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Subcarrier Index-Power Modulated Optical
OFDM with Superposition Multiplexing for
IMDD Transmission Systems

L. Chen, F. Halabi, R. P. Giddings, and J. M. Tang

Abstract—A novel signal transmission technique termed
subcarrier index-power modulated optical OFDM with
superposition multiplexing (SIPM-OOFDM-SPM) is proposed
and investigated, for the first time, in which SIPM automatically
creates an information-carrying subcarrier power pattern via
assigning a high (low) signal modulation format to a high (low)
power subcarrier, whilst SPM passively adds different signal
modulation format-encoded complex numbers and assigns the
sum to a high power subcarrier. In comparison with conventional
OOFDM, SIPM and SPM enable extra information to be
conveyed in both the new subcarrier index-power dimension and
the conventional subcarrier-information-carrying dimension. In

this paper, extensive numerical explorations of
SIPM-OOFDM-SPM performance characteristics are
undertaken, based on which optimum transceiver design

parameters are identified. For IMDD PON systems, it is shown
that SIPM-OOFDM-SPM considerably improves the signal
transmission capacity, link power budget and system
performance tolerances to both chromatic dispersion and fiber
nonlinearity.

Index Terms—Orthogonal frequency division multiplexing,
coding and decoding, digital signal processing and passive optical
networks.

I. INTRODUCTION

With the exponential data traffic growth associated with
unprecedented emerging bandwidth-hungry network
applications and services, recent years have seen extensive
research interests in utilizing commercially available 10G-class
optics to achieve 25Gb/s/\ intensity-modulation and
direct-detection (IMDD) passive optical networks (PONS)
equipped with desirable software defined networking (SDN)
functionalities such as reconfigurability, flexibility, scalability
and elasticity [1]-[3]. To deliver such a challenging task in a
cost-effective approach, optical orthogonal frequency division
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multiplexing (OOFDM) is regarded as a promising candidate
[4] because of its high spectral efficiency and inherent digital
signal processing (DSP) richness. In addition, OOFDM also
offers a number of other unique signal transmission and
networking features including, for example, automatic
awareness of channel spectral characteristics, excellent
adaptability to component/system/network imperfections,
dynamically variable transmission capacity wversus reach
performance, and DSP-enabled transceiver functionalities of
on-line channel multiplexing/demultiplexing in the digital
domain [5].

It is well known [6],[7] that, to further improve the OOFDM
transmission capacity and corresponding spectral efficiency for
applications in the 10G-class optics-based IMDD PON
systems, high-order signal modulation formats have to be
applied, which, however, bring about the following two
considerable drawbacks: a) quick complexity growths in DSP
algorithms and transceiver architecture, and b) strong
requirements in optical signal-to-noise ratio (OSNR).
Inevitably this results in a degraded link power budget and an
increased transceiver cost. To avoid these unwanted
drawbacks, it is highly advantageous if extra
information-bearing dimensions of the OOFDM technique can
be exploited to considerably enhance its transmission capacity
and corresponding spectral efficiency without compromising
either the transceiver DSP/architecture complexity or minimum
signal OSNR required for achieving a specific bit error rate
(BER).

To introduce an extra information-bearing dimension to the
conventional OFDM technique, for wireless Rayleigh fading
channels, subcarrier-index modulated OFDM (SIM-OFDM) [8]
has been reported, in which each individual quadrature
amplitude modulation (QAM)-encoded subcarrier is activated
or deactivated according to an incoming pseudo-random binary
sequence (PRBS) stream, thus the resulting on-and-off
subcarrier pattern within an OFDM symbol can be used as an
extra dimension to convey user information. However, the
incorrect detection of a subcarrier power status at the
SIM-OFDM receiver causes the strong error propagation effect,
which can, fortunately, be reduced by enhanced
subcarrier-index modulation OFDM (ESIM-OFDM) proposed
recently [9]. In ESIM-OFDM, each bit carried in the extra
information-bearing dimension is encoded using a combined
power status of two consecutive subcarriers.

Furthermore, also inspired by the underlying idea of SIM,
OFDM with index modulation (OFDM-IM) [10] has also been
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published very recently by making use of a maximum
likelihood (ML) detector in the OFDM-IM receiver to
determine the most likely active subcarriers. However, the DSP
complexity of the ML detector grows exponentially with
increasing the number of subcarriers, this causes serious
difficulties in implementing the OFDM-IM technique in

cost-sensitive and high-speed application scenarios. Here it
should be pointed out, in particular, that in all the
aforementioned  techniques  namely SIM-OFDM,

ESIM-OFDM and OFDM-IM, only active subcarriers are
capable of conveying QAM-encoded information, their overall
signal transmission capacities and corresponding spectral
efficiencies are, therefore, almost halved compared to
conventional OFDM encoded using identical signal modulation
formats.

To address such a challenge and further explore its feasibility
for use in IMDD PON scenarios, more recently a new
transmission  technique termed subcarrier index-power
modulated optical OFDM (SIPM-OOFDM) has been proposed
[11],[12], in which a combination of both the subcarrier index
and subcarrier power acts as an extra information-carrying
dimension, where low and high power subcarriers are encoded
using quadrature phase shift keying (QPSK) and 8-phase shift
keying (8-PSK), respectively. More specifically, when a “1”
(“0”) bit of an incoming PRBS stream is encountered, the
corresponding subcarrier is set at a high (low) power level and
subsequently encoded using 8-PSK (QPSK) by truncating
following 3 (2) bits from the input PRBS stream. Therefore, the
resulting high and low subcarrier power pattern within an
OFDM symbol can be used as an extra information-carrying
dimension with all the subcarriers being activated. As a direct
result, without increasing minimum required OSNR and
degrading system tolerances to chromatic dispersion and fiber
nonlinearity, SIPM-OOFDM exceeds the 8-PSK-encoded
OOFDM signal bit rate by approximately 17%, and almost
doubles the signal bit rate and corresponding spectral efficiency
associated with 8-PSK-encoded SIM-OFDM, ESIM-OFDM
and OFDM-1M.

As a significant extension to the authors’ precious work
[11],[12], the present paper introduces, for the first time,
superposition multiplexing (SPM) (also called non-orthogonal
multiple access in radio access networks [13]) into
SIPM-OOFDM, this leads to the proposition of a novel
transmission technique, referred to as SIPM-OOFDM with
SPM (SIPM-OOFDM-SPM). Compared to SIPM-OOFDM, for
a high power subcarrier, SPM is employed to passively add two
8-PSK- and QPSK-encoded complex numbers, and the
resulting sum is assigned to the high power subcarrier. Whilst
for a low power subcarrier, similar to SIPM-OOFDM, only a
single QPSK-encoded complex number is assigned to the

subcarrier. Clearly, SIPM-OOFDM-SPM enables more
effective usage of all high power subcarriers. In the
SIPM-OOFDM-SPM  receiver, instead of utilizing a

sophisticated successive interference cancellation algorithm
[14],[15], a simple DSP algorithm presented in Section Il is
sufficient to recover the information conveyed by SPM-based
high power subcarriers.

For IMDD PON systems of interest of the present paper, it is

shown that SIPM-OOFDM-SPM enables a 28.6% signal
transmission  capacity =~ improvement  compared to
SIPM-OOFDM using the same signal modulation formats. In
addition, in comparison with 32-PSK/QPSK-encoded
SIPM-OOFDM capable of offering a signal transmission
capacity identical to 8-PSK/QPSK-encoded
SIPM-OOFDM-SPM, the proposed technique reduces the
minimum required signal OSNR, and simultaneously improves
the system tolerances to both chromatic dispersion and Kerr
effect-related fiber nonlinearity.

The rest of the paper is organized as followings: In Section
I1, detailed descriptions of the SIPM-OOFDM-SPM operating
principle are presented with special attention being focused on
subcarrier bit and power allocation/recovery, information
encoding and decoding, as well as subcarrier power threshold
calculations. In Section Ill, to maximize the achievable
SIPM-OOFDM-SPM transmission performance, a set of
optimum transceiver parameters are numerically identified,
based on which extensive explorations of achievable
transmission performances of SIPM-OOFDM-SPM IMDD
PON systems are undertaken in terms of signal transmission
capacity, BER performance, chromatic dispersion tolerance
and Kerr effect-related fiber nonlinearity tolerance. Finally, the
paper is summarized in Section V.

Il. SIPM-OOFDM-SPM OPERATING PRINCIPLE AND
TRANSCEIVER ARCHITECTURE

As illustrated in Fig.1, the SIPM-OOFDM-SPM operating
principle is similar to previously reported SIPM-OOFDM
[11],[12], except that considerable modifications are made to
relevant transceiver DSP functions that deal with bit
allocation/recovery in the newly introduced
information-bearing  dimension and the conventional
subcarrier-information-carrying dimension.

Fig. 1(a) shows the SIPM-OOFDM-SPM transmitter DSP
procedures of how to allocate an information bit in the
subcarrier index-power dimension and how to subsequently
encode information bits in the conventional
subcarrier-information-carrying dimension. As an example, for
an incoming PRBS stream, when a “1” bit is encountered,
firstly the corresponding subcarrier is set at a high power level,
and then following 5 bits from the PRBS stream are truncated,
of which the first 3 bits are encoded using 8-PSK, and the
remaining 2 bits are encoded using QPSK. After that, these two
8-PSK- and QPSK-encoded complex numbers are passively
added together. Such an addition operation is referred to as
SPM. Finally the resulting complex number is assigned to the
high power subcarrier, as seen in Fig.1(b). Whilst when a “0”
bit is encountered, the corresponding subcarrier is taken at a
low power level, and following 2 bits of the PRBS stream are
encoded using QPSK. The QPSK-encoded complex number is
assigned to the low power subcarrier, as shown in Fig.1(a) and
Fig.1(b).

From the above description, it is easy to understand the
following four aspects: i) a high (low) power subcarrier is
capable of conveying 6(3) information bits in total; ii) The
power of a subcarrier encoded using M-ary QAM (M>8) varies
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because of the random occurrence of various constellation
points having different powers, therefore only signal
modulation formats with circular constellations can be
superposed by SPM; iii) The average power of a
SIPM-OOFDM-SPM signal at symbol level varies from
symbol to symbol. The similar behavior also occurs for
conventional OOFDM encoded using M-ary QAM (M =38).
Our extensive experimental demonstrations of end-to-end
real-time OOFDM transmission systems have indicated that
commercially-available optical and electrical components are
capable of copping with such symbol-level power variations
[16,17]; and iv) For a high power subcarrier, 8-PSK- and
QPSK-encoding-based SPM  operation produces four
information-carrying satellite constellation points surrounding
each virtual 8-PSK constellation point, as shown in Fig.1(c).
This gives rise to total 32 information-carrying satellite
constellation points, each of which represents a specific
combination of a virtual 8-PSK constellation point and a virtual
QPSK constellation point. This feature implies that 8-PSK-
and QPSK-encoded SIPM-OOFDM-SPM supports a signal
transmission capacity identical to SIPM-OOFDM encoded
using 32-PSK and QPSK. The low-order signal modulation
formats employed in SIPM-OOFDM-SPM increase the
minimum Euclidean distance, thus resulting in a number of
performance advantages over SIPM-OOFDM, as discussed in
detail in Section 1V.

In the receiver, after fast Fourier transform (FFT) and
standard training sequence-based channel estimation and
channel equalization, the subcarrier power threshold, Py .o -
which distinguishes the received power of each individual
subcarrier between the predefined low level and high level, can
be calculated using the formula expressed below:

mln ( F)SPSK +QPSK ) + PQPSK (l)
Pthreshold = 2

where  Byog . ops aNd Poeg are the received high and low

subcarrier powers after equalization. It can be seen in Fig.1(c)
that, as a direct result of the SPM operation, Byg , gpsk Varies

slightly from subcarrier to subcarrier and from symbol to
symbol. To sufficiently enlarge the difference between

Pepskopsk @Nd Popge , minimum - Byog  ooqc Values are thus

considered in Eqg.(1). In addition, to effectively reduce the
impact of random noises on P, .4 . the subcarrier power

threshold is averaged periodically over time.
If the received power level of an information-bearing
subcarrier is above (below), B, .qoq» @ <17 (“0”) information

bit carried in the subcarrier index-power dimension is thus
recovered, and the information conveyed in the conventional
subcarrier-information-carrying dimension can also be decoded
using the approach presented below. It should also be noted that
a wrong subcarrier power decision causes errors to occur in
both the subcarrier index-power dimension and the
conventional subcarrier-information-carrying dimension. Such

errors, however, do not propagate across different subcarriers
and symbols.
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Fig. 1. (a) Bit allocations in the subcarrier index-power dimension and
corresponding bit-encoding for both low and high power subcarriers in the
conventional subcarrier-information-carrying dimension, (b) Subcarrier power
allocations and 8-PSK- and QPSK-encoding-based SPM operation for high
power subcarriers, and (c) overall SIPM-OOFDM-SPM constellations for high
and low power subcarriers.

As the DSP process adopted for decoding low power
subcarriers in the conventional subcarrier-information-carrying
dimension is identical to that used in SIPM-OOFDM [11],[12],
here attention is thus focused on the high power subcarrier
decoding process. For a high power subcarrier, the received
complex value after equalization can be written as:

C:=C, +C, +AC, +AC, @)

where C, and C, represent the ideal “to be recovered”
constellation points for QPSK and 8-PSK, respectively. AC,

and AGC,; represent the differences between their actually
received constellation point and their ideal constellation point.
AC, and AC; arise due to the following three physical
mechanisms including channel noise, nonlinear coupling, and
channel frequency response. To recover the information

carried by each high power subcarrier in the conventional
subcarrier-information-carrying dimension, 32 comparisons



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

between CE and all 32 possible combinations of ideal “to be
recovered” C 47 (i=1,2,-++,4) and ideal “to be recovered” CB’;
(j=1,2,-+-,8) are made, of which the combination that gives rise

- 2. : .
to a minimum |AC4 +AC8| is regarded as the information

conveyed by the high power subcarrier in the conventional
subcarrier-information-carrying ~ dimension.  The  above
description suggests that SIPM-OOFDM-SPM increases the
de-mapping function complexity by a factor of approximately
2.5 in comparison with conventional 32-QAM-encoded
OOFDM. However, the FPGA logic resource consumed by
each of these two de-mapping functions is almost negligible
compared to the total FPGA logic resource consumed by all
DSP functions embedded in the transmitter or receiver [16].

Transmitter

—N7) .
2235 2 7
) [ Is) @)
e »>855 TpQ 2 > I
Generation/ == 8 = g = =2 0 O
o323 5 5]
S 8@ Q >
&
28
3
Receiver 0w g o (O n e
23T | 205 |E 2 0
PRBS 82 ® © o gw% go
Recovery ap 18588 %a <D
S o-‘g- = g S
Qz S .. s 3 o

Fig.2. Schematic illustration of the SIPM-OOFDM-SPM transceiver
architecture and the considered IMDD PON system.

By making use of the above-discussed SIPM-OOFDM-SPM
operating principle, the relevant transceiver DSP architecture
can be produced, which is schematically shown in Fig.2. Due to
the DSP transceiver architecture similarity between
SIPM-OOFDM-SPM, SIPM-OOFDM and conventional
OOFDM [17], the general DSP procedures implemented in the
SIPM-OOFDM-SPM transceiver are thus outlined below: the
transmitter DSP functions consists of PRBS bit stream
generation, periodic training sequence insertion, subcarrier
power allocation and SIPM operation, QPSK- and
8-PSK-encoding and its relevant SPM operation, as well as
serial-to-parallel (S/P) conversion. Following these processes,
all information-bearing subcarriers are arranged to satisfy the
Hermitian symmetry with respect to their conjugate
counterparts to ensure the generation of real-valued OFDM
symbols after performing the inverse FFT (IFFT). At the output
of the IFFT, cyclic prefix addition and digital-to-analogue
conversion (DAC) are also performed. The generated final
electrical signal drives an ideal optical intensity modulator to
perform the electrical-to-optical (E-O) conversion. The E-O

conversion process produces an optical output signal, s, (t)
having an amplitude waveform governed by

5. (t) (3)

where s (t) is the electrical driving current of the

SIPM-OOFDM-SPM signal with an optimum DC bias current
being added.

A standard single-mode fibre (SSMF) simulation model
based on the widely adopted split-step Fourier method is used
to simulate the propagation of an optical signal over IMDD
PON systems. In the SSMF simulation model, the effects of
linear loss, chromatic dispersion and Kerr effect-induced
dependence of refractive index on optical power are included
[18].

In the receiver, the optical signal is converted to the electrical
domain by a square-law photodetector subject to both shot and
thermal noise. After passing through an analogue low bandpass
filter and analogue-to-digital convertor (ADC), the following
major receiver DSP functions are performed: synchronization,
cyclic prefix removal, FFT for generating complex-valued
frequency domain subcarriers, channel estimation and
equalization, subcarrier power detection, subcarrier power
threshold calculation, information recovery in the subcarrier
index-power dimension and the conventional
subcarrier-information-carrying dimension, as well as analysis
of individual subcarrier BERs and overall channel BERs.

TABLE |
TRANSCEIVER AND TRANSMISSION SYSTEM PARAMETERS
Parameter Value
Total number of IFFT/FFT points 64
Data-carrying subcarriers 31

Modulation formats QPSK or 8-PSK +QPSK

PRBS data sequence length 500,000 bits
Cyclic prefix 25%

DAC & ADC sampling rate 12.5 GS/s

DAC & ADC bit resolution 9 bits

Clipping ratio 12 dB

Power ratio between 8-PSK and QPSK 2.75

Initial QPSK phase 34°

PIN detector sensitivity -19 dBm*

PIN responsivity 0.8 A/W

SSMEF dispersion parameter at 1550 nm 16 ps/(nm.km)
SSMEF dispersion slope at 1550 nm 0.07 ps/nm/nm/km
Linear fiber attenuation 0.2 dB/km

Kerr coefficient 2.35x10%° m¥W

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0 x 10

I1l. TRANSCEIVER PARAMETER OPTIMIZATION

Having discussed the general SIPM-OOFDM-SPM
operating principle in Section Il, in this section, detailed
numerical simulations are undertaken to identify optimum key
transceiver design parameters. Throughout this paper, unless
explicitly stated in corresponding texts, the following default
transceiver parameters are taken: a PRBS stream of 500000
bits, IFFT/FFT points of 64, 25% cyclic prefix, training
sequences periodically inserted at a space of 50 OFDM
symbols, and DAC/ADC sampling rates of 12.5GS/s. Identical
signal clipping ratios are always employed in the transmitter
and the receiver. The abovementioned transceiver parameters
are also listed in Table 1. Moreover, to explicitly distinguish the
advantages associated with the proposed technique,
comparisons are always made between SIPM-OOFDM-SPM,
8-PSK/QPSK-encoded SIPM-OOFDM and
32-PSK/QPSK-encoded SIPM-OOFDM for all cases presented
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in Section Il and Section 1V.

Fig.3 explores the optimum transceiver operation parameters
closely related to two salient features of the proposed
technique, i.e., subcarrier index-power modulation (SIPM) and
SPM operation. As the power ratio, which is defined as the ratio
of the powers between 8-PSK and QPSK in the transmitter,
plays a key role in the SIPM operation, Fig. 3(a) explores its
impact on the transceiver BER performance to identify its
optimum value. Whilst Fig. 3(b) reveals the optimum QPSK
initial phase setting with respect to 8-PSK prior to the SPM

operation.
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Fig.3. Optimum transceiver operation parameter identifications for different
transmission techniques. (a) Optimum power ratio, (b) Optimum initial QPSK
phase setting with respect to 8-PSK. (c) Overall equalized
SIPM-OOFDM-SPM constellation diagram obtained at a SNR of 25dB. In
calculating all these three figures, AWGN channels are considered, and the
signal clipping ratio and quantization bits are fixed at 12dB and 9 bits,
respectively.

In obtaining Fig.3, simple additive white Gaussian noise

(AWGN) channels are considered to highlight the impact of
these inherent SIPM-OOFDM-SPM features on the transceiver
BER performance. The signal clipping ratio and DAC/ADC
quantization bits are fixed at 12dB and 9 bits, respectively. In
addition, for  8-PSK/QPSK-encoded SIPM-OOFDM,
SIPM-OOFDM-SPM and 32-PSK/QPSK-encoded
SIPM-OOFDM, different SNRs of 16dB, 25dB and 26dB are
also chosen, respectively, as these SNRs enable these three
transmission techniques to achieve BERs of <1.0 x10- over the
AWGN channels, as seen in Fig.6. The averaged electrical
powers of these three signals remain constant.

It is shown in Fig. 3(a) that SIPM-OOFDM-SPM has an
optimum power ratio of 2.75, which is similar to those
corresponding to other two transmission techniques. For power
ratios lower than 2.75, the BERs shoot up with decreasing
power ratio, mainly resulting from the fast reduction in the
minimum Euclidean distance of the SPM-generated 32-point
constellation carried by the high power subcarriers; On the
other hand, for power ratios larger than 2.75, the BERs grow
relatively slowly with increasing power ratio, this is because
the fixed electrical signal power-induced slow reduction in the
minimum Euclidean distance of the 4-point QPSK constellation
carried by the low power subcarriers.

It is easy to understand from Fig.1(c) that a phase rotation of
QPSK with respect to 8-PSK alters the SPM-generated
32-point constellation and thus its minimum Euclidean
distance. Such statement is verified in Fig.3(b), where a
periodic BER developing curve occurs for
SIPM-OOFDM-SPM only, and the BER curves for all other
two SPM-free transmission techniques remain almost constant.
In Fig. 3(b), with respect to 8-PSK, an optimum initial QPSK
phase setting of 34° is observed, corresponding to which the
minimum Euclidean distance of the SPM-generated 32-point
constellation is maximized. The observed difference of 45°
between two consecutive optimum QPSK phase settings is
determined by the phase difference between two consecutive
8-PSK constellation points. Fig. 3(b) suggests that the SPM
operation may offer a simple and effective approach of
independently manipulating a feature of a signal constellation
to satisfy a specific application without affecting the overall
signal performance.

To gain an in-depth understanding of the aforementioned
optimization processes, by making use of simulation conditions
similar to those adopted in Fig. 3(a) and Fig.3(b), an overall
equalized SIPM-OOFDM-SPM constellation diagram obtained
at a SNR of 25dB is shown in Fig. 3(c), where the optimum
power ratio and the optimum phase offset between 8-PSK and
QPSK are considered.

To identify the optimum transceiver design parameters
closely related to the most critical components, i.e.,
DACs/ADCs, Fig.4 is presented, where the impacts of clipping
ratio and quantization bit on the transceiver BER performance
over AWGN channels are plotted in Fig. 4(a) with fixed
quantization bits of 9, and Fig. 4(b) with fixed clipping ratios of
12dB, respectively. In simulating Fig.4, use is also made of
simulation parameters similar to those adopted in Fig.3. In
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particular, the identified optimum power ratio of 2.75 is taken
along with an optimum initial QPSK phase setting of 34°.

It can be seen in Fig. 4(a) that, for all the considered
transmission techniques, their BERs reach the lowest values at
clipping ratios of 12dB. For clipping ratios of <12dB, the
considerable BER growth with decreasing clipping ratio is due
to strong clipping-induced serious distortions to signal
waveforms. Whilst for clipping ratios beyond 12dB, the
increase in BER is because of the enhanced quantization noise
effect associated with increased dynamic ranges. Our
simulations show that, by making use of the identified optimum
transceiver parameters and the default parameters listed in
Table I, conventional OOFDM, SIPM-OOFDM and
SIPM-OOFDM-SPM have almost identical peak-to-average
power ratios (PAPRs). As a direct result, very similar optimum
clipping ratios are observed in Fig. 4(a).
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Fig.4. Overall BER performances against major DAC/ADC parameters over
AWGN channels for three different transmission techniques. (a) BER versus
clipping ratio. The quantization bits are fixed at 9. (b) BER versus quantization
bit. The clipping ratio is taken to be 12dB.

Based on Fig. 4(a), it is easy to understand the existence of
minimum quantization bits of 9 for all transmission techniques
in Fig. 4(b). It is shown in Fig. 4(b) that, for low quantization
bits of <9, the BER increases quickly due to the low
quantization bit-induced enhancement in the quantization noise
effect. Whilst for quantization bits of >9, the quantization noise
effect is almost negligible, thus giving rise to almost flattened
BER developing trends in Fig. 4(b). The occurrence of BER
floors in Fig. 4(b) is mainly due to the use of a fixed SNR for
each transmission technique considered.

TABLE Il
SIGNAL BIT RATES oF DIFFERENT TECHNIQUES
Transmission Technique Signal Bit Rate(Gb/s)
SIPM-OOFDM (8-PSK/QPSK) 20.77
SIPM-OOFDM-SPM 26.71
SIPM-OOFDM(32-PSK/QPSK) 26.71

IV. SIPM-OOFDM-SPM TRANSMISSION CHARACTERISTICS

The thrust of this section is to utilize the optimum transceiver
parameters identified in Section Il to explore achievable
SIPM-OOFDM-SPM transmission performances over both
AWGN and optical amplifier-free IMDD PON systems.

For numerically simulating the performance characteristics
of these three techniques in IMDD PON systems, as listed in
Table |, the following default parameters are taken: a PIN
photodetector with a quantum efficiency of 0.8A/W and a
receiver sensitivity of -19dBm (corresponding to a 10Gb/s
non-return-to-zero data sequence at a BER of 1.0 x10%), a
linear fiber loss of 0.2dB/km and an optical wavelength of
1550nm. A SSMF is adopted, whose key parameters are: a
chromatic dispersion parameter of 16.0ps/(km-nm), a
dispersion slope of 0.07ps/nm/nm/km, an effective area of
80um? and a Kerr coefficient of 2.35x102°m?/W. All other
parameters that are not explicitly mentioned above are stated in
corresponding text parts.

A. Signal transmission capacity

By making use of the identified optimum transceiver design
parameters and the default transceiver parameters listed in
Table I, and also by taking into account 64 subcarriers per
symbol, the signal  transmission  capacities  of
SIPM-OOFDM-SPM, 8-PSK/QPSK-encoded SIPM-OOFDM
and 32-PSK/QPSK-encoded SIPM-OOFDM can be computed,
which are summarized in Table Il. Throughout this paper, raw
signal transmission capacities are considered, which do not take
into account the cyclic prefix effect and just include the signal
transmission capacity reduction due to the addition of the
training sequence. It can be seen in Table Il that
SIPM-OOFDM-SPM supports a signal transmission capacity
of 26.71Gb/s, which exceeds 8-PSK/QPSK-encoded
SIPM-OOFDM by 28.6%. Although 32-PSK/QPSK-encoded
SIPM-OOFDM is capable of offering the same signal
transmission capacity of 26.71Gb/s, it, however, suffers high
OSNR and degraded tolerances to both chromatic dispersion
and fiber nonlinearity, as analyzed below in detail.

Based on the above-discussed SIPM-OOFDM-SPM

operating principle, the SIPM-OOFDM-SPM signal
transmission capacity, Ry, can be expressed as:
N
fs [ o (b +1)+ o (b +1)] o
R, = 4)

N(1+«)
where fs is the DAC/ADC sampling rate, pn and p. (pu +pL=1),
are the occurrence probabilities of high and low power
subcarriers within a symbol. by and b_. are the number of
information bits carried by the high and low power subcarriers,
respectively. N is the total number of subcarrier per symbol,
and a is the coefficient introduced to take into account signal



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

transmission capacity reductions due to training sequence.
Eq.(4) implies that the SIPM-OOFDM-SPM transmission
capacity is subcarrier count-dependent.

The above analytical prediction is confirmed by numerically
simulated results presented in Fig.5, where the signal
transmission capacities of these three transmission techniques
are plotted as a function of subcarrier count per symbol. In
obtaining Fig.5, an AWGN channel is considered and the SNRs
of three corresponding signals are fixed at 25dB. Fig.5 shows
the predicted subcarrier count-dependent behaviors, which
become more pronounced when the total number of subcarriers
are less than 64. In addition, an almost perfect signal
transmission capacity overlap between SIPM-OOFDM-SPM
and 32-PSK/QPSK-encoded SIPM-OOFDM is also observed
in Fig.5, indicating that, instead of SPM, SIPM is the major
physical mechanism underpinning such a behavior. It should be
noted that the subcarrier count-dependent signal transmission
capacity is in sharp contrast to conventional OOFDM.

30
@ o
Q25
]
©
%
m 20
Ko
=1 —a— SIPM(8-PSK/QPSK), SNR=25
'(7) —o— S|PM-SPM, SNR=25
—A— S‘IPM(BZ-PS‘K/QPSK), ‘SNR:25
15 ] ] :
0 30 60 90 120 150

Subcarrier Count Per Symbol
Fig.5. Subcarrier count-dependent signal transmission capacities for three
transmission techniques considered. The AWGN channels are considered and
the SNRs of all signals are fixed at 25dB.
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Fig.6. BER versus electrical SNR performances of three transmission
techniques over AWGN channels. An error propagation-free
SIPM-OOFDM-SPM BER curve is also shown.

B. BER performance over AWGN channels

The BER versus electrical SNR performances of three
considered transmission techniques over AWGN channels are
presented in Fig. 6. To explicitly distinguish the influence of
the error propagation effect on signal SNR, an error
propagation-free  SIPM-OOFDM-SPM BER curve is also
computed and subsequently plotted in Fig. 6 by employing an

error propagation removal approach reported in [12]. By
comparing the BER curves between SIPM-OOFDM-SPM,
32-PSK/QPSK-encoded SIPM-OOFDM and error
propagation-free SIPM-OOFDM-SPM, it is very interesting to
note that SPM gives rise to an approximately 3dB SNR gain at a
BER of 1.0 x 103, which is, however, offset by an proximately
1dB SNR penalty introduced by the error propagation effect,
thus leading to an overall SNR gain of 2dB. The physical origin
of the SNR gain is mainly due to the SPM-induced increase in
the minimum Euclidean distance of the SPM-generated
32-point constellation.

In addition, the error propagation-induced 1dB SNR penalty
for SIPM-OOFDM-SPM is almost identical to that
corresponding to 8-PSK/QPSK-encoded SIPM-OOFDM [12],
this suggests that SPM does not contribute to the error
propagation effect, and that the error propagation effect is
independent of signal modulation formats taken on the
subcarriers. This conclusion is valuable when much more
sophisticated SPM operations employing high-order signal

modulation formats are applied to provide desired
performances for specific application scenarios.
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Fig.7. BER as a function of received optical power after transmitting through
25km SSMF IMDD PON systems for 26.71Gb/s SIPM-OOFDM-SPM signals,
20.77Gb/s 8-PSK/QPSK-encoded SIPM-OOFDM signals and 26.71Gb/s
32-PSK/QPSK-encoded SIPM-OOFDM signals.

C. Transmission performance over 25km IMDD PON systems

The BER versus received optical power performances of the
considered three transmission techniques are given in Fig.7
after transmitting through 25km SSMF IMDD PON systems.
For all the cases, the optical launch powers are taken to be
5dBm. As expected from Fig. 6, Fig.7 shows that
SIPM-OOFDM-SPM  can  support 26.71Gb/s  signal
transmissions over 25km SSMF IMDD PON systems. On the
contrary, when SIPM-OOFDM is applied, to achieve the same
signal transmission capacity, high-order signal modulation
formats such as 32-PSK/QPSK have to be adopted, which,
however, cause an approximately 1dB optical power penalty at
a BER of 1.0 x10®, as seen in Fig.7. Such an optical power
penalty agrees very well with the corresponding electrical SNR
penalty observed in Fig.6. The channel fading effect associated
with the considered 25km SSMF IMDD PON system is
negligible, as the system frequency response roll-off effect
induced by the DAC/ADC, various RF gain stages and the
intensity modulator is not included. As such, numerical
simulations show that the use of the well-known adaptive
bit/power loading technique [17] does not considerably
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enhance the SIPM-OOFDM-SPM transmission capacity.
However, for IMDD PON systems suffering from the severe
channel fading effect, it is envisaged that a considerable
improvement in SIPM-OOFDM-SPM transmission capacity is
achievable when use is made of the adaptive bit/power loading
technique [16].
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Fig.8. Performance tolerance to chromatic dispersion of IMDD PON systems
for 26.71Gb/s SIPM-OOFDM-SPM signals, 20.77Gb/s 8-PSK/QPSK-encoded
SIPM-OOFDM  signals and  26.71Gh/s  32-PSK/QPSK-encoded
SIPM-OOFDM signals.

The reduction in received optical power can be directly
transferred to the optical link power budget improvement, such
improvement can also be utilized to improve the
SIPM-OOFDM-SPM transmission tolerance to both chromatic
dispersion and fiber nonlinearity associated with the IMDD
PON systems. This is numerically verified in Fig.8 and Fig.9.
In Fig.8, the BERs of these three considered transmission
techniques are plotted as a function of chromatic dispersion of
the IMDD PON systems. In simulating this figure, various
SSMF lengths ranging from 10km to 125km are taken, and the
optical launch powers are fixed at 5dBm. In addition, the Kerr
effect-related fiber nonlinearity and fiber linear attenuation are
also disabled. The fiber dispersion parameters of
-16.0ps/(km-nm) and 16.0ps/(km-nm) are used to represent the
negative and positive chromatic dispersion regions,
respectively.

For these three transmission techniques, the aforementioned
parameters ensure chromatic dispersion-limited BER
performances in both the negative and positive dispersion
regions. As shown in Fig.8, in comparison with the 26.71Gb/s
32-PSK/QPSK-encoded SIPM-OOFDM signal, an increase in
dispersion tolerance range of approximately 130ps/nm at a
BER of 1.0 X103 s feasible for the SIPM-OOFDM-SPM signal
of the same signal transmission capacity.

For the 26.71Gh/s SIPM-OOFDM-SPM signal, the
20.77Gb/s 8-PSK/QPSK-encoded SIPM-OOFDM signal and
the 26.71Gb/s 32-PSK/QPSK-encoded SIPM-OOFDM signal,
their performance tolerances to fiber nonlinearity of the 25km
SSMF IMDD PON systems are explored in Fig.9, where the
BERs of these signals are plotted as a function of optical launch
power, by taking into account simulation parameters identical
to Fig.7. Here all the fiber linear and nonlinear effects
(excluding stimulated Brillouin scattering) are present. These
parameters give rise to photodetector thermal noise-limited
BER performances for optical launch powers of <-10dBm, and

fiber nonlinearity-limited BER performances for optical launch
powers of >10dBm.
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Fig.9. Performance tolerance to fibre nonlinearity of 25km SSMF IMDD PON
systems for 26.71Gb/s SIPM-OOFDM-SPM  signals, 20.77Gb/s
8-PSK/QPSK-encoded SIPM-OOFDM signals and 26.71Gb/s
32-PSK/QPSK-encoded SIPM-OOFDM signals.
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As expected, Fig.9 shows that, compared to
32-PSK/QPSK-encoded SIPM-OOFDM,
SIPM-OOFDM-SPM enhances the optical launch power
dynamic range by approximately 2.2dB at a BER of 1.0 x1073,
The observed 2.2dB improvement in optical launch power
dynamic range is a direct result of the SPM-induced reduction
in minimum received optical power at a BER of 1.0 X107, as
discussed in Fig.7. This indicates that SIPM-OOFDM-SPM

improves system performance tolerance to fiber nonlinearity.

V. CONCLUSIONS

A novel transmission  technique  known  as
SIPM-OOFDM-SPM has been proposed and investigated, for
the first time, in AWGN and 25km SSMF IMDD PON systems.
Detailed numerical simulations of SIPM-OOFDM-SPM
transmission characteristics over AWGN channels have been
undertaken, based on which optimum SIPM-OOFDM-SPM
transceiver design parameters are identified in terms of power
ratio, initial QPSK phase setting, signal clipping ratio and
minimum required quantization bits. By making use of the
identified optimum transceiver parameters, extensive
explorations have also been undertaken of the achievable
SIPM-OOFDM-SPM transmission performances over 25km
SSMF IMDD PON systems. It has been shown that
SIPM-OOFDM-SPM supports 26.71Gb/s signal transmissions
over 25km SSMF IMDD PON systems, and that a 28.6% signal
transmission capacity improvement is achievable compared to
the previously reported 8-PSK/QPSK-encoded SIPM-OOFDM
technique. In addition, the research work has also indicated
that, in comparison with the 32-PSK/QPSK-encoded
SIPM-OOFDM technique capable of offering a signal
transmission capacity identical to SIPM-OOFDM-SPM, the
proposed technique improves the system power budget and
performance tolerance to both chromatic dispersion and fiber
nonlinearity.

To verify the proposed SIPM-OOFDM-SPM technique and
the theoretical predictions presented in the paper, experimental
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investigations are currently being undertaken in our research
lab, and corresponding results will be reported elsewhere in due
course.
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