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Abstract—Orthogonal frequency-division  multiplexing which is commonly used for OOB spectral suppression,
(OFDM) suffers from inter-carrier interference (ICI) if is not nice for ICI suppression [7]. Window optimization
the channel has the Doppler spread and/or frequency phaq heen carried out in restricted classes of windows

offset. Polynomial cancellation coding (PCC), symmetric .
cancellation coding (SCC), and windowing are simple, but [7], [8], [9], [10]. From these works, we can notice that

effective, schemes to mitigate the ICI in the OFDM system Windows with discontinuities or piece-wise linearity [8]
without error-correcting coding. In this two-part paper, generally work better than the RC window. Especially,

we derive approximations to the signal-to-interference plus  optimization over a class of windows constructed from
noise power ratio (SINR) attainable by PCC, SCC, and  qaqratic functions in [9] reveals that it tends to give a

windowing and compare their performances in terms of i | indow f ficientl ID | d
SINR. To this end, in this first part, we review these known @nguiarwindaow for a suiticiently small Doppler spreads

schemes and discuss some of interrelationships between and a theorem in [10] shows that the triangular window
them. is exactly optimal when the channel path coefficients

vary linearly. In [11] and [12], more general classes
of windows are considered and the associated SINR is
calculated. However, the derived SINR form is complex
Main causes of intercarrier interference (ICl) in aor optimization is carried out only numerically. In [13],
mobile system employing orthogonal frequency-divisiona numerical optimization scheme is proposed to find the
multiplexing (OFDM) are the frequency spread due tobest Nyquist window that has the largest SINR for a given
Doppler effects and carrier frequency offset (CFO) [1],CFO. However, the scheme is useful only for non-fading,
both of which severely affect the bit error rate (BER)frequency non-selective channels.
behavior of the system. Although equalization with and Self-ICI-cancellation is another simple means to sup-
without partial response precoding [2], [3] over subcar-press ICI. The first self-ICI-cancellation scheme was
riers and spatial processing [4] can considerably reducproposed by Zhacet al. in [15], where each data is
the effects of ICI, these sophisticated schemes mak&ansmitted over two adjacent subcarriers, sayntieand
the receiver too costly, and we may have recourse tthe (n + 1) st subcarriers, with opposite polarities and, at
simpler ICI suppression schemes, including windowingthe receiver, ICl is made “self-canceled” with subtraction
[5]-[14], polynomial cancellation coding (PCC) [14]-[25], combining. The scheme is subsequently classified as the
symmetric cancellation coding (SCC) [26]-[31], and somefirst order polynomial cancellation coding (PCC) and
related schemes [32]-[34]. There are not, however, enoughigher order PCC schemes are discussed in [14] (see also
guidelines for which one is useful for the given situation.[16]). Although the first-order PCC, or simply PCC, can
While time-domain Nyquist windowing is commonly send onlyN/2 data overN subcarriers, it is shown in
used at the transmitter to suppress the out-of-band (OOHB18] that, when differential modulation is assumed, PCC is
spectral radiation [1], windowing at the receiver or both atmore robust against Doppler spreads than un-interleaved
the transmitter and receiver is also known to be effectiveeonvolutionally coded OFDM of the same rate. PCC is
to suppress ICI [5],[6]. For this purpose, Nyquist windowsalso considered for channels with phase noise in [19] and
are used since they are ICI-free if no impairments exist if20] and for a multi-antenna system in [21]. In [14], it is
the channel. A Nyquist window with non-zero roll-off has suggested that the scheme is actually a windowing scheme
a prolonged window length and hence requires a cycliavith square-root RC Nyquist windowing of roll-off one
prefix (CP) long enough to match the window length.at the transmitter and receiver. Thus, it is also useful to
Then, changing the roll-off, we may realize an OFDM reduce out-of-band (OOB) radiation [17], [22].
system with variable robustness to channel impairments. Recently, in [23] (also see [25]), an exact closed-form
In [6], such an adaptive windowing system employing theexpression of the signal-to-interference-plus-noise power
raised-cosine (RC) window is proposed to mitigate theratio (SINR) over a multipath Rayleigh fading channel
ICI caused by CFO or by carrier wave spurious. Effortsis given for PCC and the bit error rate (BER) calculated
to get better windows have revealed that the RC windowminder Gaussian ICI assumption is shown to match simu-
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lation results well. The above SINR expression, whichschemes, or both. However, there are almost no com-
is exact and closed-form, is complicated and may berehensive discussions nor comparisons of all of these
calculated only numerically. Independently, in [24], aschemes.
simple approximation for the ICI power in PCC-OFDM is  |n the first part of this two-part paper, we review
derived based on an approximation technique used for theCC and SCC as self-ICl-cancellation schemes as well
normal OFDM [35]. However, the derivation has flaws asas windowing and consider their inter-relationships. Addi-
shown in Appendix I. tionally, we also study, with memoryless Gaussian process
In spite of its good features, PCC has a crucial disassumption, PAPR characteristics of PCC-OFDM and
advantage that it amplifies the peak-to-average poweBCC-OFDM signals. We then proceed to review SCC and
ratio (PAPR) substantially. In [25], the complementaryCCC as diversity schemes and discuss relationships to
cumulative distribution function of PAPR is derived for DCT-OFDM and to (CR)V-OFDM. Performance analysis
PCC with Gaussian approximation and is shown to havéased on the Gaussian ICl assumption is given in the
a prolonged tail. second part, where we consider signal-to-interference plus
Symmetric cancellation coding (SCC) is introduced innoise power ratio (SINR) and BER expressions for these
[26] and [27] as another self-ICI-cancellation schemeschemes.
where each data symbol is transmitted over two sub- The rest of this first part of the two-part paper is as
carriers at the symmetric positions, say, theh and follows. In Section Il, we give some background for
(N —1—n)th subcarriers, with opposite polarities fatf  ICl and performance analysis and also give some history
subcarriers. It is shown by simulation in these works thabf ICI analysis for the normal OFDM. In Section Il
SCC generally performs better than PCC. We need to bae review self-ICI-cancellation schemes and windowing
careful on this point, however. It is shown in [30] that the schemes. In Section 1V, we discuss the effect of PCC and
ICI power of SCC is quit small when fading is frequency- SCC on the PAPR of the transmitted signals. In Section V,
flat but that the ICI power increase considerably atwe consider SCC and CCC as diversity schemes and give
the increase of frequency-selectivity. Given a completeapproximate expressions for error probability using Gaus-
channel state information (CSI) at the receiver, howeversian approximation. Section VI is the conclusion. In the
the frequency-selectivity of the channel then allows SCGecond part of the two-part paper, we give approximate
to realize frequency diversity with the use of maximalanalysis of the performance of these schemes discussed
ratio combining (MRC) at the receiver. Thus, SCC is ain this first part.
self-ICI-cancellation scheme for flat fading and, at the
same time, a frequency diversity scheme for frequency-
selective fading as well. In this respect, we should note Il. BACK GROUND
the similarity between SCC-OFDM and OFDM based on
discrete-cosine transform (DCT-OFDM) [28], [29] (and  \jith appropriate zero-valued guard subcarriers and the
_the reference_th_ereln). Conjugate cancellation dlsgussqpmte bandwidth assumption [1], an OFDM signal of
in [33] has a similar flavor as SCC and may be con3|deregymbo| periodT” (sec) with cyclic prefix (CP) of period

not as a specific coding scheme but a basic principlqb (sec) may be expressed in a discrete-time, complex-
behind SCC. The self-ICI-cancellation capability of con-y,5,ed baseband form. with sampling perifgd—= T

jugate cancellation over flat fading channels is further N

enhanced with the introduction of phase rotation in [34]. N—1
Interestingly, it is shown in [30] and [31] that, when . _ Z apye? R for —~Ng<n<N-—1, (1)
differential modulation in frequency domain is used, SCC ot ’ -

without MRC still performs better than PCC for a wide
range of SNRs. However, we are not going to discussvhereN is the number of subcarriers,,, n =0, 1, - - -,
differential modulation in this paper. N—1, are the subcarrier values, ang = % is the length

In the light of the diversity effects of SCC, cyclic of the guard interval in samples. The expression (1) is
cancellation coding (CCC) [32] is proposed as an itshothing but anV-point inverse discrete Fourier transform
enhancement, where the same data symbol is transmitt¢dDFT). We always suppose thaf is an even integer.
over subcarriers in cyclically opposite positions. The In the same manner, the channel is represented as
transmit diversity scheme in [36] may be another en-a discrete-time, time-variant multipath Rayleigh fading
hancement. The vector OFDM (V-OFDM) [37] may be channel

considered as a further enhancement of CCC, although L1

it was not proposed as a scheme to mitigate ICI. The Yp = Z P 0Tho—s + W, 2)
diversity attainment with V-OFDM is not perfect and the —

constellation-rotated V-OFDM (CRV-OFDM) is proposed

in [38] as a full-diversity extension. where w;, is the discrete-time, complex-valued white

As we have seen, there are many ICI mitigationGaussian noise with varianeg? = NN,. We suppose
schemes which are simple, effective, and mutually rel —1 < Ne.
lated. They are self-ICI-cancellation schemes, diversity Discrete Fourier transform (DFT) af,, at the receiver
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gives Then, for a multipath fading channel with Doppler
N_1 spread and CFO, the average BERin thenth subcarrier
R = 1 eI - is approximated byﬁ and byﬁ(n), respectively, for
" N = BPSK and QPSK.
Ne1IL—1 A brief review of performance analysis for the normal
_ 1 By op_pe I R LW, OFDM may be helpful for the subsequent discussions.
N == In [44], ICI power is calculated for a channel with CFO
= A(n)a, + I(n) + W, and a simple approximation to the signal-to-interference

N1 - power ratio (SIR) is given. In [45], the exact BER is
whereW,, = + 3, wye 7"~ is a white Gaussian calculated and is compared with the Gaussian approx-
noise with mean-zero and variandé, and, with the imation. For frequency-selective (or frequency-flat) fast

convention fading channels, in [46], approximate BER is calculated
N_1L-1 by Gaussian approximation and is compared with simu-
A 1 2m(m—n)k _ 2xme . 1 . I
Apn = = Z hpeel = N e ITRT, (3) lation results. These results are contrasting: the Gaussian
N k=0 (=0 approximation shows a good match for the fast fading

channel while it does not for the Gaussian channel with
CFO only. This may be because the ICI due to CFO has a
interference (ICI) probability distribution quite different from the Gaussian

) distribution. According to a more thorough analysis in

we assume the wide-sense staﬂongry and uncorrelat 7], Gaussian approximation gives slightly different BER
scattering (WSSUS) model for the fading processes [39]from the true value by about one or more dBs for channels

[40], [41]. In practice, however, there is a CFO between . ) .
. . . with Doppler spreads. ICI power is also calculated in [48]
the transmitter and receiver local oscillators, and we - T X
o . under the assumption of infinitely many subcarriers and
assume that the channel coefficietg, are circularly . .
symmetric (CS) Gaussian random rocesses [42] satis in [49] under a more general condition.
y P In the following discussions, we do not use the infinite

A(n) = A, . is the (complex) amplitude of theth
subcarrier and (n) = Zm# amAm,n 1S the intercarrier

N9 subcarrier approximation but directly approximate the ICI
E[hkjh;:}/’g/} = pgeijTS[kik/}Jo(wDTg[k} — k’])(;g_g/, power.

where p, is the power of thefth path,wp A 2 [1l. CANCELLATION CODING SCHEMES

(rad/sec) is the (maximum) Doppler frequency; 2 We review cancellation coding schemes and the behav-

27 fo (rad/sec) is the CFO/,(z) is the zeroth-order ior of the generated OFDM signals.

Bessel function of the first kind, andl, is Kronecker’s

delta function. Without loss of generality, we assumeA. Polynomial cancellation coding (PCC)

S pe=1. The dth-order PCC is a mapping scheme where each
If a,, are mutually independent random variables withdata symbol is mapped over contigudds-1) subcarriers

zero mean and variance [EL7L|2] = Fg, then SINR is  with weighting coefficients determined from thth-order

given as polynomial(1— D)% in D. In the first-order { = 1) PCC,
Ee-E[JAm)] (1 - D) = (1 — D) and themth data symbola/, of
I(n) = s _ @ Efla,’] =E{(m=0,1,---, §-1)is located both at
E[lI(n)[?] + E[[Wn|?] the 2mth and(2m + 1)st subcarriers &s
We employ, in the following discussions, the Gaussian Lo ifn=9om
interference assumption that the interferefi¢e) is well an = { _f o it 9 ' 1
approximated by a CS Gaussian random variable indepen- V3mo Mm=2m L

dent of A(n). Moreover, different schemes are comparedAt the receiver, decision is made for the result of subtrac-
on the basis of the fixed total transmit power for the sameion combining
bandwidth. 1 1

It is known that, in the case of an additive white RP(n) = ERzn - ﬁR2n+l- (6)
Gaussian noise (AWGN) channel, the bit error rates X
(BERS) P, of BPSK and QPSK are given, respectively, Althqugh there are hl_gher-order PCC schemes, we only
by Q(v/27) and byQ(,/3) for signal-to-noise power ratio co_nguder the above flrst_-order PCC be_cause of §pectral
(SNR) per symbok with the use of the Gaussian Q- efficiency and call the first-order PCC just PCC in the

: : - following discussions.
functionQ( - ). In the case of a Rayleigh fading channel, . : .
the average BERP, is known to be given by, for both When PCC is used, the discrete-time baseband OFDM

BPSK and QPSK, signal (1) has the form
R
_ 1 Yb.av :| 1 1 2 , .21 (2m)k c2m(2m+1)k
P=-1|1—,/ : ~ , 5 T = —= am{ej N —eT N } )]
b 2 { 14+ vp,av 4’Yb,av ( ) g \/§ ng:o
where~y oy is the average SNR per bit [43]. 1The factor% is used for normalization.
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and the FFT output at the receiver is expressed, with th&he window {¢¢} is not a Nyquist window ford > 1.

use of (3), as Thus, we need guard subcarriers to avoid ICI introduced
by windowing, which explain that thelth order PCC
requiresd + 1 subcarriers for each,,. Moreover, the
window peak valug2gx~ )¢ = 2¢ certainly increase the
PAPR of PCC-OFDM. Thus, there is practically no merit
Then, subtraction combining (6) gives, for< n < % in considering a higher-order PCC-OFDM.

RP(n) = AP(n)a, + I7(n) + WP(n),

vz

1

a;n (AQm,n - A2m+1,n) + Wn
=0

Rn =

Sl

3

B. Symmetric cancellation coding (SCC)

In SCC [26], [27], for given data symbols/, of
Ella,|?] =ELn=0,1,---, 5 —1, subcarrier values

where we letiP(n) 2
the convention

%Wgn - %Wgnﬂ and, for

a 1 i
Afn,n A 5(AZm,Qn — Apmi1on) a, are determined as
1 5 foro<n< &,
_§(A2m,2n+1 — Aomi1,2n41), an = 1 N
— BN n-1> for 5 <n<N.
the complex signal coefficient and the interference arq_h the SCC-OFDM sianal is i forNe < &
given, respectively, as Nusi ai i signatis given, TekiVe = & <
A A i -1
2
AP(n) = ATPLm and ]P(n) = Z almAfmn. T = L Z a, {ej27rl<7nk B e_j 27r('mN+1)k } . (9)
mZN V2 =

1) PCC and Nyquist windowingThe PCC-OFDM The FFT output at the receiver is written as
signal (7) is also written as

PO
1 2
ani ;nAm.n*A— —m,n +Wn 10
ﬂmZ_oa( , — (10)

N1
mk . ak\ 2 ) jlmmk 5
zr = —je’ ¥ /2sin N g a,. e N2 = \/2g, %y,

m=0 ) The subcarrier values at the symmetric positions are
P ommk combined as
wherez, = —je!’ ™ Y 2_Jal e’ N/ is the phase ro- " "
os(2n[kt —1 S _ (1 2
tatedN/2-point IDFT of {a/,} andg;, = w R7(n) = ¢5," Bn + &y BN—n—1,

Then, we can see that PCC is nothing but a Wi”dOWi”QNhereqsﬁ}) andqﬁf) are combining coefficients satisfying
method using the square-root raised-cosine (RC) windovr/¢(1)|2 ot |¢(2)|2 —1

{\/gi} of roll-off p = 1 both at the transmitter and the ., 1>51 and [27], it is discussed that, for a flat fading

ret_:rek:velz. t RC shabi lains th Il 00 channel, the ICI due to CFO is efficiently suppressed at
€ square-roo shaping explains the sma he receiver if subtraction combining}) = —¢( is

radiation of PCC [17], [22] anq some robustnegs aga.msﬁsed. For frequency selective fading channels, however,
Doppler spreads. However, this kind of transmitter win-

dowing intensifies signal peak powers at the center 0LCI cancellation by subtraction combining is not effective
. X h i of . . i tadi
each OFDM symbol and hence yields a large peak-to ince the pair of subcarriers subject different fading, and

average power ratio (PAPR) [30] as discussed in Sect_he frequency diversity effects obtained with maximal

tion IV. Moreover, windowing based on the RC function [gg]o combining (MRC) become more important [26],
is considerably suboptimal when ICI reduction is con-" -/ . S

sidered [7] as discussed for the intersymbol-interference The combiner output is given as

(ISI) problem due to timing jitter for pulse amplitude RS(n) = AS(n)d!, + IS(n) + WS(n),
modulation (PAM) [50]. It is generally known that, for a

relatively small Doppler spread or CFO, piece-wise lineawhere we letiS(n)
window functions give better results [8], [9], [10], which for®

é d)gll)Wn + ¢'EL2)WN7177L and,

has been also known for PAM [51]. AS A ¢(1)(A 4 )
2) On higher-order PCC:It may be instructive to mn " m*;‘ —1-mn
compare higher-order PCC and windowing. Tdté or- +6P (Am,—1-n — A_1—m,—1-n),

der PCC-OFDM signal can written, with an appropriate

o the complex signal coefficient and and the interference
normalization, as

are given, respectively, as

. srk d N _q
(_‘76] N ) / di A S\ A4S S,y A Nz_l s
— r L] /
Lk = /r+ 1 : (2gk)d —~ ampe N/ A (n) = An,n and I (Tl) = a’mAm,n

mZ9

2Since the cyclic prefix creates a sharp edge, zero-padding may be
more suitable as a guard in order to suppress the OOB spectral radiation.3Because of periodicityA,, N—n = Am,—n-
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window function

1 1) Windowing at the receiver onlyin this windowing
1 — scheme, theVs-point IDFT output of lengthV + Ng,

1 I n Ne—1

! r o of o o o 1 S 2mmk

Ng 0 TN ZN N (PN (1 4)N N T = Z ame]stk, for —-Ng<k<N—1,

i transmltted OFDM e.ymbol =
is transmitted over the channel (2). At the receiver, the
K“ard e °'e°“F part corresponding to the guard is omitted from the
received signal and the resultant signal of lengthis
multiplied with w; and is applied withNs-point DFT.

Figure 1. Nyquist windowing at the transmitter The result is expressed, for< n < Ns— 1, as
1 N-1 -
, . N RY(n) = + > grype ™ s
There is a certain relationship between SCC and OFDM s
with discrete-cosine transform (DCT) [28], that is, DCT- = AV(n)a, + 1V (n) + WW(n),
OFDM [29]. In fact, if we leta!, = v/2e™™a!,, then we _ o _
can also write the SCC-OFDM signal (9) as where the signal coefficient, interference, and noise are,
respectively,
2n —|— l)k N—1L—
e a n
o i Z an - @h AV 2 S g (1)
This shows that SCC-OFDM is a special case of the ]’fiol =0
1 - - i 1 _ 1 __s2mkn
tlme_ and _frequency shifted version of DCT_ OFDM_. The WW(n) A 1 grwpe IR 7 (15)
relationships to DCT-OFDM is discussed in Section V N =
further. ] Neml No1L-d
™(n E Am, h
C. Nyquist windowing (n) N it kz_o ;_%gk o
m ;é n n n

For a givenp such thatd < p < 1, the window -
{gx} of roll-off p and an OFDM symbol are related o o R I (16)
as shown in Fig. 1, where the window has the total ) . . . )
length N and the effective lengttVs = (1 — 2)N. This 2) Mat.ched 'Wlndowmg: The receiver Wlndovylng
window is multiplied with aNs-point IDFT output and its scheme is against the principle of matched receiver (or
cyclic prefix/postfix of total lengtt§ V. Moreover, a guard filtering) [42] and yields a certain power loss since the
interval is also necessary to protect the current OFDMECEIVer is not matched. to the transmitted signal. A
symbol from the previous one. remedy for the SNR loss is to use a square-root Nyquist

We suppose that the window weights satisfy the nonWindow at both transmitter and recelver That is, for a
negativity and symmetry Nyquist windowg;, satisfyingg, > 0 and + Zk o Gk =
1, the transmitted signal is shaped as
{gk > 0, for0<k<N,

J-1
gk = gn-k, foro<k<Z. 2rmk
. . . . = - 7 for0 <k<N -1,
Then, the window is a Nyquist window if it satisfies the gk Z m¢ - -
condition _
1 and, at the receiver, the channel output is also shaped as
{ Y rock<ey, @2 1=
P — < E . 1 _ :27kn
Ik T 91— L)N+k o ors k<3 ' ' RMW(n) — = Zgﬁyke i%s
From the second condition in (12), we have the identity, —
gN-1 N-1 = A"(n)a, + "™ (n) + WM (n)
2 ) gkgngk =Ns— D 4 (13)  where, for
k=0 =
N—-1L-1
For the Nyquist window, we have identitiesN = qw a1 h gk —j2Emt
L(N = Ns), N = N — Ns, (1 — £)N = Ns, and mn ;;) ;% ke 91 ¢ ’
(1 - 2)N = L(N + Ns), which are assumed in the . . : :
4 . . the signal amplitude and interference are, respectively,
following discussions.
For the choice op, there is much freedom [6]-[9]. We AW () =AM, (17)
frequently considep = 1 in the later discussions and N/2
comparisons since it allows the simplest implementation, MV(p) = Z AMW (18)
provides the best result [9], [10], and allows direct com- m—omm
parison with PCC. | N
n 1 1 H l wkn
Windowing may be applied at the transmitter as well WM = — gEwre x7E (19)
as at the receiver. N~
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As previously discussed, PCC can be considered as lzave
matched windowing scheme based on the RC window. Pr(PAPR> 2)

L 2wk 9
IV. PAPR CHARACTERISTICS OFPCCAND SCC = LI=Fr { <1 tsin N) Ty |” < 2Bs
PAPR is, although it is not the main topic of this fork=0,1,---,5 — 1}
paper, an important characteristic which may determine
the applicability of ICI mitigation schemes. Since CCC -1 5
has the same behavior except that half the samples are = 1-— H 1 —exp (-12”)] - (21)
zero, we briefly consider the peak behavior of PCC and k=0 s
SCC employing Gaussian approximation. The SCC-OFDM signal (9) is, on the other hand,
Given a continuous time signal(t), 0 < ¢t < T, we  written, fork =0, 1, ---, § — 1, as
let 27 = z(kA), 0 < k < AN, for A = £ and X
for a positive integerA and consider the PAPR with 1 3 ) f jamnk _jamntik
; i Ty = —= a, € N —e N
oversampling factord given by k V2 2} n { }

N

-1 1
. = _izk . (2m(n+ 3)k
jV2e IR 7;:0 a,, sin <2 > (22)

max, |z |2
LU 3 S
A ez 2

Although oversampling factod = 4 is used to evaluate and
accurate PAPR [;], we Igﬁ =1 and hence let;, = x,(:) Nk = oI . (23)
to make discussions simple. Then, the complementary

cumulative distribution function (CCDF) of PAPR for the Thus, we have

PAPR=

normal OFDM is known to be given as [1] Pr(PAPR> z)
Pr(PAPR> z) =1— (1—¢ )", (20) = 1-Pr{fay| <2Bsfork=0,1,---, 5 — 1}
N
= 1-(1-¢e7) 7, (24)

wherex is a parameter generally determined by computer
simulation. If {x;} is a series of mutually independent where we put the coefficierk to modified the result

Gaussian random variables, then=1. appropriately.
To calculate the CCDF for the PCC-OFDM, we rewrite  In Fig. 2, we show the CCDFs of the normal OFDM,
(8) as PCC-OFDM, and SCC-OFDM obtained by simulation for

N = 512 and QPSK modulation. From the figure, we can

. ok 71 - see that SCC-OFDM has gaindddB compared to the
r, = —je/N sin (N> V2 Y a, v normal OFDM andl11 dB compared to PCC-OFDM at
n=0 CCDF= 0.001. The figure also show the approximations
= —jej%k sin (Wk> e (20) for k = 1.2 in the case of normal OFDM,(21) in
’ the case of PCC-OFDM, and (24) fer= 1.2 in the case

of SCC-OFDM. Suboptimality of PCC-OFDM in terms
of PAPR is clearly seen. We can consider the PAPR of

where Ty 15 & normal OFDM signal .W'thN/2 Aperlod an OFDM system with transmitter windowing in a similar
and with average poweRFEs. Assuming thatz, are manner

mutually independent, circularly symmetric (SC) and have
Gaussian distributions, we have, for a given real number
Z!

V. DIVERSITY SCHEMES

In [29], it is shown, by analysis, that the DCT-OFDM
Pr {ka:IQ < zEs for k=0,1,---, N — 1} is more r(_)bust f_;lgainst CFO than the conv_entional OFDM
2 and, by simulation, that the DCT-OFDM with frequency-
.o (Tk\ . o  zEs domain equalization outperforms the conventional OFDM
= Pr {sm () |Zk|” < 5 over a frequency selective fast fading channel. These
results show good agreements with the results observed
fork=0,1,---,N — 1} for SCC-OFDM in [26] and [27].
ok It is claimed in [29] that the good performance of
Pr { (1 + sin ) \§k+ﬂ|2 < zFEs DCT-OFDM for a flat fading channel explains its good
N * performance for a frequency-selective fading channel.

fork=0,1,---, % - 1} , 41t is generally conceived, for the normal OFDM, that= 2.8 gives
the best match [1]. However, as discussed in [32}= 2.8 does not
give a good approximation for a larg¥. For N = 512 and for this
where we used the fact thaj, has period%. Thus, we range ofz, k = 1.2 seems to give good match.
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where N, andV,, are determined so thaV,,| = 1. We
assume that bott,, and V,, are non-singular.

For a unitary matrix@,, such thatQ,,V,QY = I, we
letn, = Q,h, andw, = Q,,v,. Then, we have

theory ——

simulation A,0,@®

0.1}

SCC-OFDM ;A
,r’rL = Qnr’ﬂ = ,r]n (¢2%) + w’n7

Pr(PAPR> z)

PCC-OFDM
001} where components aly,, are mutually independent ran-
dom variables with variancé’, and the coefficient vec-
tor m,, has the covariance matriél,, = E [n,n/] =
Q, H,Q. Then, for a given,,, the optimal decision

is made based on the matched filter output

. _normal OFDM

0.001

0 5 1.0 1.5 2.0 25
z [dB]
_ . H, _ H ’ H
Figure 2. CCDF versus PAPR threshold for the normal OFDM, PCC- Yn = Mn Tn = My Nyl + My Wi
OFDM, and SCC-OFDM, § = 512, x = 1.2, QPSK) ] o
and the (instantaneous) SNR per symbol at the decision
is
. . . E{ u 2Es g
Contrary to this assertion, however, its good performance N*nn Nn = Nﬂinn U
for a flat fading channel is ascribed to its characteristic © ©

as a self-ICl-cancellation coding scheme and that fofyhere we lete! = E [la},[?] = 2Fs.

a frequency-selective fading channel is ascribed to its 2) BER expressionWe restrict our attention to QPSK

characteristic as a frequency-diversity scheme. To see thiSynals. For a givem. . the BER isP _ ~7) for
analytically, we consider SCC-OFDM in conjunction with g e, b(v) = Q(v7n)

Tn =

optimal detection under the assumption that the receiv

know the channel completely.

A. SCC-OFDM with optimized combining

1) Basic formulation:Let n be such thad < n < %
Then, for¢ which is eithern or N — 1 — n, the DFT
output is written, from (10), as

Re = AS(&)al, + I3(€) + W,

where we let

dhe Gaussian Q-functio@(z) = [,

> _L o~ gt [43].

The CS Gaussian random variabje has a pdf given
by
1 Hor—1
= ———exp|—Nn"H
p(n) 2H] p( n"H, n)
Thus, employing Craig’s expression for the Gaussian Q-
function [53]

1 [z x?
Q) =2 ["ew (-5 )

< A 1 we can calculate the average Bf(v,) with respect to
A = —(Ane—A 4, 25
3 \/5( K: 1-n.g) (25) 4, as
N
=S A 2 ’ 2ES H
e = —;¢ @ (Amg — A1) (26) Pon) = BIQ {4/ T mal
, m#EN x 3
Let - l/2 T+ 2wV
- T Jo N, sin” 0
A R, A AS(n)
Tn = ) hn = 1S ) and E. . . . . . .
Rn_1-n A>(—1—n) If <> is sufficiently large, the right-hand side is ap-
o B [ 8(n) + W, } proximated as
T B(A-n)+ Wi, | 1 % oF -1
) (27) Pn)~ =~ —/ 4sin* 0 db - ’ASH,LV;1
Then the above SCC-OFDM channel model is written as T Jo N,
rn:hna;—i—vn — § NOH—l 2
4|2Es " Va (29)

We assume that subcarrier valu€s are mutually in-

dependent and CS, that is, QPSK- or 16QAM-modulated The above expressions hold under the assumption that

signals. Sincé;, , are CS too[5(n) andIS(—1 —n) are
CS random variables uncorrelated48(n) and AS(—1 —
n). We assume, for a sufficiently larg¥, thatv,, is a
CS Gaussian random vector independenkgf and let

H,=E {hnhﬂ andN,V, =E[v,vf], (28)

©2012 ACADEMY PUBLISHER

H, andV, are nonsingular, which holds, from (27) and
(28), only when the channel is frequency selective. Thus,
SCC acts as a ICI cancellation scheme over a flat fading
channel while it acts as a diversity scheme only over a
multipath fading channel. We note, however, that the BER
performance of SCC-OFDM is position-dependent.
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3) Relationships to DCT-OFDMin [29], the follow- The BER expression is obtained as in the same manner
ing DCT-OFDM signal representation is considered. as SCC-OFDM and is omitted.
2) Relationships to V-OFDMLet us insert anothef -

2 m(2n + 1)k ) -
Tp =/ — Z dpan cOS —————2 IDFT outputs to the place of zero-valued samples in (30)
N~ 2N and modify the result expression a little bit as
Wher_e d, = ﬁ for n =20 and d,, = 1 otherwise. Top = h%:*ol amei%’/‘z""
Ignoring terms irrespective of DCT transform (arg), N1 j2mmbk
Tokt1 = D 2_0 Qams1€’ N2,

the SCC-OFDM signal (11) is a DCT-OFDM signal with a
doubled subcarrier space. This is because SCC halves tf@f given N symbolsa,,, n =0, 1, ---, N — 1. We can
symbol rate. Thus, except for this difference, SCC-OFDMshow that{x;} is an ordinary OFDM signal for a set of
and DCT-OFDM are basically the same modulation andsubcarrier valuegb,} with a special structure. In fact,
results obtained for one are also expected to hold for thapplying DFT, we have

Other. bn _ % a2n + a,2n+167j 217{;1
B. CCC-OFDM: another diversity scheme bopy = 1 (azn — agny1e™ e
1) Basic formulation: Motivated by SCC, we intro- .
) y forn=0,1,---, & —1, or, lettinga}, = as, anddl, ,,

duced cyclic cancellation coding (CCC) in [32] as a

- 27Tn
. . — —J N
scheme where each of ﬂ% data symbols:, is assigned azn1e”’ 7N, we have

to a pair of subcarriers at cyclically symmetric positions b _ G tPang
n 2
as al —a’
\%a;m if0§n<%, bn+% —  22n"%ant1
an = —%a/n_ﬂ’ if % <n < N. This signaling method is nothing but the (single-carrier)
i N ) vector OFDM (V-OFDM) [37] with vector length2.
The CCC-OFDM signal is then given by Although, contrary to the the case of SCC-OFDM and
1 F-1 t oot Ny DCT-OFDM, the relationship between CCC-OFDM and
Tp = — Z al, {ej R i } . V-OFDM (of vector lengtt) is not straightforward since
V2 m=0 V-OFDM yields artificial ICI between theth andn+ %th

The merit of CCC is that it is more effective in realizing Subcarriers, we may expect the same robustness against
frequency diversity effects than SCC since every datdhe Doppler spread and CFO in both schemes.
symbol is transmitted over a subcarrier pair separated by

N If we leta, = al,e? "~ then the CCC-OFDM VI. CONCLUSION
signal is also written as the up-sampl&dIDFT We have reviewed PCC-OFDM, SCC-OFDM, and win-
N, N dowing for uncoded OFDM systems and showed that
- { D=0 Gme’ N2, for k odd (30) PCC is nothing but a matched windowing scheme which
0, for k even uses windowing both at the transmitter and receiver and

i that SCC-OFDM is DCT-OFDM with double subcarrier
Since a half the samples are zero, the average peak POWgl,ce We considered PAPR properties of PCC-OFDM
is increased by QB. . . - . and SCC-OFDM signals and showed that the PCC-OFDM

Actufally, CCCis not cancellat_|0n cpdmg and is rather signal has a relatively high PAPR due to its characteristic
a special case of a frequency-diversity scheme called thgS a matched windowing scheme. We next discussed
single-antenna vector OFDM (V-OFDM) first introduced SCC-OFDM and CCC-OFDM as diversity schemes and
in_[37]. In V'O'.:DM’ samples from an_othegi-pomt discussed relationships between SCC-OFDM and DCT-
DFT are transmitted at even-numbered time epochs$ t00HEDM and between CCC-OFDM and (CR)V-OFDM. In
Nevertheless, we use the term CCC in the sense that it e second part of this two-part paper, we theoretically

a cI::ycIiéé%rsci)anD?\; SCCH he followi ion f analyze SINR and BER of these schemes based on the
or ) » we have the following expression for ., ssjan ICI assumption and compare these scheme in

N — N
the DFT output, forl0 <n < 5 and for{ =n, n + 5, terms of SINR and BER.
Re = A%(&)ay, + I°(€) + W,
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