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Abstract Orthogonal Frequency Division Multiplexing
(OFDM) has become one of the promising technologies for the
next-generation communications systems to support high-speed
high-quality digital transmission and reception. However, the
frequency misalignment between transmitter and receiver results
in the Inter-Carrier Interference (ICI), which degrades the
performance. In this paper, we propose to apply On-Off-Keying
(OOK) modulation in OFDM to reduce the ICI. The analysis
shows that both spectral efficiency and energy efficiency can be
improved in the proposed OFDM system. The analysis of Symbol
Error Rate (SER) is also provided. Simulation results show that
when the ICI is significant, the SER is improved in the proposed
OFDM system due to the ICI reduction resulting from the imposed
OOK modulation.
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I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)

divides the data into a large number of closely spaced
subcarriers, which are carefully selected so that each sub-carrier
is orthogonal to the other sub-carriers. In the parallel OFDM
transmission, each subcarrier experiences flat fading rather than
frequency-selective fading and the inter-symbol interference
(ISI) can be reduced significantly. Since OFDM can provide
high data rates over extremely hostile channels at a comparable
low complexity, it has been chosen by many communication
systems, including the European radio DAB and TV DVB-T [ 1,
2], Wireless Local Area Networks (WLAN) [3, 4], WiMAX,
etc.
Though OFDM has many advantages, there are also

challenges in deploying OFDM. Frequency synchronization is a
key challenge in the design of a robust OFDM receiver. When
carrier frequencies between the transmitter and receiver are
misaligned, i.e., the carrier frequency offset (CFO) exists,
orthogonality among sub-carriers cannot be preserved and
sub-carriers will interfere with each other resulting in
Inter-Carrier Interference (ICI). The ICI will degrade the
performance in terms of probability of error. Several techniques
have been developed to reduce the effect of ICI on OFDM
systems [5-7]. However, none of those is practical and effective.

In this paper, we propose to apply On-Off-Keying (OOK)

modulation to reduce the ICI in OFDM. Namely, any subcarrier
can be either selected to transmit the signal (i.e., "on"), or not
selected for use (i.e., "off'). Consequently, variable number of
subcarriers is used to transmit the signal in OFDM. Compared to
the conventional OFDM that use all subcarriers, the proposed
OFDM with OOK modulation reduces the ICI in the presence of
CFO due to less number of subcarriers used. In addition, since
an additional message point at the origin (i.e., "off') is added to
the modulation constellation, more information can be
transmitted over the proposed OFDM system, that is, the
throughput can be increased. Namely, the spectral efficiency
can be improved.

Moreover, permutation is also proposed so that data can be
mapped to variable subcarriers. Specifically, the subcarriers are
grouped into disjoint blocks, then, their phases are permutated in
each block so that the maximum number of subcarriers used is
minimized. By proper phase permutation, the power efficiency
can also be improved. Simulation results show that the Symbol
Error Rate (SER) may be slightly increased when the ICI is not
significant, since the additional origin message point reduces the
distance among the message points, which determines the SER.
However, when the ICI is significant, the SER is improved since
OOK modulation can reduced the ICI.
The rest of this paper is organized as follows. In Section II,

the system model is presented. Section III describes the phase
permutation, followed by the analysis in Section IV and the
simulation results in section V. Finally, the paper is concluded
by Section VI.

II. SYSTEM MODEL

Fig. 1 depicts the block diagram of the proposed OFDM
system with permutated OOK modulation applied. The
subcarriers are grouped into disjoint blocks. The data stream is
converted from serial to parallel data blocks, which will be
mapped to subcarrier blocks and modulated using OOK
modulation with the phase permutation. Then the parallel
symbols in frequency domain are converted into samples in time
domain by taking IFFT on them. The IFFT yields the OFDM
symbols. The receiver consists of corresponding counter blocks
for each block in the transmitter.

In OOK modulation, any subcarrier can be either selected to
transmit the signal (i.e., "on"), or not selected for use (i.e., "off').
When we use OOK modulation combined with any other
modulation technique, it is equivalent to adding an additional
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message point at the origin (i.e., "off') to that modulation
constellation. Fig. 2 shows the constellation of the OOK
modulation combined with QPSK modulation.
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Fig. 1 Block diagram of the proposed OFDM system

each subcarrier block can transmit is
NC = 2 Nlog2M = M N (1)

And then the number of bits each subcarrier block can carry is
m = log 2NC = N log 2 M (2)

That is, the data stream is converted from serial into m-bit
parallel blocks, each of which will be mapped to one subcarrier
block.

In the proposed system, one additional message point at the
origin is added to the M-ary constellation. Then the number of
symbols each subcarrier block can transmit increases to

N 2 N log 2 (M +1) = (M + 1) N (3)

which is greater than Nc That is, the new proposed system
usually needs less number of subcarriers for transmission
compared to the conventional OFDM system. By applying OOK
modulation, the number of subcarriers used, i, is variable. We
denote j as the maximum number of subcarriers used in the
proposed system. Thus, we have 1 < i < j, where j < N.
When i subcarriers are selected for transmission, the number of
symbols they can transmit is

(M) (4)

We can find the minimum of the upper bound j to support NC
symbols by solving the following optimization problem

Fig. 2 Constellation of OOK-QPSK Modulation

When OOK modulation is used, as shown in Fig. 3, variable
number of subcarriers is used to transmit the signal in OFDM, in
contract to the conventional OFDM that use all subcarriers.
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Fig. 3 The proposed variable subcarrier OFDM system

III. PHASE PERMUTATION

Phase permutation is designed in such a way that the
maximum number of subcarriers used is minimized. We
consider a subcarrier block, which consists ofN subcarriers, and
each subcarrier uses the M-ary PSK before adding OOK
modulation. In conventional OFDM system, where all the
subcarriers are used for transmission, the number of symbols

J= min j

s.t. E N N. jis integer
i=l

(5)

(6)

Namely, only J subcarriers are needed to support the same data
rate compared with N subcarriers used in conventional OFDM
system.
Then we need to design a mapping algorithm to map the m-bit

information block onto the variable subcarriers. There are many
ways to do the mapping and we only introduce one. Specifically,
we divide the m-bit information block into two subblocks with
lengths J and (m - J), respectively. The first J bits are used to
select the group of subcarrier combinations used and the other
(m - J) bits are used to select the specific subcarrier combination
within the group and then further select the phase shift.
We use the following example to illustrate the idea. We

consider a total of 256 sub-carriers and QPSK modulation.
Therefore, we have the number of phase shifts M = 4. Suppose
that the subcarriers are grouped into 4-subcarrier blocks, i.e., N
= 4. Then we have NC = 256 and the number of bits each
subcarrier block can carry m = 8 bits. Solving the optimization
problem, we get J = 3, that is, the minimum number of three
subcarriers can be used to transmit 8-bit information over one
subcarrier block. Then the 8-bit information is divided into two
groups with length J = 3 and m - J = 5, respectively. The
subcarrier combinations are grouped such that each group can
support 25 symbols. We denote the 8-bit data block as Di= {do d1
d2 d3 d4 d5 d6 d7 }. The first three bits {do d1 d2 } are used to select
the group of subcarriers combinations and the other 5 bits {d3 d4
d5 d6 d7 } are used to select one of 25 symbols from the sub-carrier
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combination set. Fig. 4 shows an example of the set partitioning
of one sub-block for the proposed OFDM system. We observe
that the input Di= {10010111} is mapped to the output
Di'={f3(-l), f4(j)} that correspond to two complex numbers of
(-l+Oj) and (0+j). The constellation representations for Di=
{10010111 } are shown in Fig. 5.

Select
IEighit bits data sub-carrier

Section III, the same amount of data as in conventional OFDM
systems is carried while using less number of subcarriers. Since
any subcarrier can be selected for use, the bandwidth to carry the
data remains the same even though not all subcarriers are used
simultaneously. In another word, there is no spectral efficiency
improvement in the proposal system with phase permutation.
On the other hand, if allN subcarriers apply OOK modulation

without the phase permutation, the proposed OFDM can
transmit Np symbols at the maximum. However, in conventional
OFDM systems, each subcarrier block can transmit N, symbols.
Then the spectral efficiency is increased by

Nv- NC log2(1+1/M)X100% (7)qs= ~ x1009'-
NC °log2 M

For QPSK modulation, we haveM= 4. Therefore, the spectral
efficiency is increased by

qs
log2(114)100%16%

log 2 4
(8)

B. Energy efficiency
Let E be the energy consumed by one subcarrier used. For

M-ary PSK modulation, any constellation point uses the same
energy. In conventional OFDM system, all the subcarriers are
used for transmission, thus, the total energy consumed for one
subcarrier block is

EC=NE (9)
In the proposed OFDM system with phase permutation,

variable number of subcarriers is used for transmission. When j
subcarriers are used for transmission, the energy consumed isjE.
Therefore, the average energy consumed for one subcarrier
block is

Ep I-iE +

Fig. 4 Phase permutation for OOK-QPSK modulation
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Then the energy efficiency is increased by

F7e = /X 100%

JE (10)

(1 1)

10010111

Fig. 5 Constellation representations for Di= { 1001011 1 }

IV. ANALYSIS

A. Spectral efficiency
In the proposed phase permutation algorithm illustrated in

For example, in QPSK OFDM system, where each subcarrier
block consists of four subcarriers, the energy consumed for the
conventional system is

EC = 4E (12)
The average energy Ep for the proposed OFDM system in

one-sub-block is given by
16 96 144

E =256 E + 2E + 3E = 2.5E
p 256 256 256

Then the energy efficiency is increased by
4E- 2.5Ex 100%= 37.5%

qe = 4E

(13)

(14)

On the other hand, if allN subcarriers apply OOK modulation
without the phase permutation, i.e., more data are transmitted
compared with the conventional OFDM systems, each
subcarrier has certain probability for operating at "off' state,
corresponding to the origin message point on the constellation.



If the (M+1) message points are used with equal probability, the
average power consumed for each subcarrier block is

E =NE M (15)
M +1

Then the energy efficiency is increased by

Ee= p x100% = %(16)
EC M +1

For example, in QPSK OFDM system, we have M = 4 and
energy efficiency is increased by 20%.

C. Symbol Error Rate for OOK-M-ary PSK Modulation
Before we discuss the symbol error rate (SER) for OFDM

systems, we first study the SER for OOK - M-ary PSK
modulation. The decision region of the origin message point on
the constellation, corresponding to "off', is usually specified as
a circle, and the decision regions for the rest M message points
are similar to the ones for the traditional M-ary PSK [10]. Fig. 6
shows the decision region for an OOK-QPSK modulation,
where D is the radius for the circle along which M-PSK message
points are, and d is the radius of the decision region for the origin
"offW' point.

changes with y for OOK-QPSK modulation. It is shown that

the optimum ratio increases with the signal-to-noise ratio and
approaches to 0.5 for large )/.
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Fig. 8. The optimum ratio dID vs. / for OOK-QPSK

D. Symbol Error Rate for OFDM Systems with ICI Present

In order to evaluate the performance degradation caused by
the ICI, the effective signal-to-noise ratio with ICI can be
expressed as [8]

Fig. 6. Decision region for single OOK-QPSK

Then the SER can be expressed as [10]

2Qy+dM2 I
QQ(22( d) Q( ) (17)

M+1 D M+1
where ) is the signal-to-noise ratio. Thus, the SER depends on

not only the signal-to-noise ratio, PSK modulation, but also the
ratio dID. Fig. 7 shows how SER varies with the ratio dID for
OOK-QPSK modulation when the signal-to-noise
ratio y = 5 dB . As the ratio increases, the SER first decreases,
and then increases after reaching a minimum at d/D = 0.28.
To find the optimum ratio of dID that achieves the minimum

Pe, we can set the derivative of P, with respect to dID as zero,
that is,

a ( d

D

(18)
0

Solving (18), we have
d I + ln(1/AM) (19)

D 2 2y
Therefore, the optimum ratio dID increases with but

decreases with M. Fig. 8 shows how the optimum ratio dID

(20)PI
Yeff=

PIC, + P.l
where P, is the average power of the desired signal, Pn is the

power of noise, PICI is the interference between the

sub-carriers.
The SER depends on the specific modulation technique

chosen. Through this analysis, QPSK is used as one example to
illustrate how to calculate the SER for OFDM systems with ICI
present. For one sub-carrier using conventional QPSK
modulation, its probability of symbol error, in the absence of
CFO, can be expressed as [9]

PQPSK 2Q( Yef QPSK ) (21)

Considering four sub-carriers as one sub-block, the
probability of symbol error (Pe ) c for conventional system can

be obtained as

(Pe ) C = 1- (1 PQPSK )4 (22)

For simplicity, we choose the ratio dID = 0.5. Following (17), its
probability of symbol error, with the presence of CFO, can be
approximated as

POOK- QPSK 2Q )+QPSK) (23)
The variance of the ICI caused by the CFO on the

kth sub-carrier using conventional QPSK modulation can be
expressed as



N-1

2QPSK
= S (l)

/1=

(24)

The variance of the ICI caused by the CFO on the
kth sub-carrier using the permutated OOK-QPSK modulation
can be expressed as

N-1 2

COOK-QPSK (2.5 / 4) S(i)l = 0.625uQPsK
1=1

101 0

1 0~

Permutated OOK-QPSK
QPSK

10o6-

(25)

Scaling the energy for OOK-QPSK such that the OOK-QPSK
uses the same amount of energy as the QPSK, we can obtain the
SER for an OFDM system using conventional QPSK
modulation and the proposed OFDM system using the
permutated OOK-QPSK modulation in terms of the
SNR (Eb IN0),

108
0 2 4 6 8 10 12

SNR(dB)

Fig. 9. The SER under £ = 0.05
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V. SIMULATION RESULTS

A total number of 256 sub-carriers are considered in all
simulations. Fig. 9 compares the SER performance between the
proposed OFDM system using the permutated OOK-QPSK
modulation and a conventional OFDM system using QPSK at
£=0.05. It is shown that the conventional OFDM outperforms
the proposed OFDM with OOK modulation for small £ .

Specifically, SNR gain is 0.5 dB in favor of conventional QPSK
at a SER of 10-6. Since OOK modulation adds one origin point in
the M-ary PSK constellation, the distance between the message

points is reduced and thus the probability of error is increased
compared with traditional M-ary PSK. When the CFO is
insignificant, this performance degradation dominates the
performance of the proposed OFDM systems.

However, as we increase £ , the performance for the proposed
system is expected to be better than the conventional one. Fig.
10 shows the comparison between the proposed system and
conventional one as we increase £ . It is shown that as

c increases, i.e, the ICI becomes more and more significant, the

gain in SNR increases from negative to positive. In another word,
the proposed system outperforms the conventional one when the
ICI is significant enough. This is because the proposed system
can reduce the ICI effect caused by CFO.

VI. CONCLUSION

In this paper, OOK modulation is applied in OFDM system to
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Fig. 10. The gain between two systems vs. £

reduce the ICI. It has shown that the proposed OFDM system
can improve both the spectral efficiency and the energy

efficiency. When the ICI is significant, the proposed OFDM
system outperforms the conventional OFDM system.
Throughout the paper, QPSK has been served as an example
modulation technique. In the future, more general M-ary PSK
will be investigated and other factors, such as Inphase -

Quadrature (IQ) imbalance, will be considered also.
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