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a b s t r a c t

We introduce digital coherent superposition (DCS) into optical access network and propose a DCS-OFDM-
PON upstream transmission scheme using intensity modulator and collective self-coherent detection.
The generated OFDM signal is real based on Hermitian symmetry, which can be used to estimate the
common phase error (CPE) by complex conjugate subcarrier pairs without any pilots. In simulation,
we transmit an aggregated 40 Gb/s optical OFDM signal from two ONUs. The transmission performance
with DCS is slightly better after 25 km transmission without relative transmission time delay. The fiber
distance for different ONUs to RN are not same in general and there is relative transmission time delay
between ONUs, which causes inter-carrier-interference (ICI) power increasing and degrades the trans-
mission performance. The DCS can mitigate the ICI power and the DCS-OFDM-PON upstream transmis-
sion outperforms the conventional OFDM-PON. The CPE estimation is by using two pairs of complex
conjugate subcarriers without redundancy. The power variation can be 9 dB in DCS-OFDM-PON, which
is enough to tolerate several kilometers fiber length difference between the ONUs.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Recently, with the rapid development of multimedia-based ser-
vices, the internet traffic grows in an exponentially speed, and over
40 Gb/s aggregated data rate is in demand for the next generation
passive optical network (PON) [1–3]. Meanwhile, the bandwidth-
elastic PON is necessary to meet the increasing requirement of
the flexibility and dynamic characteristic for the future access net-
work. Because OFDM has higher frequency efficiency and supports
the software defined network (SDN), it has become an attractive
solution to the future access network [4,5]. The directly modulated
laser (DML) and direct-detection (DD) is a cost-effective solution
for PON, however, the generated signals are double-sideband and
frequency chirped by DML, which results in power fading and
subcarrier-to-subcarrier intermixing interference (SSII) in direct-
detection systems [6,7]. On the other hand, the linearity of coher-
ent detection preserves the amplitude, phase and polarization
information and hence, many channel impairments can be readily
compensated by digital signal processing at the coherent receiver
[8–10]. Self-coherent detection not only keeps the linearity merit
of coherent detection, it also reduces the cost and improves the
coherent performance by using the same laser source for the local

laser and the optical carrier [10]. In addition, with advanced pho-
tonic integration techniques, self-coherent detection is becoming
an attractive choice to overcome the power budget limitation
and extend the fiber distance for long-reach PON [10]. In our pre-
vious works, we have demonstrated collective coherent reception
and bandwidth-elastic access in OFDM-PON upstream transmis-
sion [11,12]. However, the laser phase noise at the transmitter
and receiver generally becomes uncorrelated after kilometer fibers
transmission. The ICI power increases and the transmission perfor-
mance is limited. In 2013, X. Liu has demonstrated in Nature Pho-
tonics that the digital coherent superposition (DCS) can improve
the tolerance to linear phase noise [13]. We have extended the
DCS to optical OFDM (DCS-OFDM) and demonstrated that it can
both improve the tolerance to the ICI resulted from the laser phase
noise and the fiber nonlinearity [14,15].

In this paper, we propose a DCS-OFDM-PON upstream trans-
mission scheme with intensity modulator (IM) and collective
self-coherent detection. At each ONU, we simply transmit a real-
valued OFDM signal with Hermitian symmetry to drive an inten-
sity modulator biased at the null point, which can reduce the cost
and avoid I/Q imbalance by using the optical I/Q modulator. The
OFDM signals from different ONUs are aggregated at the remote
node (RN), so we can use only one coherent receiver to collectively
detect the whole OFDM signal. The laser phase noise results in CPE
and ICI. At the receiver, we first conduct conventional OFDM signal
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processing, i.e., synchronization, CPE and channel estimation. In
this scheme, we estimate the CPE by complex conjugate subcarrier
pairs from the Hermitian symmetry without any pilots and redun-
dancy. After the conventional OFDM signal processing, we conduct
DCS for OFDM subcarrier pairs with little additional complexity to
improve the transmission performance.

2. Principle of DCS-OFDM PON

Fig. 1 shows the proposed DCS-OFDM-PON architecture, in
which we mainly focus on the upstream transmission. We use
the centralized laser which means optical carrier of each ONU is
distributed from the same laser at the OLT. Therefore, all
subcarriers suffer from the same laser phase noise. At each ONU,
we pair up the OFDM subcarriers with Hermitian symmetry as
XðN � kÞ ¼ X�ðkÞ, which means the k-th subcarrier and its symmet-
ric subcarrier are complex conjugated. There is only real part and
the imaginary part is zero after IFFT. Therefore, the generated
OFDM signal is a real-valued signal and we can use an intensity
modulator biased at the null point to up-convert the electrical sig-
nal to the optical domain. Different ONUs occupy different fre-
quency bands by adaptive bandwidth and modulation format
distribution to realize flexible PON and bandwidth elastic access.
The OFDM signals from different ONUs are aggregated at the
remote node (RN) as a whole OFDM signal.

At the OLT, we use only one coherent receiver to realize self-
coherent detection and collective detect the whole OFDM signal.
Let Yj denote the received OFDM signal for the j-th ONU.
Y ¼ ½Y1; � � �Yj; � � �Yn� is the whole received OFDM signal from differ-
ent ONUs and can be expressed as,

YðkÞ ¼ XðkÞ � Ið0Þ þ ICIðkÞ; ð1Þ
Where XðkÞ and YðkÞ are the transmitted and received OFDM signals
for the k-th subcarrier, and each ONU uses the Hermitian symmetry
as XðN � kÞ ¼ X�ðkÞ. After conventional OFDM signal processing, we
apply DCS for the symmetric subcarrier pairs from Eq. (1),

ŶðkÞ þ Ŷ�ðN � kÞ
h i

=2 ¼ XðkÞ � jIð0Þj þ ICIDCSðkÞ; ð2Þ

Where ŶðkÞ is the received OFDM signal after CPE compensation
and ICIDCS is the ICI of OFDM signal after DCS processing. It is
demonstrated to be cancelled to the second order by Taylor expan-
sion of the ICI [14]. The ICI power with or without DCS can be
expressed as [14],

hjICIDCSðkÞj2i
hjICIðkÞj2i

¼ 23pC
210

ð3Þ

Where C ¼ NbT , N is the FFT length, T is the sampling period and b
is the 3-dB bandwidth of the Lorentzian shape of the spectral power
density of a laser. From Eq. (3), the improvement by DCS is decided
by the ratio of laser linewidth to OFDM subcarrier symbol rate. For a
practical OFDM transmission system, C is generally much smaller
than the unity and the ICI noise is reduced by DCS. In the proposed
architecture, although we have used the same laser, the laser phase
noise becomes uncorrelated after tens of kilometers fiber transmis-
sion, which degrades the transmission performance and causes ICI
power increasing. Therefore, we can use DCS to improve the toler-
ance to ICI.

Besides ICI, CPE is another laser phase noise effect for optical
OFDM system. The difference is that ICI is an additive noise while
CPE is a multiplication noise. For simplicity, we ignore the second
item in Eq. (1) to study the CPE compensation in our system. Since
we have used the Hermitian symmetry at the transmitter, the
received signal for conjugated subcarriers pairs can be written as
[16],

Yi;k ¼ Xi;k � Hk � expðjUiÞ
Yi;N�k ¼ X�

i;k � HN�k � expðjUiÞ ð4Þ

where, Xi;k and Yi;k are the transmitted and the received signals for
the i-th symbol and the k-th subcarrier, Hk is the channel response,
Ui is the CPE. We only consider the chromatic dispersion for channel
response and has Hk ¼ HN�k. Because optical OFDM is insensitive to
fiber dispersion and the channel response can be estimated by
training symbols [17]. Since the CPE means the phase drift within
one OFDM symbol, it can be considered as constant and common
to all the subcarriers. Therefore, we can estimate the CPE by multi-
plication of the received conjugated subcarrier pairs [17]. As men-
tioned above, we have used Hermitian symmetry for OFDM signal
generation so we can utilize this feature to estimate the CPE with-
out any pilots and redundancy. The CPE can be expressed as,

Ûi ¼ arg
X
k

Yi;k � Yi;N�k

 !,
2 ð5Þ

CPE compensation is used to optimize the transmission perfor-
mance in our scheme, especially when there is relative transmis-
sion time delay.

3. Numerical investigation

VPItransmissionMaker 9.1 is used for simulation. To investigate
the proposed DCS-OFDM-PON upstream transmission, we take two
ONUs as example. At each ONU, we transmit 400 OFDM symbols
with Hermitian symmetry and the symbols are transferred to the
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Fig. 1. The schematic of DCS-OFDM-PON upstream transmission.
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