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A Self-Cancelling Solution for Inter carrier Interference in OFDM
Mobile Communication Networks
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Abstract—For orthogonal frequency-division multiplexing (OFDM) communication systems, the frequency offsets in mobileradio
channels distort the orthogonality between subcarriers resulting in intercarrier interference (ICI). This paper studiesan efficient
ICI cancellation method termed ICI self-cancellation scheme. The scheme works in two very simple steps. At the transmitter side,
one data symbol is modulated onto a group of adjacent subcarriers with a group of weighting coefficients. The weighting
coefficients are designed so that the ICI caused by the channel frequency errors can be minimized. At the receiver side, by linearly
combining the received signals on these subcarriers with proposed coefficients, the residual ICI contained in the received signals
can then be further reduced. The carrier-to-inter-ference power ratio (CIR) can be increased by 15 and 30 dB whenthe group size is
two or three, respectively, for a channel with a constant frequency offset. Although the redundant modulation causes a reduction in
bandwidth efficiency, it can be compensated, for example, by using larger signal alphabet sizes. Simulations show that OFDM
systems using the proposed ICI self-cancellation scheme perform much better than standard systems while having the same
bandwidth efficiency in multipath mobile radio channelswith large Doppler frequencies.

Index Terms—IClI self-cancellation, intercarrier interference, multicarrier modulation, OFDM.

INTRODUCTION

RTHOGONAL frequency-division multiplexing (OFDM)  communication  systems [1], [2] require precise

frcy synchronization, since otherwise intercar-rier interference (ICI) will occur. Currently, three differentapproaches
€ducing ICI have been developed includingfrequency-domain equalization [3], [4], time-domain win-

dowing [5], [6], and the ICI self-cancellation scheme [7], [8]. This paper concentrates on the further development of the third

method.

The ICI self-cancellation scheme is a very simple way for suppressing ICI in OFDM. The main idea is to modulate one data

symbol onto a group of subcarriers with predefined weighting coefficients. By doing so, the ICI signals generated
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within a group can be “self-cancelled” each other. After the works given in [7] and [8], the further discussions of thelCl self-
cancellation scheme are presented in [9] and [10], where the scheme is also called polynomial cancellation coding (PCC).! In the
previous studies, the emphasis has been put on the mechanism analysis of the scheme. The works presented in this paper
concentrate on a quantitative ICI poweranalysis of the ICI self-cancellation scheme, which has not been studied previously. The
average carrier-to-interference power ratio (CIR) [11] is used as the ICI level indicator, and a theoretical CIR expression is derived
for the proposed scheme. Furthermore, simulation results under different conditions are presented to demonstrate the reliability and
advantage of the ICI self-cancellation scheme.

IC1 MECHANISM OF STANDARD OFDM SYSTEMS

In an OFDM communication system, assuming the channel frequency offset normalized by the subcarrier separation is , the
received signal on subcarrier can be written as =
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where is the total number of the subcarriers, X% denotes the transmiitted symbol ( -ary phase-shift keying (PSK), for ex-
ample) for the th subcarrier and is an additive noise sample. The sequence &if— 4" is\defined as the ICI coefficient betweenth
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The first term in the right-hand side of (1) represents the de-sired signal. Without frequegoyT rlor{s {1, 500 takes its

maximum value =711} . The second term is the ICI compo-nents. Fig. 1 gives an example of the* 51! -when and
. The frequency offset values are and At isévielait that as  becomaes larger, the desired part de- =credses
and the undesired part &3] increases. < -k RS

The system ICI power level can be evaluated by using the CIR [11]. While deriving the theoretical €4R-expressien;ithe additive

1References [9] and [10] were added in the revised version.
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Fig.1. Anexample of S(I k) for N = 16; | = 0. (a) Amplitude of S(I k). (b) Real part of S(I k). (c) Imaginary part of S(I k).

noise is omitted. The desired received signal power on the th
subcarrier can be represented as
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and the ICI power is
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It is assumed that the transmitted data have zero mean and
are statistically independent, therefore, the CIR expression for

L L
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subcarrier 1 = [k = N — 1 can be derived as S0 005 01 015 02 025 03 035 04 045 05
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Fig. 2 shows the CIR (in decibels) as a function of the nor-malized frequency offset , where . Simulation results

Fig. 2. CIR versus " for a standaed OFDM sjétem. 5| & 16 ¢ -
W i
. . . 10'1‘ ‘\\ ’ "'
for binary PSK (BPSK), 4PSK, and 16 quadrature amplitude modulation \\\.\\ |5l T
agreement with the theoretical results. e \ N T T T -,
Equation (5) suggests that the CIR is a function &F and-. RN |sary] -
However, the CIR varies very little as a function ofy. Anal- 10% e - -
ysis shows that the CIR, for a givens, results in a maximum .
change of 0.068 dB when 1 == &. Therefore, the CIR of OFDM 10% |54
systems only depends on the normalized frequency offset ap- s
proximately. 107
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Il. 1CI CANCELLING MODULATION
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The conclusion in Section Il implies that it is impossibleto reduce IC 0 10 20 Ca?r?er in e:'O S0 60
frequency offset, smaller vatues can be obtained by in- creasing the subcarrier separation. Consequent y, the bandwidth efficiency will
be reduced since the time-domair symbol lengthis reduced and, therefore, the guard interval will take a relatively larger portion of
the useful signal.

It has been shown in Fig. 1 that both real and imaginary partsof the ICI coefficient are gradually changed with respect to the
subcarrier index. For the majority of values, the differencebetween  and £ is very small. Therefore, ifa data pair

is modulated ontoftwe: adjacent subcarriers §{, , where is a complex data, then the ICI signals gener-ated

by the subcarrigr, will ¢ canicelled out significantly by the ICI generated by subcarrier . This is the ICI cancellation idea
proposed in §7}-n"

Assurne the teansmitted symbols are constrained so that
Xl - =X, K - X2 L XV - 1 -

—_X{ M — 27 then the receivédsignal on subcarrier #: becomes
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and on subcarrier f: + 1 is

Fig. 3. A comparison between js(I k)j: jS (I k)jandjs (I k)j:N =64.

I11. 1CI CANCELLING DEMODULATION

By using the ICI cancelling modulation, each pair of subcar-riers, in fact, transmit only one data symbol. The signal redun-
dancy makes it possible to improve the system performance atthe receiver side. In considering a further reduction of ICI, a so-
called ICI cancelling demodulation scheme is analyzed here. The demodulation is suggested to work in such a way that eachsignal
at the th subcarrier (now denotes even number) is multiplied by “ 17 and then summed with the one at the th
subcarrier. Then the resultant data sequence is used for makingsymbol decision. It can be represented as
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In such a case, the ICI coefficient is denoted as
(7) The corresponding ICI coefficient then becomes
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The comparison between | 5(1 — &3] and |51 — &}| is pre-sented in Fig. 3 under the logarithm scale. For most of the values,
it is found that . Inadditiori, thésummation in (6) only takes even values, the total number ofthe
interference signals is fedlaced 0| half|dtimpargfl with that in(1). Consequently, the ICI signals in (6) are much smaller thanthose in
(1) since both the number of ICI signals and the ampli-tudes of the ICI coefficients have been reduced. Such a modu-lation
method is called ICI cancelling modulation.

The idea of ICI self-cancellation scheme and the derived co- efficients was also applied to the partial response-signaling of
OFDM systems [12].

Until now, three types of ICI coefficients are obtained: 1) 5{1 k] for the standard OFDM system; 2) 5!k’ for ICI

cancelling modulation; and 3) {7 — " for combined ICI can-celling modulation &&d/demoduilatidn- Fig. 3 shiiw/s the ampli-

tude comparison of £, k3land & — ##| forang 1.3, Notice the logarithmic scale on the ver-

tical axis. For the majority of values, #3] is muchsmaller than , and! thel: isiéven smaller than

. Thus, the ICI signals become smaller when applying |1G#canecedijng |Mpdelatipn. On thesbtherhard, the ICI cancelling

demodulation can further reduce the residual ICI in the receivedsignals. This combined ICI cancelling modulation and demod-
ulation method is called the ICI self-cancellation scheme.

It is worth mentioning that the proposed ICI cancelling de- modulation also improves the system signal-to-noise ratio. The
signal level increases by a factor of 2, due to coherent addition,
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Fig. 4. CIR improvement using ICI self-cancellation scheme.

whereas the noise level is proportional tg"zbecause of nonco- herent addition of the noise on different subcarriers. Using 1CI
coefficient given by (10), the theoretical CIR of the ICI self-can- cellation scheme can be derived as

(11)
CIR -

Fig. 4 shows the theoretical CIR curve calculated by (11) to- gether with simulation results. As a reference, the CIR of a stan- dard
OFDM system using (5) is also shown. Such an ICI cancel- lation scheme gives more than 15-dB CIR improvement in the range
= . Especially for small to medium frequency offsets in the range = , the CIR improvement can reach 17 dB.
Due to the repetition coding, the bandwidth efficiency of the ICI self-cancellation scheme is reduced by half. To fulfill the
demanded..bandwigth efficiency, it is natural to use a larger signal alphabet size. For example, using 4PSK modulation together
with the ICI self-cancgllation schgme can provide the same bandwidth efficiency as standard OFDM systems (1 bit/Hz/s). When
the channel frequency offset is small, the use of a larger signal alphabet size might increase the system bit-error rate (BER)
compared to a smaller alphabet size [13]. However, for medium to large channel frequency offsets ( ), significant BER
improvement is obtained by using the proposed scheme.

Fig. 5. CIR comparison for different group lengths.

IV.EXTENSION TO LARGER GROUP SIZES

The ICI self-cancellation scheme can also be extended to larger group sizes. Before modulating a data symbol onto a group of
sabieatkidrs, the data symbol is multiplied with a co- efficient vector of length . It has been found [8] that the op- timum

weighting coefficients in minimizing system ICI satisfythe polynomial r i1 , Where denotes onesubcarrier
delay in the discrete frequency domain. r

, the general CIR expression of the ICI self-can 47310 44 — &)

of group length becomes (12), shown at thebottom of the page. #ifit —  — IfLi—! ]

Fig. 5 shows the CIR compariso;n for . — 1. 2. 3. By using
I. — 3, about 30-dB CIR improvement can be found in the range
{l < « = (.5, compared with a standard OFDM system /T, — 1;.
CIN —
V. SIMULATIONS

This section gives some BER simulation results for the pro-posed ICI self-cancellation scheme. The following two types of
OFDM system have been considered for comparisons:

1) System 1 (Sys.1): Standard BPSK modulation OFDM system without ICI self-cancellation;
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Fig. 7. BER versus E =N ,of two systems for different " values.

2) System 2 (Sys.2): 4PSK modulation OFDM system withIClI self-cancellation.

The simulation block diagram of the proposed system (Sys.2) is shown in Fig. 6, while Sys.1 can be obtained by simply re-
moving the “ICI cancelling modulation” and “ICI cancelling de- modulation” blocks. The bandwidth efficiency is 1 bit/Hz/s forboth
systems. The same values of (the signal energy per information bit to noise power spectral density ratio) have been
used to examine the BER performance, which yields a fair com- parison between them. Frequency-domain differential coding is
applied in both systems in order tokdyveid channel response esti-mation [14].

In addition, since the ICI self-cancellation scheme in fact is the repetition coding, it will be useful to compare BER perfor-
mance with a system using error correction coding of the samefactor instead of using the proposed scheme.

A. Channel with a Constant Frequency Offset

The simplest way to examine the ICI self-cancellation scheme is to transmit signals through a channel with a constant fre- quency
offset. Simulation results shown in Fig. 7 give the BERperformance of these two systems with respect to different fre-quency
offsets. In the additive white Gaussian noise (AWGN) channel where , the BER of Sys.1 is lower than that ofSys.2. This is
because differential BPSK modulation (Sys.1) performs better than differential 4PSK (Sys.2) in the AWGN

Fig. 8. BER comparison for typical urban area channel model.
- — I:FI

channel [13]. Increasing the frequency offset to , the BER of Sys.2 gives nearly the same values as ir theilAWGN
channel. In fact, even for , the BER of Sys.2 only showsslight increase. In contrast, Sys.1 cannot work properly due to
heavy ICI signals, as shown for the cases and . = = (L30

B. Multipath Propagation Mobile Channels e —AL15 = =)

In a practical mobile radio channel, time-variant multipath propagation causes Doppler frequency spread. The received signal
on each subcarrier can then be considered as a linear combination of signals received via different paths with dif- ferent Doppler
frequencies. The proposed ICI self-cancellationscheme can also be effective in the case of multiple Doppler frequency offsets.

Typical six-tap urban area (TUX) and rural area (RAX) channel models with classical Doppler spectrum are used in the
following simulations. The channel parameters are defined in the GSM Recommendation 5.5 [15]. As a measure of Doppler
frequencies, we use the normalized maximum Doppler spread

, which is defined as the ratio between the channel maximumDopgpjer spread to the subcarrier separation.

Figs. 8 and 9 show the BER comparison between Sys.1 and Sys.2. If  is very small ( ), the BER performance of the
two systems is rather similar. For larger Doppler spreads( ), the BER f the standard QFBM.gystem (Sys.1) increases
significantly, while the BER of the proposed system
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Fig. 9. BER comparison for rural area channel model.
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Fig. 10. BER of ICI self-cancellation scheme and error correction coding.

(Sys.2) only increases slightly, compared to the situation where
=n — 1.0, The proposed ICI self-cancellation scheme worksvery well in the multipath radio channel.

C. Comparison with Error Correction Coding

Fig. 10 presents BER simulation results of the ICI self-can- cellation scheme compared with results for the error correction
coding system. The channel is the typical urban area channel, and frequency-domain differential decoding is used in both sys-
tems. The comparison will be carried out between two systems.One is a BPSK modulation OFDM applying ICI self-cancella-tion
scheme. The other is BPSK modulation with 1/2 convolu-tional coding, where the Viterbi algorithm is used for soft-de- cision
decoding. The two systems have the same bandwidth ef-ficiency. Since the ICI self-cancellation scheme is intended to minimize
system ICI, it performs better in the case when the ICI signals dominate the channel interference. On the other hand, the
convolutional coding will give a larger coding gain when the frequency offsets are small and is high.

In addition, the ICI self-cancellation scheme can be combined with error correction coding. Such a system is robust to both
AWGN and ICI, however, the bandwidth efficiency is reduced.

CONCLUSIONS

This paper investigates an ICI self-cancellation scheme for combating the impact of ICI on OFDM systems. The proposed
scheme provides significant CIR improvement, which has been studied theoretically and by simulations. The scheme also works
well in a multipath radio channel with Doppler frequency spread. Under the condition of the same bandwidth efficiency and
larger frequency offsets, the proposed OFDM system using the ICI self-cancellation scheme performs much better than standard
OFDM systems. In addition, since no channel equalization is needed for reducing ICI, the proposed scheme is therefore easy to
implement without increasing system complexity.

REFERENCES

R. W. Chang and R. A. Gibby, “A theoretical study of performance of an orthogonal multiplexing data transmission scheme,”
IEEE Trans.Commun., vol. COM-16, pp. 529-540, Aug. 1968.

L. J. Cimini, Jr., “Analysis and simulation of a digital mobile channel using orthogonal frequency division multiplexing,” IEEE
Trans. Commun., vol. COM-33, pp. 665-765, July 1985.

J. Ahn and H. S. Lee, “Frequency domain equalization of OFDM signal over frequency nonselective Rayleigh fading channels,”
Electron. Lett.,vol. 29, no. 16, pp. 1476-1477, Aug. 1993.

N. A. Dhahi et al., “Optimum finit-length equalization for multicarrier transceivers,” IEEE, Trans. Commun., vol. 44, pp. 56-64,
Jan. 1996.

R. Li and G. Stette, “Time-limited orthogonal multicarrier modulation schemes,” IEEE Trans. Commun., vol. 43, pp. 1269-1272,



1995.
C. Muschallik, “Improving an OFDM reception using an adaptive Nyquist windowing,” IEEE Trans. Consumer Electron., vol. 42,
pp. 259-269, Aug. 1996.
Y. Zhao and S.-G. Hédggman, “Sensitivity to Doppler shift and carrier fre- quency errors in OFDM systems—The consequences and
solutions,” inProc. IEEE 46th Vehicular Technology Conf., Atlanta, GA, Apr. 28-May 1, 1996, pp. 1564-1568.

, “A general coding method to minimize intercarrier interference imrOFDM mobile communication systems,” in Proc. Int.
Wireless and Telecommunications Symp./Exhibition (IWTS’97), vol. 1, Shah Alam, Malaysia, May 14-16, 1997, pp. 231-235.
J. Armstrong, “Analysis of new and existing methods of reducing in- tercarrier interference due to carrier frequency offset in
OFDM,” IEEETrans. Commun., vol. 47, pp. 365-369, Mar. 1999.
K. A. Seaton and J. Armstrong, “Polynomial cancellation coding and finite differences,” IEEE Trans. Inform. Theory, vol. 46, pp.
311-313, Jan. 2000.
P. H. Moose, “A technique for orthogonal frequency division multi- plexing frequency offset correction,” IEEE Trans. Commun., vol.
42, pp. 2908-2914, Oct. 1994.
Y. Zhao, J.-D. Leclercq, and S.-G. Higgman, “Intercarrier interference compression in OFDM communication systems by using
correlative coding,” IEEE Commun. Lett., vol. 2, pp. 214-216, Aug. 1998.
J. G. Proakis, Digital Communications, 2nd ed. New York: McGraw-Hill, 1989.
C. Reiners and H. Rohling, “Multicarrier transmission techniquein cellular mobile communications systems,” in Proc. IEEE
44th Vehicular Technology Conf., vol. 3, Stockholm, Sweden, June 1994, pp.1645-1649.
European Digital Cellular Telecommunication System (phase 2); Radio Transmission and Reception, Eur. Telecommun. Standards
Inst.,, GSM05.05, Ver 4.6.0., July 1993.

Yuping Zhao received the B.S. and M.S. degreesin electrical engineering from Northern Jiaotong University, Beijing, China, in
1983 and 1986, respectively. She received the Ph.D. and Doctor of Science degrees in wireless communications from Helsinki
University of Technology, Helsinki, Finland, in 1997 and 1999, respectively.
From 1986 to 1993, she was a System Engineer for telecommunication companies in China and Japan. From 1995 to 1997, she worked
in OFDM commu- nication systems at the Helsinki University of Tech-
ind. From 1997 to 2000, she was with Nokia Research Center in the field of radio resource management for wireless mobile communi-cation
he is an Associate Professor in the Department of Electronics, Peking University, Beijing, China. Her research interests include coding and
, the performance analysis of mobile radio channels, and the radio resource management of wireless mobile networks.

oA
4\/ 'B‘ Sven-Gustav Haggman was born in Pietarsaari, Fin- land, in 1943. He received the master’s, licentiate, and doctoral degrees in
- ’ ==  communications engineering from the Helsinki University of Technology (HUT), Helsinki, Finland, in 1970, 1979, and 1991, respec-
tively.
He has been with the Communications Laboratoryat HUT since 1970, until 1991 in various teaching and research positions, since
1991 as Associate Pro-fessor and since 1998 as Professor in Radio Commu-nications. His research activities have included ter-
restrial radio relay system planning and microwave LOS-channel measurementand modeling. Presently, he is conducting research on mobile radio channel
measurement and modeling, radio interface techniques, cellular radio networkplanning, and radio resource management methods.
Prof. Haggman is a member of The Engineering Society in Finland TFiF andthe Association of Electrical Engineers in Finland.




