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Abstract Three novel designs of adaptively modulated
optical orthogonal frequency division multiplexing mod-
ems using subcarrier modulation (AMOOFDM-SCM) are
proposed, for the first time, each of which requires a single
inverse fast Fourier transform/fast Fourier transform
(IFFT/FFT) operation. These designs not only significantly
simplify the AMOOFDM-SCM modem configurations,
but also offer extra unique network features such as input/
output reconfigurability. Investigations show that these
three modems are capable of supporting more than 60 Gb/s
AMOOFDM-SCM signal transmission over 20, 40 and
60 km single mode fibre (SMF)-based intensity modula-
tion and direct detection (IMDD) transmission links
without optical amplification and chromatic dispersion
compensation.

Keywords orthogonal frequency division multiplexing
(OFDM), subcarrier modulation (SCM), single mode fibre
(SMF)

1 Introduction

Owing to its strong intrinsic tolerance to fibre chromatic
dispersion and polarization mode dispersion, efficient use
of spectral characteristics of transmission links, relatively
high signal transmission capacity, significant system
flexibility and potentially low system cost, optical
orthogonal frequency division multiplexing (OOFDM)
has been considered as one of the most promising
candidates for high signal capacity transmission in
next-generation optical networks of various architectures
[1-3]. In particular, adaptively modulated OOFDM
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(AMOOFDM) has demonstrated great potential for
providing a high-speed and cost-effective solution for
practical implementation in cost-sensitive, intensity mod-
ulation and direct detection (IMDD) optical networks such
as multi-mode fibre (MMF)-based local area networks [4]
and single mode fibre (SMF)-based access and metropo-
litan area networks [1].

AMOOFDM has a unique feature that the signal
modulation format taken on each subcarrier can be varied
according to the frequency response of a given transmis-
sion system. Generally speaking, a high (low) signal
modulation format is used on a subcarrier experiencing a
high (low) signal-to-noise ratio (SNR). Any subcarriers
suffering very low SNRs may be dropped completely if
there are still a large number of errors occurred even when
the lowest signal modulation format is used. As a direct
result, AMOOFDM effectively utilizes the IMDD trans-
mission system frequency response, the major portion of
which is, however, still unused.

To make a full use of the frequency response of a
transmission system, subcarrier modulation (SCM) [5] can
be employed, in which a baseband signal is modulated
onto a radio frequency (RF) carrier directly driving an
electrical-to-optical intensity modulator. Unfortunately, the
transmission performance of the SCM technique is
relatively low, as SCM does not have the capability of
manipulating the signal modulation format within each
SCM subcarrier. By introducing SCM into AMOOFDM,
an AMOOFDM modem using SCM (AMOOFDM-SCM)
has been proposed [6], which consists of two parallel
conventional AMOOFDM modems that produce two real-
valued double sideband (DSB) SCM subcarriers with one
operating at the baseband and the other being modulated
onto an intermediate RF carrier. For MMF-based IMDD
transmission systems, when compared with AMOOFDM,
AMOOFDM-SCM not only doubles the signal transmis-
sion capacity versus reach performance, but also
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considerably relaxes the minimum requirement on key
components involved in the AMOOFDM-SCM modems
[6].

For SMF-based IMDD transmission systems, the cross-
talk effect induced by beating among different subcarriers
of various types upon direct detection in the receiver is a
dominant factor limiting the maximum achievable
AMOOFDM-SCM performance. To mitigate such an
effect, three AMOOFDM-SCM schemes, known as
AMOOFDM-SCM scheme I, II and III, have been
proposed for different application scenarios [7].
AMOOFDM-SCM scheme I uses two real-valued DSB
SCM subcarriers, with one operating at the baseband and
the other being modulated onto an intermediate RF carrier.
AMOOFDM-SCM scheme 1II is formed by inserting,
between the optical carrier and the baseband SCM
subcarrier of scheme I, a spectral gap having a width of
twice of the SCM subcarrier bandwidth. In AMOOFDM-
SCM scheme 111, single sideband (SSB) modulation in the
electrical domain is applied to the two SCM subcarriers of
AMOOFDM-SCM scheme II. It has been shown that,
AMOOFDM-SCM scheme I, II and III are capable of
supporting more than 60 Gb/s signal transmission over
60 km SMFs in IMDD systems without optical amplifica-
tion and chromatic dispersion compensation [7].

However, in each of the aforementioned AMOOFDM-
SCM schemes, two inverse fast Fourier transform (IFFT/
FFT) operations are required to produce two real-valued
SCM subcarriers. As the IFFT and FFT are the most
computationally intense functions and require significant
amount of logic resources in each AMOOFDM modem
[8], this design may increase the system complexity and
cost.

To address the above-mentioned challenge, in this paper,
three significantly simplified AMOOFDM-SCM modem
configurations, referred to as reconfigurable scheme (RS) 1,
II and III, are proposed, for the first time, each of which
requires a single IFFT/FFT operation only. The general
structures of the three proposed RS modems are similar to
those corresponding to these AMOOFDM-SCM schemes
[7]. The considerable differences between these two sets of
modems are the signal processing approaches used in
distributing the encoded incoming data prior to the IFFT
operation in the transmitter and those adopted in recover-
ing the received data after the FFT operation in the
receiver, as discussed in Section 2.

Investigations show that the RS modem configurations
support transmission performances identical to those
presented in Ref. [7] without compromising system
flexibility and performance robustness to variations in
transmission link characteristics. More importantly, the
simplified RS modems also offer input/output reconfigur-
ability: in the transmitter, the input data can be either from
two independent data sources, or from a single data source,
which is then split into two sets of data. For simplicity, here
these two sets of data are denoted as {4} and {B}. As

shown in Section 2, an appropriate arrangement of these
two sets of data at the input of the IFFT operation enables
that the in-phase (/) and quadrature (Q) components at the
output of the IFFT operation convey information only from
{4} and {B}, respectively. Therefore, {4} and {B} can be
recovered independently by two individual end-users in
the receiver. Alternatively, these two sets of data can also
be recovered simultaneously by a single end-user using a
similar receiver. It is also worth mentioning that coherent
OOFDM [9] or OOFDM based on complex RF up-
conversion [3] is not capable of offering the above-
mentioned input/output reconfigurability, as the resulting /
and Q components in the transmitter are not separable.

Apart from the features mentioned above, when use is
made of the proposed RS modems in access networks such
as wavelength division multiplexed passive optical net-
works (WDM-PONS), as discussed in Section 3, the RS
modems also reveal the following salient advantages: 1)
supporting the doubled number of end-users without
increasing the number of wavelengths; 2) significantly
reducing system complexity and cost when compared to
conventional AMOOFDM-SCM schemes, and 3) provid-
ing a number of extra network functionalities including for
example dynamic bandwidth allocation, broadcasting
functionality and network monitoring. It should be noted
that, the proposed RS modems inherit all the advantages of
conventional AMOOFDM-SCM including, for example,
significant relaxation of the minimum requirements on key
component parameters, excellent performance robustness
to variations in transmission link characteristics and
efficient utilization of link frequency response character-
istics.

The paper is organized as follows. In Section 2, the
simplified RS modems are described with special attention
being given to the signal processing approaches for
distributing (recovering) data before the IFFT (after the
FFT). In Section 3, the advantages of utilizing the RS
modems in WDM-PON systems are discussed in detail. In
Section 4, the transmission performance of the proposed
RS modems are presented and discussed. Finally, the paper
is summarized in Section 5.

2 Reconfigurable modem designs

Since RS 1III is of the highest complexity among the three
RS modems proposed, in Fig. 1, the schematic transceiver
diagram of RS III is illustrated, whose operating principles
are described below. The corresponding information for
RS I and 1II is, however, not presented in detail here, as it
can be understood easily using RS Il and AMOOFDM-
SCM scheme I and II. The signal spectra of the three
proposed RS modems are illustrated in Fig. 2. A single-
channel IMDD SMF transmission link operating at 1550
nm is considered, in which optical amplification and
chromatic dispersion compensation are excluded.
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Fig. 2 Signal spectra of proposed RS modems. USB: upper sideband spectrum of SCM subcarrier; LSB: lower sideband spectrum of
SCM subcarrier. (a) RS I; (b) RS II; (c) RS III
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In all the AMOOFDM-SCM transmitters reported
previously [6,7], AMOOFDM subcarriers, which consist
of a total number of 2N parallel data including both the
encoded original data and their conjugate counterparts, are
arranged at the input of the IFFT to satisfy the Hermitian
symmetry. For each individual modem, such an input data
arrangement leads to the generation of a real-valued SCM
subcarrier and zero from the real and imaginary IFFT
output ports, respectively. Given the complex property of
the IFFT, only half of the IFFT output ports are employed
for transmission.

In the proposed RS I, II and IIl transmitters,
AMOOFDM subcarriers are a sum of two individual sets
of data, {4} and {B}, each of which contains 2N parallel
encoded data. When the n-th elements of {4} and {B}
satisfy A,y_, =A, and Byy_,= —B, for n = 1,2,
<...2N—1, as well as Im{4y} = Im{4y} =Im{By} =
Im{By} =0, as illustrated in Fig. 3, after applying the
IFFT operation to the sum of {4} and {B}, a k-th output
symbol can be written as

2N -1 2N -1

Slz:lJrB(t) _ Z A,,E,szmﬁ + Z B”ejZﬂ:nAft
n=0 n=0

=l 4(t) +O 5(1), (1)

where Af is the frequency spacing between two adjacent
AMOOFDM subcarriers. Equation (1) indicates that the
input data distribution adopted here enables full use of both
components, [, 4(¢) and Q; z(¢). More importantly, 7, 4(¢)
conveys information only from {4} and Oy (¢) conveys
information only from {B}. Such a feature enables the
independent transmission of two sets of data with a single
IFFT operation being involved. I, 4(¢) and Q, z(¢) are
then used to generate two SCM subcarriers, which are
transformed into two real-valued DSB baseband analogue
SCM subcarriers, Apgpi(f) and Apgpa(?), following a
number of operations including cyclic prefix insertion,
parallel-to-serial conversion and digital-to-analogue con-
version.

To reduce the subcarrier x subcarrier beating-induced
cross-talk effect, in RS III, a phase-shift method based
on the Hilbert transform [10] is applied to Apsg;(?)
and Apspy(f) to generate two real-valued SSB SCM

A,+B,

IFFT

=

A2an+BZN*n:An 7Bn

subcarriers, Ssgp1(?) and Ssgp2(?), which can be expressed
as

SSSBm (t) = ADSBm (t)COS(CORFmZ) 7H{ADSBm (t) }Sin(wRFmt)a
m=12 (2)

where H{Apsgp,,(f)} is the Hilbert transform of Apgg,,(?).
WRrF, 18 the intermediate RF frequency corresponding to
the m-th SCM subcarrier within an AMOOFDM-SCM
signal.

An intensity modulator is driven directly by

Se(t) = Ssspi1(?) + Ssspa2(?) + Ipc, 3)

where I is the added DC component to ensure that S, (¢)
is always positive. Sssp1(?) and Sssgo(?) are linearly scaled
to have identical electrical powers. For simplicity, an ideal
intensity modulator is assumed, which produces optical
output signals having waveforms governed by S,(¢) =

v/S.(¢) [7]. As a semiconductor optical amplifier (SOA)
operating at a strongly saturated optical gain region has an
effective bandwidth comparable to the entire AMOOFDM-
SCM signal bandwidth [11], the SOA can, therefore, be
utilized to perform such intensity modulation. Compared
to Mach-Zehnder intensity modulators, the use of SOA
intensity modulators is very cost-effective and can avoid
conducting compensation for //Q imbalance and bias
deviation, thus resulting in the simplified modem design
and cost reduction [12]. In addition, the SOA intensity
modulators can also support colourless transmitters [13].
An ideal optical filter is also introduced to produce optical
SSB signals for all transmission cases considered in this
paper.

At the output facet of the SMF link, the transmitted
optical signal is converted into the electrical domain by a
square-law photodetector. After independently performing
RF down-conversion using different RF frequencies, and
undertaking, in a reverse procedure compared to the
transmitter, a sequence of essential signal processing
operations required prior to the FFT, two digital baseband
SCM subcarriers are obtained. When both of these
baseband SCM subcarriers are used as the inputs to the
real and imaginary input ports of the FFT operation, both
{A} and {B} can be recovered simultaneously by making
use of the formulas

/ I: in-phase component conveys information from A

\ ©: quadrature component conveys information from B

Fig. 3 Illustration of generation of pure real-valued symbols and pure imaginary-valued symbols
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where S, is the n-th AMOOFDM subcarrier at the FFT
output. On the other hand, when use is made of a single
baseband SCM subcarrier, only {4} or {B} can be
recovered directly without requiring Eqgs. (4) and (5). It
should be noted, in particular, that the aforementioned data
recovering processes are independent upon each other and
can take place simultaneously, when a dedicated FFT
operation is provided for the selected SCM subcarrier(s).
Clearly, the aforementioned input/output reconfigurability
also holds for RS I and II.

3 Adanvantages of RS modems for acess
networks

Compared to conventional AMOOFDM-SCM schemes,
the RS schemes not only simplify the modem configura-
tions due to the employment of a single IFFT/FFT in the
transmitter/receiver, but also offer input/output reconfigur-
ability. These features can bring a number of salient
advantages when use is made of the RS modems in WDM-
PONSs. The advantages are listed as follows:

Dynamic bandwidth allocation capability: In pure
WDM-PONSs, one optical channel having a fixed band-
width is assigned to one dedicated end-user only. Without
requiring any modifications to the fibre infrastructure and
by using a single optical channel only, the use of the RS
modems allows two end-users to share dynamically a total
bandwidth of twice of that corresponding to a single end-
user. Clearly, this capability can offer bandwidth saving if a
single end-user does not require the service in a specific
time slot. In addition, the dynamic bandwidth allocation
capability is also able to realize service classification [14]
by carrying high priority services via one of the data sets
{4} or {B}, and the rest services via the other data set.

Doubled number of end-users: In comparison with the
number of end-users supported by a pure WDM-PON
having a specific number of optical wavelengths, the
employment of the RS modems in such a network is able to
double the number of end-users served without compro-
mising the bandwidth offered to each end-user.

Broadcasting functionality: Instead of transmitting end-
user data, one of the data sets can be utilised to carry a
broadcasting signal, which is distributed to each end-user
along with its own traffic carried by the other data set.
Therefore, network services such as video overlay [15] can
be simply realized by this broadcasting functionality

without changing network infrastructure and the attached
transceivers.

Network monitoring functionality: As discussed in
Section 2, {4}, {B} and {A4}+{B} can be recovered
simultaneously and independently. This indicates that use
can be made of the RS modems to perform network
functionalities such as network monitoring and resilience.
Generally speaking, the RS modems can have a structure
of three independent receivers. Two receivers for two end-
users to receive data {4} and {B} respectively, while the
third receiver to collect the combination of data traffic {4}
and {B} in order to check the network resilience
simultaneously.

Cost reduction: When compared to conventional
AMOOFDM-SCM schemes, the use of the RS modems
in WDM-PON:Ss brings significant cost savings, due to their
features including, for example, simplified modem config-
urations and doubled number of end-users served.

In addition, it can be easily estimated that, compared to
conventional AMOOFDM-SCM, the RS modems can not
only bring potentially reductions in power consumptions,
but also significantly simplify synchronization processes
as the RS modems can omit precise time synchronization
of two parallel AMOOFDM modems required in an
conventional AMOOFDM-SCM modem.

4 Transmission performance

In simulating the transmission performances of RS I, Il and
III, 64 AMOOFDM subcarriers are considered, of which
31 having identical powers carry real data and one has no
power. The modulation formats taken on each
AMOOFDM subcarrier vary from differential binary
phase shift keying (DBPSK), differential quadrature
phase shift keying (DQPSK), and 16 to 256 quadrature
amplitude modulation (QAM), depending on the fre-
quency response of a specific transmission link. The cyclic
prefix (CP) parameter defined in Ref. [16] is chosen to be
25%. 1t should be noted that the CP length required by the
transmission links considered in this paper can be reduced,
leading to an improved transmission performance [17].
However, to examine the validity of the proposed RS
modems, fair comparisons are necessary between the
results presented here and those obtained in Ref. [7], a CP
value of 25% is, therefore, considered in this paper. The
DAC/ADC operates at 12.5 GS/s and 7-bit quantization.
Based on these parameters, each SCM subcarrier has a
bandwidth of 6.25 GHz. To reduce the peak-to-average
power ratio, signal clipping is applied to each of the SCM
subcarriers, and the clipping level defined in Ref. [16] is
taken to be 13 dB, which is an optimum value identified in
Ref. [18]. Optical powers coupled into the SMF links are
fixed at 6.3dBm. All other parameters that are not
explicitly mentioned above can be found in Ref. [7].
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In addition, a comprehensive theoretical SMF model and
a photodetector model are adopted, both of which are
employed successfully in Refs. [1,7].

To demonstrate the maximum achievable signal trans-
mission performances of the proposed RS modems, the
signal line rate is defined as

31
2 ZMmk

Z 2N + Nep)T. ©

where m is the index of the SCM subcarriers. M, is the
number of binary bits carried by the &-th AMOOFDM
subcarrier in the m-th SCM subcarrier. N, is the number of
samples occupied by the cyclic prefix. 7 is the ADC
sampling period. A R, corresponding to a total channel bit
error rate (BER) of less than 1.0x 107 is considered to be
valid. The BER is obtained by using direct error counting
within 1400 OFDM symbols, which are oversampled to
give a total number of sample points of 1024976 per data
sequence.

When use is made of the RS modems, the maximum
achievable transmission capacity for each optical channel
depends on the intermediate RF frequency of the SCM
subcarrier in each RS modem. For a given transmission
link, an appropriate frequency adjustment is essential to
position the SCM subcarrier in a desired link frequency
response region, where the SCM subcarrier suffers a
relatively low transmission loss and simultaneously the
reduced cross-talk effect. To identify the optimum SCM
subcarrier frequencies of the three RS modems, the
transmission capacities versus RF frequency for 40 km
SMF transmission links are shown in Fig. 4, where the
corresponding behaviours are also given for conventional
AMOOFDM-SCM modems.

Figure 4(a) shows wrp; dependent transmission perfor-
mances of RS II and III for fixed wgry, values of 45 GHz
(RS 1) and 38 GHz (RS III). Upon direct detection in the
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receiver, beatings between different AMOOFDM subcar-
riers of the same SCM subcarrier produce an unwanted
spectral distortion region occurring in the vicinity of the
optical carrier. Such a spectral distortion region has a
bandwidth of twice of the SCM subcarrier bandwidth [7].
The use of wgp; is to separate such an unwanted spectral
region from the useful SCM subcarrier spectrum. Taking
into account Fig. 2, discussions in Section 2 and the
simulation parameters listed above, it is very easy to
understand that the optimum wgg; values for RS II and II1
are approximately 19 and 12 GHz, respectively, as seen in
Fig. 4(a). A wrp; value lower than the optimum value
increases the overlap between the spectral distortion region
and the first SCM subcarrier. On the other hand, a wgrp;
value higher than the optimum one enhances not only the
cross-talk effect between the two SCM subcarriers, but
also the transmission loss experienced by the first SCM
subcarrier. The origin of the frequency dependent
transmission loss effect is due to the fact that an IMDD
transmission link has a Gaussian-shaped frequency
response with its peak occurring at the optical carrier,
and the frequency response becomes narrow for a long
transmission distance [1, 8,17,18].

Based on the identified optimum wgp; values for
different RS modems, wgp, dependent transmission
performances of RS 1, II and III are shown in Fig. 4(b),
from which the optimum wgp, values of approximately 20,
45 and 38 GHz are identified for RS I, II and III,
respectively. The beating between different SCM sub-
carriers causes the generation of unwanted products
occurring at a spectral region between the two SCM
subcarriers. A decrease in wgrp, increases the cross-talk
effect. On the other hand, as explained above, a large wgg>
value results in a high transmission loss. The co-existence
of the SCM subcarrier beating-induced cross-talk effect
and the transmission loss effect contributes to the
occurrence of optimum wgg, values for the RS modems.
In comparison with RS II, the reduction in the optimum
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Fig. 4 Optimum SCM subcarrier frequencies for different modem designs. RS: reconfigurable modem; AS: conventional AMOOFDM-
SCM scheme. (a) Transmission performance as function of wr; for RS (AS) scheme II and I1I; (b) transmission performance as function

of wgrp, for RS (AS) scheme I, 1I and 111
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wryo value for RS 111 is a direct result of the use of SSB
modulation in RS III. Furthermore, it is also very
interesting to note from Fig. 4 that the optimum wgrg»
value for RS I is very similar to the optimum wgrg; value
for RS II. This confirms the physical origin of the optimum
RF frequencies.

In addition, numerical simulations also show that, for RS
IT and III the optimum wgp; value is independent of
transmission distance, and that an extension of the
transmission distance from 40to 80km reduces the
optimum wgp, by approximately 1, 4 and 2 GHz for RS
I, IT and I11, respectively. Such behaviours can be explained
easily by considering the physical mechanisms discussed
above.

Figure 5 shows the maximum achievable transmission
performances of RS I, I and III, by taking into account the
identified optimum RF frequencies. For performance
comparisons and examination of the validity of the
proposed modems, achievable transmission performances
of AMOOFDM-SCM schemes I, II and III as well as
conventional AMOOFDM modems are also plotted in the
same figure. It is shown that, over the entire transmission
range of up to 100 km, the transmission capacity versus
reach performances achieved by the proposed RS modems
are almost identical to those supported by the correspond-
ing AMOOFDM-SCM schemes. It should be pointed out,
in particular, that such transmission capacities are achieved
using the simplified modem designs. This verifies the
validity and effectiveness of the proposed RS modems. In
comparison with the conventional AMOOFDM modems,
the RS modem designs can not only improve the signal
transmission capacity versus reach performance by a factor
of at least 1.5 for transmission distances of up to 60 km, but
also retain excellent performance robustness to variations
of the transmission link characteristics.

For short transmission distances of, say less than 20 km,
almost no performance difference among the three RS
modem designs is observed. This is because the cross-talk

o (o)
(= (=]
T T

W
(=]
T

signal line rate/(Gb-s™")
.
(e
T

—e—RS | —0—AS |
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transmission distance/km

Fig. 5 Signal transmission capacity versus reach performance of
different modem designs. RS: reconfigurable modem; AS:
AMOOFDM-SCM scheme

effect is much less pronounced owing to short transmission
distances [6,7]. Whilst for SMF link lengths in a range
from 20 to 40km, the signal transmission capacities
achieved by RS II and III are very similar, which are,
however, much higher than those supported by RS I, as
shown in Fig. 5. This is due to the use of spectral gaps in
RS II and III, which distinguishes the first SCM subcarrier
from the unwanted beating products occurring in the
vicinity of the optical carrier. Over a transmission distance
region of 40—80 km, RS III offers the highest transmission
performance due to the SSB SCM subcarrier-induced
significant reduction in the cross-talk effect between
different SCM subcarriers. Over such a transmission
region, the observed rapid performance degradation of
RS II originates mainly from an increase in transmission
loss due to the employment of a large wgp, in RS II. The
IMDD link frequency response becomes narrow for
transmission distances of longer than 80 km, leading to
considerable reductions in signal transmission capacity for
RS II and III, as their signal bandwidths are much wider
than those corresponding to RS 1. It is also worth
addressing that the proposed RS modems can support
transmission capacities of higher than 100 Gb/s by
increasing slightly the sampling rates of ADCs/DACs.
The sampling rates adopted in the RS modems can,
however, be much lower than those predicted in Ref. [4].

5 Conclusions

Three novel RS modems have been proposed, each of
which, has a number of salient advantages including a
significantly simplified modem configuration due to the
involvement of a single IFFT/FFT operation, input/output
reconfigurability, dynamic bandwidth allocation capability,
cost reduction and system flexibility and performance
robustness to variations in transmission link conditions. In
addition, the proposed RS modems also offer broadcasting
and performance monitoring functionalities. Investigations
have shown that RS I, II and III modems are capable of
supporting higher than 60 Gb/s signal transmission over
20, 40 and 60km SMFs respectively in IMDD SMF
transmission links without optical amplification and
chromatic dispersion compensation.
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