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A data clipping and normalization technique is employed to improve the performance of the overall direct detection optical
orthogonal frequency divisionmultiplexing (DCO-OFDM) system. A detailed analysis of clipping distortion introduced by digital
clipping and normalization is provided. +e normalization operation amplifies the clipped data signal to the maximum input
amplitude of a digital-to-analog converter (DAC). Based on the analysis, a BER formula of the proposed scheme is derived over the
AWGN channel and single fiber channel. Performance of an optical clipped OFDM with normalization is assessed through
numerical simulations and Monte Claro simulation over the AWGN channel. +eoretical analysis and simulation results both
show that the clipping and normalization scheme can greatly improve the BER of an optical OFDM. In particular, BER per-
formance of the proposed transmission scheme was measured in a practical OFDM transmission platform. +e measured
experimental results show that the clipped and amplified OFDM signal exhibits superior performance in comparison with the
conventional OFDM signal. +e received sensitivity at a BER of 10−3 for a 4Gsamples/s (2.6667Gbits/s) clipped and normalized
OFDM signal with clipping ratio of 4 after 100 km standard single-mode fiber (SMF) transmission was improved by 4.3 dB when
compared with the conventional OFDM system.+emeasured results also showed that the clipped OFDM signal exhibits superior
performance in comparison with the conventional OFDM signal. +erefore, a clipping and normalization at the transmitter is
most effective, and a substantial performance improvement can be obtained by a simple normalization after clipping.

1. Introduction

In recent years, orthogonal frequency division multiplexing
(OFDM) modulation has been proposed in optical com-
munications due to its advantage of having robustness to
fiber transmission impairments such as chromatic disper-
sion [1–3]. In general, optical OFDM communication can be
categorized as coherent optical OFDM (CO-OFDM) and
direct detection optical OFDM (DDO-OFDM). Due to the
low cost and complexity of DDO-OFDM, DDO-OFDM is
mainly considered in short-range optical communication
systems [4]. However, the optical OFDM signal in both types
of transmission systems has a disadvantage of high PAPR.
+e high peak-to-average power ratio (PAPR) can lead to
larger nonlinear effects, which can cause optical signal

intensity fluctuation and degrade the BER performance of
systems [5, 6]. For single-channel DDO-OFDM systems,
high PAPR gives rise to fiber nonlinearity such as self-phase
modulation (SPM). +is results in the nonlinear phase shift
induced by SPM. On the contrary, high PAPR requires large
dynamic range of nonlinear devices such as digital-to-analog
converters (DACs), power amplifiers, and external modu-
lators. +ese add the cost of systems. +erefore, mitigating
nonlinearity distortion in optical OFDM by reducing PAPR
becomes the important issue. In order to reduce PAPR,
many methods have been proposed for PAPR reduction,
such as companding [7], clipping [8], DCT precoding [9],
DFT precoding [10, 11], and other methods [12, 13]. Re-
cently, a fiber nonlinearity equalizer, which is based on
support vector classification for optical OFDM, has been
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proposed [14]. Among these methods, the precoding tech-
nique draws great attention for its effective PAPR reduction.
+e precodingmethod utilizes additional DCT (or DFT) and
IDCT (or IDFT) at the transmitter and receiver, respectively.
So this method increases the computational complexity of
the system.

Among the PAPR reduction methods, the clipping is the
simplest. +e idea of the clipping technique is clipping the
signal components that exceed some clipping threshold. In
general, the clipping technique can cause impairment to
a communication system. In practical system, clipping may
be employed before or after DACs. Clipping, which is
employed before DACs, is called soft clipping, whereas
clipping used after DACs is called hard clipping. A number
of papers have studied the clipping effect on the radio
frequency (RF) OFDM signals [15–17]. However, there is an
important difference between DDO-OFDM and RF-OFDM:
the RF baseband signal is complex-valued, whereas time-
domain signal in DDO-OFDM is real-valued and non-
negative [18]. A real-valued time signal can be obtained
when the Hermitian symmetry conditionmust be satisfied in
OFDM subcarriers. After that, a DC bias is added to the real-
valued signal resulting in a nonnegative valued signal for
DDO-OFDM. In addition, for optical OFDM system, high
PAPR can give rise to fiber nonlinearity which in turn results
in performance degradation of systems. +us, some theory
and analyses in RF-OFDM are not directly applied to optical
OFDM. A number of papers have analyzed the clipping
effects in optical OFDM systems [8,19–21]. In [22, 23], the
performance of IM/DD optical OFDM with the digital
baseband distortion has been analyzed and evaluated by
simulations. However, these researches concern on how to
decrease the negative effect of clipping on the performance.

+e study results of the literature [24] showed that the
degradation in the error rates is very small for clipping with
the clipping ratio of 6 dB in frequency selective fading
channels. +e researched results of the paper [25] showed
that the performance of the overall communication system
can be improved by a baseband clipping method. So, the
benefits of the clipping on the OFDM system can be ob-
tained by fixing the appropriate value of clipping ratio. In
fact, the performance degradation of systems caused by
clipping is negligible when the proper clipping lever is used,
whereas obtaining PAPR reduction by clipping can help to
mitigate nonlinearities effects of fiber and Mach–Zehnder
modulator. However, the advantage of the nonlinearity
mitigation by clipping is often be neglected in optical OFDM
systems. +e clipped optical OFDM signal with low PAPR
may obtain two benefits compared to the conventional
optical OFDM signal: one is that clipped OFDM results in
nonlinear interference reduction caused by the Kerr effect in
a fiber-optic channel [26–28] and the second is that clipped
OFDM may reduce to the impact of the MZM nonlinear on
the system [5,29]. +us, proper clipping in optical OFDM
may improve the BER of optical OFDM.

In this paper, we mainly investigate the effect of clipping
DDO-OFDM systems. As we know, there is less attention
on the benefits of the clipping technique for PAPR of

the baseband OFDM signal in a direct detection OFDM
communication system. Inspired by the idea in paper
[24, 25], we proposed a data clipping and normalization
scheme, which limits the high-power spikes signal and
amplifies the clipped low amplitude signal. We drive an
analytical expression for the BER of the DDO-OFDM system
based on data clipping and normalization. +e BER ex-
pression quantitatively shows how the data clipping and
normalization scheme improves the BER performance. We
compare our analytical results to simulation results in an
additive white Gaussian noise (AWGN) channel. +e sim-
ulation results agree well with the analytical results. In
particular, BER performance of the proposed transmission
scheme is measured in a practical OFDM transmission
platform. +e experimental results show that the BER
performance of the proposed system can be greatly im-
proved compared with the conventional optical OFDM
system and conventional clipped optical OFDM system.
+us, the proposed joint data clipping and normalization
technique can be used for the optical communication system
design.

+e paper is organized as follows. In Section 2, the
principle of a direct detection optical OFDM system with
data clipping and normalization is presented. In Section 3,
the theoretical analysis is given and the BER formulas of the
clipped and normalized optical OFDM are derived. Section 4
presents the simulation results. Section 5 provides the ex-
perimental configuration, and Section 6 gives measured
results. Finally, Section 7 concludes this paper.

2. System Principle

In this work, we employ a joint data clipping and nor-
malization technique in the transmitter for an optical DDO-
OFDM system to improve the BER performance of a system.
Figure 1 illustrates the block diagram of the proposed DDO-
OFDM transmitter, in which N subcarriers is used. At the
transmitter, an incoming bit stream is first mapped into an
M-ary quadrature amplitude modulation (M-QAM) symbol
data stream.+en, a data symbol vector withN size is formed
as X � 0 X1 ... XN/2−1 0 X∗N/2− 1 ... X∗1 . In order to
produce a real-valued time-domain OFDM signal xn, the
input of the IFFT Xk is Hermitian symmetric, that is,

Xk � X
∗
N−k, 1≤ k≤N− 1,

Xk � 0, k � 0, N/2,
(1)

where ∗ denotes complex conjugate. +us, performing an
N-point IFFT on X produces real-valued signal x, that is,

xn �
1
��
N

√ 

N−1

k�0
Xk exp

j2πkn

N
 , 0≤ n≤N− 1. (2)

After IFFT, the OFDM signal is fed into the data clipping
blocks, where the signal is clipped by the data clipping block.
We consider that the symmetric clipping is used. +e op-
eration of the data clipping (or baseband clipping) is rep-
resented as follows [31]:
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x � g xn( ) �

xn if xn
∣∣∣∣
∣∣∣∣≤Aclip,

Aclip
xn
xn
∣∣∣∣
∣∣∣∣

if xn
∣∣∣∣
∣∣∣∣≥Aclip.




(3)

�e clipping ratio (CR) is de�ned by the following
equation:

CR �
A2
clip

Px
, (4)

where Px is the average power of the transmitted signal and
Aclip is the maximum allowed signal amplitude of the clipped
OFDM signal, and it can be written as

Aclip �
�������
CR · Px
√

. (5)

Higher clipping level values can be applied to the signal
for reducing the clipping noise at the expense of increasing
the electrical power of the signal. Hence, there is a trade-o�
between power e�ciency and noise in the selection of the
clipping level or bias. When Aclip is smaller than the
maximum allowable amplitude of a DAC device, Amax, the
system performance can be improved by normalizing the
clipped OFDM signal. �e clipped and normalized signal,
which is the output of the normalization, is written as

yn �
Amax

Aclip
x �

Gxn if xn
∣∣∣∣
∣∣∣∣≤Aclip,

G Aclip
xn
xn
∣∣∣∣
∣∣∣∣

( ) if xn
∣∣∣∣
∣∣∣∣≥Aclip,




(6)

where 1≤G≤ (Amax/Aclip). G is the normalized factor. �e
maximum allowable normalized factor can be expressed as

Gmax �
Amax

Aclip
�

Amax�������
CR · Px
√ �

Amax���
Px
√ · CR−1/2. (7)

Obviously, the smaller the value of clipping ratio is, the
higher the normalization factor is. From Equation (6), we
can see that the small signal, whose amplitude is below
threshold A, is ampli�ed by G times. When G� 1, the output
of the normalization is the conventional clipped OFDM
signal. In order to utilize fully the dynamic range of a DAC
device, the clipped signal x(n) is normalized to y(n) with
a peak-to-peak of 2Amax, which is the maximum input
amplitude of a DAC device.�e signal y(n) is converted into
the continuous OFDM signal y(t) by a DAC device in order
to drive a Mach–Zehnder modulator (MZM).

According to Bussgang’s theorem [30], any nonlinear
function of x(n) can be decomposed into a scaled version
of x(n) plus a distortion term d(n) that is uncorrelated
with x(n). For example, the clipped signal can be
written as

x(n) � αx(n) + d(n). (8)

Scaling factor α can be calculated as follows [30]:

α � 1− e−CR +
��
π

√

2
���
CR

√
· erfc(

���
CR

√
). (9)

�en, the clipped signal x(n) is ampli�ed byG times, and
it can be written as

y(n) � G · x(n) � G · α · x(n) + G · d(n). (10)

In the optical link, the electrooptic conversion is per-
formed by a standard Mach–Zehnder modulator (MZM)
biased at the quadrature point. �e signal y(t) is biased with
a biased voltage VDC in order to ensure the waveform is
nonnegative, and then, the signal is intensity modulated
onto the optical carrier.�e biased and clipped time-domain
signal can be expressed as ỹ(t) � y(t) + VDC. �is signal
y(t) is then used to drive an idea optical modulator, where
the output optical power is a replica of the corresponding
electrical-drive signal.

�e �ber nonlinearity remains su�ciently low when the
optical launch power is not too high. In this case, the optical
�ber link can be modeled as a linear channel [31]. Hence, the
optical signal and noise can be assumed independent.
Similar to the analysis in [31], polarization-mode dispersion
(PMD) and �ber nonlinearity are neglected, and group-
velocity dispersion (GVD) is the only �ber impairment
considered. In the optical electric �eld domain, the �ber is
modeled as a linear system with the transfer function given
by Barros and Kahn [31]:

H(ω) � ejω
2 β2/2( )L, (11)

where β2 is the �ber GVD parameter and can be expressed as
β2 � −Dλ

2/2πc. Here, λ represents the carrier wavelength,
and c is the speed of light. In addition, L is the �ber length,
and ω is the angle frequency. Assume h(t) is the impulse
response of the �ber channel, and it equal to the inverse
Fourier transformation of H(ω).

At the receiver, the PD detector converts the received
optical signal to electrical signal. �e sampled discrete signal
can be expressed as

r(n) � y(n)⊗ h(n) + w(n)
� Gx⊗ h(n) + w(n)
� Gax(n)⊗ h(n) + Gd(n)⊗ h(n) + w(n),

(12)

where w(n) is AWGN and ⊗ denotes circular convolution.
By taking the DFT of Equation (12), the frequency domain
data on the kth subarrier can be written as

Rk � GαXkHk + GDkHk +Wk, (13)

where Hk is the channel frequency response on the kth
subcarrier andWk is the additive white Gaussian noise in the
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Figure 1: Block diagram of the proposed OFDM transmitter.
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frequency domain. When zeros forcing (ZF) equalization is
employed, the coefficient of the kth subcarrier is given by

QZF,k �
1

Hk

, k � 0, 1, ..., N− 1. (14)

After equalization, the received signal can be expressed
as

Rk � GαXk + GDk + H
−1
k Wk. (15)

3. Theoretical Analysis

3.1. BER Performance over AWGN Channel. In this sub-
section, we firstly analyze the BER performance of the
proposed transmission scheme for the AWGN channel. At
the receiver of the proposed system, the clipped OFDM
signal with normalization after transmission over the
AWGN channel can be expressed as

r(n) � G · x(n) + w(n),

� G · α · x(n) + G · d(n) + w(n).
(16)

+e frequency signal at the kth subcarrier can be given as

Rk � GαXk + GDk + Wk. (17)

Obviously, the clipping operation reduces the power of
the signal.+e loss power due to clipping can be estimated. It
is can be given by the following equation [32]:

σ2d � 2 ·

��
2
π



· σ2xCR
−3/2

e
−CR/2

. (18)

Base on Equation (16), the SNR of the OFDM signals can
be expressed as

λ �
α2G2σ2x

G2σ2c + σ20
�

α2σ2x
σ2d + σ20/G2( 

. (19)

In order to take the useful dynamic range of a DAC, the
allowable maximum normalization gain Gmax in Equation
(7) is adopted. By substituting Equations (7) and (18) into
Equation (19), the SNR under the maximum normalization
gain can be written as

λam
�

α2σ2x
σ2d + σ20/G2,

�
1− e−CR

2
+(

��
π

√
/2)

���
CR

√
· erfc(

���
CR

√
) 

2
· σ2x

2 ·
���
2/π

√
· σ2xCR

−3/2e−CR/2 + σ20 · σ2x ·
���
CR

√
/A2

max( 
.

(20)

+us, the theoretical BER formula of the clipped and
normalized M-QAM OFDM can be expressed from [33]:

P
am
b,MQAM �

4− 2(2−m/2)

m
 Q

����������
3

(M− 1)
λam



⎛⎝ ⎞⎠, (21)

where m � log2 M is the number of bits per constellation
point. +e Q function is defined as

Q(x) �
1
���
2π

√ 
∞

x
e
−t2/2

dt. (22)

When G� 1, Equation (20) becomes the SNR of the
conventional clipped OFDM, and it can be expressed as

λc
�

1− e−c
2

+
��
π

√
/2c · erfc(c) 

2
· σ2x

2 ·
���
2/π

√
· σ2xc−3e−c

2/2 + σ20
. (23)

+erefore, the theoretical BER expression of conven-
tional OFDM over the AWGN channel is given from [33]:

Pb,MAQM �
4− 2(2−m/2)

m
 Q

���������
3

(M− 1)
λc



⎛⎝ ⎞⎠. (24)

3.2. BER Performance for Single-Mode Fiber Channel.
Based on Equation (15), the signal-to-noise-and-distortion
ratio (SNDR) of the kth subcarrier for the clipped and
normalized OFDM system is given by

λZFk,G �
E GαXk



2

 

E GDk + H−1k Wk



2

 
�

G2α2 · σ2X
G2σ2D + H−2k σ2W

�
α2 · σ2X

σ2D + 1/G2( ) · σ2W/H2
k( 

,

(25)

where σ2X is the variance of the signal Xk, σ2D is the variance
of the signal Dk, and σ2W is the variance of the AWGN noise
Wk.

+us, the BER performance of every subcarrier can be
expressed as

P
am
b,k �

4− 2(2−m/2)

m
 Q

����������
3

(M− 1)
λZFk,G



⎛⎝ ⎞⎠. (26)

+e overall performance of the clipped and normalized
system can be expressed as

P
am
b �

1
N



N−1

n�0
P

am
b,k . (27)

When G� 1 in Equation (25), the clipped and nor-
malized OFDM system is converted into the conventional
clipped OFDM system. +en, the signal-to-noise-and-
distortion ratio (SNR) of the kth subcarrier at the receiver
for the conventional clipped OFDM system is given by

λZFk �
E αXk



2

 

E Dk + H−1k Wk



2

 
�

α2 · σ2X
σ2D + σ2W/H2

k( 
. (28)

+erefore, the BER of every subcarrier of the clipped
system without normalization can be expressed as

Pb,k �
4− 2(2−m/2)

m
 Q

����������
3

(M− 1)
λZF

k



⎛⎝ ⎞⎠. (29)

+e overall performance of the clipped OFDM system
can be expressed as
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Pb �
1
N
∑
N−1

n�0
Pb,k. (30)

Compared with Equations (25) and (28), when G> 1, we
can conclude that

λZFk,G ≥ λ
ZF
k . (31)

Furthermore, there is Pamb <Pb. �us, a joint clipping
and normalization scheme can be employed in optical
OFDM in order to improve BER performance. �e BER of
the simulation and measured results in the following section
show that the BER performance of the clipped and nor-
malized OFDM signal can be greatly improved compared
with the conventional clipped OFDM and conventional
OFDM signals.

4. Simulation Results

In the following simulation, there are two criterions: equal
average power and equal maximum amplitude criterions.
�e equal average power criterion is employed in many
PAPR reduction techniques. In this case, the clipping ob-
tains PAPR reduction at cost of degradation in BER per-
formance. Obviously, the clipping decreases the average
power of the OFDM signal, and the BER performance can be
slightly improved if the loss average power of the signal can
be compensated. In most reported literatures, the negative
e�ect of clipping on BER performance has been widely
concerned. Many techniques such as channel coding and
iterated signal detector are employed to reduce the e�ect of
clipping on systems. However, the e�ect of clipping on BER
is not severe when the clipping ratio is greater than 6 dB.

4.1. Q Factor of the Clipped OFDM by Simulation. Q factor
usually serves as another metric to evaluate the quality of
signals in terms of its SNR. �e higher the value of Q factor,
the lower the bit error rate (BER). We �rst research the e�ect
of the clipping with and without normalization on the Q
factor of signals. �e measured or estimated BER is also
expressed as a Q factor using the following equation [34]:

Q(dB) � 20 Log
�
2

√
× erfc−1(2 × BER)( ), (32)

where erfc−1 is the inverse complementary error function.
Based on Equation (32), the obtained BER can be converted
to the corresponding Q factor in dB.

Figure 2 shows the relationship between Q factor and
clipping ratio (CR) over the AWGN channel at the received
SNR of 6 dB. �e clipping ratio is varied from 2 to 12, and
thus, the Q factor simulation results are taken. From the
graph, it is analyzed that, for the clipping and normalization
scheme, as the clipping ratio increases, theQ factor increases
when the value of clipping ratio is smaller than 4, but it
decreases when the value of clipping ratio is higher than 4.
�e maximum Q factor was found to be 12 dB at the op-
timum clipping ratio of 4. However, for the conventional
clipping scheme, the Q factor increases, when the value of
clipping ratio is below 6, but the Q factor was found to be

about 6.2 dB at clipping ratio of 6, but it does not almost
increase with the increasing of clipping ratio. �erefore, the
clipped and normalized OFDM system can obtain the best
BER performance over the AWGN channel at clipping ratio
(CR) of 4.

For a given received SNR of 8 dB, Figure 3 shows the
relationship of the Q factor between clipping ratio in clipped
QPSK OFDM with and without normalization after 100 km
�ber transmission. �e results which are similar to that of
Figure 2 can also be obtained. �e maximum Q factor value
of the clipped OFDM signal with normalization was found
to be 12 dB at clipping ratio of 4. �eQ factor decreases with
increase of the clipping ratio when the value of clipping ratio
is higher than 4. For the conventional clipped OFDM, the Q
factor increases when the value of clipping ratio varies from
2 to 6. However, the improvementQ factor is very little when
the value of the clipping ratio varies from 6 to 12. �erefore,
similar to Figure 2, the OFDM system can obtain the best
BER performance over 100 km �ber channel at clipping ratio
(CR) of 4.

From the experiment results in Figures 2 and 3, it can be
seen that data normalization can improve the quality of the
clipped OFDM signals over AWGN and �ber channel. �e
bene�t of clipping can be achieved by data normalization.
�erefore, clipping based on normalization can o�er better
BER as compared to the conventional clipping with the same
level clipping ratio. �is is also be veri�ed by following
experiments.

4.2. BERPerformance overAWGNChannel. In the following
subsection, we �rst evaluated the BER performance over the
AWGN channel by theoretical numerical and simulation
methods under without normalization case. Figure 4 shows
the BER comparison for di�erent clipping ratios for clipped
OFDM without the normalization case. In this case, the
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Figure 2: Q factor values as a function of the clipping ratio in
clipped QPSK OFDM with and without normalization over the
AWGN channel.

Journal of Electrical and Computer Engineering 5



clipping degraded the BER of systems. �e theoretical nu-
merical results also are shown in Figure 4. It is clear that
simulation results agree well the theoretical results. �e
experiment results verify the validity of Equation (24). �e
performances of the clipped OFDM with normalization are
compared in Figure 5 for the AWGN channel by theoretical
numerical and simulation. �e experiment results show that
the joint data clipping and normalization can improve the

BER performance of systems. �e simulation results agree
with the theoretical numerical results. �ese also verify the
e�ectiveness of Equation (21).

4.3. BER Performance over Fiber Channel. For a short dis-
tance �ber-optic system with low data rate, �ber dispersion
is the main impairment of degrading system performance.
�e optical signals a�ected by �ber nonlinearity are mini-
mal. �erefore, in our simulation experiment, we neglect the
e�ect of �ber nonlinearity so that we focus on studying how
to improve the system performance by combating dispersion
impairment. We evaluated the BER performance of clipped
OFDM over the �ber channel with and without normali-
zation. �e main simulation parameters are shown in Ta-
ble 1. Some of the parameters of the OFDM system are given
according to the 802.16a OFDM physical layer (PHY)
speci�cation [35]. �e number of points of FFT/IFFT,
number of data subcarriers, and pilot subcarriers are �xed
at 256, 192, and 8. In addition, 56 null subcarriers serve as
the guard band in order to enable the signal to naturally
decay and create the FFT brick wall shaping [35]. Cyclic
pre�xing (CP) with 32 samples symbols is inserted to combat
intersymbol interference (ISI) due to channel dispersion.We
use D and λ to state the dispersion coe�cient and wave-
length of continuous lightwave (CW) laser, respectively.

Figure 6 shows the simulation results for clipped optical
OFDM without normalization over the �ber channel. From
Figure 6, we can see that the clipping can degrade the BER

Clipped OFDM with CR = 4 (theoretical)
Clipped OFDM with CR = 4 (simulation)
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Figure 4: BER performance comparison for di�erent clipping
ratios by simulation and theoretical methods over the AWGN
channel without the normalization case.
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Figure 5: BER performance comparison for di�erent clipped and
normalized OFDM by simulation and theoretical methods over the
AWGN channel.

Clipped OFDM for fiber channel
Clipped and normalized OFDM for fiber channel

5

6

7

8

9

10

11

12

13

Q
-fa

ct
or

 (d
B)

3 4 5 6 7 8 9 10 11 122
CR

Figure 3: Q factor values as a function of the clipping ratio in
clipped QPSK OFDM with and without normalization over the
�ber channel, and the transmission is 100 km.
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performance under without normalization. But the e�ect of
clipping on BER performance is very small when clipping
ratio is bigger than 10 dB. At the bit error rate (BER) 10−3,
the BER performance can be degraded about 3.5, 1.3, and
0.2 dB for clipped OFDM with clipping ratio of 4, 6, and 10
compared to that of the original OFDM.

Figure 7 shows simulation results of the clipped and
normalized OFDM over the �ber channel. It can be seen that
the normalization can greatly improve the BER performance
of systems. At BER 10−3, the BER performance of the clipped
and normalized OFDM can improve about 5.2, 5.1, and
2.4 dB SNR gain than original OFDM for CR of 4, 6, and 10,
respectively.

However, the obtained performance improvement is at
the cost of average power increasing. All di�erent clipped
and ampli�ed OFDM signals are ampli�ed to the same
maximum amplitude, which is the maximum allowable
amplitude of DAC in the transmitter end. �e more the
normalization factor is, the lower the clipping ratio is.
Meantime, the higher the average power is, the lower the
clipping ratio is.

5. Experimental Setup

Figure 8 depicts the experimental setup employed to eval-
uate the performance improvement of an optical direct
detection OFDM system provided by the data clipping and
normalization technique. In our experiment, 4 Gs/s OFDM
signals are employed. An OFDM frame based on QPSK
modulation has 256 subcarriers, among which 192 (96∗ 2)
subcarriers are used for data transmission, 8 pilot subcarriers
are used for channel estimation and synchronization, and 56
subcarriers are set to zero as the guard interval. In addition,
32 samples symbols are used as cyclic pre�xing to avoid the
interblock interference.

�e time-domain QPSK OFDM waveforms are �rst
generated in a Matlab program and uploaded onto an
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Figure 6: BER performance comparison for di�erent clipped and
normalized OFDM without normalization over the �ber channel.
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Figure 7: BER performance comparison for di�erent clipped and
normalized OFDM over the �ber channel by simulation.
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Figure 8: Experimental setup (EDFA: erbium-doped �ber am-
pli�er; ATT: attenuator; PD: photodiode; OSC: oscilloscope; AWG:
arbitrary waveform generator; ATT: attenuator).

Table 1: Simulation parameters.
Dispersion coe�cient, D 17 ps/(nm km)
Optical carrier wavelength (λ) 1550 nm
Modulation QPSK
Sample rate 4Gs/s
FFT size 256
Number of data subcarriers 192
Number of pilot subcarriers 8
Null subcarriers 56
Length of CP 32
L (length of the �ber) 100 km
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arbitrary waveform generator (AWG) operated at 4GS/s
to generate the corresponding OFDM analog signal with
the peak-peak value of 1V. �e net bit rate was
4Gs/s∗ 192/2/256∗ 256/(256 + 32)∗ 2 (bits/symbol for
QPSK)� 2.6667Gbits/s. �en, the analog OFDM signal is
modulated via an external Mach–Zehnder modulator
(MZM). �e MZM is biased at the quadrate point with
a biased voltage of 2.2 V. In the experiment, the value ofVπ is
setup at 3.5 V. �e optical signal is obtained by using
a continuous lightwave (CW) laser with nominal wavelength
of 1549.261 nm. �e generate signal is injected into erbium-
doped �ber ampli�er (EDFA) with a noise �gure of 5 dB to
adjust the proper launched power into �ber. �en, the
resulting optical signal is launched into a 100 km standard
single-mode �ber (SSMF). �e attenuation and dispersion
coe�cients of the �ber are 0.19 dB/km and 17 ps/(nm km),
respectively. At the receiver side, the signal is sampled using
a digital storage oscilloscope (DSO) with 10Gsamples/s and
applied to the OFDM demodulator. After demodulation, the
received signal is equalized and applied to demapper.

6. Experimental Results

In this section, we will measure the performance of the
clipped QPSK OFDM signal of 4Gs/s with and without
normalization after 100 km standard SMF transmission in our
transmission experiment platform.�emeasured experiment
results will verify that a joint clipping and normalization
scheme can improve the BER performance of the system.

6.1. Q Factor of the Clipped OFDM with Normalization.
Figure 9 shows Q factor versus launch optical power after
100 km transmission for various values of CR. For the
clipped and normalized OFDM system, the optimum Q
factor is about 12.7 dB with launch power 6 dBm for clipped
OFDM with CR of 4. However, the optimum Q factor is
10.2 dB with launch power 6.0 dBm for the 4Gs/s original
OFDM signal. At low �ber launch power, the transmission
performance is mainly by ampli�ed spontaneous (ASE)
noise. Hence, the Q factor is improved with an increase in
the �ber launch power, as shown in Figure 9. On the
contrary, when the �ber launch power is over 6 dBm for the
proposed system, the Q factor is decreased with an increase
in the �ber launch power due to the impact of �ber
nonlinearity.

High launch optical power can cause the �ber non-
linearity impairments, which includes self-phase modula-
tion (XPM), cross-phase modulation (XPM), and four shift
mixing (FWM). �e nonlinear distortion can be approxi-
mated as a phase shift of the transmission signal. And the
resulting phase shift causes the degradation of the perfor-
mance of an optical system. �e introduced shift phase shift
can be expressed as follows [36]:

ϕNL(t) � cLeffP(t), (33)

where c is the nonlinear coe�cient of the �ber, P(t) is the
instantaneous optical power, and Leff is the nonlinear ef-
fective length and is expressed as follows [36]:

Leff �
1− e−αL

α
, (34)

where L is the length of �ber and α is the attenuation
coe�cient.

Based on Equation (33), the greater the launch power,
the greater the phase shift, and therefore, the lower the Q
factor. When the �ber nonlinearity is not the main im-
pairment of degrading system performance, the e�ect of
�ber nonlinearity can be neglected. From Figure 9, it can be
seen that the clipped and ampli�ed OFDM with clipping
ratio of 4 can obtain the Q factor improvement of 2.9 dB
when compared to that of the original OFDM under launch
optical power of 6 dB case. When the launch optical power is
higher than the optimum value of 6 dB, the Q factor value
begins to decline due to the �ber nonlinearity.

From Figure 9, the measured experiment results con�rm
that the joint data clipping and normalization scheme can
greatly improve the BER performance of systems. �e ap-
proach only is done in the digital baseband and does not
need any hardware equipment.

6.2. BER of the Clipped OFDM without Normalization.
Figure 10 shows the measured BER performance results at
the launched optical power of the 6 dBm case for the con-
ventional clipped OFDM systems. As shown in Figure 3, the
clipped system has excellent transmission performance
because of the �ber nonlinearity mitigation by clipping when
compared with the conventional OFDM system. Compared
with the conventional OFDM system at BER� 10−3, the data
clipping can improve the BER performance approximately
1.3, 2.2, 0.8, and 0.5 dB with CR at 4, 6, 8, and 10, re-
spectively. From Figure 10, it can be seen that the optimum
power clipping ratio is 6 under without normalization. In the
optimum clipping case, the performance of the system can
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Figure 9: Q factor values as a function of the launch power in
4Gs/s QPSK DCO-OFDM after 100 km of transmission.
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obtain the greatest improvement. �is is because that the
decreasing of PAPR of clipped OFDM is helpful to reduce
in®uence of nonlinearities of the �ber and MZM modulator
on the BER performance of the optical OFDM systems
[26, 27]. �e results of Figure 10 show that proper clipping
can improve the BER performance of optical OFDM
transmission systems.

6.3. BER of the Clipped OFDM with Normalization.
Figure 11 shows the measured BER performance compar-
isons of the clipped and normalized OFDM signals with the
launch power of 6 dBm at CR of 4, 6, 8, and 10 and the
normalization gain is Gmax � (Amax/

���
Px
√

) · CR−1/2. In fact,
the lower the value of CR, the bigger the gain G is.

From Figure 11, we can see that the sensitivity of the
received signals of the clipped and normalized OFDM
system can be improved about 4.3, 4, 3.5, and 3 dB with CR
of 4, 6, 8, and 10 compared with conventional OFDM, re-
spectively. �e performance of the proposed system with CR
of 4 is the most best.

Comparing Figure 10 with Figure 11, we can see that the
sensitivity of the clipped and normalized OFDM system is
higher than that of the conventional clipped OFDM system
at the di�erence value of CR. �ese measured experiment
and the former simulation experiment results both verify
that the joint data clipping and normalization scheme can
greatly improve the BER of systems.

7. Conclusions

We proposed a digital clipped and normalized DDO-OFDM
system and theoretically described its principles. �e BER
formula of the proposed scheme is derived for the AWGN
channel and �ber channel. Analytical results show that there
is an optimum clipping ratio in clipped and normalized

OFDM under maximum allowable amplitude constraint.
�e improvement of a direct detection optical OFDM
system achieved by the data clipping and normalization has
been assessed experimentally and analyzed theoretically.�e
measured experimental, simulation, and theoretical analysis
results all show that the joint clipping and normalization
method can greatly improve the BER of systems. �e pro-
posed scheme is an e�cient scheme without adding any
hardware equipment. For the 4Gs/s clipped and normalized
QPSK OFDM signal with CR � 4, the received sensitivity
of the systems can be substantially improved by approxi-
mately 4.3 dB as compared with the conventional OFDM
systems. �e experimental results also show that the con-
ventional clipped OFDM scheme outperforms the con-
ventional OFDM scheme. Additionally, the main advantage
of the proposed scheme is easy implementation in the optical
system.
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