Inter-carrier Interference Reduction Scheme for
SFBC-OFDM Systems

In this paper, we first analyze carrier-to-interference
ratio performance of the space—frequency block coded
orthogonal frequency-division multiplexing (SFBC-
OFDM) system in the presence of phase noise (PHN) and
residual carrier frequency offset (RCFO). From the
analysis, we observe that conventional SFBC-OFDM

systems suffer severely in the presence of PHN and RCFO.

Therefore, we propose a new inter-carrier interference
(ICD self-cancellation method — namely, ISC — for
SFBC-OFDM systems to reduce the ICI caused by PHN
and RCFO. Through the simulation results, we show that
the proposed scheme compensates the ICI caused by PHN
and RCFO in Alamouti SFBC-OFDM systems and has a
better performance than conventional schemes.
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1. Introduction

Orthogonal frequency-division multiplexing (OFDM) is the
most widely used multi-carrier modulation scheme. It is used
in communication systems, such as Digital Audio Broadcasting
[1], Digital Video Broadcasting [2], and asymmetric digital
subscriber line [3], as well as appearing in the IEEE 802.11a
amendment to the IEEE 802.11 specification [4]. It has been
considered as a promising candidate for broadband wireless
communication systems because of its high data rate, high
spectral efficiency, and robustness to the frequency-selective
channel [5].

On the other hand, space—frequency block code (SFBC)
exploits both spatial- and frequency-diversity gain. To take
advantage of the desirable properties of both OFDM and
SFBC, a combination of these two techniques has been
proposed in [6]-{8]. When the Alamouti SFBC codeword [9]
is transmitted through adjacent OFDM subcarriers in the same
OFDM symbol, this combined system is known as an
Alamouti SFBC-OFDM system.

The main drawback of the OFDM-based systems is that they
are too sensitive to phase noise (PHN), introduced by the local
oscillator, and to residual carrier frequency offset (RCFO). The
PHN and RCFO destroy the orthogonality among subcarriers
and introduce inter-carrier interference (ICI), which degrades
the performance of OFDM-based systems. The effects of PHN
and RCFO on OFDM systems have been studied by several
authors [10]-{12]. The two main effects of PHN and RCFO on
OFDM systems are common phase etror (CPE) and ICI. CPE
causes phase rotation in subcarriers. This phase rotation is
constant in all subcarriers and can be corrected through the use
of pilot-symbol assisted phase estimation. On the contrary, it is
impossible to completely eliminate ICI.
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Among several PHN compensation schemes [13]-{18], the
ICI self-cancellation (ISC) method has received much attention
because of its simplicity. The main idea of this method is to
map one data symbol onto a group of subcarriers by
considering the predefined ICI weighting function. By doing so,
ICI signals generated within a group can self-cancel each other
via a simple method [131H{15]. We note that the idea of
mapping one data symbol onto a group of subcarriers has also
been used in multiband OFDM systems to obtain frequency
diversity gain [19]-[20]. This notion is the underlying essence
of the dual carrier modulation (DCM) scheme. However, since
each data symbol in a DCM scheme is mapped onto two
subcarriers with the same frequency separation and without
considering the ICI, the DCM scheme cannot reduce the ICI
caused by PHN and RCFO.

Among the conventional ISC schemes, a symmetric data-
conjugated ISC scheme [15], in short, symmetric ISC hereafter,
utilized the symmetric conjugate property of the ICI weighting
function and showed the best carrier-to-interference ratio (CIR)
and bit error rate (BER) performance. However, the
performance of the symmetric ISC method degrades severely
when the normalized 3 dB bandwidth (p) of the PHN is large
or there exists RCFO.

In this paper, we propose a new ISC method for SFBC-
OFDM systems to improve the BER performance when
p =1 or there exists RCFO. In the proposed scheme, owing
to a new interference cancellation mapping at the transmitter,
time-domain transmit signals become real values after an
inverse discrete Fourier transform (IDFT). By using the real
property of the transmitted signal, PHN and RCFO are blindly
estimated and compensated at the receiver; therefore, ICI can
be reduced much more in the proposed scheme compared with
the conventional ISC method. A theoretical CIR expression of
the proposed scheme is derived based on the symmetric
conjugate property of the ICI weighting function of the PHN.
The CIR and BER performance of the proposed scheme is
compared with those of the conventional schemes.

The rest of this paper is organized as follows. In Section II,
we describe the system model. In Section III, we propose a
new ISC method for SFBC-OFDM systems and derive the
CIR performance of the proposed scheme. In Section IV, we
present our simulation results, and in Section V, we conclude
the paper.

I1. System Model and Problem Formulation

Figure 1 shows a conventional SFBC-OFDM system
applying Alamouti code in the frequency domain. Let S,
denote the data symbol transmitted from the ith transmit
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Fig. 1. Block diagram of conventional Alamouti SFBC-OFDM
system.

antenna on the kth subcarrier. Consider two adjacent
subcarriers, say k and k+1, where & is an even number. For
subcarrier k, Sy; = X; and Sy, = X} are transmitted from
transmit antenna 1 (TX1) and transmit antenna 2 (TX2),
respectively. For subcarrier k+1, Si,1 = X and Sgr o= Xi
are transmitted from TX1 and TX2, respectively, where ()’
stands for the conjugate operation and X} is the kth information
data with the following property:

E[| X, []=1 k=1,

1
0 k=l M

E[X,X]]= {
When there exist PHN ¢, and RCFO ¢, the received signal
is affected by PHN and RCFO and can be written as

Y, = Hk,leG)—s _Hk,ZXZH@—s +Ik,1 +Ik,2 W, 2

Yk+l = Hk+1,le+l®—c + Hk+l,2X;®—c + ]k+1,1 + Ik+1,2 + W;m > (3)

where H;; i =1, 2, denotes a frequency-domain channel
response for the ith subcarrier of the ith transmit antenna and
W, is a frequency-domain additive white Gaussian noise
(AWGN) in the subcarrier . The term [, u =1, 2, means the
inter-carrier interference from the uth TX and is expressed by

N-1
]k,l = Z Hm,le®

k-m-¢ (4)
m=0
m#k
N=-2 -1
* *
[k,2 == Hm,ZanJrl@kfmfc + Hm,Zmel@kfmfc’
m=0,2,4, ... m=1,3,5, ...
m#k m#k
®

where N is the total number of subcarriers, and the term O, _,
is an ICI weighting function of the Ath subcarrier in the
presence of RCFO, &, which is given by

1 N-1
® :_Z e/‘%e-/Znn(k—s)/N
k—¢ .

22 (©)
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To focus on the influence of PHN, we consider only quasi-
static and flat channels; thus, the frequency response of a
channel will always be equal to one (thatis, H,, =H,,=1)
[15]. The effect of the channel coefficients will be considered
in Section V.

In the conventional de-mapping block for Alamouti SFBC-
OFDM systems, the decision variables X, and X, for
k=0,2,4,.., N-2, aregivenby[15]

)2' — Y;c +Y:+1
* 2
l * l * *
:E(®_£+®_£)Xk —E(®_g—®_€))(k+l @)
i Loy L+ Ly + 1 + w, +VV,:+1
2 2
and
% _ Yk+l _Y;:
k+1 2

*

= %(@_8 +0°)X,, +%(®_€ -0°)X, ®

1k+],] —1;:,1 +[k+l,2 _12,2 4 VV/M _VV:
2 2

From (7) and (8), we can observe that PHN and RCFO
introduce ICI among subcarriers in an OFDM symbol in
addition to the interference between TXs. Therefore, the
orthogonality property of the Alamouti SFBC is destroyed,
which reduces the diversity gain and causes an error floor in
the high-SNR region [21]. Therefore, ICI has to be effectively
suppressed in Alamouti SFBC-OFDM systems to achieve a
better BER performance than that of OFDM systems with a
single transmit antenna.

The ICI power of the Alamouti SFBC-OFDM system at the
Oth subcarrier can be easily shown to be

+

1 C e . .
ICl gy = ZEU(@_g +O )X, 1 L+,

2](9)

This can be rewritten as

N-1 1 .
ICl gy = Z le.,., +Z |@,-0", .

m=

(10)

The derivation of (10) is given in the Appendix.

For comparison, the ICI power at the Oth subcarrier in single-
input-single-output (SISO)-OFDM systems can be represented
as follows [15]:

N-1

IClgso = Z 10, .

m=1

(11

Therefore, the ICI power in SFBC-OFDM systems is
increased by asmuchas |® _—®"_ [ /4 compared with the
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ICI power in SISO OFDM systems. If there is no RCFO
(¢ = 0) and the standard deviation (STD) of the PHN is small,
then we obtain |® , —®", |’~ 0 and the BER performance of
Alamouti SFBC-OFDM systems is better than that of SISO-
OFDM systems due to the diversity gain.

The CIR at the Oth subcarrier in conventional SFBC-OFDM
systems can be expressed as

E[| (®—5 +®ig)X0 |2]/4
ICISFBC
10, +0©" /4

ClRgp =

(12)

N-1 N :
> le, . F+le,-e /x4
m=1
The CIR at the Oth subcarrier in SISO-OFDM systems is
given by [15]

E[| X0, ]
ClRgo = N1 .
ElY X0,
m=1
(13)
e, [

— N

> e, .F

m=1

By comparing (12) and (13), we can observe that
CIRSFBC < CIRSISO -

Figure 2 shows scatter diagrams of the quadrature phase-
shift keying (QPSK) constellation as a function of the STD of
PHN (p) for a SISO-OFDM system and a conventional
Alamouti SFBC-OFDM system, to compare the effect of PHN
where AWGN was not considered and N = 64. The scatter
diagrams for SISO-OFDM systems show a phase rotation due

to the CPE and the ICI noise around the signal points. From the
figure, we can see that the constellation rotation in the

2 : : : & : : ;
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Fig. 2. Scatter diagrams of a SISO-OFDM system and a
conventional Alamouti SFBC-OFDM system with PHN
and RCFO ¢=0.05.
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conventional SFBC-OFDM systems is less than that in SISO-
OFDM systems, but the signal of the former is more dispersed
than that of SISO-OFDM systems due to the effect of ICI.

II. Proposed ISC Scheme for Alamouti SFBC-
OFDM System

To efficiently cancel out the ICI caused by PHN and RCFO,
we propose a new ISC method for Alamouti SFBC-OFDM
systems. Figure 3 shows a baseband model of the Alamouti
SFBC-OFDM system with the proposed ISC method. In the
figure, a new ICI cancelling modulation (ICM) and ICI
cancelling demodulation (ICD) are used for the purpose of the
ISC.

The Alamouti SFBC signal S, for i=1,2, and
k=0,2,4, .., N/2—-1, forthe TX1 and TX2 is given by

TXI: S, = X,, S, =X,

k+1,1 k+1° (14)
TX2: Ssz = _Xk+19 Sk+1,2 = Xk'

The proposed ISC method is as follows. The symbol V; ;
after applying a new ICM is given by

Re(S,,) k=0,
m(S,,) k=N/2,

Vii= (15)

S, 1<k<N/2-1,

Sy, N/2<k<N-l,

which can be rewritten in vector form as follows:

Vl = [Vo,l’ Vl,l’ ser VN—I,I]
=[Re(Sy,)s Siys s Syiaans Syiaris
* * *
Im(SO,l)’ SN/Z—],]) st Szwlo Sl,l] (16)
=[Re(X,), X\, ooos Xyony Xyoys
* * *
Im(XO)’ XN/Z—I’ et Xza X1 ]:
Sk
Data _
in | Constellation | Xk Alamouti Channel
mappin s/p SFBC
ppine mapping
Ska
Ry S/P
& DFT
I?)::tta Alamouti | §, 7,
<4— SFBC @& ICD
X, | demapping
S/P
R |&DFT

Fig. 3. Block diagram of Alamouti SFBC-OFDM system with
proposed ISC.
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V, =1V, Vigs oo s Vs
=[Re(Sy,)s Sias s Syiznas Syiaias
IM(S,,), Sy/pis > Sras Si2]
=[Re(—=X,), Xgs oo s= Xy o 1> Xnoas

IM(=X,), Xy s r = X5o Xo 1,

a7

where V; and V, are the SFBC-OFDM transmit symbols for
TX1 and TX2, respectively.
By performing IDFTs on V; and V,, the time-domain
transmit signal can be written as
1 N-1

j2 /N .
yoo=— v,e™", 0<n<N, i=1,2,

n,i
m=0

»ej27m(N/2)/N )

1
= F(Vol + VN/Z,z (18)

N/2-1
+— Z (V e]Znnm/N + VN_m ]e‘/Znn(me)/N )

m,i
m=0

From (16) and (17), v,,; can be rewritten as

b, = (Re(S,,)+ Im(S, )-1))
N/2-1
+F Z (qu[e/'Znnm/N " S;Je-jzmzm/N)
o (19)
— L (Re(S,,)+ (S, ) 1))

N/2-1

+— Z 2Re(Smie/'2nnm/N).
N m=0 ’

From (19), we can observe that the transmit signal v, ; is a real-
valued signal.

At the receiver shown in Fig, 3, the received signal passes
through the time-domain channel estimator (TD-CE) and auto
frequency control (AFC). Joint estimation of carrier frequency
offset (CFO) and channel impulse response for OFDM
systems with PHN are discussed in [22]. Although the channel
estimator estimates the Doppler frequency and channel
impulse response and the AFC estimates and compensates the
CFO, there still exist an RCFO and a PHN due to the
estimation error.

The received signal is influenced by the PHN and RCFO
and can be written as

Y, =, +vn’2)ej'g“ +w, 0<n<N, (20)

where 6, isgivenby 6, =¢, +2nne/ N, ¢ is PHN, ¢is
a normalized frequency offset, and w, is an AWGN with a
mean of zero and a variance of o. =N, /2. Because the
local oscillator is phase locked and an initial frequency offset
acquisition is made by means of the AFC, we can assume that
0, <n/2.

Since v,,1 + v, 1s a real value, we can blindly estimate 6,
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from y, as follows:

0 =2y, 1)

where £ denotes the argument of a complex number.

Then the phase offset caused by PHN and RCFO is
compensated in the proposed scheme. The phase offset
compensated signal is given by

=

= ye =, v, ww, 0<n<N, (22)

where 6 =6, —én .

After applying the DFT operation to r,, the DFT output in
the upper path shown in Fig. 3 can be written as

N-1
:Z (le+V2)®k m+VVk9 0<k<N 1 (23)
m=0
where (:)k_m is given by
® =L§ o/ g 12mnk-m)/N 24)

k—m
N n=0

Similarly, the DFT output in the lower path can be written as

N-1 . .
R (le+VmZ)®7(k—m)+VVks OSkSN—l (25)
m=0
Then the ISC demodulated signal is given by
I} _ Rk +R]£
g 2
1 ~ ~
= E(Vkl +V,)(0, +0,) (26)

N-
+ Z (le +V 2)(®k m ® (kfm))+Re[VV;c]'
m=0

m#k

NI»—‘

Due to the symmetric conjugate property of ©, , the
proposed ISC scheme can eliminate the CPE and ICI
V,, Alamouti SFBC-OFDM symbols can
be estimated as follows:

efficiently. Using

S RC{V}"‘]RG{ T S0,1+S0,2=Xk X;H’ 27N
SA,c:V“LzVN/2 S, 48, =X, + X, 1Sk<(N/2)-1.(28)
To detect X, and X, ,k=0,2,4,..,(N/2)-2, S, and

S,Hl are combined in a way similar to that done in an SFBC
de-mapping and are given by

ot

Xk — Pk + 9 , )Evkﬂ _ Sk+12_ Sk ) (29)

>
>
>

The average CIR of the proposed scheme at the kth
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subcarrier can easily be shown to be

CIR . (30)

IV. Simulation Results

In this section, we compare the effect of PHN and RCFO on
the performance of the proposed and conventional schemes: (a)
a SISO-OFDM system without ISC (16 QAM), (b) an
Alamouti SFBC-OFDM system without ISC (32 QAM), and
(c) an Alamouti SFBC-OFDM system with the conventional
symmetric ISC (64 QAM) [15].

The modulation order has been differently selected for each
scheme to make the bandwidth efficiency of all schemes equal
to 1 bit/Hz/s.

The same value of E, /N, (the ratio of the signal energy
per information bit to noise power spectral density) has been
used to examine the BER performance, which yields a fair
comparison among the proposed scheme and the three
conventional schemes.

PHN is randomly generated as independent and identically
distributed Gaussian samples with the following power spectral
density (PSD), L(f), [12]

107 0<[f[<5,

L(f)=110" [é] p<ifl<y. 31)

10°° y<|fI1=/. /2,

where a= 6.5, b=2, ¢c= 12, and y =100 MHz. The parameter
is the 3 dB bandwidth of the PSD, and £; is the sampling rate.
The total number of subcarriers is 128, and the propagation
channel model is the Extended Pedestrian A (EPA) model of
which its parameters are described in Table 1 [23]. The channel

Table 1. EPA channel model.

Tap Relative delay (nsec) | Average power (dB)

1 0 0

2 30 -1.0
3 70 2.0
4 90 -3.0
5 110 -8.0
6 190 -17.2
7 410 —20.8
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Fig. 4. Average CIR vs. normalized 3 dB bandwidth of PHN (p).

estimation is assumed to be perfect, and the channel is
equalized using a zero-forcing algorithm. The CFO offset is
initially compensated by the AFC; therefore, we consider only
the RCFO.

Figure 4 shows the CIR performance comparison of the
SISO-OFDM system without ISC, Alamouti SFBC-OFDM
system with and without the conventional ISC [15], and the
proposed scheme. In the figure, “OFDM-16 QAM,,” “SFBC-
32 QAM,” “Symmetric ISC,” and “Proposed ISC” represent
the SISO-OFDM system without ISC, Alamouti SFBC-
OFDM system without ISC, Alamouti SFBC-OFDM system
with conventional ISC, and the proposed scheme, respectively.
We can observe that the Alamouti SFBC-OFDM system has
better CIR performance than the SISO-OFDM system when
=0 and p<1 owing to the diversity gain. However, the
performance of the former is worse than that of the SISO-
OFDM system as the values of p and ¢ become larger.
This is because the orthogonal property between subcarriers is
severely destroyed and thus causes ICI to increase. We can also
observe that the proposed scheme has better CIR performance
than the SFBC-OFDM system with the conventional ISC
method, especially when o > 0.8 or there exists RCFO. This
is because PHN and RCFO can be blindly estimated and
compensated at the receiver using the real property of the
transmit signals in the proposed scheme.

Figures 5, 6, and 7 show the BER performance of the
conventional schemes and the proposed scheme for
p=0.1, 1, and 2, respectively. From the figures, we can
observe that when the values of p and & are small, the
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BER performance of the Alamouti SFBC-OFDM system is
better than that of the SISO-OFDM system because of the
diversity gain. However, as p and ¢ become large, the
BER performance of the former is worse than that of the SISO-
OFDM system; that is, the Alamouti SFBC-OFDM system
does not have diversity gain. In the case of symmetric ISC, its
BER performance is much better that that of the SISO-OFDM
system when p <1 ande <0.05; however, it becomes
worse whenp>1 and & >0.05,as in the SISO-OFDM
system. We can also observe that the BER performance of the
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Fig. 7. BER comparison when p=2.

proposed scheme is better than that of the SFBC-OFDM
system with the conventional ISC method, especially when pis
large or there exists RCFO. This is because PHN and RCFO
can be blindly estimated and compensated at the receiver
using the real property of the transmit signals in the proposed
scheme.

V. Conclusion

In this paper, we analyzed the effect of PHN and RCFO on
the performance of the conventional Alamouti SFBC-OFDM
system. Since the conventional SFBC-OFDM system suffers
severely due to PHN and RCFO, we proposed a new ICI
suppression scheme for SFBC-OFDM systems. Through the
simulation results, we showed that the proposed scheme has
better performance compared to conventional schemes,
especially when the normalized 3 dB bandwidth (p) of the
PHN is large or there exists RCFO.

Appendix. Derivation of (10)

The ICI power of the conventional SFBC-OFDM system at
the Oth subcarrier is given by

ICI.

SFBC —

E[(®_, -0 )X +1,+1;,+1,,+I,[1.(32)

Using the property E[X.]=
conditionof X, for m=0,1, ...,

0 and the independence
N -1, IClg,. becomes
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+ {(®*(m+l+a’) + ®i(m*1+5))X;’ (33)

+(®
_(@

+ ®i(mfl+c) )Xm+l
®im—s) )X;H } |2 ]

—(m+l+¢)
—m—=& -

It can be written as
1 N-2

[CISFBC == Z | G)fmfs _®imfg |2

1 T
"

m=0,2,4, ...

+ | ®—(m+l+a)
+ | ®—m—£ -

[N}

s

—(m-1+¢) ‘

{1©® +0

—(m+l+¢)

N

*

®7(mfl+c) |
2
—m—s) | }

|2

34

-;le..-

N-2

Z fle_, [ +1e, [}
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