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Abstract. In this paper, an efficient inter carrier interference (ICI) cancellation
method for cooperative space time block coded orthogonal frequency division
multiplexing (STBC-OFDM) system is presented. In cooperative STBC-OFDM
system, ICI cancellation is needed because ICI due to the separated local oscilla-
tors always exists. To solve the complexity problem of matrix inversion opera-
tion in zero forcing method which shows the best performance, ICI cancellation
method using sparse matrix decomposition (SMD) has been proposed. However,
overall complexity is increased in proportion to the third order of required tap
size which also increases in proportion to FFT size or carrier frequency offsets
(CFOs). Considering implementation issue, the conventional method still has not
sufficiently overcome the performance versus complexity trade-offs. Therefore,
we propose an ICI cancellation method that focuses on solving practical com-
plexity problem of conventional method. The proposed method adaptively de-
cides the required tap size of each sparse matrix through signal to interference
and noise ratio (SINR) measurement to reduce the complexity of conventional
method, and we verified that the proposed method improves the performance
versus complexity trade-offs compared with conventional method.

Keywords: Equalization, Frequency offset, ICI cancellation, STBC, OFDM.

1 Introduction

Spatial diversity offers prominent benefits in link reliability and spectral efficiency
through the use of multiple antennas at the transmitter and/or receiver side [1], [2].
Unfortunately, the use of multiple-antenna techniques might not be practical for some
reasons; especially due to the antenna size and power constraints. For this reason,
recently, there has been significant interest in a class of techniques known as coopera-
tive communication, which allows single-antenna mobiles to reap some of the bene-
fits of multiple-antenna systems by cooperation of in-cell users [3], [4].

Since space time block codes (STBC) were developed originally for frequency flat
channels [2], an effective way to use them on frequency selective channels is to use
them along with orthogonal frequency division multiplexing (STBC-OFDM) [5]. By
using space time coded with OFDM, frequency selective channel is converted into
multiple frequency flat channels.
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However, due to the distributed nature of cooperative STBC-OFDM system, each
of the transmitters has a separate local oscillator, and synchronization becomes a
difficult problem or requires feedback process to achieve. Furthermore, due to the
physically separated local oscillators, different CFOs are received in one receiver
antenna, and they cannot be easily assumed identical. Therefore, inter carrier
interference (ICI) cancellation process is always needed in cooperative STBC-OFDM
systems, because ICI caused by residual CFOs always exists at the receiver side.

Generally, zero forcing method has the best performance by multiplying the inver-
sion of ICI matrix to the received signal. However it requires very high implementa-
tion complexity for matrix inversion. Therefore, in order to solve the complexity
problem of matrix inversion operation, many proposals have been presented [6]-[9].
Some of the proposals achieve the complexity reduction, such as simplified zero
forcing (ZF) method using sparse matrix decomposition (SMD), and iterative ICI
cancellation method using the iterative operation of ICI estimation and cancellation
(81, [9].

Especially, the ICI cancellation method which uses SMD can reduce the complex-
ity of matrix inversion, because the major portion of ICI components are distributed
in the diagonal or near diagonal position of ICI matrix [7], and the inversion operation
of ICI matrix can be approximated by using SMD proposed in [10]. However, consid-
ering time-varying multi-path fading channel, it still have not sufficiently overcome
the performance versus complexity trade-offs.

Therefore, in this paper, we propose an efficient ICI cancellation method which
can efficiently reduce the practical complexity of conventional method without per-
formance loss by using adaptive sparse matrix decomposition (ASMD).

This paper is organized as follows. In Section 2, we introduce the cooperative
STBC-OFDM system model and ICI problem. The proposed ICI cancellation method
using adaptive sparse matrix decomposition method is described in Section 3. In
Section 4, the results of performance and complexity comparisons between the con-
ventional method and the proposed method are presented. A brief conclusion is drawn
in Section 5.

2 System Model

The cooperative communication system considered in this paper includes one source
node, one destination node, and one of relay node. The basic premise in this work is
that source and relay have information of their own to send, and would like to cooper-
ate in order to send this information to the receiver according to the cooperative
STBC scheme as shown in Fig. 1. That is, we do not consider signal distortion in the
source-to-relay link. In Fig. 1, two consecutive symbols on subcarrier &, X; o and X; |,
are encoded and transmitted from the source and the relay antenna, respectively, to
obtain the diversity order 2.

During even symbol period, X, and X, are transmitted from the source antenna
and relay antenna, and during odd symbol period, (-Xj, |) and (X, 0) are transmitted
from the source antenna and the relay antenna, where (-)” denotes the complex conju-
gate operation.
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Fig. 1. Schematic representation of cooperative STBC-OFDM system

With the assumption of H] = H! = H/ , which is a case of quasi-static channel

for two symbol period, the received signal Y, ; for symbol duration 0 and 1 (i=0,1) can
be expressed as

Yoo=H X,,+H, - X, +W.,
0 * 1 ey
Yk,,zH,(-(—xk,,) +H) - ( ko) +W,0<k<N-1

where N is FFT size, H ka is channel frequency response (CFR) of received signal on

the j-th link, and W,/ is zero-mean white Gaussian noise with variance o~ .

From (1), we can easily obtain diversity gain by using simple linear combination as
described in [2]

F

) Y, +H, (Y,,)

e[+ ) X0+ (HY) -Wo+H! (W)

o= (H
( @)
=(H
|

) a=H(5)

[l +|H|)X (L) W= (W)

With the residual CFOs, the received signal for symbol duration 0 and 1 can be ex-
pressed as [6]
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where ¢; is the residual CFO from the j-th link which is normalized by the subcarrier
spacing, and the second parts in (3) means the ICI components represented by a sum
for i # k on subcarrier k caused by CFOs.

Fig. 2 shows the performance degradations caused by ICI in cooperative STBC-
OFDM systems. In spite of perfect channel estimation, from Fig. 2, we can see that
there are severe performance degradations due to the loss of orthogonality between
subcarriers.

.exp( jze; (N=1/N)- jz(e,~k)/N)
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Fig. 2. Performance degradations caused by ICI in cooperative STBC-OFDM systems
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3 An Efficient ICI Cancellation Method

Equation (3) can be expressed as matrix form in (4).

Y, | [A B][X,] [W,
= +
Y | [CD|X | |W
Yo,i Xo,i Wo,i 4)
Yli Xli ‘/Vli
Y= | X=." W=
_YN—I,i XN—I,i WN—I,[
where A, B, C, and D are N XN size sub-matrices.
FSH(? F?]Hlo F?—NHI(\)/—I | _F:)Hé Fllell Fi—NHIIV—l
A= F?.I_I:)) Fngo F(ZJ'—NHI(\)/—I B= F:.H(; F.:)Hll FlszHzlvfl (5)
r(z)vleg 1—‘(1)\/72['110 rng(\)/—l i ,FL\I—IH(; rivszll r:)HIIV—l
ToHy  TOHT - TUHY | [-TVHS —TOHY o -TVHY,
co|THy  ToHT o ToHy | o | -TVHy —TOH - =T HY
TyHy TyLH o ToHy | [Ty Hy -TyLH! - —TyHy,

Ignoring system complexity, for the perfect cancellation of ICI, we can simply multi-
ply the inverse of ICI matrix to the received signal matrix (zero forcing method).
However, as you can see in (4), the implementation complexity of the inversion op-
eration of 2N X 2N size ICI matrix is too high.

To reduce the complexity of matrix inversion operation in zero forcing method, [7]
proposed the ICI cancellation method using SMD introduced in [10]. The major por-
tion of ICI components in (5) are distributed in the diagonal or near diagonal position
of ICI matrix. Therefore, by using SMD, inversion of ICI matrix can be transmitted
into a series of inversions of its diagonal sub-blocks as illustrated in Fig. 3.

By using the SMD method, (4) can be approximated as

Y;:.O An Bn X;l,O + Wz;,O
Y. | [GD, X, | [W,

n,1 n,l

N T
Xn,i = |:Xn,0 Xn+l,0 o Xn+2q,0] (6)
where Yz;,i = |: Yo Yoo Yn+2q,0 ]T ,0<n<N-(2q+1)
N T
Wn,i = |:VVH,0 VVIH-I,O o Wn+2q,0]

where n is sparse matrix index, 2¢g+1 is the tap size of diagonal sub-blocks, and
A, is shown in (7). a,,is the elements of A, B,, C,, and D, can be obtained

similarly [7].
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Therefore, mitigation of ICI is accomplished by multiplying the inversion of sparse

matrix as follows
Xn,O Ay, Bn B Yn,O Xn’() An B” ! Wn,()
= = + .
Xﬂ 1 Cn Dn Y:,l Xn,l Cn Dn Wn,l

In the case of the above SMD method, although the total number of complex multipli-

®)

cations for the matrix inversion is reduced from (2N)’ to (N —241)-(2(2q+1))3 , Te-

quired complexity remains high because the tap size g increases as increasing CFOs
and FFT size N.

However, considering time and frequency selectivity due to mobile movement and
multi-path delay, respectively, each subcarriers are unequally interfered each other.
Therefore, there is no necessity for the size of sparse matrix to be fixed. If each sparse
matrix has adequately small tap size q* within maximum tap size ¢ depending on the
amount of ICI from each neighboring subcarriers, the total amount of complex multi-
plications for the matrix inversion is reduced to less than (N —2¢)-(2(2g+ 1))3 .

From this point of view, we propose an adaptive sparse matrix decomposition
(ASMD) method which is based on a kind of SINR measurement to adaptively decide
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the efficient tap size ¢". Without loss of generality, we assume that all transmitted
signals have average power 1, i.e., E[X”X]=I, where ( )" denotes the Hermitian
transpose.

In the proposed ASMD method, the decision procedure of efficient tap size ¢, of
the n-th sparse matrix can be expressed as

2

r .. -H :
e | e R 7S G R
|rf'-H ]
9 = o i
n X 2
T/ . -H " . (9)
g, if L’d;*“z‘}‘f] for all u ={0,1,---,q—1}
|F6'Hk

) =(Ir)f +o*) [IEf k=n+q

r H

subcarrier to the +(u+1)-th subcarrier in frequency selective fading channel with CFO,
‘P; is based on SINR of the k-th subcarrier to the (k+¢)-th subcarrier in frequency flat

where

i .
+(u+l) kx(u+1)

’ / |1"(’) ‘H, |2 means signal to interference ratio (SIR) of the k-th

channel, and noise power o is inserted to the threshold ‘P-; to reduce unnecessary

operation in low signal to noise ratio (SNR) environments.
From (8) and (9), with the assumption of quasi-static channel for two symbol pe-
riod, efficient tap size g, of n-th sparse matrix can be determined as follows

q’, =max{¥/] (10)

Therefore, by using the proposed ASMD method, the total amount of complex multi-
plications for ICI cancellation in cooperative STBC-OFDM systems can be approxi-

mately reduced from (N-2¢)-(2(2¢+1))" to (N—zq)~(1+2~4~(q’“+1)+(2(2q*+1))3 . 4<q.

For each (N-2q) times of sparse matrix, 1+2-4-(g+1) times of complex multiplica-

tion is needed for the calculation of k-th subcarrier power |F{, ‘Hk|2 and SINR

comparisons.

4 Simulation Results

In this section, we investigate the performance of the proposed method on multipath
channel for cooperative STBC-OFDM system. The simulation parameters used in this
paper are shown in Table 1. The multi-path fading channel is generated by COST 207
TU model and in order to avoid inter symbol interference (ISI) we set the length of
cyclic prefix (CP) long enough.
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Table 1. Simulation parameters

Parameters Values

FFT size 128

Cyclic prefix (CP) length FFT size / 4
System bandwidth FFT size * 15 kHz
Subcarrier spacing 15 kHz

Center frequency 2 GHz

Channel model COST 207 TU
Channel estimation Perfect

Data modulation QPSK

Normalized frequency offsets 0.1

1.E+00

f f
FFT size: 128
CPlength: FFT size /4
Channel model: COST 207 TU

CFOs: 0.1

1.E-02

1.E-03

BER

- - - Without CFOs

—% -Zeroforcing

1£.04 || —®— Conventional SMD (¢=1)
—a— Conventional SMD (g=3)

—a— Conventional SMD (gq=9)

1.E-05 |{ —©—Proposed ASMD (g=1) RS
—3— Proposed ASMD (g=3) \\\‘0
—B— Proposed ASMD (q=9)
1.E-06 - -
0 5 10 15 20 25 30 35

SNR[dB]

Fig. 4. BER performance of ICI cancellation methods versus SNR

Fig. 4 shows the bit error rate (BER) performances comparisons between conven-
tional SMD and proposed ASMD for ICI cancellation. From Fig. 4, we can see that
zero forcing method shows almost the same performance with and without CFOs.
Also, we can see that each performance of the proposed ASMD method is very close
to that of the conventional SMD method for the same number of taps.

Fig. 5 shows the average number of complex multiplications (ACM) and relative
ACM for matrix inversion per each subcarrier. In Fig 5, in low SNR environment,
overall ACM is dramatically reduced by using proposed ASMD, because threshold

¥ depends on the noise variance o° (0'2 = 1). And in high SNR environment, ¥/
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Fig. 5. Complexity comparisons between conventional SMD and proposed ASMD
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Fig. 6. BER performances versus AMC

depends on the SIR of at each subcarriers (0'2 = O) . Therefore, although the ACM of

the proposed ASMD method increases in proportion to SNR, it is always lower than
the conventional SMD method, and the relative ACM ratio improves as the number of
taps increases.

Fig. 6 compares performance versus complexity trade-offs of conventional SMD
method and proposed ASMD method at SNR=30 dB environment. As shown in Fig 6,
both conventional and proposed method, the more performance is improved, the more
complexity is needed for the same amount of performance enhancement, because the
amount of ICI on the k-th subcarrier from the (k+¢g)-th subcarrier is described in the
form of sinc function. However, we can see that the proposed ASMD method effi-
ciently improves performance versus complexity trade-offs compared with the con-
ventional SMD method by SINR measurement and adaptive tap allocation.

5 Conclusions

In this paper, we proposed an efficient ICI cancellation method for cooperative
STBC-OFDM system. Through the frequency domain SINR measurement and adap-
tive tap allocation, we showed that the overall complexity for ICI cancellation can be
efficiently reduced with approximately same performance compared with the conven-
tional method. We expect that the proposed ASMD scheme can be applicable for
various ICI suppression or cancellation methods.



128 K. Won et al.

Acknowledgments. This research was supported by the Ministry of Knowledge
Economy, Korea, under the ITRC (Information Technology Research Center) support
program supervised by the IITA (Institute of Information Technology Assessment)
(IITA-2009-C1090-0902-0005).

References

1. Tarokh, V., Seshadri, N., Calderbank, A.R.: Space-Time Codes for High Data Rate Wire-
less Communication: Performance Criterion and Code Construction. IEEE Trans. Inf. The-
ory
44(2), 744-765 (1998)

2. Alamouti, S.M.: A Simple Transmit Diversity Technique for Wireless Communications.
IEEE J. Sel. Areas Commun. 16(8), 1451-1458 (1998)

3. Sendonaris, A., Erkip, E., Aazhang, B.: User Cooperation Diversity-Part 1. IEEE Trans.
Commun. 51(11), 1927-1937 (2003)

4. Laneman, J.N., Wornell, G.W.: Distributed Space Time Block Coded Protocols for Ex-
ploiting Cooperative Diversity in Wireless Networks. IEEE Trans. Inf. Theory 49, 2415—
2425 (2003)

5. Lee, K.F., Williams, D.B.: A Space-Time Coded Transmitter Diversity Technique for Fre-
quency Selective Fading Channels. In: IEEE Sensor Array and Multichannel Signal Proc-
essing Workshop, March 2000, pp. 149-152 (2000)

6. Mingqgian, T.Z., Premkumar, A.B., Madhukmar, A.S.: Performance Investigation of
STBC-OFDM Systems with Frequency Offset and a Semi-Blind Approach for the Correc-
tion. In: IEEE Vehicular Technology Conference, May 2004, pp. 1836-1839 (2004)

7. Li, Z., Qu, D., Zhu, G.: An Equalization Technique for Distributed STBC-OFDM System
with Multiple Carrier Frequency Offsets. In: IEEE Wireless Communications and Net-
working Conference, April 2006, vol. 2, pp. 839-843 (2006)

8. Zhang, W., Qu, D., Zhu, G.: Performance Investigation of Distributed STBC-OFDM Sys-
tem with Multiple Carrier Frequency Offsets. In: IEEE Personal, Indoor and Mobile Radio
Communications Symposium, September 2006, pp. 1-5 (2006)

9. Kim, Y.Z., Lee, H., Chung, H.K., Cho, W.S.: An Iterative Decoding Technique for Coop-
erative STBC-OFDM systems with Multiple Frequency Offsets. In: IEEE Personal, Indoor
and Mobile Radio Communications Symposium, September 2007, pp. 1-5 (2007)

10. Jeon, W.G., Chang, K.H., Cho, Y.S.: An Equalization Technique for Orthogonal Fre-
quency-Division Multiplexing Systems in Time-Varying Multipath Channels. IEEE Trans.
Commun. 49, 27-32 (2001)



	An Efficient ICI Cancellation Method for Cooperative STBC-OFDM Systems
	Introduction
	System Model
	An Efficient ICI Cancellation Method
	Simulation Results
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




