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A scaling technique is employed to improve the performance of a Discrete Cosine Transform (DCT) precoded optical intensity-
modulated direct detection (IM/DD)OFDMsystem,which fully exploits the dynamic range of a digital-to-analog converter (DAC).
The theoretical analysis shows that the proposed scaling scheme can improve the BER performance of DCT precoded and scaled
OFDM systems. The experiment results also show that the proposed scheme significantly improves the BER performance without
changing the receiver structure. The measured received sensitivity at a BER of 10−3 for a 4G samples/s (2.7 Gbits/s) DCT precoded
and scaled OFDM signal and after 100 km standard single-mode fiber (SMF) transmission has been improved by 3 and 1.3 dB when
compared with the original OFDM system and conventional DCT precoded OFDM system, respectively.

1. Introduction

In recent years, optical transmission systems employing
orthogonal frequency division multiplexing (OFDM) have
gained interest because OFDM can combat fiber chromatic
dispersion and polarization mode dispersion. However, the
high peak-to-average ratio (PAPR) of OFDM signals is the
main problem in the optical OFDM system. A large PAPR
will cause strong nonlinear impairment such as self-phase
modulation (SPM) and cross-phase modulation (XPM),
which are caused by optical signal intensity fluctuation [1].
Therefore, a large number of PAPR reduction schemes have
been proposed for applications in optical communication
systems, such as clipping [2, 3], Hadamard precoding [4],
DFT precoding [5, 6], combinedHadamard and companding
transforms [7], Partial Transmit Sequence (PTS) [8], and
Selected Mapping (SLM) [9, 10]. There are also other PAPR
reduction schemes, such as power-concentrated subcarrier
and preemphasis, which have been proposed by other
researchers [11, 12]. These PAPR reduction methods can

be mainly divided into two domain methods: frequency
domain method and time domain method [13]. The fre-
quency domain method is used before the IFFT to decrease
the autocorrelation of the input signal of the IFFT and
furthermore decrease the peak value of output signal of the
IFFT. Precoding, SLM, and PTS schemes are examples of
frequency domain methods. Time domain method is used
after the IFFT by distorting the signal to reduce the PAPR
of the signal. Clipping, companding, and peak widowing
belong to the time domain methods. Among all methods,
precoding technique is very popular due to its advantages.
The attractive features of the precoding method are utilized
in OFDM systems to obtain noticeable PAPR reduction with
lower complexity and BER performance improvement.

In [14], a spectral shaping for DFTS-OFDM is studied to
reduce the PAPR leading to further improvement in nonlin-
ear tolerance. In [15], the theoretical analysis and simulation
results show that precoding technique can improve the BER
performance of the precoded radio frequency (RF) OFDM
system compared with the conventional RF OFDM system.

Hindawi Publishing Corporation
Journal of Electrical and Computer Engineering
Volume 2015, Article ID 367693, 10 pages
http://dx.doi.org/10.1155/2015/367693



2 Journal of Electrical and Computer Engineering

Fiber 
channel 

La
se

r d
io

de

M
-Q

A
M

m
ap

pe
r

Eq
ua

liz
at

io
n

D
CT

 m
at

rix

M
-Q

A
M

de
m

ap
pe

r

CP
/D

AC

H
er

m
iti

an
sy

m
m

et
ry

Bias

In
ve

rs
e D

CT
m

at
rix

Re
m

ov
e

co
nj

ug
at

io
n 

pa
rt

 

PD
 d

et
ec

to
r

PR
BS

 se
qu

en
ce

D
at

a r
ec

ei
ve

d

Sc
al

in
g

A
D

C/
CP

−
1

N
-p

oi
nt

 IF
FT

N
-p

oi
nt

 IF
FT

Figure 1: Conceptual diagram for a DCT precoded IM/DD optical OFDM system with scaling.

Reference [16] researched various precoding techniques for
PAPR reducing in optical wireless OFDM system by simula-
tion. Reference [17] researched DCT precoding in optical fast
OFDM system by simulation. The experimental results show
the DCT precoding scheme can improve the BER and PAPR
performances of the optical OFDM systems.

In [18], we have recently proposed a combined DCT
and clipping scheme to reduce the PAPR for IM/DD optical
OFDM system. Furthermore, the experimental results show
that the proposed scheme can obtain a considerable BER
performance improvement. However, the improvement of
BER performance of the proposed scheme is not significant
when it is compared with that of the DCT precoded OFDM.
On the other hand, clipping algorithm in baseband signal
adds the computational complexity of system.

Recently, the authors in [19] proposed an adaptive scal-
ing and biasing scheme to improve BER performance of
OFDM-based visible light communication (VLC) systems by
simulation. The main idea in [19] is that the output of the
IFFT of the VLC system can be amplified using an adaptive
scaling in order to improve the BER performance of the
system by fully exploiting the dynamic range of the light
emitting diodes. Inspired by the concept in [19], we proposed
a scaling scheme to improve the BER performance of the
conventional DCT precoded IM/DD optical OFDM systems.
The PAPR of the DCT precoded OFDM is lower than that
of the conventional OFDM. Thus, in order to full exploit
the dynamic range of the DAC of a DCT precoded OFDM
system, a digital scaling technique can be employed before the
digital-to-analog converter (DAC) to improve the SNR of the
system. Furthermore the BER performance can be improved
without changing the structure of the receiver. Compared to
the conventional DCT precodedOFDM, the advantage of the
proposed method does not need to add any hardware device.
The proposed scaling scheme is employed in an optical direct
detection OFDM experimental platform; a sample rate of
4Gs/s precoded and scaled OFDM signal is successfully
processed and recovered after 100 km transmission through

SMF link. The experimental results show that the sensitivity
of the received DCT precoded and scaled OFDM signal
is greatly improved compared to the conventional DCT
precoded optical OFDM system and original optical OFDM
system.

This paper is organized as follows. In Section 2, the
system principle of the proposed scheme is described and
the BER performance of the system with scaling is analyzed.
In Section 3, the experiment setup of the proposed system
is presented. In Section 4, the PAPR and BER performance
of the system are evaluated. Finally, Section 5 concludes this
paper.

2. System Principle

2.1. System Model. A DCT precoded optical IM/DD OFDM
system model using scaling technique is shown in Figure 1.
It consists of transmitter, channel, and receiver blocks which
are described in Figure 1.

The main idea of the proposed scheme is that the
baseband modulated data stream is first transformed by the
DCTmatrix.Then, the transformed data are processed by the
IFFT unit. The proposed scaling is applied before the DAC
of the IM/DD optical OFDM system. In order to produce
the real output of the IFFT, the input of the IFFT must be a
Hermitian symmetric structure.

At the transmitter the binary input data is modulated
by a quadrature amplitude modulation (QAM) format. The
basebandmodulatedQAMsignal vector is represented by 𝑆 =

[𝑆
0

𝑆
1

⋅ ⋅ ⋅ 𝑆
𝐷−1

]
𝑇, where [⋅]

𝑇 denotes the matrix transpose.
Then the basebandmodulated signal vector is passed through
S/P converter which generates a complex signal vector of size
𝐷. Then DCT precoding is applied to this complex vector
which transforms this complex vector into new signal vector
of length 𝐷. This new signal vector transformed by DCT
precoding can be expressed as

𝑌 = FS = [𝑌
0

𝑌
1

⋅ ⋅ ⋅ 𝑌
𝐷−1

]
𝑇

. (1)
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The 𝑙th element of 𝑌 can be calculated as

𝑌
𝑙

= 𝑎
𝑙

𝐷−1

∑

𝑑=0

𝑆
𝑑

cos [𝜋 (2𝑑 + 1) 𝑙

2𝐷
] , 𝑙 = 0, 1, . . . , 𝐷 − 1, (2)

where 𝑎
𝑙

is defined as

𝑎
𝑙

=

{{{{{

{{{{{

{

√
1

𝐷
, 𝑙 = 0

√
2

𝐷
, 𝑙 ̸= 0.

(3)

DCT precoding matrix 𝐹 of size 𝐷-by-𝐷 can be using

𝐹
𝑙,𝑑

=

{{{{{

{{{{{

{

1

√𝐷
, 𝑙 = 0, 0 ≤ 𝑑 ≤ 𝐷 − 1

√
2

𝐷
cos [𝜋 (2𝑑 + 1) 𝑙

2𝐷
] 1 ≤ 𝑙 ≤ 𝐷 − 1, 0 ≤ 𝑑 ≤ 𝐷 − 1.

(4)

𝐹
𝑙,𝑑

means the 𝑙th row and 𝑑th column of DCT precoding
matrix 𝐹.

After precoding operation, a signal vector 𝑍 = [𝑌
0

𝑌
1

⋅ ⋅ ⋅ 𝑌
𝐷−1

𝑌
∗

𝐷−1

𝑌
∗

𝐷−2

⋅ ⋅ ⋅ 𝑌
∗

0

] of size 2𝐷 can be formed. In
order to estimate the frequency response of fiber channel in
receiver, 𝑁

𝑝

pilot data symbols 𝑋
𝑝

= [𝑋
𝑝

(0) 𝑋
𝑝

(1) ⋅ ⋅ ⋅

𝑋
𝑝

(𝑁
𝑝

−1)] are uniformly inserted into𝑍with𝑉 subcarriers
apart from each other, where 𝑉 = 2𝐷/𝑁

𝑝

. After that, the
transmitted signal vector 𝑋 of size 𝑁 can be written as

[0 𝑋
1

𝑋
2

⋅ ⋅ ⋅ 𝑋
𝑁/2−1

0 𝑋
∗

𝑁/2−1

⋅ ⋅ ⋅ 𝑋
∗

2

𝑋
∗

1

] . (5)

According to the property of IFFT, a real-valued time domain
signal 𝑥

𝑛

corresponds to a frequency domain 𝑋
𝑘

that is
Hermitian symmetric; that is,

𝑋
𝑘

= 𝑋
∗

𝑁−𝑘

, 1 ≤ 𝑘 ≤ 𝑁 − 1, (6)

where ∗ denotes complex conjugate. The 0th and 𝑁/2nd
subcarrier are null; that is, 𝑋

0

= 0, 𝑋
𝑁/2

= 0.
After doing IFFT operation to𝑋, the𝑁-point of the IFFT

generates the real-valuedOFDMsignals, and it can bewritten
as

𝑥
𝑛

=
2

√𝑁

𝑁/2−1

∑

𝑘=1

(R (𝑋
𝑘

) cos(2𝜋𝑘𝑛

𝑁
)

− I (𝑋
𝑘

) sin(
2𝜋𝑘𝑛

𝑁
)) , 𝑛 = 0, 1, . . . , 𝑁 − 1,

(7)

whereR(⋅) and I(⋅) denote the real part and imaginary part
of a complex number 𝑋

𝑘

, respectively.
The PAPR of the DCT precoded OFDM signal is lower

than that of the original OFDM signal without DCT pre-
coding. In order to fully exploit the dynamic range of the
DAC we may rescale the DCT precoded OFDM signal so
that the maximum amplitude of the DCT precoded OFDM
signal is the same as the maximum amplitude of the original

OFDM signal. We denote the scaling factor of this linear
transformation by 𝛽. The scaled signal is then given by 𝛽𝑥

𝑛

.
After parallel-to-serial, CP addition and DAC, the analog

amplified DCT precoded OFDM electronic signal is com-
pleted and is then biased and used for modulating the MZM.
Assume𝑈DC denote the bias.Then the biased signal takes the
form

𝑧


𝑛

= (𝛽𝑥
𝑛

+ 𝑈DC)
+

, (8)

where 𝑈DC is bias value and (𝑦)
+

= max(0, 𝑦).
At the receiver, the optical signal is detected by a photodi-

ode (PD) detector and converted to the electronic signal. We
denote the discrete impulse response of the fiber link by ℎ

𝑛

;
then the received signal in the discrete form can be expressed
as

𝑟
𝑛

= 𝑧
𝑛

⊗ ℎ
𝑛

+ 𝑤
𝑛

, (9)

where 𝑤
𝑛

is a noise component. The noise component 𝑤
𝑛

consists of short-noise and thermal-noise, which is intro-
duced at the receiver and may be modeled by an additive
white Gaussian noise (AWGN) process with zero mean and
variance 𝜎

2

𝑤

[20].
After serial-to-parallel (S/P) conversion and CP removal

the received signal 𝑟 = [𝑟
1

𝑟
2

⋅ ⋅ ⋅ 𝑟
𝑁−1

] is then demodulated
to the frequency domain by FFT.The demodulated signal can
be expressed as

𝑅 = 𝐻𝑋 + 𝑊. (10)

Let each element of 𝑅 be expressed as

𝑅
𝑘

=
1

√𝑁

𝑁−1

∑

𝑛=0

𝑟
𝑛

𝑒
2𝜋𝑘𝑛/𝑁

, 𝑘 = 0, 1, . . . , 𝑁 − 1. (11)

In the receiver end, the values of the pilot symbols are
known and the received pilot symbols 𝑅

𝑝

are extracted
from the received OFDM signal. So the estimated channel
information at pilot subcarriers with least square (LS) is
calculated by

�̂�
𝑝

(𝑚) =
𝑅
𝑝

(𝑚)

𝑋
𝑝

(𝑚)
𝑚 = 0, 1, . . . , 𝑁

𝑝

− 1. (12)

Then channel information on the data subcarriers can be
extracted by employing linear interpolation scheme, where
the channel estimation at the data subcarrier between two
pilot subcarriers �̂�

𝑝

(𝑚) and �̂�
𝑝

(𝑚 + 1) can be given by

�̂� (𝑚𝑉 + 𝑢) = �̂�
𝑝

(𝑚)

+ (�̂�
𝑝

(𝑚 + 1) − �̂�
𝑝

(𝑘)) (
𝑢

𝑉
) ,

(0 ≤ 𝑢 ≤ 𝑉) .

(13)

In order to combat the phase and amplitude distortions
caused by the fiber channel on the subchannels, a one-tap
zero forcing (ZF) equalizer is employed on the received



4 Journal of Electrical and Computer Engineering

OFDM signal 𝑅. The one-tap equalizer is simply realized
by multiplying each individual subcarrier with the complex
value of the equalizer, which is to be computed based on its
own subcarrier channel coefficient. In the sequel, the output
of the equalizer can be written as

𝑋 = 𝐺𝑅, (14)

where

𝐺 =

[
[
[
[
[
[

[

𝐺
0,0

0 ⋅ ⋅ ⋅ 0

0 𝐺
1,1

⋅ ⋅ ⋅ 0

.

.

.
.
.
. d

.

.

.

0 0 ⋅ ⋅ ⋅ 𝐺
𝑁,𝑁

]
]
]
]
]
]

]

, (15)

where 𝐺
0,0

= 1/𝐻
𝑛

and 𝐻
𝑛

is the 𝑛th frequency channel
coefficient. After removing the Hermitian symmetric part
of the signal vector 𝑋, the new signal vector �̂� of size 𝐷

is obtained. Then vector �̂� is transformed by the inverse
precoding matrix 𝐹

𝐻. Then the original data signal can be
estimated as 𝑆 = 𝐹

𝐻

�̂�.
The 𝑙th element of 𝑆 can be calculated as

𝑆
𝑙

= 𝑎
𝑙

𝐷−1

∑

𝑑=0

�̂�
𝑑

cos [𝜋 (2𝑑 + 1) 𝑙

2𝐷
] , 𝑙 = 0, 1, . . . , 𝐷 − 1, (16)

where the definition of 𝑎
𝑙

is the same as 𝑎
𝑙

in (3).
In our proposed scheme, the scaling is operated at the

transmitter and the receiver does not need any knowledge
about the scaling factor.The scaling factor can be estimated by
channel estimation technique at the receiver. Thus, no extra
operation is required at the receiver [19].

2.2. Scaling Technique. Due to the application of DCT pre-
coding, the PAPR of the transmitted signals is significantly
reduced. Thus, the amplitude range of the DCT precoded
OFDM signal is much less than that of the original OFDM
signal. For improving performance of DCT precoded OFDM
system, a scaling technique is employed in a DCT precoded
OFDM system to fully exploit the dynamic range of a DAC.

For a time domain original OFDM symbol {𝑥
𝑛

, 𝑛 =

0, 1, . . . , 𝑁−1}, let us denote the maximum andminimum of
the symbol by𝐴max and𝐵min, respectively. For a time domain
DCT precoded OFDM symbol {𝑥

𝑛

, 𝑛 = 0, 1, . . . , 𝑁 − 1},
let us denote the maximum and minimum amplitude value
of the symbol by 𝑎max and 𝑏min, respectively. Due to the
application of the DCT precoding, the absolute of amplitude
value of DCT precoded OFDM signal is lower than that of
the original OFDM signal. So the absolute values of 𝑎max and
𝑏min are smaller than those of 𝐴max and 𝐵min, respectively.
Furthermore to improve the performance of system, we
employ a scaling factor before DAC and after IFFT. The
scaling factor is given by

𝛽 =
𝐴max − 𝐵min
𝑎max − 𝑏min

. (17)

The scaled signal fully exploits the dynamic range of DAC
without changing the transmitter structure. Then the scaled
DCT precoded OFDM signal can be expressed as

𝑧
𝑛

= 𝛽 ⋅ 𝑥
𝑛

, (18)

where 𝛽 ≥ 1. After scaling, the maximum amplitude value of
the DCT precoded OFDM is the same as that of the original
OFDM.

2.3. BER Performance Analysis. To study the BER perfor-
mance of the DCT precoded IM/DD optical OFDM system
with scaling, this section will illustrate the performance
analysis of the conventional OFDM, conventional DCT
precoded OFDM, and scaled DCT precoded OFDM systems
across two different channels, such as AWGN and frequency-
selective fading, with M-QAM data mapping. For the M-
QAM scheme, the theoretical BER expression of OFDM over
AWGN channel is given as [21]

𝑃
original
𝑏,AWGN = (

4 − 2
(2−𝑚/2)

𝑚
)𝑄(√

3𝛾
0

(𝑀 − 1)
) , (19)

where 𝑄(𝑥) = (1/√2𝜋) ∫
∞

𝑥

𝑒
−𝑡

2
/2

𝑑𝑡 denotes the 𝑄 function,
𝑚 = log

2

𝑀 is the number of bits per constellation point, and
𝛾
0

is the signal-to-noise ratio (SNR) at the receiver.

2.3.1. BER Performance Analysis in AWGN Channel. Basi-
cally, the performance of original OFDM systems is the same
as that of conventional DCT precoded OFDM systems over
AWGN channel [21]. The BER can be calculated according to
(19). However, when the proposed scaling is employed in a
DCT precoded OFDM system the SNR at the receiver can be
improved.

The effective SNR of the proposed scaling scheme can be
expressed as

𝛾 =
𝛽
2

𝜎
2

𝑋

𝜎
2

AWGN
= 𝛽
2

𝛾
0

. (20)

Thus theBERof the proposed scaling scheme can be expressed
as [21]

𝑃
scaling
𝑏,AWGN = (

4 − 2
(2−𝑚/2)

𝑚
)𝑄(√

3𝛽
2

𝛾
0

(𝑀 − 1)
) . (21)

Comparing (19) and (21), it is clear that the value of 𝑃scaling
𝑏,AWGN

is smaller than that of 𝑃
original
𝑏,AWGN due to 0 ≤ 𝛽 ≤ 1. So the

proposed scaling can improve the BER performance of con-
ventional DCT precoded OFDM systems in AWGN channel.

2.3.2. BER Performance Analysis in Dispersive Fiber Channel.
Similar to the analysis in [22], when PMD is absent and
group-velocity dispersion (GVD) is the only fiber impair-
ment considered, we can express the transfer function of the
fiber as

𝐻(𝜔) = exp(𝑗𝜔
2

𝛽
2

2
𝐿) , (22)
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where 𝛽
2

is the fiber GVD parameter and 𝐿 is the fiber length.
𝛽
2

can be defined as 𝛽
2

= −𝐷𝜆
2

/2𝜋𝑐. The impulse response
ℎ(𝑡) can be given by the inverse Fourier transform of (22).

Dispersive fiber channel ℎ(𝑡) can be described using a
linear time invariant (LTI) transfer function [22]. For DC-
OFDM system, the transmitted symbols are modulated such
that the time domain waveform is real. Thus, the equivalent
linear channel of fiber can be written as

ℎeq (𝑡) =
ℎ (𝑡) + ℎ

∗

(𝑡)

2
. (23)

In this work, we mainly research the effect of the scaling
scheme on the BER of system, so without loss of generality,
we do not consider impact of the nonlinear DFB LD and PD
detection component. At the receiver, the receiver signal can
be expressed as

𝑟 (𝑡) = 𝑥 (𝑡) ∗ ℎ (𝑡) + 𝑛 (𝑡) , (24)

where 𝑥(𝑡), 𝑟(𝑡), and 𝑛(𝑡) are the transmitted OFDM signal,
the received OFDM signal, and the AWGN noise.

Let 𝐻
𝑘

be the 𝑁-point DFT of ℎeq(𝑡). The set of data-
carrying subcarriers for the DCT precoded IM/DD optical
OFDM is 𝜅 = {1, 2, . . . , 𝑁/2 − 1} and |𝜅

𝑑

| = 𝑁/2 − 1 = 𝐷.
With equalization in receiver end, the overall transmission
system is equivalent to𝐷 parallel AWGN channels [23]. For a
frequency-selective (FS) channel, the SNR of every subcarrier
channel 𝛾

𝑘

can be expressed as

𝛾
𝑘

= 𝛾
0

𝐻𝑘


2

. (25)

Thus, the BER performance of the original OFDM system can
be expressed as

𝑃
original
𝑏,FS =

1

𝐷
∑

𝑘∈𝜅

(
4 − 2
(2−𝑚/2)

𝑚
)𝑄(√

3𝛾
0

𝐻𝑘


2

(𝑀 − 1)
) . (26)

The BER analysis of the precoded OFDM system has
been given in literature [15]. For the DCT precoded optical
OFDM system, the SNR of the 𝑙th subcarrier channel can be
expressed as [15]

𝛾
DCT
𝑙

=
𝛾
0

∑
𝐷−1

𝑑=0

𝐹𝑙,𝑑


2 𝐻𝑑


−2

, 0 ≤ 𝑑, 𝑙 ≤ 𝐷 − 1. (27)

Hence, the BER of a DCT precoded system with ZF
equalizer is

𝑃
DCT
𝑏,FS =

1

𝐷
∑

𝑙∈𝜅

(
4 − 2
(2−𝑚/2)

𝑚
)𝑄(√

3𝛾
DCT
𝑙

(𝑀 − 1)
) . (28)

We can see from (27) that the same amount of noise is
distributed among the subcarrier channels based on DCT
precoded OFDM system. Thus the BER performance of the
DCT precoded OFDM system can be improved compared
with that of the original optical OFDM system.

For the scaled DCT precoded OFDM system, the SNR of
the 𝑙th subcarrier channel can be expressed as

𝛾
scaling,DCT
𝑙

=
𝛽
2

𝛾
0

∑
𝐷−1

𝑑=0

𝐹𝑙,𝑑


2 𝐻𝑑


−2

, 0 ≤ 𝑘, 𝑙 ≤ 𝐷 − 1. (29)
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Figure 2: BER performance comparison over AWGN channel.

The BER of a DCT precoded and scaled system with ZF
equalizer can be expressed as

𝑃
scaling,DCT
𝑏,FS

=
1

𝐷
∑

𝑘∈𝜅

(
4 − 2
(2−𝑚/2)

𝑚
)𝑄(√

3𝛽
2

𝛾
DCT
𝑙

(𝑀 − 1)
) .

(30)

Comparing (28) to (30), it is clear that scaling can also
improve the BER of the conventional DCT precoded OFDM
system in dispersive fiber channel.

2.3.3. Simulation Results. We first study the BER perfor-
mance of a system with scaling scheme in an AWGN channel
by simulation. In the simulation setup, we use the IEEE
802.16-2004 standard [24] as the PHY protocol. The OFDM
frame structure has 192 data subcarriers and eight pilot tones
for channel estimation and equalization, 56 unused tones for
the guard band, and 64 tones for the CP.

Figure 2 shows the BER performance versus the SNR
for the QPSK transmission of the proposed DCT precoded
and scaled OFDM scheme in an AWGN channel. In the
simulation, the bit rate is 5Gbits/s. From Figure 2 we can see
that the scaling scheme can improve the BER performance
of the DCT precoded and scaled OFDM compared with the
conventional DCT precoded OFDM. We can see that there
is no significant difference between the original OFDM and
conventional DCT precoded OFDM. The simulation results
are consistent with the previous analysis and reported results
[25].

Next, we investigate the BER performance of the DCT
precoded and scaled OFDM over single-mode fiber channel
by simulation. The frequency response of the optical fiber
channel as expressed in (22) is employed. The summary of
key simulation parameters is given in Table 1.
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Table 1: Simulation parameters.

𝜆 1550 nm
𝐷 17 ps/(nmkm)
Rb 5Gbits/s
Modulation QPSK
FFT size 256
Number of pilot data 8
Length of CP 32
𝐿 (length of fiber) 100 and 200 km
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Figure 3: BER performance comparison over 100 km fiber channel.

Figure 3 shows the BER performance versus the SNR for
the QPSK transmission of the proposed precoding scheme
over 100 km single-mode fiber channel. Form Figure 3, we
can see that the proposed scaling scheme can improve
the BER of system compared with the conventional DCT
precoded OFDM system. At BER = 10−3, the scaling scheme
can obtain approximately 1.6, 3 dB gain compared with the
conventional DCT precoded OFDM and original OFDM,
respectively.

Figure 4 shows the BER performance comparison of
systems when the length of fiber is set at 200 km. At BER =
10−3, the scaling scheme can obtain approximately 2, 3.5 dB
gain compared with the conventional DCT precoded OFDM
and original OFDM, respectively. From Figures 3 and 4, we
can see that the BER performances of systems with 100 km
fiber length case are better than those of system with 200 km
fiber length.

3. Experimental Setup

Figure 5 shows the optical OFDM transmission experimental
setup for DCT precoded and scaled OFDM transmission
scheme. In the experiment, three types of OFDM signals
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Figure 4: BER performance comparison over 200 km fiber channel.

are used: 4Gs/s (2.7 Gbits/s) original OFDM, DCT precoded
OFDM, and DCT precoded and scaled OFDM. The OFDM
signals are generated offline by the MATLAB program. An
OFDM frame is composed of a training sequence (TS) and
512 data-carrying OFDM symbols. The TS is used as symbols
synchronization and channel estimation. The size of IFFT
(FFT) is 256. Among the 256 subcarriers, 192 (96 ∗ 2) data
subcarriers are used for the data, 8 are pilot subcarriers,
and 56 subcarriers are set to zero as the guard interval.
And among the 192 subcarriers, 96 subcarriers are used to
transmit effective data in the positive frequency bins. The
other corresponding 96 subcarriers in the negative frequency
bins are filled with Hermitian symmetric data to generate
real-valued OFDM signal. The length of cyclic prefix is 32
samples. The QPSK OFDM signal is first generated in MAT-
LAB and uploaded onto an arbitrary waveform generator
(AWG) through DAC. The AWG was operated with 4Gs/s
and a resolution of 8 bits. The peak-to-peak amplitude of
the electrical OFDM is 1 volt. The data rate was 4Gs/s ∗

192/2/256 ∗ 256/(256 + 32) ∗ 2 (bits/symbol for QPSK) =
2.7Gbits/s. The central wavelength of the continuous light
wave (CW) generated by a DFB is 1549.261 nm. A Mach-
Zehnder modulator (MZM) biased at 2.2 v is used for direct
up conversion to optical domain. Then the optical signal
at the MZM output is amplified by an erbium-doped fiber
amplifier (EDFA) and launched into a 100 km standard
single-mode fiber (SSMF). The attenuation and dispersion
coefficients of the fiber are 0.19 dB/km and 17 ps/(nmkm),
respectively.

At the receiver, the received optical power is controlled
by a tunable attenuation (ATT). After that the transmitted
opticalOFDMsignal is transformed into an electrical domain
OFDM signal by a PD detector. Further, the electrical signal
is captured by a Tektronix TDS684B real-time oscilloscope.
The MATLAB program is used to demodulate the waveform
data, which are recorded by a real-time oscilloscope.
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Figure 5: Experimental setup (EDFA: erbium-dopedfiber amplifier;
ATT: attenuator; PD: photodiode; OSC: oscilloscope).

4. Results and Discussion

4.1. PAPR of DCT Precoded OFDM Signals. PAPR is defined
as the ratio between the maximum peak power and the
average power of the transmitted OFDM signals. The PAPR
of the OFDM signal 𝑥

𝑛

is given by

PAPR =

max
0≤𝑛≤𝑁−1

[
𝑥𝑛



2

]

𝐸 {
𝑥𝑛



2

}

. (31)

Reducing max[|𝑥
𝑛

|] is the principle goal of PAPR reduc-
tion techniques. The precoding technique reduces the PAPR
of OFDM signals without changing the average power of the
original OFDM signal.

The PAPR performance of OFDM signal can be evaluated
using the complementary cumulative distribution function
(CCDF).TheCCDF of PAPR (namely,𝑃

𝑐

) can be expressed as
𝑃
𝑐

= 𝑃{PAPR > PAPR0}, where 𝑃
𝑐

indicates the probability
that PAPR exceeds a particular value PAPR0.

However, due to the fact that the all-sample value of the
DCT precoded OFDM signal is multiplied by a scaling factor
𝛽, according to definition equation (31), the PAPR of scaled
DCT precoded OFDM is the same as that of the conventional
DCTprecodedOFDM.ThePAPRperformance of theOFDM
system can be evaluated using the complementary cumulative
distribution function (CCDF). Figure 6 shows the CCDF
comparisons of a QPSK signal of 50000 OFDM frames. We
observe that, at CCDF = 10−3, the PAPR of the DCT precoded
QPSK OFDM signals may be reduced by 1.3 dB, compared to
the original QPSK OFDM signals.

In our experiment setup, the OFDM data signals are
produced by MATLAB program. Figures 7 and 8 show the
temporal waveforms of original OFDM and DCT precoded
OFDM, respectively. We observe that the DCT precoded
OFDM signal fluctuates less than the original OFDM signal.
Themaximumamplitude value andminimumamplitude vale
of original OFDM signal are 3.8588 and −3.5954, respectively,
while the maximum amplitude and minimum amplitude
of DCT precoded OFDM signal are 3.5133 and −3.4457,
respectively.
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Figure 6: Comparison of the PAPRs of the OFDM signals.
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Figure 7: Temporal waveform of the original QPSK OFDM signal.

For improving the systemBERperformancewe employed
scaling to the conventional DCT precoded OFDM system. In
following experiment, the scaling factor of theDCTprecoded
OFDM can be calculated by

𝛽 =
𝐴max − 𝐵min
𝑎max − 𝑏min

=
3.8588 − (−3.5954)

3.5133 − (−3.4457)
≈ 1.1. (32)

Thus, the scaled DCT precoded OFDM is be amplified
by 1.1 times compared to the conventional DCT precoded
OFDM.

Figure 9 shows the temporal waveform of DCT precoded
and scaled OFDM signal. After scaling, the maximum ampli-
tude of the precoded and scaled OFDM signal is the same as
that of the original OFDM signal. In following experiment,
the generated OFDM signal is downloaded to an arbitrary
waveform (AWG) and normalized. The normalized OFDM
signal has a peak-to-peak value of 1 volt.
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Figure 8: Temporal waveform of the conventional DCT precoded
QPSK OFDM signal.
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Figure 9: Temporal waveform of the DCT precoded and scaled
QPSK OFDM signal.

4.2. BER Performance. The BER performance of the pro-
posed scaling scheme has been evaluated by practical experi-
ment platform in this section. For comparison BER perfor-
mance, we have measured the BER of the original OFDM,
conventional DCT precoded OFDM, and DCT precoded
OFDM with scaling. Figure 10 shows the measured BER
performance results of the DCT precoded and scaled QPSK
OFDM signal, conventional precoded QPSK OFDM signal,
and original QPSK OFDM signal at a fixed sample rate of
4Gs/s with the launch optical power of 6 dBm. We can see
that the performance of the DCT precoded and scaled system
is better than that of the conventional DCT precoded OFDM
and the original OFDM. It can be seen that the received
sensitivity of DCT precoded and scaled OFDM signal at the
BER of 10−3 after 100 km SMF transmission can be improved
by about 3 dB compared to the original OFDM signals and by
1.3 dB compared to the conventional DCT precoded OFDM
signals.
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Figure 10: Measured BER versus received optical power.
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Figure 11: Measure BER versus launched optical power.

Figure 11 shows the measured BER performance com-
parisons of the DCT precoded and scaled QPSK OFDM
signals and conventional QPSK OFDM signals across dif-
ferent launch optical powers. The received optical power is
fixed at −19 dBm. From Figure 11 we can see that the BER
performance of the DCT precoded and scaled scheme is
better than that of the original OFDM signals at the different
launch optical power.When the received optical power of the
receiver is lower the 7 dBm, the sensitivity of the received
signal is increased with the increase of the launch optical
power. When the received optical power of the receiver is
higher the 7 dBm, the sensitivity of the received signal is
decreased with the increase of the launch optical power due
to the impact of fiber nonlinearity.
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5. Conclusion

We have proposed a scaling scheme for a DCT precoded
IM/DD optical OFDM system. This scheme can fully exploit
the dynamic range of a DAC and significantly improve the
BER performance of systems. The advantage of this scaling
technique is that it does not require adding and hardware
device to the system. We have experimentally researched the
BER performance of a DCT precoded IM/DD optical OFDM
system with scaling in practical transmission experimental
system. The experimental results show that the received
sensitivity at a BER of 10−3 for a 4Gs/s DCT precoded
and scaled OFDM signal and after 100 km standard single-
mode fiber transmission has been improved by 3 dB when
compared with the original OFDM systems in the SMF
link and by 1.3 dB when compared with the conventional
DCT precoded OFDM signals. Thus, the proposed scaling
technique can be used for optical communication system
design.
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