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SUMMARY In this paper the novel method of “weighted
OFDM” is addressed. Diﬀerent types of weighting factors (including Rectangular, Bartlett, Gaussian, Raised cosine, Half-sin
and Shanon) are considered. The impact of weighting of OFDM
on the peak-to-average power ratio (PAPR) is investigated by
means of simulation and is compared for the above mentioned
weighting factors. Results show that by weighting of the OFDM
signal the PAPR reduces. Bit error performance of weighted
multicarrier transmission over a multipath channel is also investigated. Results indicate that there is a trade oﬀ between PAPR
reduction and bit error performance degradation by weighting.
Orthogonal Frequency Division Multiplexing
key words:
(OFDM), peak-to-average power ratio (PAPR), multipath channels, bit error performance

1.

Introduction

Orthogonal Frequency Division Multiplexing (OFDM)
also called Multicarrier (MC) technique is a modulation
method that can be used for the high speed data communications. In this modulation scheme transmission is
carried out in parallel on the diﬀerent frequencies. This
technique is desirable for the transmission of the digital
data through the multipath fading channels. Since by
the parallel transmission, the deleterious eﬀect of fading is spread over many bits, therefore, instead of a few
adjacent bits completely destroyed by the fading, it is
more likely that several bits only be slightly aﬀected by
the channel. The other advantage of this technique is
its spectral eﬃciency. In the MC method the spectra of
subchannels overlap each other while satisfying orthogonality, giving rise to the spectral eﬃciency. Because of
the parallel transmission in the OFDM technique the
symbol duration is increased. This has the added advantage of this technique to work in the channels having
impulsive noise characteristics. Other advantage of the
MC method is its implementation with the fast Fourier
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transform (FFT) algorithm which provides full digital
implementation of the modulator and demodulator.
The idea of the multi-carrier transmission appeared about three decades ago [1], [2]. However, with
the advent of new technologies in Digital Signal Processing, there has been a great interest in using this
technique in the digital communication systems [3].
The cellular mobile system based on the OFDM technique has been analyzed and simulated in [4]. The
advantage of using MC transmission over a multipath
fading mobile channel is reported in [5]. The performance of OFDM/FM modulation for a digital mobile
Rayleigh fading channel is evaluated in [6]. In [7] the
bit error performance of the MC system with diﬀerential detection scheme is analyzed and simulated, and
in [8] the bit error probability of the OFDM technique
in a Rician multipath fading environment is analyzed.
The transmission characteristics of MC signal in digital broadcasting systems are investigated in [9] and in
[10] the bit error performance of the OFDM system in a
mobile fading channel is presented. In [11] and [12] performance of OFDM transmission over realistic indoor
radio propagation channels is evaluated. MC transmission with nonuniform carriers is discussed in [13] and
its performance is evaluated over a multipath channel.
The optimal waveform for the OFDM transmission over
a wireless multipath channel is designed in [14].
There are disadvantages regarding the OFDM
technique. Besides from sensitivity of multicarrier signal to phase noise and frequency oﬀset [15], the MC
technique suﬀers from the non-constant envelope characteristics of the OFDM signal. Usually eﬃcient power
ampliﬁers in the transmitter are working in the nonlinear region. This nonlinearity added with the nonconstant envelope OFDM signal cause intermodulation
products which in turn increases the intercarrier interference and degrades the performance of the system.
Diﬀerent techniques have recently been reported to reduce the peak to average power ratio (PAPR) of the
OFDM signal. In [16] clipping and ﬁltering of OFDM
signal is suggested to reduce the PAPR, and its inﬂuence on the performance of the system is investigated.
Block coding technique is proposed to reduce the PAPR
[17]–[20] and with the maximum-length sequences in
[21], [22]. A selective scrambling technique is reported
in [23] to lessen the PAPR problem of OFDM signal.
In this paper the novel method of weighted OFDM
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Fig. 1

Block diagram of the weighted multicarrier system.

is proposed and the PAPR reduction associated with
this technique is reported. The paper is organized as
follows: In Sect. 2 the weighted multicarrier modulation technique is explained. In Sect. 3 diﬀerent weighting functions (Rectangular, Bartlett, Gaussian, Raised
cosine, Half-sine and Shanon), are described and are
used for weighting of the OFDM signal. The PAPR of
the MC signal with these weightings is investigated in
Sect. 4 and simulation results are provided. In Sect. 5
the impact of the above mentioned weighting functions
on the bit error performance of the MC transmission
over a multipath channel is investigated and compared.
Concluding remarks appear in Sect. 6.
2.

Weighted Multicarrier Modulation

In serial data transmission, sequences of data are transmitted as a train of serial pulses. However, in parallel
transmission each bit of a sequence of M bits modulates
a carrier. In the multicarrier technique transmission is

parallel. The block diagram of the weighted multicarrier technique is similar to the conventional MC method
but with a diﬀerence that each carrier is weighted by
a real factor αm , m = 0, 1, 2, . . . , M − 1, as shown
in Fig. 1. In the modulator the input data with the
rate R is divided into the M parallel information sequences with the rate R/M . Each sequence modulates
a weighted subcarrier. In the OFDM method the frequency of mth carrier is
m
m = 0, 1, 2, . . . , M − 1
(1)
fm = f0 +
T
where f0 is the lowest frequency (and without loss of
generality can be considered zero), M is the number of
carriers and T is the OFDM symbol duration.
The weighted MC transmitted signal is
x(t) =

∞ M
−1



m

bm (i)αm ej2π T (t−iT ) p(t − iT )

(2)

i=−∞ m=0

where, as mentioned earlier, αm is the real weighting
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factor of the mth carrier, bm (i) is the symbol of the
mth subchannel at time interval
√ iT , which is ±1 for
BPSK modulation and (±1±j)/ 2 for QPSK, p(t) is a
rectangular function with amplitude one and duration
T.
3.

Diﬀerent Weighting Factors for OFDM

In this section several weighting factors for weighting
of the OFDM signal is described.
Rectangular: This weighting function has a rectangular
shape and is expressed by

A 0≤m≤M −1
(3)
α1,m =
0 otherwise
Bartlett: This weighting function has simply a triangular shape for 0 ≤ m ≤ M − 1, i.e.,
 

M


m
−




2 

 if 0 ≤ m ≤ M − 1
A
1 −

M
α2,m =

2






0 otherwise
(4)
Gaussian: These factors are generated based on the
Gaussian function, i.e.,
 

2 
M



m−




2


 A exp 
−

 if 0 ≤ m ≤ M − 1
2
2s


α3,m =







0 otherwise

Fig. 2 Diﬀerent shapes for the weighting factors αm of the
OFDM signal (M = 256).

α6,m

(8)
These waveforms are sketched in Fig. 2. For the sake
of simplicity in this ﬁgure the weighting functions are
plotted continuous, however, it should be noted that
the weighting factors are discrete and have value at the
integer m. Meanwhile, in order to compare the performance of the OFDM system with the above mentioned
weighting factors, the amplitude A in (3)–(8) is selected
in such a way that the power of all weighting factors be
constant, i.e.,
M
−1


(6)
Half-sin: This weighting function is explained by



 A sin π m if 0 ≤ m ≤ M − 1
M
α5,m =

0 otherwise

2
αi,m
= 1 i = 1, 2, . . . , 6

(9)

m=0

(5)
where s is the spread or standard deviation (std.) of
the weighting factors around M/2.
Raised cosine: The shape of this function in the interval [0, M − 1] is described by 1 − cos(2πm/M ) or
equivalently



 A sin2 π m if 0 ≤ m ≤ M − 1
M
α4,m =

0 otherwise





 Asinc 2m − M if 0 ≤ m ≤ M − 1
M
=


0 otherwise

4.

PAPR of Weighted OFDM

In this section the impact of weighting of OFDM signal
on the PAPR is investigated. The OFDM signal of (2)
in the time interval of 0 ≤ t ≤ T can be written as
x(t) =

M
−1


m

bm αm ej2π T t

(10)

m=0

For the calculation of PAPR ﬁrst by using (10) we obtain the instantaneous power of OFDM signal as
M
−1 M
−1


2π(m−n)
P (t) = |x(t)|2 =
bm αm (bn αn )∗ ej T t
m=0 n=0

(11)
(7)

Shanon: The shape of this weighting factors is the sinc
function i.e., sinc(x) = (sin(πx))/(πx), and is written
as

Which can be written as
P (t) =

M
−1

m=0

|bm αm |2
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M
−1


M
−1


+

bm αm (bn αn )∗ ej

2π(m−n)
t
T

m=0 n=0,n=m

(12)
Averaging the power P (t) yields
E[P (t)] =

M
−1


|bm |2 |αm |2

m=0
M
−1

+

M
−1


E[bm b∗n ]αm αn∗ ej

2π(m−n)
t
T

m=0 n=0,n=m

(13)
The symbols on diﬀerent carriers are assumed to be
independent i.e., E[bm b∗n ] = δ(m − n), therefore, the
second term in (13) is zero and accordingly, by using
(9) the average power becomes
E[P (t)] =

M
−1


|αm |2 = 1

(14)

m=0

The variation of the instantaneous power of OFDM signal from the average is
∆P (t) = P (t)−E[P (t)]
M
−1


=

M
−1


bm αm (bn αn )∗ ej

2π(m−n)
t
T

(15)

m=0 n=0,n=m
2

Averaging of (∆P (t)) over a symbol period of T yields
[23]
ρ=

1
T



T

(∆P (t))2 dt =
0

M
−1


|Rcc (i)|2

(16)

i=1

Rcc (i) =

cm c∗m+i

(17)

m=0

The parameter ρ is the power variance of the OFDM
signal and as is described below is a good measure of
the PAPR. Using (14) the PAPR of the OFDM signal
is written as
P AP R =

β = P rob[P ≤ Pmax ]


 Pmax
1
(P − 1)2
√
=
exp −
dP
2ρ
2πρ
0

(19)

Using (18) and (19) it can be easily shown that PAPR
has the following relationship with the power variance
ρ:




1
P AP R − 1
+
Q
=β
(20)
Q
√
√
ρ
ρ
where

Where Rcc (i) is the autocorrelation function of the
complex sequence cm = bm · αm
M
−1−i

Fig. 3 Power variance ρ of OFDM signal with diﬀerent weighting factors. BPSK modulation, M = 256. a) Black curve:
Rectangular, Gray curve: Bartlett, b) Black curve: Gaussian
(s = 3M/16), Gray curve: Gaussian (s = M/8), c) Black curve:
Raised cos, Gray curve: Half-sin, d) Black curve: Shanon, Gray
curve: Rectangular.

M ax{P (t)}
= M ax{P (t)} = Pmax
M ean{P (t)}
(18)

Referring to (12) and by considering a large number
of terms in the summations, and by using the Central
Limit Theorem, P (t) can be approximated as a Gaussian random process with mean 1 and variance ρ. (See
(14)–(16)). PAPR can be related to the power variance
ρ. Let β denote the probability that P (t) be less than
or equal to Pmax , i.e.,

1
Q(x) = √
2π



∞

e−u

2

/2

du

(21)

x

Using (20) and knowing ρ and β the exact value of
PAPR can be calculated. From (20) it is seen that for
a ﬁxed β the MC signal with high PAPR has a high
value of ρ. In this paper we concentrate on the power
variance ρ and assess its value when diﬀerent weighting
functions—described in Sect. 3—are used for weighting
of the MC signal. The BPSK and QPSK modulations
are considered and simulations are carried out for 5000
symbols weighted by proper weighting functions. In
Figs. 3 and 4 the parameter ρ versus number of the
messages for BPSK and QPSK modulations and for different weightings of the OFDM signal are sketched, respectively. From these ﬁgures it is clear that the power
variance for BPSK is lower than QPSK. For both modulations the weighting of OFDM signal reduces the power
variance ρ. The level of the reduction of ρ depends on
the shape of the weighting factors. In Table 1 the aver-
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age value of ρ over a period of 5000 symbols for diﬀerent
weighting factors and diﬀerent modulations is depicted.
Figure 5 illustrates the CDF of the power variance for
diﬀerent weighting functions. It is quite obvious that
weighting of the MC signal shifts the CDF of the ρ to
the left. For both modulations the Gaussian weighting
provides the least level of power variance. Referring
to Table 1, for the OFDM signal with 256 carriers and
BPSK modulation, by applying the Gaussian weighting
(with the standard deviation of M/8), the ρ is reduced
by a factor of 3.2 dB and for the QPSK modulation by a
factor of 6.1 dB. In Fig. 6 the inﬂuence of changing the
spread of Gaussian weighting functions on the power
variance has been shown. By decreasing the spread of
the Gaussian weights the average ρ decreases remarkably. In the limiting case when spread of the Gaussian
weights tends to zero the weighted OFDM system tends
to the single carrier system which will have the power
variance of 0 (or no PAPR problem).

5.

Performance Results

In the previous section we saw how weighting of the MC

Fig. 5 CDF of the power variance ρ of OFDM signal with different weighting factors. QPSK modulation, M = 256. a) Rectangular, b) Bartlett, c) Gaussian (std = 3M/16), d) Gaussian
(std = M/8), e) Raised cos, f) Half-sin, g) Shanon.

Fig. 4 Power variance ρ of OFDM signal with diﬀerent weighting factors. QPSK modulation, M = 256. a) Black curve:
Rectangular, Gray curve: Bartlett, b) Black curve: Gaussian
(s = 3M/16), Gray curve: Gaussian (s = M/8), c) Black curve:
Raised cos, Gray curve: Half-sin, d) Black curve: Shanon, Gray
curve: Rectangular.

Fig. 6 Average power variance ρ versus standard deviation of
the Gaussian weighting factors, QPSK modulation, M = 256.

Table 1 Average power variance ρ (in dB), for diﬀerent weighting factors of MC signal,
M = 256.
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signal reduces the power variance or peak-to-average
power ratio of the OFDM. In this section we investigate
the inﬂuence of the weighting of the OFDM signal on
the performance of the system.
The OFDM signal of (2) is passed through the multipath channel. In our study, for the sake of simplicity, multipath channel is modeled as two impulse responses with equal amplitudes which are separated by
some time ∆. The rms delay spread of the channel (i.e.,
the square root of the second central moment of power
delay proﬁle) is calculated as ∆/2. By transmitting the
OFDM signal of (2) through this channel, the received
signal y(t), (i.e., the output of the channel with the
impulse response h(t)), is
y(t) = x(t)∗ h(t) + ν(t)

(22)

where ν(t) is additive white Gaussian noise (AWGN)
with a double side spectral density height of N0 /2. The
ﬁrst term of (22) is written as
x(t)∗ h(t) =

l M
−1



∞


bm (i)αm ej2πfm (t−τn )

n=0 m=0 i=−∞

· p(t − iT − τn )

(23)



T

+

ν(t)αk e−j2πfk t dt

(26)

0

Referring to the impulse response of the channel τ0 = 0,
and τ1 = ∆. Hence,


 T
T
2
2 −jφk,1 t
αk dt +
αk e
dt
zk = bk (0)
0

+ bk (−1)
M
−1


+



∆
∆

αk2 e−jφk,1 dt
0

1


bm (−1)
m=0m=k n=0
 τn
αm αk ej[2π(fm −fk )t−φm,n ] dt
·
0

 T
j[2π(fm −fk )t−φm,n ]
+ bm (0)
αm αk e
dt
τn


T

+

ν(t)αk e−j2πfk t dt

(27)

0

Equation (27) can be expressed as the following


T

where τn is the time of arrival of the nth path component of the impulse response of the channel h(t). In the
receiver the recovery of data associated with the carrier
fk is performed by taking the decision variable zk as
 T
t
zk =
y(t)αk e−j2πfk p(t)dt
(24)

1
1
+ bk (−1)Xk,k
αk2 dt + X̂k,k

zk = bk (0)
0
1


+

M
−1


n
n
{bm (−1)Xm,k
+bm (0)X̂m,k
}+wk

n=0 m=0m=k

(28)

0

which can be written as

 τn
M
−1 
1

αm αk ej[2π(fm −fk )t−φm,n ] dt
zk =
bm (−1)
0

m=0 n=0



T

+ bm (0)

n
Xm,k
= e−jφm,n Rm,k (τn )



αm αk ej[2π(fm −fk )t−φm,n ] dt

τn



T

+

ν(t)αk e−j2πfk t dt

(25)

0

where φm,n = 2πfm τn . Equation (25) can be written
as

 τn
1

αk2 e−jφk,n dt
bk (−1)
zk =
0

n=0



T

+ bk (0)
M
−1


+

1



bm (−1)

m=0m=k n=0
τn
αm αk ej[2π(fm −fk )t−φm,n ] dt
0

 T
j[2π(fm −fk )t−φm,n ]
bm (0)
αm αk e
dt
τn


·



αk2 e−jφk,n dt

τn

+

where bm (−1) and bm (0) indicate the previous and current symbols respectively, which are transmitted at the
carrier fm with weighting αm , and
n
X̂m,k
= e−jφm,n R̂m,k (τn )
(29)

and the partial cross correlations are given by
 τn
Rm,k (τn ) =
αm αk e−j2π(fm −fk )t dt
0



T

R̂m,k (τn ) =

αm αk e−j2π(fm −fk )t dt

(30)

τn

The last term in (28) is due to noise and is expressed
by
 T
ν(t)αk e−j2πfk t dt
(31)
wk =
0

From (28) it is seen that the ﬁrst term is the desired
signal, the second term is due to intersymbol interference (ISI) caused by the multipath channel. The third
term relates to the loss of orthogonality between subcarriers also due to the multipath channel, which is the
intercarrier interference ICI. Accordingly, (28) can be
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rewritten as
zk = desired signal + ISI + ICI + wk
where





T

αk2 dt

desired signal = bk (0)

(32)

+

1
X̂k,k

(33)

0

and
1
ISI = bk (−1)Xk,k

(34)

and
ICI =

1


M
−1


n
n
{bm (−1)Xm,k
+ bm (0)X̂m,k
}

n=0 m=0m=k

(35)
For the BPSK modulation the bit error rate performance of the OFDM system with utilization of the
above mentioned weighting factors is evaluated as the
sampled signal of (28) or (32) be less than zero assuming a 1 has been transmitted, i.e.,
P (E) = Prob (zk < 0|bk (0) = 1)

(36)

As mentioned above the ISI, ICI and noise contribute
as interference on the desired signal. Ignoring noise and
assuming independent interference components, the total power of the interference is obtained as
2
2
Var (zk ) = σISI,k
+ σICI,k

(37)

referring to the (35) and by considering a large number
of components, the decision variable can be approximated as a Gaussian random variable. With this assumption the error probability in detection of data bit
on the kth subcarrier is calculated as


Pdesired ,k
P (E|k) = Q
(38)
2
2
σISI,k
+ σICI,k
where Q(.) is expressed by (21). The Pdesired ,k is the
power of the kth desired signal and by using (33) is
computed as αk4 T 2 [1+(1−r)2 +2(1−r) cos 2πkr] where
r = ∆/T . As shown in the Appendix A, the variance
of ISI is

M −1
1 
P (E|k)
M

(41)

k=0

In Fig. 7 the irreducable bit error probability of the
OFDM signal with diﬀerent weighting functions versus
rms delay spread of the channel is illustrated. From
this ﬁgure it is clear that by weighting of the MC signal the bit error probability deteriorates. Among the
considered weighting functions the Gaussian weightings with s = M/8 has the worst and the rectangular
function the best bit error performance. Referring to
Fig. 5, the former provides the best PAPR and the later
the worst PAPR result. Accordingly, a compromise is
found in the PAPR reduction and performance degradation. That means we can reduce the PAPR of the
OFDM signal by weighting of the subcarriers but this
will degrade the bit error performance of the system.
From Fig. 7 it is also observed that the bit error probability of OFDM system with Bartlett, Gaussian (with
s = 3M/16), Half-sin and Shanon weighting factors are
close to each other. Meanwhile, from Fig. 7 it is also
seen that for small values of r, the bit error probability increases by increasing the rms delay spread of the
channel.
Conclusion

(39)

Referring to the Appendix B the variance of ICI is calculated as
M
−1


P (E) =

6.

2
1 2
= |Xk,k
|
σISI,k

2
σICI,k
=

Fig. 7 Irreducable bit error probability for diﬀerent weighting
factors vs. rms delay spread of the the channel (M = 256).

0
1
1
{|X̂m,k
|2 + |X̂m,k
|2 + |Xm,k
|2

m=0m=k
1
0
0
1
+ X̂m,k
(X̂m,k
)∗ + X̂m,k
(X̂m,k
)∗ }

(40)

Now according to the total probability theory, the probability of bit error is calculated as

Peak-to-average power reduction of OFDM transmission by weighting was addressed. Diﬀerent weighting factors including Rectangular, Bartlett, Gaussian—
with diﬀerent spreads—, Raised cos, Half-sin and
Shanon were considered. For OFDM signal with M =
256 carriers and QPSK modulation the Bartlett weighting reduces the power variance by 0.9 dB, Gaussian
weights (with spread of M/8) by a factor of 6.1 dB,
raised cosine by a factor of 1.4 dB, Half-sin weighting
by a factor of 0.6 dB and Shanon weights by 0.8 dB. By
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reducing the spread of Gaussian weights the power variance further reduces. Bit error performance of weighted
OFDM transmission over multipath fading was investigated. It was shown that weighting of OFDM signal
degrades the bit error probability of the system. In fact
this is the price paid for reducing the PAPR.
References
[1] S.B. Weinstein and P.M. Ebert, “Data transmission by frequency division multiplexing using discrete Fourier transform,” IEEE Trans. Commun. Technol., vol.COM-19,
pp.73–83, Oct. 1971.
[2] B.R. Saltzberg, “Performance of an eﬃcient data transmission system,” IEEE Trans. Commun. Technol., vol.15,
pp.805–811, Dec. 1967.
[3] J.A.C. Bingham, “Multicarrier modulation for data transmission: An idea whose time has come,” IEEE Commun.
Mag., pp.5–14, May 1990.
[4] L.J. Cimini, “Analysis and simulation of a digital mobile
channel using orthogonal frequency division multiplexing,”
IEEE Trans. Commun., vol.COM-33, no.7, pp.665–675,
July 1986.
[5] M. Alard and R. Lassel, “Principles of modulation and coding for digital broadcasting for mobile receivers,” EBU Review, no.224, pp.168–190, Aug. 1987.
[6] E.F. Casas and C. Leung, “OFDM for data communication
over mobile radio FM channels—Part I: Analysis and experimental results,” IEEE Trans. Commun., vol.39, no.5,
pp.783–793, May 1991.
[7] M. Okada, S. Hara, and N. Morinaga, “Bit error performance of orthogonal multicarrier modulation radio transmission systems,” IEICE Trans. Commun., vol.E76-B, no.2,
pp.113–119, Feb. 1993.
[8] L. Vandendorpe, “Multitone transmission in a multipath
Rician fading channel,” IEEE Conference Record 1st Symposium on Communication and Vehicular Technology in
Benelux, pp.2.1.1–2.1.6, Delft, The Netherlands, Oct. 27–28
1993.
[9] M. Saito, S. Moriyama, S. Nakahara, and K. Tsuchida,
“Transmission characteristics of DQPSK-OFDM for terrestrial digital broadcasting systems,” IEICE Trans. Commun., vol.E77-B, no.12, pp.1451–1459, Dec. 1994.
[10] C. Reiners and H. Rohling, “Multicarrier transmission technique in cellular mobile communication systems,” IEEE
44th Vehic. Technol. Conference, pp.1645–1649, Stockholm,
Sweden, June 1994.
[11] H. Nikookar and R. Prasad, “Performance evaluation of
multi-carrier transmission over measured indoor radio propagation channels,” IEEE 6th Int. Sympos. Personal Indoor Mobile Radio Communications (PIMRC’95), pp.61–
65, Toronto, Canada, Sept. 27–29, 1995.
[12] H. Nikookar and R. Prasad, “OFDM Performance evaluation over measured indoor radio propagation channels,”
Proc. 4th IEEE International Conference on Universal Personal Communications (ICUPC’95), pp.968–972, Tokyo,
Japan, Nov. 6–10, 1995.
[13] H. Nikookar and R. Prasad, “Multicarrier transmission with
nonuniform carriers in a multipath channel,” IEEE 5th International Conference on Universal Personal Communications ICUPC’96, pp.628–632, Boston, MA, Sept. 28–Oct. 2,
1996.
[14] H. Nikookar and R. Prasad, “Optimal waveform design for
multicarrier transmission over a multipath channel,” Proc.
47th IEEE Vehicular Technology Conference, pp.1812–
1816, Phoenix, Arizona, USA, May 4–7, 1997.

[15] H. Nikookar and R. Prasad, “On the sensitivity of MC
transmission over multipath channels to phase noise and frequency oﬀset,” IEEE, 7th Int. Sympos. Personal Indoor Mobile Radio Communications (PIMRC’96), pp.68–72, Taipei,
Taiwan, Oct. 15–18 1996.
[16] X. Li and L. Cimini, “Eﬀects of clipping and ﬁltering on
the performance of OFDM,” IEEE Commun. Lett., vol.2,
no.5, pp.131–133, May 1998.
[17] T.A. Wilkinson and A.E. Jones, “Minimisation of the peak
to mean envelope power ratio of multicarrier transmission
schemes by block coding,” IEEE Vehicular Technology Conference (VTC’95), pp.825–829, July 1995.
[18] R.van Nee, “OFDM codes for peak-to-average power reduction and error correct,” IEEE Global Telecommunications
Conference (Globecom’96), pp.740–744, Nov. 1996.
[19] S. Fragiacomo, C. Matrakidis, and J.J. O’Reilly, “Multicarrier transmission peak to average power reduction using simple block code,” IEE Electron. Lett., vol.34, no.10,
pp.953–954, May 1998.
[20] C. Tallambura, “Multicarrier transmission peak to average
power reduction using simple block code,” IEE Electron.
Lett., vol.34, no.17, p.1646, Aug. 1998.
[21] X. Li and J.A. Ritcey, “M-sequence for OFDM peak to
average power ratio reduction and error correction,” IEE
Electron. Lett., vol.33, no.7, pp.554–555, March 1997.
[22] C. Tellambura, “Use of m-sequence for OFDM peak to average power ratio reduction,” IEE Electron. Lett., vol.33,
no.15, pp.1300–1301, July 1997.
[23] P. van Eetvelt, G. Wade, and M. Tomlinson, “Peak to average power reduction for OFDM schemes by selective scrambling,” IEE Electron. Lett., vol.32, no.21, pp.1963–1964,
Oct. 1996.

Appendix A
Derivation of (39). Since E[bk (−1)] = 0, the mean
value of the ISI is simply zero. Using (34) the variance
of ISI is obtained as
2
1
1 ∗
= E{bk (−1)Xk,k
· [bk (−1)Xk,k
] }
σISI,k

(A· 1)

Which can be easily written as
2
1 2
1 2
σISI,k
= |bk (−1)|2 |Xk,k
| = |Xk,k
|

(A· 2)

which is (39).
Appendix B
Derivation of (40).
Using (35) and with the same argument as given
in Appendix A, the mean of ICI is calculated zero. The
variance of ICI is calculated as
2
σICI,k
= E

1


M
−1


1


M
−1


n1 =0 m1 =0m1 =k n2 =0 m2 =0m2 =k
n1
n1
· {bm1 (−1)Xm
+ bm1 (0)X̂m
}
1 ,k
1 ,k
n2
n2
)∗ + b∗m2 (0)(X̂m
)∗ }
· {b∗m2 (−1)(Xm
2 ,k
2 ,k

(A· 3)
which is
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)∗ }
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(A· 4)

Since data symbols at diﬀerent time intervals and on
diﬀerent carriers are uncorrelated, i.e., E[bi (j)bk (l)] = 1
if i = k and j = l, and zero otherwise, (A· 4) reduces to
2
σICI,k
=

M
−1


1
1



m=0m=k n1 =0 n2 =0
n1
n2 ∗
n1
n2 ∗
· {Xm,k
(Xm,k
) + X̂m,k
(X̂m,k
) } (A· 5)

(A· 5) can be written as
2
σICI,k
=

M
−1


0
1
1
{|X̂m,k
|2 + |X̂m,k
|2 + |Xm,k
|2

m=0,m=k
1
0
0
1
+ X̂m,k
(X̂m,k
)∗ + X̂m,k
(X̂m,k
)∗ } (A· 6)

which is (40).
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