetric conjugate self-
cancellation scheme in half-rate MIMO-OFDM systems
achieves better performance than the ordinary zero-padded
scheme in half-rate MIMO-OFDM systems for both AWGN
and Rayleigh fading channels in the presence of small fre-
quency offsets. In addition, this proposed scheme can be used
in the realistic fading channels.

e The proposed system outperforms the zero-padded
complex conjugate cancellation scheme in half-rate MIMO-
OFDM systems in the presence of small frequency offsets
in Rayleigh fading channels. Moreover, the proposed scheme
offers an enhancement on the diversity gain of the system.

The rest of this paper is organized as follows. Section II
describes the mathematical model of OFDM systems in a
situation of frequency offsets and the symmetric conjugate



self-cancellation scheme. In Section III, the proposed zero-
padded symmetric conjugate cancellation scheme in MIMO-
OFDM systems is presented. In Section IV, simulation results
are presented to verify the theoretical analysis. Conclusions
are given in Section V.

II. OFDM MODEL WITH FREQUENCY OFFSET

A. OFDM System Model
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Fig. 1. Structure of a baseband OFDM system (a) Transmitter (b) Receiver

Fig.1 shows the system block diagram of a baseband OFDM
system in single-input and single-output (SISO) systems. At
the transmitter, X;(! =0, ..., N — 1) is the modulated symbols
on the [*" transmitting subcarrier of OFDM symbol, which are
assumed to be independent, zero-mean random variables with
unit average power. At the output of the IFFT, the complex
baseband OFDM signal can be expressed as

N—-1
1
xn:—§ X8l p=0,..., N—-1 (1)
Nz:o

where NN is the total number of subcarriers in an OFDM frame
and T is the OFDM symbol duration.

At the receiver, the received OFDM signal is mixed with the
local oscillator signal, with the frequency offset deviated from
Af compared to the carrier frequency of the received signal
owing to frequency estimation error. The received signal can
be given by

Yn = (Tn @ hy,)e? FAIT 4 o) @)

where h,,, e/ ¥ AT and 2, represent the time-domain chan-
nel impulse response, the corresponding frequency offset of
received signal at the sampling instants with A fT" being the
frequency offset to subcarrier spacing ratio, and the AWGN
respectively, while ® denotes the circular convolution. As-
suming that the frequency offset is constant over an OFDM
frame and a cyclic prefix is inserted at the transmitter, the
receiver has a perfect time synchronization. Then the output
of the FFT in frequency domain signal on the k' receiving

subcarrier becomes

N-1
Y. = ZXlHlUl—k+Zk7 k=0,...,N—1
=0
N-—-1
= XeHiUo+ Y XiHUi_i+ Z 3)
1=0,l#k

The first term of (3) is a desired transmitted data symbol
and the second term represents the ICI from the undesired
data symbols caused by other subcarriers in OFDM symbols.
Hy, is the frequency-domain channel impulse response and
Zj, denotes the frequency domain of z,,. The term U;_j, is the
coefficient of F'F'T and IFF'T, is given by

1 Nl
_ = jEn(l—k+AFT)
Uk = 5 ; N “)
This coefficient can be considered as a complex weighting
function of the transmitted data symbols in frequency domain.

B. Symmetric Conjugate Self-Cancellation Scheme and Its
Property

The symmetric conjugate self-cancellation was proposed in
[5]. This method maps the modulated symbols onto [** and
(N —1—1)"" transmitting subcarriers in symmetrical structure.
At the transmitter, the modulated symbols are mapped as
denoted by X; = (Xo, X1, ...,XN/Q_l,X]*V/Qfl, o X5, X5
for | = 0,...,N — 1, respectively). At the receiver, the
received signals on symmetric pair of subcarriers are com-
bined and the combined received signal can be denoted as
Ry=p+Y3_,_4)/2,for k=0,..,N/2—1, respectively.
Let investigate the weighting function of U}_; from (4), the
result can be expressed as

N—-1
U*  — i Z ej%‘n(l—k—AfT) 5)
k—1 — N
n=0

It is worth noting that, the weighting function U}_; for
symmetric conjugate self-cancellation is exactly the same as
the weighting function of conjugate path for two-path complex
conjugate scheme as described in [11], when the frequency
offset is small, the property of the symmetric conjugate self-
cancellation should be written as
U_r+U;_, _J1 ifl==F% 6
> { 0 ifl£k ©

III. THE PROPOSED ZERO-PADDED SELF-CANCELLATION
IN MIMO-OFDM SYSTEMS

A. System Model for Zero-Padded Symmetric Conjugate
Transmission in MIMO-OFDM Systems

In this section, we propose a symmetric conjugate
self-cancellation (SC) in multiple-input and multiple-output
(MIMO) systems as shown in Fig.2. The modulated symbols
Xi(I = 0,..,N/4 — 1) are encoded with the zero-padded
space-frequency coding. Then the transmitted symbols can
be denoted as Dy ; = (Xo, 0, X1,0,..., XN/4_2, 0, XN/4_1, 0,
forl =0, ..., N/2—1,respectively) for antenna one and Dy ; =
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Fig. 2. Structure of a zero-padded symmetric conjugate self-cancellation scheme in MIMO-OFDM systems (a) Transmitter (b) Receiver

(0, )(17 0, XQ, ceey 07 XN/471) 07 XN/472’ forl = 07 cey N/Q—l,
respectively) for antenna two. Next, the transmitted symbols
are remapped by symmetric conjugate mapping (SCM). Then
the transmitted signal on [ transmitting subcarrier for antenna
one can be denoted as Mq,;(l =0,...,N —1); My; = D1,
M, N-1-1 = —D7; and for antenna two can be represented
as MQJ(Z = 0, ,N — 1); M2,l = D271,M27N,1,l = _D;,l'
Assuming that the cyclic prefix is employed and the receiver
has perfect time synchronization. Note also that the frequency
offset is constant over an OFDM frame. The time-domain
transmitted signal for the first transmit antenna can be ex-
pressed as follows

| N2

dln [DLlej%nl _Di«’lej%'n(N—l—l)] (7)

D3

and the time-domain transmitted signal for the second antenna,
it can be expressed by
1 N/2-1
S 27 S 27
dg_ - l)2 lejwnl — D ejwn(N—l—l) (8)
,n \/N lz_% [ 5 2,1 ]

For the sake of simplicity, the transmitted symbols of zero-
padded subcarriers are not expressed on following equations,
then the frequency-domain received signal on the k " receiving
subcarrier can be expressed as

N/4—1

Z [DLQZHLQ[UQl_k,
=0

=Dy o HiN-1-2UN-1-21—k

Yy

+ D2 2141 H2 2141Us141—k

&)

= D3 i1 HoN—2-2UN—2-21-k] + Zi

And, it is straightforward to get the frequency-domain received
signal on the (N — 1 — k)" receiving subcarrier which can be
represented as

N/4—1

Z [D1,21H1,20Up— (N—1-21)
1=0
— D7 o) H1 N—1-21Ug—2i

+ Daoiy1H2 241Uk (N —2-21)

Yn_1-k

= D3 o1 HoaN—2-21Up—2141)] + ZN-1-k
(10)

B. ICI cancellation and Diversity Combining for MIMO-
OFDM Systems

In the proposed zero-padded symmetric conjugate self-
cancellation for MIMO-OFDM systems, the ICI cancelling
and diversity combining is performed by symmetric conjugate
combining (SCC) as shown in Fig.2. Then the combined
received signal on even subcarriers Ro; and odd subcarriers
Rojqq for k =0,..., N/4—1, respectively. Then the combined
received signal on even subcarriers can be described as follows

Roy, = %(Higky% — HiN—1—2kYN_1_9k) (11)
and on odd subcarriers, it is
Ropy1 = Q(HS’Q,CHY%H —Hayn o oYy o o) (12)
When the frequency offset is small, we have
= LS enarr o
0= n;) IRNAIT (13)



Substituting (9) and (10) in (11), then the combined received
signal on even subcarriers becomes

1
Ro = §(|H172k|2 + | H1 n—1-2k]*) D1 2k + Lo, — Jog + Woy,
(14)
where
1 /4—1
br = 5 > Hi o HioUsi ok
1=0,21%k
+ Hin—1-26Hi N 191Uz D12
N/4—1
+ 5 ; [HiQkHQ,QH»lUQH,l,Qk
+ HiN-1-2kHy N o Usi— 2141y D2,2041
(15)
1 N/4—1
T = 2 ; [(HY opHi,n—1-20Un—1-21-2k

+ Hi,n—1-2kH{ 91 Ugp—(v—1-20)) D1 ;0
+ (Hi o H2,N—2-21UN—2-21-2k
+ Hl,N—1—2kH2*,2l+1Uz*k—(N—z—Ql))D§,21+1]
(16)
1 *
WQk = §(H172k22k

—Hy N1k Zy_1-9x) (A7)

The first terms on the right hand side of the (14) is the
desired transmitted data symbols on even subcarriers. The ICI
terms are Io, and Jo while Wy is the AWGN. Similarly,
substituting (9) and (10) in (12), then the combined received
signal on odd subcarriers becomes

1
§(|H2,2k+1|2 + |Ha,n—2-2k*) D2,2k 41
+ Dopy1 — Jorpr + Warga

Ropy1 =
(18)

where
N/4—1

Z [H3 241 H2 2141 U212
1=0,1k

Iopi1 =

+ Ho N—2-2kH5 N0 Usi_ o] D2,2111
L N/
5 Z [H3 o1 H1,20U21— (2811
1=0
+ Hon—2-okHi N—1-2Uski1-21] D121
— Jok+1 + Waka (19)
N/4—1
Z [(H3 ok 1 H1N-1-20UN—2-21—25
1=0
+ Hon—2-2kH{ 5 Usy_ (n—9—21)) DI 20

+ (H3 o511 H2 N—2-21UN—3-21-2k

1
Jopt1 = 3

+ Ho n—2-2kH3 2141 Ui (N—3-21)) D3,2141]
(20)

W2k+1 = —(H572k+1z2k+1 - HQ,N—Q—QkZ;/—Q—Wc) (21)

2

The first terms on the right hand side of the (18) is the
desired transmitted data symbols on odd subcarriers. The ICI
terms are [ox41 and Jogi1 while Wy is the AWGN.

When the channel is flat, the frequency response of the
channel H;; and Hy; is assumed to be equal to 1 [12] such
as an AWGN channel. Then the received signal (14) on even
subcarriers becomes

N/4—1
1 *
Rop, = Diop+ B Z [Uai—2k + Usy,_ 9] D121
1=0,1#£k
1 N/4—
5 U21+1 ok + Udy 2141y D2,2141
1=0
L N
~3 Z [(Un-1-21-2k + Uz (n—1-21)) D1 20
1=0
+ (Un—2-21-2 + U3 (n—2-21)) D2 2141]
1 %
+ a(sz — ZN_1-2k) 22)
and the received signal (18) on odd subcarriers becomes
N/4-1
Ropt1 = Dooptr + 3 Z [U21-2k + Ugy_opy | D2,2141
1=0,1#£k
L VA
+t5 ; [Uar—(2k+1) + Uspy1-2] D121
L N
2 Z [(Un-2-21-2k + Uz (n—2-21)) DI 1
+ (Un—s-2—2k + Usp_(v—3-21)) D2 2141]
1 %
+ §(Z2k+1 —ZN_2-a1) (23)

Note also that modulated symbols are assumed independent,
zero-mean random variables with unit average power. From
(22) and (23), the carrier to ICI power ratio (CIR) of zero-
padded symmetric conjugate self-cancellation scheme on even
and odd subcarriers at £k = 0 in MIMO-OFDM systems can
be expressed as follows

4
ICI,

CIRy = 24)

and 4

CIR; = IcL

(25)

where
N/4—1

Z |U21 + Ui21|2

=1

N/4—1
+ Z (U241 +Ui(21+1)|2
1=0
+|UN-1-21 + Ui(N_1—21)|2

+|UN—2-21+ U (y_o_opl?)

Icly, =

(26)
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Fig. 3. The curves of BER versus SNR (dB) for AWGN channels
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Fig. 4. The curves of BER versus SNR (dB) for Rayleigh fading channels

and
N/4—1
cL = Z |U21+Ui21|2
=1
N/4—1
+ Y (U + U7y
1=0

+ |Un—g—21 + Ui(zv_2—21)|2
+UN-3-2+ U (y_5_p®) @D
The CIR of the ordinary zero-padded MIMO-OFDM sys-
tems [11] was given as follows
Dol® 1
AR ACEE i L
It is worth noting that when the frequency off is small, the

ICIy and ICI; approach zero, CIRy and CIR; are then
increased. As a result, the ICI of this scheme is significantly

CIR = (28)

mitigated. Moreover, the CIR of the proposed scheme is four-
time higher than the ordinary zero-padded MIMO-OFDM
systems.

After the process of ICI cancelling and diversity combining,
the maximal ratio combining [13] is used to combine a pair
of received signals in (14) and (18). The following combined
signal will be sent to the maximum likelihood detector for
detecting transmitted symbol

%, = e B (29)
E A No

~ Ri_g Ri_Q

X =2 2 30
i1 N N (30)

Note that ¢ can be denoted as (+ = §8,16,32,..., N, respec-
tively), NV is the total number of subcarriers in an OFDM
frame and NN, represents a noise variance.

IV. SIMULATION RESULTS

In this section, the proposed zero-padded symmetric self-
cancellation scheme in MIMO-OFDM systems is examined
the performance through a computer simulation. Total power
of the system is 1 Watt. The transmitted power of zero-padded
symmetric conjugate scheme is a half of the ordinary zero-
padded MIMO-OFDM systems. The bandwidth efficiency is
1 b/s/Hz, and the QPSK modulation is employed for the pro-
posed system, while BPSK is used for ordinary zero-padded
MIMO-OFDM systems. The simulation is conducted under
both AWGN and frequency-selective Rayleigh fading channels
by using Jake’s model [14] with a normalized Doppler shift of
5,000 Hz with the six paths Typical Urban (TU) delay profile
[15]. The frequency offset to subcarrier spacing ratio (AfT)
is chosen as 0.01, 0.1 and 0.2, respectively. Assuming that
the receiver has perfect knowledge of the channels and the
cyclic prefix is employed so that the receiver has the perfect
time synchronization. An OFDM modulation for each system
utilizes N = 64 subcarriers. In comparison with another
technique, the two-path complex conjugate cancellation, the
proposed system is compared to the zero-padded complex
conjugate cancellation in MIMO-OFDM systems which was
proposed in [11]. In addition, the QPSK modulation is used
for both systems.

Fig.3 shows the BER versus SNR (dB) for the zero-padded
symmetric conjugate self-cancellation scheme in MIMO-
OFDM systems and the curve for the ordinary zero-padded
MIMO-OFDM systems in AWGN channel. It is worth noting
that, at BER of 10~ for (AfT = 0.1), the proposed scheme
has 1 dB gain over the ordinary zero-padded MIMO-OFDM
systems. In the small AfT (AfT = 0.01), the difference
between both systems is not significant. In addition, when
AfT is large (AfT = 0.2), the proposed system offers 2
dB gain at BER of 3 x 10~% compared to the ordinary zero-
padded MIMO-OFDM systems.

Fig.4 shows the BER versus SNR (dB) for the proposed
scheme and the curve for the ordinary zero-padded MIMO-
OFDM systems in Rayleigh channels. It is worth noting that,
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in Rayleigh fading channels

when A fT is small (AfT = 0.01,0.1), the proposed scheme
provides better performance than that of ordinary one about
7.5 dB at BER of 10~ *. Moreover, when AfT is large,
(AfT = 0.2), the BER of the ordinary zero-padded MIMO-
OFDM systems is precisely better than the proposed system.

Fig.5 shows the BER versus SNR (dB) for the proposed
scheme and the curve for the zero-padded complex conjugate
cancellation in MIMO-OFDM systems in Rayleigh channels. It
is worth noting that, when A fT is small (Af7T = 0.01,0.1),
the proposed scheme is better than that of the zero-padded
complex conjugate cancellation scheme in MIMO-OFDM sys-
tems about 7 dB at BER of 10~ at (Af7 = 0.01) and about
6 dB at BER of 10~* at (AfT" = 0.1). In addition, when A fT
is large (AfT = 0.2), the BER of the zero-padded complex
conjugate cancellation scheme in MIMO-OFDM systems is
obviously better than the proposed scheme.

V. CONCLUSION

In this paper, the zero-padded symmetric conjugate self-
cancellation in MIMO-OFDM systems has been proposed.
The proposed system can be used in the realistic fading
channels. As compared to the ordinary zero-padded MIMO-
OFDM systems, the proposed system offers better CIR than
the ordinary one. Simulation results show that the proposed
system achieves lower BER in AWGN channels as com-
pared to the ordinary zero-padded MIMO-OFDM systems.
In Rayleigh fading channels, the proposed system offers the
SNR gain of 7.5 dB at BER of 10~ in the presence of small
frequency offsets of 1-10%. In addition, the proposed system
outperforms the zero-padded complex conjugate cancellation
in MIMO-OFDM systems about 6 dB at BER of 10~ in the
presence of frequency offset of 10%. Thus, it was also proven
by the simulation that the proposed scheme is useful for the
MIMO-OFDM systems in the presence of small frequency
offset situations.
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