
Reducing Intercarrier Interference in OFDM
Systems by Partial Transmit Sequence and Selected

Mapping
K.Sathananthan and C. Tellambura

SCSSE, Faculty of Information Technology
Monash University, Clayton

Vic 3168, Australia
Email: satha@csse.monash.edu.au; chintha@csse.monash.edu.au

Abstract— Orthogonal Frequency Division Multiplexing (OFDM) is
sensitive to the carrier frequency offset (CFO). We introduce the Peak
Interference-to-Carrier Ratio (PICR) to measure the resulting intercarrier
interference (ICI). This paper shows that PICR can be reduced by Partial
Transmit Sequence (PTS) and Selected Mapping (SLM) approaches. In
PTS, each block of subcarriers is multiplied by a constant phase factor and
these phase factors are optimized to minimize the PICR. In SLM, several
independent OFDM symbols representing the same information are gener-
ated and the OFDM symbol with lowest PICR is selected for transmission.
These schemes are analyzed theoretically and their performances are eval-
uated by simulation.
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I. I NTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) is an
attractive technique for mitigating the effects of multipath delay
spread of a radio channel. Therefore, it has been accepted for
several wireless LAN standards, as well as a number of mobile
multimedia applications [1]. Unfortunately, OFDM is sensitive
to the CFO, which is caused by misalignment in carrier frequen-
cies and/or Doppler shift. The CFO violates the orthogonality
of subcarriers and results in ICI [1–4]. The BER performance
degrades as a result.

The CFO issue is considered as a limiting factor in the com-
mercial application of OFDM for high-rate mobile communi-
cations. This is particularly true where low-cost mobile hand
sets that cannot employ very accurate frequency estimators be-
cause of the cost involved. In the open literature, several tech-
niques have been proposed for reducing the ICI. These include
frequency-domain equalization, time-domain windowing, cor-
relative coding, self-ICI cancellation or polynomial coded can-
cellation and error correcting codes [2–4]. In this paper, we
study the distribution for PICR as a measure for ICI effects. In-
terestingly, PICR is analogous to peak-to-average power ratio
(PAR) issue for OFDM.

Controlling the Peak-to-Average Power Ratio (PAR) of an
OFDM signal has gained a lot of attention recently [5–11]. Gen-
erating several statistically independent OFDM frames repre-
senting the same information sequence and selecting the one
with the lowest PAR is a common approach [7–11]. This ap-
proach improves the statistics of the PAR of an OFDM signal
with additional complexity. Motivated by the success of these
approaches, we study the PTS [7–9] and SLM [7] approaches in
this paper to reduce PICR.

In the PTS scheme, subcarriers are partitioned into blocks and
each block is multiplied by a constant phase factor. These phase
factors are optimized to minimize the PICR. Optimal phase fac-
tors are sent to the receiver as side information. In the SLM
scheme, several independent OFDM symbols representing the
same information are generated and the OFDM symbol with
lowest PICR is selected for transmission. The independent
OFDM symbols are generated by multiplying the information
sequence by a set of fixed vectors. The receiver must know
which multiplying vector has been used. A pointer to this se-
quence is transmitted as side information.

The organization of this paper is as follows: Section II
presents the PICR problem in OFDM systems. PTS and SLM
are explained in Section III. We explain the PTS approach to re-
duce PICR in Section IV. Section V presents the SLM approach
ro reduce PICR. Simulation results are reported in Section VI
and concluding remarks are presented in Section VII.

II. PEAK INTERFERENCE-TO-CARRIER RATIO (PICR)

A. OFDM Signalling

The complex baseband OFDM signal may be represented as

s(t) =
1√
N

N−1∑

k=0

ckej2πk∆ft for 0 ≤ t ≤ T. (1)

wherej2 = −1 andN is the total number of subcarriers. The
frequency separation∆f between any two adjacent subcarriers
is equal to1/T whereT is the OFDM symbol duration.ck is
the data symbol for thek-th subcarrier. Each modulated symbol
ck is chosen from the setFq = {λ1, λ2, .., λq} of q distinct
elements. The setFq is called thesignal constellationof the q-
ary modulation scheme. The transmitted signal is modelled as
Real{s(t)ej2πfct} wherefc is the carrier frequency.

We assume thats(t) is transmitted on an additive white Gaus-
sian noise channel, and so the received signal sample for the
k-th subcarrier after Discrete Fourier Transform (DFT) demod-
ulation can be written as [2]

yk = ckS0 +
N−1∑

l=0,l 6=k

Sl−kcl + nk for k = 0, ..., N − 1 (2)

where nk is a complex Gaussian noise sample (with its
real and imaginary components being independent and iden-
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tically distributed with varianceσ2). We shall refer toc =
(c0, c1, ..., cN−1) as a data frame. The second term in (3) is
the ICI term attributable to the CFO. The sequenceSk (the ICI
coefficients) depends on the CFO and is given by [2]

Sk =
sin π(k + ε)

N sin π
N (k + ε)

exp[jπ(1− 1
N

)(k + ε)] (3)

whereε is the normalized frequency offset defined as a ratio
between the frequency offset (which remains constant over each
symbol period) and the subcarrier spacing. For a zero frequency
offset,Sk reduces to the unit impulse sequence. The ICI on the
k-th subcarrier can be expressed as (2)

Ik =
N−1∑

l=0,l 6=k

Sl−kcl for 0 ≤ k ≤ N − 1. (4)

Note thatIk is a function of bothc andε. In the sequel, we
would be interested in reducing the peak magnitude ofIk.

B. PICR Problem

We define the Peak Interference-to-Carrier Ratio (PICR) as

PICR(c) =
max
0≤k≤N−1|Ik|2

|S0ck|2 . (5)

Note that the PICR is a function of bothc and ε. PICR is
the maximum interference-to-signal ratio for any subcarrier. In
other words, it specifies the worst-case ICI on any subcarrier.

To reduce ICI effects, (5) should be minimized and is zero
for ICI-free channels. Interestingly, our definition (5) is similar
to PAR issue in OFDM [5–11]. However, the PICR problem
differs from the PAR issue in several ways:
• ICI occurs at the receiver side, whereas high PAR values affect
the transmitter.
• Exact computation of PAR requires oversampling, whereas
max|Ik| is obtained fromN samples.
• As the transmitter does not knowε a priori, PICR can be com-
puted only on the basis of a worst-case value,εwc > 0. There-
fore, the performance of a PICR reduction scheme should hold
for any|ε| < εwc.

Fig. 1 shows the complementary cumulative distribution
function (CCDF) of the PICR as a function ofN for ε = 0.1.
The subcarriers are modulated with binary phase shift keying
(BPSK). ForN = 128, the PICR exceeds -4 dB for only 1 out
104 of all OFDM blocks. Therefore, the PICR can be consid-
ered as a random variable and is dependent on data. Naturally,
one may apply PAR reduction techniques, which exploits the
statistical properties of an OFDM signal, to reduce PICR. As
PTS and SLM schemes can reduce PAR, we investigate them to
reduce PICR.

III. PAR REDUCTION SCHEMES

A. Partial Transmit Sequences (PTS)

In PTS, the input data block is partitioned into disjoint sub-
blocks or clusters which are combined to minimize the peaks.
We define the data frame as vector,c = [c0, c1, ..., cN−1] and
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Fig. 1. CCDF of PICR of Normal OFDM System withε = 0.1

partition it into M disjoint subblocks, represented by the vec-
tors {cm, m = 1, 2, ...,M}, such thatc = [c1, c2, .., cM ]. It
is assumed that each subblock consists of a contiguous set of
subcarriers and the subblocks are of equal size.

The objective of the PTS approach is to form a weighted com-
bination of theM blocks,

cnew =
M∑

m=1

bmcm (6)

where{bm, m = 1, 2, ...,M} are weighting factors and are as-
sumed to be pure rotation. The Inverse Fast Fourier Transform
(IFFT) of cm are called Partial Transmit sequence. The phase
factors are then chosen to minimize the peaks. The receiver
must know the generation process of the transmitted OFDM sig-
nal. The phase factors must then be transmitted to the receiver
as side information [7–9].

B. Selected Mapping (SLM)

U statistically independent alternative transmit sequences
a(u) represent the same information. The sequence with low-
est PAR is selected for transmission. To generatea(u), we
defineU distinct fixed vectorsP(u) = [P (u)

0 , ..., P
(u)
N−1] with

P
(u)
v = ejϕ(u)

v , ϕ
(u)
v ∈ [0, 2π], 0 ≤ v < N , 1 ≤ u ≤ U . Then,

each modulated symbolc = [c0, c1, ..., cN−1] is multiplied car-
rierwise with theU vectorsP(u), resulting in a set ofU different
modulated symbolsc(u) with components

c(u)
v = cv.P (u)

v for 0 ≤ v < N and1 ≤ u ≤ U. (7)

All U distinct modulated symbols are passed through IFFT
process to get the transmit sequencesa(u) = IFFT{c(u)} and the
sequence with lowest PAR is selected for transmission. In order
to recover the data, the multiplied sequence has to be transmitted
to the receiver as side information [7].

IV. ICI R EDUCTION BY PARTIAL TRANSMIT SEQUENCE

As explained in the PTS approach, we partitioned the data
framec = [c0, c1, ..., cN−1] into M disjoint subblocks and each

Tadeusz A Wysocki
235



subblock is zero padded to make its lengthN . Then, each sub-
block is multiplied by a weighting factorbm (m = 1, 2, ..., M ).
Thus,

Ik,PTS =
M∑

m=1

N−1∑

l=0,l 6=k

bmcm
l Sl−k (8)

wherecm
l is the data symbol in the newly formed m-th subblock.

Hence, (8) can be denoted as

Ik,PTS =
M∑

m=1

bmIm
k (9)

where Im
k is the interference on k-th subcarrier of blockm.

Thus, the total ICI is the weighted sum of ICI from each sub-
block. Therefore, ICI can be reduced by optimizing the phase
sequenceb = [b1, b2, ..., bM ]. We optimize the phase factor
to minimize the PICR. Therefore, this ICI reduction scheme is
similar to PTS approach to reduce PAR.

The major drawback in PTS approach is the optimization of
phase factor. To reduce the complexity of this optimization pro-
cess, we only consider binary phase factors (i.e.,bm = ±1).
Without loss of generality, we can setb1 = 1 and observe that
there are(M − 1) binary variables to be optimized. Finally, the
optimal PICR can be found as

PICRoptimal = min
b1,...,bM

[
max
0≤k≤N−1|Ik,PTS |2

|S0ck|2
]

. (10)

The computation of PICR at the transmitter requiresε. How-
ever, worst-caseε can be assumed for the computation. The sim-
ulation results show that computation of optimized phase factor
is independent ofε if it is less than the worst-case scenario. This
is an interesting and significant phenomenon.

V. ICI REDUCTION BY SELECTED MAPPING

The data framec = [c0, c1, ..., cN−1] is now multiplied sym-
bol by symbol by a fixed vectorP(u) = [P (u)

0 , ..., P
(u)
N−1]. For

simple implementation, we selectP
(u)
v ∈ [±1,±j] for 0 ≤ v <

N , 1 ≤ u ≤ U . Now, the resultingIk,SLM can be expressed as
(Eqs. (4),(7))

Ik,SLM =
N−1∑

l=0,l 6=k

P
(u)
l clSl−k (11)

which is a function of the weighting sequenceP(u). Finally, the
optimal PICR can be found as

PICRoptimal = min
P(1),...,P(U)

[
max
0≤k≤N−1|Ik,SLM |2

|S0ck|2
]

. (12)

The worst-caseε can be assumed for the computation of
PICR, as in the PTS approach.

VI. SIMULATION RESULTS

Simulation results for PTS and SLM were obtained for an
OFDM system withN = 128. The subcarriers are modulated
with BPSK and an AWGN channel is assumed throughout this
study. Further, a worst-caseε of 0.1 is assumed.

A. PTS Approach

Fig. 2 shows the CCDF of PICR forM = 8. In PTS ap-
proach, the PICR exceeds -6 dB for only 1 out104 of all OFDM
blocks whereas that of normal OFDM is for only 1 out10. There
is 2 dB reduction in PICR over normal OFDM withM = 8.

Optimized phase sequence requires2M−1 computations of
PICR. Note that an N-point IFFT and an N-point FFT are re-
quired at the transmitter to compute PICR. Thus, computation of
optimized phase sequence is difficult. Instead, several selections
of b can be generated randomly until PICR is reduced. Even 10
trials achieve a performance level that is nearly optimal.
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Fig. 2. CCDF of PICR of an OFDM System withε = 0.1 andM = 8
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Fig. 3. Variation of CCDF of PICR withM for ε = 0.1

Fig. 3 shows how the performance varies withM . WhenM
is large, PICR reduction is large. However, the computational
complexity depends onM . Thus, it is a trade off between the
performance and complexity.

In [8], a suboptimal iterative algorithm and Hadamard Walsh
sequences were proposed as an alternative to the optimum phase
sequence. In the suboptimal iterative algorithm, binary phase
factors are flipped in an orderly manner to find the suboptimum
sequence. As a first step, assumebm = 1 for all m and compute
PICR. Next, invert the first phase factor (b1 = −1) and recom-
pute resulting PICR. If the new PICR is lower than the previous
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step, retainb1 as part of the final sequence, otherwise,b1 reverts
to its previous value. The algorithm continues in this fashion
until all M possibilities for ”flipping” the signs of the factors
have been explored.

Fig. 4 shows the CCDF of PICR per OFDM forε = 0.1
when 16 Walsh sequences of length 16 and the suboptimal iter-
ative algorithm are used. 2000 random sequences performs bet-
ter than Walsh and iterative algorithm whereas Walsh sequence
performs better than iterative algorithm. With large number of
random sequences, we can expect a near optimum performance
with reasonable complexity.
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Fig. 4. CCDF of PICR of an OFDM System for different Phase Sequences with
M = 16 andε = 0.1
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Fig. 5. CCDF of PICR of OFDM System forM = 16 andε = 0.1

Fig. 5 shows the CCDF of PICR per OFDM block as a func-
tion of ε. PICR can be computed by assuming worst-case CFO
and the optimization of phase sequence in PTS approach will
not be affected by CFO less than the worst-case CFO.

B. SLM Approach

Fig. 6 shows the CCDF of PICR per OFDM block as a func-
tion of U for ε = 0.1. In SLM approach withU = 8, only 1
out104 of all OFDM blocks exceeds the PICR of -8 dB whereas
in normal OFDM, only 1 out104 of all OFDM blocks exceeds

the PICR of -3.5 dB. That is a 4.5 dB reduction in PICR. In fact,
this is a significant reduction comparing with the PTS approach.
Moreover, PICR reduction increases with increasingU . How-
ever, the computational complexity depends onU . Again, the
performance can be traded off against complexity.
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Fig. 6. CCDF of PICR of OFDM System withε = 0.1
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Fig. 7. CCDF of PICR of OFDM System withU = 8 andε = 0.1

Fig. 7 shows that PICR can be computed by assuming worst-
case CFO and the performance of the SLM approach will not be
affected by CFO less than the worst-case CFO.

VII. C ONCLUSION

In this paper, new solutions to the ICI problem in OFDM sys-
tems have been presented. The definition of PICR is analogous
to that of PAR. Consequently, PAR reduction schemes can be ap-
plied to reduce PICR. We investigated the PTS and SLM meth-
ods to reduce PICR. They improves the PICR statistics of an
OFDM signal at the expense of additional complexity, but with
little loss in efficiency. For an OFDM system withN = 128 and
ε = 0.1, PTS withM = 16 reduces PICR by 3 dB whereas SLM
with U = 16 reduces PICR by 5 dB. Moreover, both schemes
work independent ofε, provided|ε| < εwc.
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