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Abstract— Orthogonal Frequency Division Multiplexing (OFDM) is Inthe PTS scheme, subcarriers are partitioned into blocks and
Isensfitive to theccaf,”efRf“?qU(gI‘gé)OﬁSEt (CFO)-hWe i”tlr,c’du_ce the Peak each block is multiplied by a constant phase factor. These phase
nterference-to-Carrier Ratio to measure the resulting intercarrier P L .
interference (ICl). This paper shows that PICR can be reduced by Partial factors are optimized to mlmmlze t.he PlCR' Opt'm"’“ phase fac-
Transmit Sequence (PTS) and Selected Mapping (SLM) approaches. In tOrs are sent to the receiver as side information. In the SLM
PTS, each block of subcarriers is multiplied by a constant phase factor and scheme, several independent OFDM symbols representing the
these phase factors are optimized to minimize the PICR. In SLM, several same information are generated and the OFDM symbol with
independent OFDM symbols representing the same information are gener- . .. .
ated and the OFDM symbol with lowest PICR is selected for transmission. l0west PICR is selected for transmission. The independent
These schemes are analyzed theoretically and their performances are eval-OFDM symbols are generated by multiplying the information
uated by simulation. . o , sequence by a set of fixed vectors. The receiver must know

Keywords— Orthogonal Frequency Division Multiplexing, Carrier Fre- which muItipIying vector has been used. A pointer to this se-
quency Offset (CFO), Intercarrier Interference (ICI) . . . .

guence is transmitted as side information.
L The organization of this paper is as follows: Section Il
- INTRODUCTION presents the PICR problem in OFDM systems. PTS and SLM

Orthogonal Frequency Division Multiplexing (OFDM) is anare explained in Section Ill. We explain the PTS approach to re-
attractive technique for mitigating the effects of multipath delajuce PICR in Section IV. Section V presents the SLM approach
spread of a radio channel. Therefore, it has been acceptedrioreduce PICR. Simulation results are reported in Section VI
several wireless LAN standards, as well as a number of mobdled concluding remarks are presented in Section VII.
multimedia applications [1]. Unfortunately, OFDM is sensitive
to the CFO, which is caused by misalignment in carrier frequen- |- PEAK INTERFERENCETO-CARRIER RATIO (PICR)
cies and/or Doppler shift. The CFO violates the orthogonaliy. OFDM Signalling
of subcarriers and results in ICI [1-4]. The BER performance

degrades as a result. The complex baseband OFDM signal may be represented as

The CFO issue is considered as a limiting factor in the com- 1 Nl
mercial application of OFDM for high-rate mobile communi- s(t) = N Z cre??™ A for0 <t < T. (1)
cations. This is particularly true where low-cost mobile hand k=0
sets that cannot employ very accurate frequency estimators \DﬁErejQ — _1 andN is the total number of subcarriers. The

cause of the cost involved. In the open literature, several te(fqu;quency separatioh f between any two adjacent subcarriers
nigues have been proposed for reducing the ICI. These inclqgl%qued tol /T whereT is the OFDM symbol durationc;, is
frequency-domain equalization, time-domain windowing, COfne data symbol for thé-th subcarrier. Each modulated symbol
relative coding, self-ICI cancellation or polynomial coded cans; is chosen from the sef, = {\1, Az, .., A,} of ¢ distinct
cellation and error correcting codes [2-4]. In this paper, Wgements. The sef, is called thesignal constellatiorof the g-
study the distribution for PICR as a measure for ICl effects. 1By modulation scheme. The transmitted signal is modelled as
terestingly, PICR is analogous to peak-to-average power raﬂ'ga{s(t)ej%m} wheref, is the carrier frequency.
(PAR) issue for OFDM. We assume tha(t) is transmitted on an additive white Gaus-
Controlling the Peak-to-Average Power Ratio (PAR) of agan noise channel, and so the received signal sample for the

OFDM signal has gained a lot of attention recently [S-11]. GeR:th subcarrier after Discrete Fourier Transform (DFT) demod-
erating several statistically independent OFDM frames repigation can be written as [2]

senting the same information sequence and selecting the one

. . . N-1
with the lowest PAR is a common approach [7-11]. This ap- B
proach improves the statistics of the PAR of an OFDM signal Y% — xS +l OZZ# Si—kcr tngfork=0,...N -1 (2

with additional complexity. Motivated by the success of these
approaches, we study the PTS [7-9] and SLM [7] approacheswhere n; is a complex Gaussian noise sample (with its
this paper to reduce PICR. real and imaginary components being independent and iden-
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tically distributed with variancer?). We shall refer toc = w0’
(co,c1,-..,cn—1) @s a data frame. The second term in (3) is

the ICI term attributable to the CFO. The sequefiggthe ICI w0
coefficients) depends on the CFO and is given by [2]

107

50 sinm(k + ¢) ) expljm(l — l)(k +¢)] 3)

:Nsin%(k;—i—e N

PrPICR > PICRo)

wheree is the normalized frequency offset defined as a ratio
between the frequency offset (which remains constant over each  *'f

symbol period) and the subcarrier spacing. For a zero frequency —  N=16
offset, Sy reduces to the unit impulse sequence. The ICl onthe  w*f 7 Higﬁ
k-th subcarrier can be expressed as (2) e N
N—1 10;513 -16 -14 -12 P\C_é‘g(dB) -8 -6 -4 -2
I, = Z Si_regforo<k <N -—1. (4) ] ]
1=0,1k Fig. 1. CCDF of PICR of Normal OFDM System with= 0.1

Note thati, is a function of bothc ande. In the sequel, we

would be interested in reducing the peak magnitud, of partition it into M disjoint subblocks, represented by the vec-

tors {c,,,m = 1,2,..., M}, such thatt = [c;,Co,..,Cps]. It
B. PICR Problem is assumed that each subblock consists of a contiguous set of
) ) . subcarriers and the subblocks are of equal size.
We define the Peak Interference-to-Carrier Ratio (PICR) as The objective of the PTS approach is to form a weighted com-

ma 12 bination of theM blocks,
0<k<N-1l+k
Chew = bmc'rn (6)
Note that the PICR is a function of bothandes. PICR is mz::l

the maximum interference-to-signal ratio for any subcarrier. In o

other words, it specifies the worst-case ICI on any subcarrierwhere{b,,,m = 1,2, ..., M} are weighting factors and are as-
To reduce ICI effects, (5) should be minimized and is ze@ymed to be pure rotation. The Inverse Fast Fourier Transform

for ICI-free channels. Interestingly, our definition (5) is similaf/FFT) of ¢,, are called Partial Transmit sequence. The phase

to PAR issue in OFDM [5-11]. However, the PICR prob|enf-fa\ctors are then chosen to minimize the peaks. The receiver

differs from the PAR issue in several ways: must know the generation process of the transmitted OFDM sig-
« ICloccurs at the receiver side, whereas high PAR values aff8@- The phase factors must then be transmitted to the receiver
the transmitter. as side information [7-9].

« Exact computation of PAR requires oversampling, whereas .
max |1 | is obtained fromV samples. B Selected Mapping (SLM)
« As the transmitter does not knawva priori, PICR can be com- U statistically independent alternative transmit sequences
puted only on the basis of a worst-case valug, > 0. There- a(* represent the same information. The sequence with low-
fore, the performance of a PICR reduction scheme should helst PAR is selected for transmission. To genemite, we
forany|e| < eye. define U distinct fixed vector™ = [P . P ] with

Fig. 1 shows the complementary cumulative distributiole,lgu) A Ol 0,27],0 <w < N,1 < u < U. Then,
function (CC.DF) of the PICR as a fungtlon bi for e = .0'1' .each modulatesfj symtgoI: %co,cl, ..., cN—1] is multiplied car-
The subcarriers are modulated with binary phase shift key'ﬂ%rwise with thel7 vectorsP(™), resulting in a set o/ different
(BPSK). ForN = 128, the PICR exceeds -4 dB for only 1 out odulated symbols® with cc;m onents
10* of all OFDM blocks. Therefore, the PICR can be consid" y P
ered as a random variable and is dependent on data. Naturally, p)

one may apply PAR reduction techniques, which exploits the Y

statistical properties of an OFDM signal, to reduce PICR. As All U distinct modulated symbols are passed through IFFT
PTS and SLM schemes can reduce PAR, we investigate then&;&ess to get the transmit sequera®s = IFFT{c(*)} and the
reduce PICR. 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].

=c,,PWforo<v<Nandl<u<U  (7)

Ill. PAR REDUCTION SCHEMES

A. Partial Transmit Sequences (PTS)

In PTS, the input data block is partitioned into disjoint sub- IV. ICI REDUCTION BY PARTIAL TRANSMIT SEQUENCE

blocks or clusters which are combined to minimize the peaks.As explained in the PTS approach, we partitioned the data
We define the data frame as vector= [cg, ¢1,...,cny—1] @and  framec = [co, ¢1, ..., cn—1] into M disjoint subblocks and each
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subblock is zero padded to make its length Then, each sub- A. PTS Approach
blr(])ck is multiplied by a weighting factdr,, (m = 1,2, ..., M). Fig. 2 shows the CCDF of PICR fai/ = 8. In PTS ap-
Thus, v N1 proach, the PICR exceeds -6 dB for only 1 o0t of all OFDM

/ blocks whereas that of normal OFDM is for only 1 a0t There

I = bmc)t S — 8) . = ;
W PTS Z Z otk ® is 2 dB reduction in PICR over normal OFDM wifd = 8.

Optimized phase sequence requitdé—! computations of
CR. Note that an N-point IFFT and an N-point FFT are re-
quired at the transmitter to compute PICR. Thus, computation of

m=11=0,l#k
wherec;" is the data symbol in the newly formed m-th subblocl&,I
Hence, (8) can be denoted as

M optimized phase sequence is difficult. Instead, several selections
Iy prs = Z b I3 (9) of b can be generated randomly until PICR is reduced. Even 10
m=1 trials achieve a performance level that is nearly optimal.

where I7" is the interference on k-th subcarrier of blogk
Thus, the total ICI is the weighted sum of ICI from each sub-
block. Therefore, ICI can be reduced by optimizing the phase
sequencé = [by,bo,...,bp]. We optimize the phase factor i
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 (bg.,= £1).
Without loss of generality, we can sigt = 1 and observe that
there arg M — 1) binary variables to be optimized. Finally, the E—

optimal PICR can be found as 0° ——  Optimum

—+—  Random Sequences (10)
—s&—  Random Sequences (100

mazx |I ‘2 —e—  Random Sequences (200
0<k<N-11k,PTS (10) 16 14 12 10 & % -4 2
|Sock|?

o

10

,_.
S,
T

Pr(PICR > PICRo)

»-\
S,
T

PICR ptimal = , min

PICRo(dB)
The computation of PICR at the transmitter requireklow- Fig. 2. CCDF of PICR of an OFDM System with= 0.1 and M = 8
ever, worst-casecan be assumed for the computation. The sim-
ulation results show that computation of optimized phase factor .
is independent of if it is less than the worst-case scenario. This
is an interesting and significant phenomenon.

V. ICI REDUCTION BY SELECTED MAPPING
The data frame = [co, c1, ..., ¢y —1] IS now multiplied sym-
bol by symbol by a fixed vectd®™ = [P{*, ..., P{"),]. For

simple implementation, we seleBf™) € [£1,£j]for0 <wv <
N, 1 <u < U. Now, the resulting sz can be expressed as

PI(PICR > PICRo)

(Eas. (4),(7)) ]
—+—  Normal OFDM
N—1 ——  M=2 (Optimum)
—+—  M=4 (Optimum)
Ik,SLM = E ]Dl(u)ClSl_k (11) —s—  M=8 (Random 100)
—e—  M=16 (Random 2000
1=0,l#k 107 I

-16 -14 -12 -10 -8 -6 -4 -2
PICRo(dB)

which is a function of the weighting sequer®’. Finally, the
Opt|ma| PICR can be found as Fig. 3. Variation of CCDF of PICR with/ fore = 0.1

max

. o<k<N—1|Ik,SLM\2 Fig. 3 shows how the performance varies with When M
PICR ptimar = P b | [Sock]? - (12) s large, PICR reduction is large. However, the computational
complexity depends oM. Thus, it is a trade off between the

The worst-cases can be assumed for the computation gerformance and complexity.
PICR, as in the PTS approach. 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

Simulation results for PTS and SLM were obtained for afactors are flipped in an orderly manner to find the suboptimum
OFDM system withNV = 128. The subcarriers are modulatedsequence. As a first step, assuipe= 1 for all m and compute
with BPSK and an AWGN channel is assumed throughout tHdCR. Next, invert the first phase factér (= —1) and recom-
study. Further, a worst-caseof 0.1 is assumed. pute resulting PICR. If the new PICR is lower than the previous

V1. SIMULATION RESULTS
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step, retairb; as part of the final sequence, otherwisereverts the PICR of -3.5 dB. Thatis a 4.5 dB reduction in PICR. In fact,
to its previous value. The algorithm continues in this fashidhis is a significant reduction comparing with the PTS approach.
until all M possibilities for "flipping” the signs of the factors Moreover, PICR reduction increases with increadihgHow-
have been explored. ever, the computational complexity dependslon Again, the
Fig. 4 shows the CCDF of PICR per OFDM fer= 0.1 performance can be traded off against complexity.
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.

10° T T
i —+—  Normal OFDM
—+—  Walsh

—e— lterative
—eo—  Random (2000)

Normal OFDM

SLM OFDM (U=4)
SLM OFDM (U=8) | -
SLM OFDM (U=16)

107+

Pr(PICR > PICRo)

10°F

Pr(PICR > PICR0)

-12 -11 -10 -9 -8 -7 -6
PICRo(dB)

Fig. 6. CCDF of PICR of OFDM System with= 0.1

10"‘ L L L L L
-16 -14 -12 -10 -8 -6 -4
PICRo(dB)

Normal OFDM (CFO=0.05)
CFO0=0.05 (Designed for CFO=0.05)
CFO=0.05 (Designed for CFO=0.1)| |

Fig. 4. CCDF of PICR of an OFDM System for different Phase Sequences with 10
M =16 ande = 0.1

Pr(PICR > PICRo)

1 I 1 1
-18 -17 -16 -15 -14 -13 -12 -11 -10 -9
4 PICRo(dB)

10 I I I I

Pr(PICR > PICRo)

Fig. 7. CCDF of PICR of OFDM System withi = 8 ande = 0.1

—+—  Normal OFDM (CFO=0.05)
—— CFO0=0.05 (Designed for CFO=0.05)
—e—  CF0=0.05 (Designed for CFO=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
20 -8 -6 o 2 -1 - affected by CFO less than the worst-case CFO.

Fig. 5. CCDF of PICR of OFDM System fa¥/ = 16 ande = 0.1
VIl. CONCLUSION

_ Fig. 5 shows the CCDF of PICR per OFDM block as a func- |, this paper, new solutions to the ICI problem in OFDM sys-
tion of . PICR can be computed by assuming worst-case Ch&ins have been presented. The definition of PICR is analogous
and the optimization of phase sequence in PTS approach Wilkhat of PAR. Consequently, PAR reduction schemes can be ap-
not be affected by CFO less than the worst-case CFO. plied to reduce PICR. We investigated the PTS and SLM meth-
ods to reduce PICR. They improves the PICR statistics of an
B. SLM Approach OFDM signal at the expense of additional complexity, but with
Fig. 6 shows the CCDF of PICR per OFDM block as a fundittle loss in efficiency. For an OFDM system wifti = 128 and
tion of U for e = 0.1. In SLM approach with7 = 8, only 1 ¢ = 0.1, PTS withAM/ = 16 reduces PICR by 3 dB whereas SLM
out10* of all OFDM blocks exceeds the PICR of -8 dB whereasith U = 16 reduces PICR by 5 dB. Moreover, both schemes
in normal OFDM, only 1 outi0* of all OFDM blocks exceeds work independent of, provided|s| < &,..
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