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DC-Biased Optical OFDM for IM/DD
Passive Optical Network Systems

M. F. Sanya, L. Djogbe, A. Vianou, and C. Aupetit-Berthelemot

Abstract—In the context of access networks, orthogonal
frequency division multiplexing (OFDM) has been exten-
sively studied for fiber-based optical communications.
A DC-biased optical OFDM (DCO-OFDM) scheme (where
no real constellation or Hermitian symmetry constraint
is used), is proposed and explored for the first time, to
the best of our knowledge, in an intensity modulated and
direct detected (IM/DD) passive optical network (PON).
In this paper, an analysis of the peak-to-average-power
ratio and a discussion of the algorithm complexity are in-
vestigated. By means of numerical simulation in 12 Gb/s
next-generation (NG)-PON1 OFDM with a split ratio of
1:64 users and 35 km reach, the new DCO-OFDM method
is shown to achieve the same performance as the well-
known conventional DCO-OFDM but with less computa-
tional complexity (gain of almost 54.3% on the required op-
erations per bit). As a result, the new DCO-OFDM seems
very interesting and a good candidate for NG-PON cost-
sensitive applications, considering the implementation of
real-time demonstrators including digital modulators and
demodulators based on digital signal processing or a
field-programmable gate array (FPGA).

Index Terms—Computational complexity; IM/DD fiber
link; OFDM; Passive optical access networks.

I. INTRODUCTION

he explosive growth of bandwidth-intensive applica-

tions imposed a challenge on the last mile broadband
access network, which needs low cost, higher capacity, and
better flexibility. Due to this, service providers have to look
for a new technology as solutions to deploy new applica-
tions. Telecommunication interest groups, such as the
Full Service Access Network (FSAN), the Institute of
Electrical and Electronics Engineers (IEEE), and the
International Telecommunication Union (ITU), have
proposed the next-generation passive optical network
(NG-PON). The first step (NG-PON1) allows the use of
the existing Giga-PON optical distribution network
(ODN) to control cost, and it is defined as an asymmetric
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10 G system (rates of 10 Gb/s downstream and 2.5 Gb/s
upstream) with a split ratio of 64 over conventional
20 km (maximum reach of 60 km) with an optical budget
between 28 and 31 dB and the possibility to use forward
error coding [FEC: Reed-Solomon (248, 232)]. The basic re-
quirements for NG-PON2 were for a system with at least
40 Gb/s and 40 km of reach at a 64-way split. No backward
compatibility with existing NG-PON1 is required. Between
the proposed solutions, in 2012 time- and wavelength-divi-
sion multiplexing (TWDM)-PON was retained [1]. Beyond
this second phase, modulation formats with higher spectral
efficiency than non-return-to-zero (NRZ) are planned, such
as code division multiple access (CDMA), wavelength-
division multiplexing (WDM) and multicarrier modula-
tions [like orthogonal frequency division multiplexing
(OFDM)] [2]. Optical OFDM (O-OFDM) solutions can be
broadly divided into two types: one using intensity modu-
lation (IM) and the other using linear field modulation.
Future generations of communications networks must
meet three requirements: to provide ever-increasing user
rates at limited costs of infrastructure deployment [capital
expenditure (CapEx)] and energy consumption [opera-
tional expenditure (OpEx)]. That is why, in optical access
networks, IM and direct detection (IM/DD) systems [3]
coupled with the use of the single-mode fiber (SMF) widely
installed all around the world are preferred [4]. In IM/DD
optical systems, the intensity of the optical carrier is modu-
lated by the electrical signal. The fast Fourier transform
(FFT) and its inverse fast Fourier transform (IFFT) are
key components of OFDM systems. In intensity modulated
systems, the signal should be real and positive. Then, some
conditions must be imposed on the OFDM subcarrier data
so that the IFFT operation produces a real signal. Usually,
one uses Hermitian symmetry [2,5] for which double-sized
(DFFT components are required. For example, 2N-point
(DFFT transforms are needed to modulate N frequency
symbols. It is well known [6] that to improve system per-
formance it is necessary to increase FFT size and bit pre-
cision. However, in the context of optical gigabit-per-second
(Gb/s) transmissions, the complexity of an (DFFT may
become a challenge. As OFDM transceivers operating at
10 Gb/s require highly optimized DSP blocks, it is interest-
ing to propose a cost-sensitive solution with fewer resour-
ces that reduces the system computational complexity. For
this reason, several solutions have been proposed [7-9].
One was the use of a discrete Hartley transform (DHT)
OFDM technique [7] where only real constellations such
as binary phase-shift keying (BPSK) or pulse amplitude
modulation (PAM) can be applied to obtain real OFDM
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signals. Other methods use the modified FFT algorithms
for a real-valued sequence when computing the discrete
Fourier transform (DFT) of complex-valued data [10]. Re-
cently, position modulation OFDM (PM-OFDM) was pro-
posed, in the context of optical wireless communications,
to produce a real signal from the complex IFFT output
in the transmitter using additional processing [8]. Two sig-
nals corresponding to the real and the imaginary parts of
the IFFT output are produced. Then, positive and negative
parts of each signal are further separated into two, result-
ing in four real signals in total, which are then sequentially
transmitted. More recently, an approach similar to PM-
OFDM, but without the additional separation of the posi-
tive and negative portions [9], was proposed with asymmet-
rically clipped optical OFDM (ACO-OFDM) for an additive
white Gaussian noise (AWGN) flat channel link without a
cyclic prefix (CP). It consists of generating a conventional
complex OFDM signal and juxtaposing the real and imagi-
nary parts in the time domain to obtain a real OFDM
signal. But, to the best of the authors’ knowledge, the per-
formance of this last method [9] has not yet been analyzed
in the context of PON transmissions taking into account
realistic component models.

In this paper, our goal is to implement this last method
for DC-biased optical OFDM (DCO-OFDM) [11,12] in IM/
DD PON systems. We will call that “New DCO-OFDM”
throughout the paper. To the best of our knowledge, this
is the first time that this method is presented with further
discussion in terms of computational complexity for a real-
istic chirped optical channel model [13], as shown in Fig. 1.
Here, a CP is inserted into each OFDM symbol to combat
the chromatic dispersion of the fiber link. Simulations
are performed thanks to VPItransmissionMaker Optical
Systems, taking into account optoelectronic device models
issued from experimental characterizations of the French
ANR EPOD project to which we contributed. The New
DCO-OFDM scheme will be compared with the conventional
technique in which Hermitian symmetry is used [2,12].

The paper is organized as follows: in Section II, an over-
view of the conventional DCO-OFDM is provided, followed
by a short review of the New DCO-OFDM approach. A gen-
eral discussion in terms of peak-to-average power ratio
(PAPR) and computational complexity is provided in
Section III for both optical conventional DCO-OFDM and
New DCO-OFDM. Section IV presents the modeling of each
component in the transmission link after presentation of
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Fig. 1. Channel frequency response variation versus fiber length

of the simulated link considering a DFB laser Henry factor of 3.
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the simulated IM/DD fiber link. Performance analysis
and discussion are given in Section V. The bit error rate
(BER) performance is first presented for the case of a flat
channel with AWGN in terms of the normalized optical
energy-per-bit to noise ratio and then for the real PON
channel link in terms of photodiode received optical power
and reached transmission distance. Optical split ratio
(1 x M) loss is taken into account to consider the number
M of users [optical network units (ONUs)] that share
the same physical medium (optical fiber). Finally, our con-
clusions are given in Section VI.

II. DC-Biasep Optica. OFDM ScHEMES

In this section, an overview of the conventional
DCO-OFDM method is presented followed by a description
of the proposed New DCO-OFDM.

A. Conventional DCO-OFDM

Generally, to generate real OFDM signals, the frequency
symbols X (k) at the 2N-IFFT block input are constrained
to have Hermitian symmetry:

X@2N-k) =X*(k), k=12..N-1, (1)

where X(0) = X(IV) = 0, and X* (k) is the complex conjuga-
tion of X (k). To get a positive and real OFDM signal in IM/
DD systems, two methods are often used after the IFFT
output signal given by

2N-1

X (k) exp (jzn%”). @)
k=0
One is DCO-OFDM and the other is ACO-OFDM [14,15],
which is not investigated in this paper.

In DCO-OFDM [5,16], a certain bias value is added to
the resulting real signal at the IFFT output and then all
the remaining negative values are clipped at zero. Usually,
a DC-bias value of 7 dB is used [2].

The DC value increases the transmitter power require-
ment and the clipping induces clipping noise in both
the even and odd subcarriers [2,12]. In general, a CP is
inserted into each OFDM symbol to combat channel
dispersion. A typical block diagram of conventional
DCO-OFDM is shown in Fig. 2.
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Fig. 2. Block diagram of a conventional DCO-OFDM scheme:
(a) transmitter and (b) receiver.
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In Fig. 2, the input data are parallelized and mapped
using a multilevel quadrature amplitude modulation
(M-QAM) constellation. The resulting signal is fed into
an IFFT block, after Hermitian symmetry, to create a real
signal. A CP is appended and a training sequence (TS) is
added as a header of the OFDM frames. The signal is ana-
logically converted and properly biased (DC component)
before driving the electrical-to-optical converter. The re-
sulting optical signal is transmitted into the channel. At
the receiver side, after detection by an optical-to-electrical
converter, the resulting received signal is analog-to-digital
converted and synchronized. Finally, the signal is demodu-
lated (CP-removal and FFT operation) and then equalized
after channel estimation.

B. New DCO-OFDM

One drawback of the previously described method is the
use of Hermitian symmetry inducing the need of 2N-point
(DFFT size. A scheme with N-point (I)FFT size that allows
a real OFDM signal without Hermitian symmetry [9] is
proposed to be tested in the PON context. In this case, it
is well known that the IM/DD channel frequency response
is not flat due to the impact of interaction between phase
and intensity modulation in the laser and chromatic
dispersion of the optical fiber, such as demonstrated in [13]
and presented in Fig. 1. The new approach consists of di-
rectly applying the symbols X (%) at the input of an N-point
IFFT block, resulting in a time complex OFDM signal
[Eq. (3)] that can also be expressed by Eq. (4), considering
that X (0) is set to zero in order to avoid any DC shift:

N-1 kn
x(n) =Y X(k)exp (jQﬂﬁ), 3)
k=0

x(n) = xg(n) + jx;(n), n=01.. N-1 (4)
Here, xz(n) and x;(n) are, respectively, the real and imagi-
nary parts of x(n). A CP of length Ncp =N -CP is ap-
pended at the N-point IFFT output, resulting in signal
xcp(n) with length N' = N + Np, where CP is the CP ratio
in percent. The transmitted signal x,(n’) is obtained by
juxtaposing in the time domain both the N’ real and N’
imaginary parts of xcp(n), as shown in Fig. 3, where n' =
0,1,...,2N’' - 1. Then, a proper DC-biasing is done as in a
conventional DCO-OFDM transmitter, after insertion of a
2N'-length TS as a header of the OFDM frames. At the
receiver side (Fig. 4), after accurate symbol synchroniza-
tion, each 2N’ received real signal sample y(n') is separated
into two different signal components of length N'. Then a
CP removal block is appended, followed by an N-point FFT
computation before demodulation as in conventional com-
plex OFDM systems.

In practice, as N’ grows large (i.e., N’ > 64), the central
limit amplitude of the complex OFDM signal xcp(n) can be
modeled as a Gaussian random variable with zero mean
and a variance ¢® = E{x%p(n)} [17]. Thus, both the ampli-
tudes of the real and imaginary parts of xgp(n) can also be
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Fig. 3. Transmitter block diagram of the proposed technique
including an example of real with imaginary signals and overall
transmitted time signal x,(n’).
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Fig. 4. Receiver block diagram of the New DCO-OFDM.

approximated by Gaussian distributions with zero mean
and variance 62 /2. Therefore according to Eq. (5), variance
o2 of the New DCO-OFDM signal is also half of the complex

time signal variance 6.

Moreover, as the length of the OFDM frame is doubled
while the IFFT/FFT block size is reduced by half, the spec-
tral efficiency of the New DCO-OFDM is the same as the
conventional real DCO-OFDM scheme. The following para-
graph explains this, without considering the CP for simpli-
fication. Spectral efficiency is defined as the number of
information bits per unit bandwidth. Suppose that N infor-
mation symbols are transmitted and the number of bits per
symbol is the same for all the schemes. Due to Hermitian
symmetry, in the conventional real DCO-OFDM, 2N sub-
carriers should be used to transmit N information symbols
(2N-length channel). For the New DCO-OFDM, since
Hermitian symmetry is not required, the N-length channel
is used two times to transmit N information symbols (as
both the real and imaginary parts of the information sym-
bols are time interleaved). Therefore, spectral efficiencies
of the two DCO-OFDM schemes are the same.

In this paper, for fair comparison, the New DCO-OFDM
scheme with (I)FFT size of N will be compared with the
conventional DCO-OFDM scheme with 2N-point (DFFT:

2N'-1

1
2 _ |2
o] = 9N’ };) |xt(k )|

1 1 N'-1 1 2N'-1
= 2{ (N, ant(k')m) + (N, > [|xt(k’>|21)}
k=0

k=N’
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III. PAPR anD CoMPUTATIONAL COMPLEXITY

In this section, we discuss the PAPR and computational
complexity of the described conventional DCO-OFDM and
New DCO-OFDM.

A. PAPR Comparison

One of the important disadvantages of OFDM modula-
tion is its important PAPR. The PAPR of a discrete OFDM
signal is defined as the ratio of the maximum peak power to
the average power over each OFDM symbol:

max(|x(n)|*)

PAPREO)) = ey

=01...N-1. (6

Indeed, the fact that data carried by different subcar-
riers can be independent induces a high probability of
the appearance of large peaks in the time domain of the
OFDM signal. As in optical fiber communications, the
power of an OFDM signal is amplified by a driver before
modulating the laser, and the largest peaks of the signal
are always clipped due to amplifier saturation. For a fixed
saturation power and a fixed input power of the amplifier,
when the PAPR increases, the clipping probability also
increases. The signal clipping induces in-band noise that
degrades the signal-to-noise ratio (SNR) and out-of-band
radiation that causes interchannel interference. For this
reason, the average OFDM signal power must be adjusted
so that the signal is rarely clipped.

To study PAPR characteristics of OFDM modulation, the
complementary cumulative distribution function (CCDF) is
usually used to find the clipping probability of the signal.
The CCDF function is defined as the probability that a
PAPR exceeds a given value PAPR,, as described by

PAPR = Pr(PAPR > PAPR,). )

Figure 5 shows the CCDF of both studied DCO-OFDM
modulation formats. It is seen that the proposed technique
presents similar CCDF as the conventional DCO-OFDM,
resulting in no PAPR increase. This can be justified by
visualizing (as shown in Fig. 5) the probability density
functions (PDFs) of both generated DCO-OFDM signals,
which present two Gaussians with the same mean value,
and almost the same maximum and variance.

B. Computational Complexity

In OFDM transmission, the inverse and DFT operations
are performed efficiently using a FFT algorithm. An (DFFT
of size 2N requires approximately 4 - (2N) - logy(2N) real
operations (multiplications plus additions) [18]. For the
conventional DCO-OFDM scheme, the number of real
operations required per second for the transmitter is
computed:
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Fig. 5. CCDF comparison of conventional DCO-OFDM and New
DCO-OFDM for different (DFFT sizes. A PDF function of both
conventional and New DCO-OFDM signals is shown for easier
interpretation.

logy(2N)

Nrgéncho =4-(2N)- T
OFDM

, (8

with Torpy being the period of each transmitted OFDM
sample. According to Fig. 2(a), this is given by

Torpm = 2N - (1+CP) - T, 9)

where CP is the CP ratio in percent, and T'g is the M-QAM
symbol period as shown in

Tg =Ty -loge(M), (10)

where T is the time representing one information bit.

At the receiver side, we need to take into account the
complex single tap equalizer on each subcarrier used. As
only half of the subcarriers in conventional DCO-OFDM
are used due to the Hermitian symmetry of Eq. (1) with
the zeroth and Nth subcarriers set to zero (to avoid any
DC shift), if we assume that the complex multiplications
are implemented with the usual four real multiplications
and two real additions [18], the number of real operations
required per second for the conventional DCO-OFDM
receiver will be

_[4-(2N) - log,(2N) + 6 - (N - 1)]

N%ﬁnVDCO - 1n

Torpm

According to Fig. 3 of the New DCO-OFDM scheme, each
transmitted OFDM sample has period of twice (because of
the juxtaposition) the obtained OFDM symbol period at the
N-point IFFT given by

Toppy =2 [N-(1+CP)-Tg]. (12)

Since the IFFT inputs are used excepting the zeroth

subcarrier (set to zero), the number of real operations
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required per second for both the transmitter and receiver of
the New DCO-OFDM are, respectively, given by

Niwpco =4 (V) - 1;{,;2(2\7) ; (13)
OFDM
4-(N)-1 S(N-1
NEE o= [4-(N)-loga(N) +6- (N )]. (14)

I’
TOFDM

By combining Egs. (9) and (10) with Egs. (8) and (11), the
overall complexity order in real operations per bit is given
for the transmitter [Eq. (15)] and the receiver [Eq. (16)]
blocks of conventional DCO-OFDM:

4. 10g2 (ZN)
Tx
OConvDCO - Tb NCOHVDCO (1 + CP) . 10g2(M) ’ (15)
3-(N-1)
Rx — OTx
OConVDCO - OConVDCO + N - (14 CP) - logy (M) ’ (16)

The same procedure is done by inserting Eqgs. (10) and
(12) into Egs. (13) and (14). This gives, for the New
DCO-OFDM scheme, an overall complexity order in real
operations per bit of Eq. (17) for transmitter and
Eq. (18) for receiver blocks:

x 2 -logy(N)
OﬁwDCO =T, .NgeWDCO = (1+CP) 'Zlogz(M) , a7
3. (N-1)
Rx _
ORswnco = ORswnco + N-(1+CP)-logy(M)" (18)

Using Egs. (15)—(18), the total number of operations re-
quired per bit (OT*+F%) (transmitter and receiver) in both
DCO-OFDM schemes is

_[8-(N) -logy(2N) +3- (N - 1)]

Tx+Rx
Ocombeo =~ N1 1 CP) - Togy M) (19)
Olsike [4- (V) -loga(N) +3- (N - 1)] 20)

N1+ CP) - logy(M)

Let us define G(V) as the computational complexity per
bit savings when using New DCO-OFDM instead of con-
ventional DCO-OFDM. This is computed for any CP value
used and M-QAM constellation size by

T, (4@ logyN) + 3+ (N = D)
G = {[l ([8 ) Toga@N) + 8- (V= 1)])] x 100}%'

(21)

According to Fig. 6, it can be seen that the computational
complexity per bit savings G(IV) decreases slightly with the
(DFFT size but is at least 52.2% for N = 4096 (2N = 8192)
and 54.3% for N = 64 (2N = 128). Hence, a gain of up to

VOL. 7, NO. 4/APRIL 2015/J. OPT. COMMUN. NETW. 209

54.2

54
53.8
53.6
53.4
53.2

G(N) [%]

53
52.8

52.6

52.4

52.2
64 500

1,000 1,500 2,000 2,500 3,000 3,500 4,000
()FFT size of N

Fig. 6. Computational complexity per bit savings G(IN) as func-
tion of (DFFT size.

54.3% in terms of computational complexity per bit can
be reached with the New DCO-OFDM compared to conven-
tional DCO-OFDM.

IV. TransmissioN Link MODEL

This section presents the simulated 12 Gb/s PON IM/
DD fiber link (Fig. 7), in which a variable optical attenuator
(VOA) is used to emulate an optical budget, as in PON sys-
tems given a fixed optical split ratio loss. Neither in-line
optical amplification nor chromatic dispersion compensa-
tion is considered. The frequency response of the simulated
link (Fig. 7) is shown in Fig. 1. A bias-tee is used for fixing
the appropriate polarization point of the emitter according
to the generated real OFDM signal power. The resulting
(Tx) signal is directly modulated with a 1550 nm 1915
LMA analog distributed feedback (DFB) laser. Then the op-
tical signal is sent through a standard single-mode fiber
(SSMF) before being detected at the receiver side by a
PIN transimpedance amplifier (TTA) photodiode following
the demodulation step.

The link parameters are summarized in Table I. A CP of
1.56% is considered. 4QAM constellations are used. Zero-
forcing channel equalization is used with knowledge by
the receiver of a certain number of OFDM training
symbols. In practice, signal synchronization is important.
Specifically, Schmidl and Cox’s algorithm is generally used

Signal i N
T —

Bias-Tee DFB 1915 LMA
12GHz

@) W Signal
Rx

Fiber SSMF oA

*\}A L@

9GHz PIN-TIA

Fig. 7. Simulated IM/DD PON link.
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TABLE 1

OprricAL CHANNEL PARAMETERS
Parameter Value
Laser threshold current 18 mA
Laser bias current 60 mA
Laser bandwidth & slope efficiency 12 GHz
Laser slope efficiency 0.2 W/A
Laser chirp 3.0
Laser RIN -160 dB/Hz
Laser driver transconductance 1/50 (A/V)
Photodiode PIN responsivity @ 1550 nm 0.85 A/W
PIN-TIA 3 dB bandwidth 9 GHz
Photodiode transimpedance 750 Q
Photodiode dark current 1 nA
Photodiode thermal noise 18 pA/Hz!/?

SSMF nonlinear coefficient

SSMF chromatic dispersion @ 1550 nm
SSMF attenuation coefficient

SSMF core area

3.0 x 10720 m2/W
17 ps/(km - nm)
0.2 dB/km
80 x 10712 m?

[19,20]. This algorithm finds an approximate starting point
of the OFDM symbol by using a T'S in which the first halfis
identical to the second one in the time domain. A variation
of this algorithm is used in [20,21]. The timing synchroni-
zation technique is based on the autocorrelation properties
with use of special tailored TS [21] to estimate the begin-
ning of the received OFDM symbol. A timing metric (as de-
fined in [19]) is used and location of the peak position is
utilized for symbol timing synchronization. For our design,
similar real-valued time-domain TS, as in [21], is used for
the conventional DCO-OFDM and the same 2N-length T'S
(before the CP process) is added in front of the OFDM
transmitted time signal in the New DCO-OFDM. Both
OFDM modulator and demodulator blocks are operated off-
line and implemented with MATLAB, resulting in signal
(Tx) generation at the transmitter side and signal (Rx)
processing at the receiver side. The power at the input
of the optical fiber is 9.2 dBm. The BER performance is
theoretically estimated from the SNR ~ (EW via the mea-
sured error vector magnitude [22] by

o Q[ (2‘iNR)}, (22)
2[2"5"-1]

where @ is the @-function, P is the average symbol power
of the constellation, and P = (ny)? can be found in
Table II with ny being the constellation normalization fac-
tor [23]. Equation (22) is given in [23] for general square
and cross QAM constellations. A direct Monte Carlo
(MC) error counting simulation is also carried out for com-
parison with Eq. (22) in Fig. 8.

BER =4-

The DFB laser model is described with rate equations as
in [13] where the relation between the instantaneous
frequency v(¢) and the optical modulation power P(f) is
shown by

u(t) = vy + Ault) = % (1%% n KP(t)), (23)
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TABLE II
NORMALIZATION FACTORS FOR DIFFERENT

CONSTELLATIONS
Constellation (Bits/Symbol) np
BPSK 1 1
QPSK/4QAM 2 V2
Cross 8-QAM 3 V6
16QAM 4 V10
Cross 32QAM 5 V20
64QAM 6 V42
Cross 128QAM 7 V82
256QAM 8 V170
Cross 512QAM 9 /330
1024QAM 10 682

1 do(t)
Av(t) = o dt (24)

where « is the laser Henry factor, « is the adiabatic chirp
factor, and ¢(¢) is the phase modulation. The optical signal
propagation through the SSMF can be described by the
nonlinear Schrodinger equation given by Eq. (25) and
numerically resolved with the symmetrically split-step
Fourier method [24]:

0A i 0PA o )
=t fy———A A2A
o0z 2ﬂ2 0t2 2 +.]}/| | s

(25)
where f5 (s2/m) is the dispersion parameter, a; (dB/km)
is the fiber attenuation coefficient, and y (m?/W) is the fi-
ber nonlinearity coefficient.

At the receiver side, the photodetector is modeled by a
PIN photodiode with its TIA. Both shot and thermal noise
associated with the detection process are taken into
account as in [25].
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Fig. 8. BER performance versus Ej ) /N of the conventional
DCO-OFDM (Conv. DCO, (I)FFT size of 1024) and the New
DCO-OFDM (New DCO, (DFFT size of 512) for different QAM con-
stellations using theoretical BER calculation. A MC error counting
simulation is carried out for conventional DCO.
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V. ResuLTs AND DiscussioNn

In this section, we present results obtained for both the
conventional and New DCO-OFDM schemes in the case of
a flat channel with AWGN in terms of the normalized op-
tical energy-per-bit to noise ratio and then for a simulated
PON channel link (Fig. 1). For fair comparison, N-point
(DFFT blocks are used with the New DCO-OFDM scheme
while 2N-point (DFFT blocks are employed with the
conventional one. For example, New DCO-OFDM with N =
512 should be compared to conventional DCO-OFDM
with 2N = 1024.

A. Performance in an AWGN Flat Channel

Before we start with the result obtained in a realistic
chirped optical channel link, we first draw the BER perfor-
mance of the two DCO-OFDM modulation formats as a
function of the normalized optical energy-per-bit to noise
power for different QAM constellations and (DFFT sizes
of 512 and 1024 for, respectively, New DCO-OFDM and con-
ventional DCO-OFDM.

According to [9,17], the average transmitted optical
power is one of the main constraints in optical systems.
Thus, in order to study the optical power efficiency of opti-
cal systems, the normalized optical energy-per-bit to noise
power is usually used. By setting the emitted optical power
to unity for both DCO-OFDM signals, we observe in Fig. 8
that the New DCO-OFDM presents similar BER perfor-
mance as the conventional DCO-OFDM for all simulated
M-QAM constellations. BER estimations are also carried
out for conventional DCO-OFDM through MC error count-
ing. It can be seen that the theoretical expression using
Eqg. (22) shows similar BER values to those obtained by er-
ror counting simulation. Therefore, we choose to use the
theoretical expression of Eq. (22) for BER performance es-
timation. As the New DCO-OFDM exhibits the same PAPR
as the conventional DCO-OFDM (Fig. 5), the noted similar
BER could be explained by the fact that, in the transmis-
sion, any noise distortion is spread over two consecutive
blocks rather than one block in the New DCO-OFDM. This
induces the same overall SNR compared with conventional
DCO-OFDM at the receiver side. Similar results are ob-
tained in [9] for the case of ACO-OFDM. Hence, we can
start in the next section with the performance investiga-
tion in the case of a realistic channel link.

B. Performance in a PON IM /DD Fiber Link

In the context of optical IM/DD transmission, we know
that the interplay between the laser chirp and the chro-
matic dispersion of the fiber [13,26] results in attenuation
dips in the channel frequency response (Fig. 1).

In order to ensure that Eq. (22) can be used with VPI
simulations, some results are plotted in back-to-back with
MC error counting in Fig. 9. As expected, all the curves ob-
tained with the theoretical method are fairly close to the
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Fig.9. BER versus modulation depth (OFDM signal power) of the
conventional and New DCO-OFDM schemes in back-to-back (with-
out dispersion) and 20 km fiber span at an optical budget of 28 dB
and 4QAM constellation. A MC simulation is shown in back-to-
back (BtB) for comparison with the theoretical method of Eq. (22).

MC results. This permits us to use Eq. (22) for BER esti-
mation in VPI simulations. Indeed, BER performance in
terms of the emitted signal modulation depth for a given
polarization point of the laser (60 mA) is presented in Fig. 9.
An optical budget of 28 dB (NG-PON1 Class B+) and a
20 km fiber span are considered for both DCO-OFDM
schemes. It is seen that the BER performance of the
New DCO-OFDM is very close to the conventional method.
For example, the received RF spectra are also simi-
lar (Fig. 10).

The results of Fig. 9 are used to choose a well-adapted
bias current coupled to the appropriated signal power in
order to avoid or reduce any distortion induced by the hard
clipping and nonlinear characteristic of the laser. For ex-
ample, to satisfy a BER of 10-3 (with the use of FEC), it
can be seen that RF power of 13.7 dBm is needed to reach
20 km distance with an optical budget of 28 dB.

In addition, the BER performance can be improved when
an optimal OFDM modulation depth is used (Fig. 9). In our
design, this optimal RF power is observed at a value of
16 dBm. For the highest power, the clipping noise and laser
nonlinearity characteristic penalize the transmission. In
that case, the laser is modulated beyond the linear area

20 20

0 — Conv. DCO-OFDM 0 — New DCO-OFDM

220 -20

Power [dB]
Power [dB]

45
00 20 40 60 80 100120

Frequency [GHz]

45 ik
00 20 40 60 80 100120
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Fig. 10. RF spectrum in the positive side band of the conventional
and New DCO-OFDM signals for 4QAM constellation, 20 km fiber
span, and optical budget of 28 dB.
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Fig. 11. BER versus received optical power and FFT size of the

conventional and New DCO-OFDM signals for 4QAM constellation
and 20 km fiber span.

of its power characteristic [5]. Moreover, back-to-back per-
formance (without dispersion) is shown and compared with
results obtained for 20 km fiber (Fig. 9). As we can see, a
BER penalty [5] is observed between the back-to-back per-
formance results and after 20 km transmission. This BER
penalty is induced by chromatic dispersion of the fiber [26]
and can be slightly reduced with the use of CP to reach
better BER values. We present in Figs. 11 and 12 the
BER versus the received optical power for different FFT
and CP sizes. Results obtained confirm that the perfor-
mance in New DCO-OFDM is very close to that of conven-
tional DCO-OFDM. This could result from the fact that
some clipping noise or distortion is spread over two blocks
in the New DCO-OFDM rather than one block in conven-
tional DCO-OFDM. That could be considered an implicit
“MIMO-like” coding in the New DCO-OFDM scheme. In
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Fig. 12. BER versus received optical power and CP size of the
conventional and New DCO-OFDM signals for 4QAM constellation
and 20 km fiber span.
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Fig. 13. BER versus transmission distance of the conventional
and New DCO-OFDM signal for 4/16QAM constellations with
specific optical budget (OB) and optimized RF power values at
2N = 1024 and CP = 1.56%.

addition, from the results of Fig. 12 when increasing the
size of the CP by 1.56%, it is shown that New
DCO-OFDM gives slightly better performance than the
conventional one. As an example, the BER is improved
by more than one decade with a received optical power
higher than —12 dBm, whereas it is less than one decade
for the conventional method.

In a PON context, both distance and power budget are
usually considered. To satisfy a BER of 1073, results of
Fig. 13 show that it is possible with the two methods to
reach 35 km transmission distance with a 28 dB optical
budget (split ratio of 64 users). Thus we demonstrate that
halving the FFT size by using New DCO-OFDM is possible
while maintaining the performance. An example is also
shown in Fig. 13 when using 16-QAM constellation. We
can see that, for 16QAM constellation with an optimized
RF value of 13 dBm, the BER performance of conventional
and New DCO-OFDM are similar and better at OB =
24 dB than when OB = 28 dB is used (see Fig. 13 constel-
lations). This can be justified by the SNR gap observed in
Fig. 8, where for a fixed BER, 16QAM modulation is more
subjected to distortion than 4QAM.

VI. CoNCLUSION

The performance of the New DCO-OFDM scheme is
analyzed in both an AWGN flat channel and a chirped real-
istic IM/DD PON fiber link. Compared with the well-known
conventional DCO-OFDM, it is shown that the New DCO-
OFDM can achieve the same system performance in terms
of the normalized optical energy-per-bit to noise power or
data rate, distance transmission, and optical budget, but
with fewer resources. Therefore, this New DCO-OFDM
scheme, which permits dividing by 2 the required IFFT/
FFT size, seems to be a good candidate for a PON O-OFDM
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access scheme considering the significant simplification of
the computational complexity associated with a possible
reduction of the power consumption or chip area, particu-
larly in the case of the development of specific processors
[application-specific integrated circuits (ASICs)] of new
transmitters. It has been demonstrated in this paper for
a PON context that a 35 km transmission distance with
28 dB optical budget (split ratio of 64 wusers) and
12 Gb/s data rate is performed in an IM/DD fiber link with
a gain of 53.1% on the required operations per bit (in both
transmitter and receiver blocks) by New DCO-OFDM over
conventional DCO-OFDM. In addition, this offers new ad-
vantages for known data-rate increase system techniques
such as adaptive loading techniques [4,11,16] and ADO-
OFDM [17].
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