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Abstract: Coherent opticall OFDM (CO-OFDM) has recently been
proposed and the proof-of-concept transmission experiments have shown its
extreme robustness against chromatic dispersion and polarization mode
dispersion. In this paper, we first review the theoretical fundamentals for
CO-OFDM and its channel model in a 2x2 MIMO-OFDM representation.
We then present various design choices for CO-OFDM systems and perform
the nonlinearity analysis for RF-to-optical up-converter. We also show the
receiver-based digital signal processing to mitigate self-phase-modulation
(SPM) and Gordon-Mollenauer phase noise, which is equivalent to the mid-
span phase conjugation.
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1. Introduction

There are two trends which are ever evident in today’s optical networks: (i) the transmission
data rate per channel has been fast increasing and rapidly approaching 100 Gb/s, and (ii) the
dynamically reconfigurable network has gradually become a reality thanks to deployment of
optical Add/Drop Multiplexers (OADM). These trends place significant challenges to the
high-speed transmission link for the optical networks. In particular, as the transmission rate
approaches 100 Gb/s, conventional meticulous per-span optical dispersion compensation
becomes too costly and time-consuming if not possible, as the dispersion compensation
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requires precise fiber dispersion measurement and precise matching of the dispersion
compensation cross broad wavelength range. Most importantly, a dynamically reconfigurable
network mandates a fast link setup and leaves the manual optical dispersion compensation
impractical. Coherent optical orthogonal frequency-division multiplexing (CO-OFDM) has
been recently proposed in response to the above-mentioned challenges[1]. OFDM isa multi-
carrier transmission technique where a data stream is carried with many lower-rate subcarrier
tones [2]. It has emerged as the leading physical-layer interface in wireless communications
in the last decade. OFDM has been widely studied in mobile communications to combat
hostile frequency-selective fading and has been incorporated into wireless network standards
(802.11a/g WiFi, HiperLAN2, 802.16 WiMAX) and digital audio and video broadcasting
(DAB and DVB-T) in Europe, Asia, Australia, and other parts of the world. CO-OFDM
combines the advantages of ‘coherent detection’ and ‘OFDM modulation’ and posses many
merits that are critical for future high-speed fiber transmission systems. First, the chromatic
dispersion and polarization mode dispersion (PMD) of the transmission system can be
effectively estimated and mitigated. Second, the spectra of OFDM subcarriers are partialy
overlapped, resulting in high optical spectral efficiency. Third, by using direct up/down
conversion, the electrical bandwidth requirement can be greatly reduced for the CO-OFDM
transceiver, which is extremely attractive for the high-speed circuit design, where electrical
signal bandwidth dictates the cost. At last, the signal processing in the OFDM transceiver can
take advantage of the efficient algorithm of Fast Fourier Transform (FFT)/Inverse Fast
Fourier Transform (IFFT), which suggests that OFDM has superior scalability over the
channel dispersion and data rate. CO-OFDM was first proposed to combat chromatic
dispersion [1]. It was soon extended to polarization-diversity detection, and has been shown to
be resilient to fiber PMD [3]. The first CO-OFDM transmission experiment has been reported
for 1000 km SSMF transmission at 8 Gh/s[4], and more CO-OFDM transmission experiment
has quickly been reported for 4160 km SSMF transmission at 20 Gb/s [5]. The first CO-
OFDM transmission with polarization-diversity has recently been demonstrated showing
record PMD tolerance [6]. In the same report [6], the first experiment of nonlinearity
mitigation has also been reported for CO-OFDM systems. Although this paper places a focus
on the coherent flavour of optical OFDM, we would like to stress that the direct detection
flavour of optical OFDM has also been actively pursued by other groups, with applications
including multimode fiber transmission [7-8], short-haul single-mode transmission [9], and
long haul transmission [10-11].

In this paper, we focus our attention on the theory and design aspects of CO-OFDM. We
first review the theoretical fundamentals for CO-OFDM. We then present various design
choices for CO-OFDM systems as well as the nonlinearity analysis for the OFDM RF-to-
optical up-converter. We also show the receiver-based digital signal processing to mitigate
self-phase modulation (SPM) and Gordon-Mollenauer phase noise.

2. Theoretical fundamentalsfor CO-OFDM
2.1 Principle of orthogonal frequency-division multiplexing (OFDM)

OFDM is a special form of a broader class of multi-carrier modulation (MCM), a generic
implementation of which is depicted in Fig. 1. The structure of a complex mixer (IQ
modulator/demodulator), which is commonly used in MCM systems, is also shown in the

figure. The MCM transmitted signal S(t) is represented as

s(t) = i ickisK(t—iTs) (1)

i=—0 k=1
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s (t) =TI(t)exp(j 2~ f,t) 2

1, (O<t<Ty
o = { 0, (t<0,t>T:) ©

where ¢ is the ith information symbol at the kth subcarrier, S, is the waveform for the kth

subcarrier, Nsc is the number of subcarriers, fis the frequency of the subcarrier, and Tsis the
symbol period. The optimum detector for each subcarrier could use a filter that matches the
subcarrier waveform, or a correlator matched to the subcarrier as shown in Fig. 1. Therefore,

the detected information symbol q’k at the output of the correlator is given by

Ts Ts
Go = [r(t=iT,)s\dt = [r(t—iT,)exp(-j2z f 1)t @)
0 0
Q"@*
exp(j2z fit)
C2
Channel
exp(j27fyt) H (f)
exp(j2r fygt) exp(—j27 fygt)
cos(2r ft)
1Q Modulator/ l
Demodulator Re()
c Z _ Re(2)
exp(j2rft) Im(c z=cexp(j2rft)
—sin(2z ft)

Fig. 1. Conceptual diagram for a generic multi-carrier modulation (M CM) system

where r(t) is the received time-domain signal. The classical MCM uses non-overlapped band-
limited signals, and can be implemented with a bank of large number of oscillators and filters
at both transmit and receive end. The major disadvantage of MCM isthat it requires excessive
bandwidth. This is because in order to design the filters and oscillators cost-efficiently, the
channel spacing has to be multiple of the symbol rate, greatly reducing the spectral efficiency.
A novel approach caled orthogonal frequency-division multiplexing (OFDM) was
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investigated employing overlapped yet orthogonal signal set [12-13]. This orthogonality
originates from the straightforward correlation between any two subcarriers, given by
1% 1%
S, =—|ss,dt=—|exp(j2r(f —f)t)dt
W Ts'([S( | T'[ p(J (f, |))

s 0

()

. Sln(ﬂ-( fk_fI)Ts)
=ex f,— )T
p(Jﬂ-( k |) s) ﬂ,(fk_fl)-l-s
It can be seen that if the following condition
1
fk — f| = m? (6)

S

is satisfied, then the two subcarriers are orthogonal to each other. This signifies that these
orthogonal subcarrier sets, with their frequencies spaced a multiple of inverse of the symbol
rate can be recovered with the matched filters (Eq. 4) without inter-carrier interference (ICl),
in spite of strong signal spectral overlapping.

OFDM Transmitter

Data /P | *|Subcarrier| | IDET
*|Symbol .
“|Mapper Ly

OFDM Receiver
= I

P/IS Data
Data <+— : DFT

.| Symbol . [¢— A/D [¢—| LPF
. | Decision | - Received
<« -«— 1 <“—BPF ¢ Signal r(t)

Frequency offset
compensation
S g -y
Subcarrier

K Recovery /

S/P: Serial-to-parallel Gl: Guard Time Insertion D/A: Digital-to-Analog (I)DFT:
(Inverse ) Discrete Fourier Transform LPF: Low Pass Filter BPF: Band Pass Filter

1244

Transmitted
Signal s(t)

t
t11

Fig. 2. Conceptual diagram for the OFDM transmitter and receiver

A fundamental challenge with the OFDM is that alarge number of subcarriers are needed
so that the transmission channel affects each subcarrier as a flat channel. This leads to an
extremely complex architecture involving many oscillators and filters at both transmit and
receive end. Weinsten and Ebert first revealed that OFDM modulation/demodulation can be
implemented by using Inverse Discrete Fourier Transform (IDFT)/Discrete Fourier Transform
(DFT) [14]. Thisisevident by studying OFDM modulation (Eg. 1) and OFDM demodulation
(Eq. 4). It follows that the modulation can be performed by IDFT of the input information
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symbol ¢, and the demodulation by DFT of the sampled received signa r(t). The
corresponding architecture using DFT/IDFT and digital-to-analog/anal og-to-digital converter
(DAC/ADC) are shown in Fig. 2. At the transmit end, the input data bits are mapped onto
corresponding information symbols of the subcarriers within one OFDM symbol, and the
digital time domain signal is obtained by using IDFT, which is subsequently inserted with
guard interval and converted into real time waveform through DAC. The guard interval is
inserted to prevent inter-symbol-interference (1SI) due to channel dispersion. The baseband
signal can be up-converted to an appropriate RF band with an 1Q mixer/modulator. At the
receive end, the OFDM signal is first down-converted to baseband with an 1Q demodulator,
and sampled with an ADC, and demodulated by performing DFT and baseband signal
processing to recover the data.

2.2 Cyclic prefix for OFDM

One of the enabling techniques for OFDM is the insertion of cyclic prefix [2]. Let us first
consider two consecutive OFDM symbols that undergo a dispersive channel with a delay
spread of tg. For simplicity, each OFDM symbol includes only two subcarriers with the fast
delay and slow delay differenced at ty, represented by ‘fast subcarrier’ and ‘slow subcarrier’,
respectively. Figure 3(a) shows that inside each OFDM symbol, the two subcarriers, ‘fast
subcarrier’ and ‘slow subcarrier’ are aligned upon the transmission. Figure 3(b) shows the
same OFDM signals upon the reception where the ‘slow carrier’ is delayed by ty against the
‘fast carrier’. We select a DFT window containing a complete OFDM symbol for the ‘fast
subcarrier’. It is apparent that due to the channel dispersion, the ‘slow subcarrier’ has crossed
the symbol boundary leading to the interference between neighboring OFDM symboals,
formally, the inter-symbol-interference (I1Sl). Furthermore, because the OFDM waveform in
the DFT window for ‘slow subcarrier’ is incomplete, the critical orthogonality for the
subcarriersislost, resulting in an inter-carrier-interference (1Cl) penalty.

Cyclic prefix was proposed to resolve the channel dispersion induced 1S and ICI [2].
Fig. 3(c) shows insertion of a cyclic prefix by cyclic extension of the OFDM waveform into

the guard interval, A; . As shown in Fig. 3(c), the waveform in the guard interval is

essentially an identical copy of that in the DFT window, with time-shifted by ‘ty behind.
Figure 3(d) shows the OFDM signal with the guard interval upon reception. Let us assume
that the signal has traversed the same dispersive channel, and the same DFT window is
selected containing a complete OFDM symbol for the ‘fast subcarrier’ waveform. It can be
seen from Fig. 3(d), a complete OFDM symbol for ‘slow subcarrier’ is also maintained in the
DFT window, because a proportion of the cyclic prefix has moved into the DFT window to
replace the identical part that has shifted out. As such, the OFDM symbol for ‘dow
subcarrier’ isan ‘almost’ identical copy of the transmitted waveform with an additional phase
shift. This phase shift is dealt with through channel estimation and will be subsequently
removed for symbol decision. Now we arrive at the important condition for |SI-free OFDM
transmission, given by

t, <Ag (7)
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Fig. 3. The OFDM signals (a) without cyclic prefix at the transmitter, (b) without cyclic
prefix at the receiver, () with cyclic prefix at the transmitter, and (d) with cyclic prefix at
thereceiver.

It can be seen that to recover the OFDM information symbol properly, there are two
critical procedures that need to be carried out, (i) selection of an appropriate DFT window,
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called DFT window synchronization, and (ii) estimation of the phase shift for each subcarrier,
caled channel estimation or subcarrier recovery. Both signal processing procedures are
actively-pursued research topics, and the their references can be found in books and journal
papers[2, 15,16].

2.3 Principle of coherent optical OFDM

Because of its extreme resilience to the channel dispersion, OFDM has been actively explored
for applications in the optical domain. The most critical assumption for OFDM is the linearity
in modulation, transmission, and demodulation. Consequently, a linear transformation is the
key goal for the OFDM implementation. A generic optical OFDM system can be divided into
five functional blocks including (i) the RF OFDM transmitter, (ii) the RF-to-optical (RTO)
up-converter, (iii) the optical channel, (iv) the optical-to-RF (OTR) down-converter, and (v)
the RF OFDM receiver [1]. The detailed architecture for the RF OFDM transmitter/receiver
has been shown in Fig. 2, which generates/recovers the OFDM signals either in baseband or
RF band. Let us assume for now a linear optical fiber channel where the fiber nonlinearity is
not considered. It is apparent that the challenges for CO-OFDM implementation are to obtain
a linear RTO up-converter and linear OTR down-converter. It has been proposed and
analyzed that by biasing the Mach-Zehnder modulators (MZMs) a null point, a linear
conversion between the RF signal and optical field signal can be achieved [1,17]. We will
further treat this important issue of the (non)linearity of the RTO up-converter in section 4. It
has also been shown that by using coherent detection, a linear transformation from optical
field signal to RF (or electrical) signal can be achieved [1,18,19]. Now by putting together
such a composite system cross RF and optical domain [1,17], a linear channel can be
constructed where OFDM can perform its best, i.e., mitigating channel dispersion impairment,
in both RF domain and optical domain. We will present a channel model for such a composite
system cross RF and optical domain in the section 3. In this paper, we use the term ‘RF
domain’ and ‘electrical domain’ interchangesbly.

2.4 Optical spectral efficiency for CO-OFDM

In CO-OFDM systems, Nsc subcarriers are transmitted in every OFDM symbol period of T
Thusthe total symbol rate Rfor CO-OFDM systemsis given by

R=N_/T, ®

Figure 4(a) shows the spectrum of wavelength-division-multiplexed (WDM) channels
each with CO-OFDM modulation, and Fig. 4(b) shows the zoomed-in optical spectrum for
each wavelength channel. We use the bandwidth of the first null to denote the boundary of
each wavelength channel [2]. The OFDM bandwidth, Borpw iS thus given by

2 Nsc-1
Borom = i + t, )

where t; is the observation period [Fig. 3(c)]. Assuming a large number of subcarriers used,
the bandwidth efficiency of OFDM 77isfound to be

R =20, o= L (10)
BOFDM T

The factor of 2 accounts for two polarizations in the fiber. Using atypical value of 8/9[1-
2], we obtain the optical spectral efficiency factor 77 of 1.8 Baud/Hz. The optical spectral

n=2
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efficiency gives 3.6 bit/Hz if QPSK modulation is used for each subcarrier. The spectral
efficiency can be further improved by using higher-order QAM modulation [20].

To practically implement CO-OFDM systems, the optical spectral efficiency will be
reduced by needing a sufficient guard band between WDM channels taking account of the
laser frequency drift about 2 GHz. This guard band can be avoided by using the orthogonality
cross the WDM channels, which will be further discussed in the next subsection.

(a) (b)

WDM WDM WDM BOFDM
Channel 1 Channel 2 Channel N

\ |
1| . M- ] e

Optical Frequency (f) Optical Frequency (f)

(c)
Channel 1 Channel 2 Channel N

HHHHHHHH\H ............. M

T

Optical Frequency (f)
OFDM channels, (b) zoomed-in spectrum for one WDM channel, and (c) cross-
channel OFDM (XC-OFDM) without guard band.

2.5 Cross-channel OFDM (XC-OFDM): multiplexing without guard band

The laser frequency drift of WDM channels can be resolved by locking all the lasers to the
common optical standard such as an optical comb [21]. In so doing, all the subcarriers cross
the WDM channels can be orthogonad, i.e., the orthogonality condition of Egs. (5)-(6) is
satisfied for any two subcarriers, even from different WDM channels. As shown in Fig. 4(c),
the subcarrier f;in channel 1 is orthogonal to another subcarrier f; in different channel (channel
2). We cal this foom of OFDM cross-channel OFDM (XC-OFDM), namely, the
orthogonality applies to the subcarriers from different channels. The term of ‘channel’
discussed here in a broader sense could be either ‘RF one or ‘optical’ one, i.e., XC-OFDM
can be realized through RF subcarrier multiplexing [5] or wavelength multiplexing shown in
Fig. 4(c). An optical or electrical filter with bandwidth dlightly larger than the channel
bandwidth can be used to select the desired channel. The inter-channel interference is avoided
through the orthogonality of XC-OFDM subcarriers. Consequently, no frequency guard band
is necessary in such a scheme. However this requires the DFT window synchronization cross
WDM channels as we discuss in the section 2.2, which may be difficult to implement.
Furthermore, to comply with optical add/drop, a small number of such XC-OFDM channels
can be grouped/banded together to allow for guard band between individual group/band, in a
similar manner to all-optical OFDM [22].

We would stress the fundamental difference between XC-OFDM proposed here and
coherent WDM [ 23] or al-opticdl OFDM [22]. First, with XC-OFDM, tight phase
stabilization and bit synchronization between WDM channels are not necessary. Second,
because OFDM is used in each channel, no optical dispersion compensation is required for
XC-OFDM.
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3. Channel modd for CO-OFDM

The channel model describes the behaviour of communications systems, thus fundamentally
determining the performance of the systems. In this section, we will derive a channel model
for CO-OFDM systems. Figure 5 shows a complete CO-OFDM system which consists of a
CO-OFDM transmitter, an optical link and a CO-OFDM receiver. As thoroughly discussed in
[17], the CO-OFDM transmitter comprises an RF OFDM transmitter and RF-to-optical up-
converter whereas the CO-OFDM receiver comprises an optical-to-RF down-converter and
RF OFDM receiver. Each fibre span consists of chromatic dispersion, multiple stages of high
birefringence (HIBI) elements, and polarization dependent loss (PDL) elements. For the sake
of simplicity, only one stage of the HIBI and PDL elements are shown. The optical noise is
added from the optical amplifiers (OA) at the end of each span.

Span 1 Span m
Optical OFDM - o P eceer
Transmitter Fiber PR g PR ppLe OA Fiber PR P i

: D HIBI R PDLE I:OA

HIBI: High Birefringence Fiber PDLE: PDL Element PR: Polarization Rotator
OA: Optical Amplifier OFDM: Orthogonal Frequency-Division Multiplexing

Fig. 5. A complete CO-OFDM systemincluding PMD, PDL and chromatic dispersion effects.

Following the same procedure in [1, 24] , we first arrive at the received OFDM baseband
signal in time domain r(t) given by

r(t)=e"YUs(t)®@h(t)+N(t) (11)
h(t)=h (t)®h (t)®h, (t) (12)

where ¢ (t) = 9, (t) -4 (1), @,/ @, is the opticdl OFDM transmitter/receiver phase noise,
including optical and RF local oscillator noise, S(t) is the transmitted baseband OFDM signal
[17]. h, hand h are respectively the impulse response functions for the optical OFDM

transmitter, fibre link, and optical OFDM receiver, h is overal end-to-end OFDM link
impulse response function, N(t) is the optical noise added from the OAs throughout the optical
fibre link, and * ® 'stands for convolution. The fiber nonlinearity is not considered in this
section.

Assuming a perfect DFT window and frequency synchronization, the received signal is

sampled and DFT is performed to recover the received OFDM information symbol, which is
given by

CI:i = IiO ) hki 'Cki T EG + Ny (13
Nsc/2-1

&= 2 Cullulimyg (14)
m=—Nsc/2,m=k
Nsc/2-1

j 2znm/ Nsc i,
=5 D, e'¥mieel (15)
n=-Nsc/2

where C,; and C,; are respectively the received and transmitted information symbol for the
kth subcarrier in the ith OFDM symbol, £ istheinter-carrier interference (1CI) noise induced

by the phase noise, N, is the optical noise from OAs, |, is the ICI coupling coefficient
between two subcarriers with distance of m, Nsc is the number of subcarriers. From Eq. (15),
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., isexpressed as

Nsc/2-1 Nsc/2-1

o =7 D, el =ge (1+ jAg,)=e" (16)
n=-Nsc/2 n=-Nsc/2
Nsc/2-1
A¢|n:¢|n_¢|0’ ¢| :N_];c Z ¢|n (17)
n=—Nsc/2

It can be seen that when A@, <<1, |, represents the phase evolution for the entire
OFDM symbol, and subsequently ¢ can be considered as the OFDM symbol phase (OSP),

also known as the common phase error (CPE) [24]. h, is the frequency-domain channel
transfer function given by

m=h2'h'<i'hli (18)
where hii and hlii are respectively the frequency responses of the optical OFDM transmitter
and receiver including the responses of DAC/ADC, RF post/preamplifier, optica 1Q

modulator and balanced photo-detectors. h'q is the frequency response of the fibre including
chromatic dispersion, PMD and PDL effects given by

hll<i = el®¥ Fl;[leXp{(_%j’Bpi’ fk+%dpi).o_:} (19)
oy =m-C-D- 2/ {5 (20)

where @ kD, is the phase shift due to the chromatic dispersion, f, is the frequency for the kth
subcarrier, M is the number of the PMD/PDL cascading elements in the entire fibre link with

each (e.g., pth) section represented by its birefringence vector ﬁp and PDL vector c?p [25],
O is the Pauli matrix vector, D, is the total chromatic dispersion assuming quadratic

dependence on frequency but in general can be an arbitrary function of the frequency,  is
the centre frequency of the transmit/receive laser.

For a large number of subcarriers, € in Eq. (13) can be approximated as the Gaussian

noise [26]. Furthermore, the signal processing in this paper is performed on blocks of large
number of OFDM symbols, e.g., 100 OFDM symbols per block. The optical channel varies
relatively slowly (<10 kHz) and subsequently the channel transfer function within several
blocks of OFDM symbols can be considered constant. For the sake of simplicity, the subscript
‘i’ for channel transfer function h will be dropped, in order to show it is invariant within each
OFDM block. Using small phase noise assumption [Egs. (16, 17)], Eg. (13) becomes

CI:i = e hkai + gki (21)

where {; =€, +ny.

Equations (13) and (21) represent the channel model for CO-OFDM. They can be treated
as coherent optical multiple-input multiple-output OFDM (CO-MIMO-OFDM) models [6].
They serve as the darting point for the CO-OFDM signal processing. From the channel
models, it follows that to recover OFDM information symbol successfully, the knowledge of

channel transfer function h, and phase ¢, is required. The process of determining h, and

¢, are called channel estimation [2,27] and phase estimation (or subcarrier recovery) [2,28],
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respectively. We note that the concept of the coherent optical MIMO for the single-carrier
system has been introduced and discussed in [29].

4. Optical transmitter design for CO-OFDM

As we have discussed in the section 2.3, the primary design goa for CO-OFDM s to
construct a linear transformation system. Consequently, investigation of the nonlinearity of
CO-OFDM transmitter is of vital importance. The MZM characteristic has been extensively
investigated in [30]. The nonlinearity of MZM on the system performance in the direct-
detected systems has been thoroughly studied in [31-32]. It is shown that for the conventional
direct-detected system the optimal bias point is at quadrature and a large signa will add
nonlinearity impairment to the system. In this section we will focus our atention to the
nonlinearity from the OFDM RTO up-converter. We first present the architecture choices for
a generic CO-OFDM system. We then formulate the two-tone nonlinearity representation for
the RTO up-converter that performs the linear transformation from electrical drive voltage to
the optical field.

@ (b)
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Fig. 6. A CO-OFDM system in (a) direct up/down conversion architecture, and (b)
intermediate frequency (IF) architecture.

4.1 Up/down conversion design optionsfor CO-OFDM systems

Figures 6(a) and 6(b) show respectively a CO-OFDM system which uses direct up/down
conversion architecture and intermediate frequency (IF) architecture. In the direct up-
conversion architecture [Fig. 6(a)], the optical transmitter uses an optical 1/Q modulator which
comprises two MZMs to up convert the real/imaginary parts of the s(t) [Eg. (1)], from the RF
domain to the optical domain, i.e., each MZM is respectively driven by the real or imaginary
part of the (t). In the direct down-conversion architecture, the OFDM optical receiver uses
two pairs of balanced receivers and an optical 90° hybrid to perform optical 1/Q detection. The
RF OFDM receiver performs OFDM base-band processing to recover the data. The
advantages for such a direct-conversion architecture are (i) elimination of a need for image
rejection filter in both transmitter and receiver, and (ii) significant reduction of the required
electrical bandwidth for both transmitter and receiver. In the intermediate frequency (IF) up-
conversion architecture, the OFDM base-band signal is first up-converted to an intermediate
frequency fLo, in electrical domain, and the OFDM |F signd is further up-converted to optical
domain with one MZM. In the IF down-conversion system, the optical OFDM signal is first
down-converted to an intermediate frequency fio, and the electrica 1/Q detection is
performed.

Since the transmitter can be of either direct or IF up-conversion architecture, and the
receiver can be of either direct or IF down-conversion architecture, there are four design
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choices for a CO-OFDM system (only two are shown Fig. 6). Furthermore, at the receive
end, direct down-conversion is synonymous with homodyne detection, and IF down-
conversion is synonymous with heterodyne detection. However, the terms of direct-
conversion and | F transmitter/receiver are aready widely-accepted OFDM terminologies, and
subsequently are adopted in this paper to encompass the architectures at both transmit and
receive ends.

4.2 Two-tone intermodul ation analysis

Two-tone analysis is commonly used to characterize RF component and system nonlinearity.
In this section, we will use similar two-tone intermodulation analysis to study the MZM
nonlinearity upon the RF-to-optical conversion for a CO-OFDM transmitter. The result
obtained here should apply to coherent analog multi-carrier systems. For the direct up/down
conversion architecture [Fig. 6(a)], two complex subcarrier tones a v, =v-&“ and

v, =v-e“ are applied to the input of the optical 1/Q modulator. For the sake of simplicity,

we only show the nonlinearity performance analysis for direct up/down conversion
architecture. The optical signal at the output of the optical 1Q modulator is

V, +V, . .
E(t) = A'COS[Z'I-\F/DC}‘eXp( JwLDlt + J¢LD1) (22)

n

7 VotV . .
+A<cos[2- QV Dc}a(p(JwLDlt+”/2+J¢LDl)

T

where A is a proportionality constant. All the proportionality constants will be omitted in the
remainder of the paper. V, and Vg are real and imaginary part of the complex RF drive signa

to each MZM, expressed as V, =v- (cosat + cosw,t) V, = V- (sinat +sinw,t) , Vocis the DC

bias voltage of the modulator, V; is the half-wave switching voltage, w.piJ/ @, is the

frequency/phase for the transmitter laser. After smple rearrangement, the signal at the output
of the optical 1Q modulator becomes

E(t)=e(p( ijD1t+ j¢|_01)' E® (t) (23)
8 M | ind M g : 4 24
E°(t)=cos 7(cosa)lt+cosw2t)+§ +j cos 7(sma)lt+sna)2t)+z (24)

where M =vz/V, is defined as the modulation index, ¢ =V, .z /V, isastatic phase shift (bias
point), and g?(t)is the equivalent base-band (or frequency down-converted) version of the

optical field E(t). The so-defined modulation index M equals to the optical modulation index
of the optical signal if the optical modulator is biased at quadrature in a direct-detected
system. The modulation index M defined here is used to characterize the amplitude of the
drive voltage, and subsequently it is not limited to the upper bound of 1 as the conventional
optical modulation index. We will perform the analysis on g?(t) for the sake of simplicity, as

it is a simple frequency trandation of the optical field E(t). The derived nonlinearity
expression for g8(t) will apply to the optical field E(t).

Expanding the cosine term in (24) using Bessel functions, the fundamental output
component with frequency ¢ , can be expressed as

E® () =2sn(¢/2)- Jo(M/2)- J,(M/2)-€"* (25)

The second-order intermodulation output with frequency ¢ , — ,, can be expressed as
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E®  ()=2-cos(¢/2)- I} (M /2). g/t 2
The third-order intermodulation output with frequency 20, - wz)lwill be

EZE;,zfam (t) =2 Sn(¢/2) : Jl(M /2) . JZ(M/Z) . ej (2wt (27)

We employ the standard nth-order intercept point (IPn) to characterize the modulator
nonlinearity [31]. In particular, P2 (IP3) is the point where the linear extension of the second-
order (third-order) intermodulation output power intersects the linear extension of the
fundamental output power. The intercept points are given in terms of fundamental output
power. IP2 and IP3 are calculated from (25)-(27), and can be expressed as

IP2=2-sin*(¢/2)/ cos*(¢/2) (284)
IP3=4-sin?(¢/2) (28D)

The corresponding intercept points referenced a the input of the optical 1/Q modulator
are given by the modulation index expressed as

M p, = 2-tan(9/2) (29)
M pg = 42 (29b)

It can be shown that (28b) and (29b) are aso valid for the intermediate frequency (IF)
architecture, and the second-order nonlinearity is avoided for the intermediate frequency (1F)
architecture.
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Fig. 7. The first-, second-, and third-order output powers as a function of modulation
index M(dB)=20logM at the bias points of (&) =, and (b) =/2.

Equation (28b) shows that when modulator is biased at the zero output (6==), the IP3 has
the maximum value, or least non-linearity, which means the optimum bias point should be =.
Figures 7(@) and 7(b) show the characteristics of the first-, second-, and third-order
intermodulation as a function of the modulation index M for a bias point of = and quadrature
respectively. It can be seen that at the bias point of =, the fundamental output is maximized
while the second-order intermodulation product is eliminated in comparison with the
guadrature bias point. In the CO-OFDM systems, any pair of the subcarriers will generate
second- and third-order intermodulation products. The system penalty due to the optical 1/Q
modulator nonlinearity under various bias conditions is thoroughly discussed in [17].
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4.3 Discussion of the null bias point of MZM for CO-OFDM systems

The quadrature bias point has been widely adopted for both analog and digital direct-detection
systems. The null bias point for CO-OFDM up-conversion signifies a fundamental difference
between the optical intensity modulation and optical field modulation. For instance, in
coherent detection systems, the transformation between the electrical drive voltage and optical
field is of the concern, whereas in the conventional direct detection systems, the
transformation between the electrical drive voltage and the optical power is of the concern.
Figure 8 shows the transfer functions for both the optical intensity and optical field (1/Q
component) against the drive voltage. In Fig. 8, we assume zero initial phase offset between
the two arms of MZM at zero bias voltage. The transfer function for the direct detection isthe
optical intensity against the drive voltage, whereas the transfer function for the coherent
detection is the I/Q component of the optical field against the drive voltage. It is apparent
from Fig. 8 that the optimal MZM bias for optical intensity modulation is quadrature whereas
the optimal biasfor optical field modulation is the null point.

It is worth noting that the conclusion of the optimal modulator bias of = for the RTO up-
conversion is fundamental in dependent of the detailed waveform of V jq, i.€., V, o can be any
arbitrary waveform, not necessarily limited to that of CO-OFDM. For instance, for direct-
detection optical OFDM, it is still optimal to bias the modulator at null point to minimize
RTO up-conversion nonlinearity. However, the challenge there is how to reinsert the main
optical carrier, which islost due to the bias a null point. We anticipate a great deal of origina
research effort taking advantage of this linear transformation between the optical field and
electrical drive voltage in coherent or incoherent, digital or analog systems.

Transmission

Optical Intensity

Quadrature
»~~ Point

Null Point

v, 0 Vs Drive Voltage

Optical Field —

Fig. 8. Thetransfer functions for the optical intensity and the optical field against the drive voltage.
5. Nonlinearity compensation with receiver digital processing for CO-OFDM

Because of the large peak-to-average-power-ratio (PAPR) inherent for CO-OFDM signals, we
expect that the CO-OFDM is sengitive to the fiber nonlinearity. Nevertheless, it has been
shown that the system Q of the WDM channels at 10 Gb/s is over 13.0 dB for a transmission
up to 4800 km of standard-single-mode-fiber (SSMF) without dispersion compensation [33].
The system Q of the WDM channels can be further improved by using a technique of partial
carrier filling (PCF) [33]. With a filling factor of 50 % at 10 Gb/s, the system Q factor is
improved from 15.1 dB to 16.8 dB for a transmission up to 3200 km of SSMF without
dispersion compensation [33]. However, the major disadvantage of PCF isthat the bandwidth
efficiency is significantly reduced. The first attempt to mitigate the nonlinear phase noise
through receiver digital signal processing has been recently reported for CO-OFDM systems
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[6]. However, that work is only limited to a lump nonlinear compensation at the receiver. In
this section, we will extend that work by using digital phase conjugation and distributed
nonlinearity compensation, which is equivalent of reverse signal propagation proposed for
single-carrier coherent detection [34].

5.1 Principle of receiver-based phase noise mitigation: digital phase conjugation (DPC)

Mid-span phase conjugation has been proposed to mitigate the nonlinear phase noise [35-36].
Figure 9 shows a transmission system employing optical phase conjugation, where the two
identical fiber spans (fiber span | and fiber span I1) are sandwiched with a phase conjugator
(PC). It has been shown that by using mid-span phase conjugation, the self phase modulation
(SPM) can be perfectly removed, and Gordon-Mollenauer phase noise can be significantly
reduced [35-36]. The digital signal processing we propose here is to digitally implement the
phase conjugation and propagation of the signal through fiber span 1. Because of coherent
detection used in CO-OFDM where the optica field is sampled digitally, the phase
conjugation can be simply completed by performing a phase conjugation of the sample
received signal. We would like to point out that the mid-span phase conjugation interpretation
of the signal processing isidentical to the reverse propagation scheme proposed for the single-
carrier coherent detection systems [34]. We chose to use the mid-span phase conjugéation
interpretation to stress that both SPM and Gordon-Mollenauer phase noise are reduced by
receiver-based digital processing. In a hardware-based phase conjugated system [35-36], the
PC needs to be placed at a fixed location, which is undesirable for a dynamic network where
an optical connection can be added/dropped a any point of the network. The distinct
advantage for the receiver-based DPC is that it can be readily performed in response to any
dynamic connection. The disadvantage of such an approach is the added computation
complexity.

Fiber Span | Fiber Span I

! | Phase
""" Conjugator [~ .

Fig. 9. A transmission system with mid-span phase conjugation

The challenge for DPC scheme is how to digitally propagate the optical field through the
‘fiber span I1" in Fig. 9. It is known that the fiber propagation is governed by the nonlinear
Schrodinger equation [37]. Theoretically, the nonlinear propagation can be performed using
split-step Fourier method with a very fine step. However, this would be computation-intensive
and impractical to implement in real-time. We thus need to approximate the entire ‘fiber span
II" as afew limited segments of nonlinearity and chromatic dispersion operations, as shown in
Fig. 10. The simplest configuration will be one segment of nonlinearity and chromatic
dispersion each. This is in essence the lump nonlinearity compensation, which has been
recently demonstrated [6]. Mathematically the digital signal processing on the received signal
r(t) isgiven by [37]

o0 :[ﬂexp(lﬁi)exp(lﬁi )Jexp(l\]l)r* ® (@)

2
| (3D

NA(t)=jB|A (1)

DA(t)={F " exp(ig) F}A(t) (32
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where I, (t) is the phase noise mitigated waveform, I\Ali and I:A)i respectively are the
nonlinearity operator and chromatic dispersion operator for the ith segment [37], F is the
Fourier transfer function, @, isthe dispersion for the ith segment, and A(t) is a generic OFDM

signal waveform. We stress here that algorithm laid out in Egs. (30)-(32) is compatible to the
FFT agorithm in the CO-OFDM transmitter and receiver. Therefore, the same FFT enginein
the chip for CO-OFDM symbol modulation/demodulation can be reused for nonlinearity

mitigation.
Fiber Nonlinearity Chromatic Dispersion
Signal Propagation
Fig. 10. Abstraction of the split-step Fourier method for signal propagation in the fiber
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5.2 Simulation results of receiver-based digital processing for nonlinearity mitigation

A Monte Carlo simulation is conducted to investigate the nonlinear phase noise mitigation for
the CO-OFDM system. The OFDM parameters are OFDM symbol period of 25.6 ns, 128
subcarriers, a guard interval equal to one quarter of the observation period, QPSK encoding
for each subcarrier. We apply commonly used system parameters for our simulation: 80 km
span distance, fiber chromatic dispersion of 16 ps/nm/km, 0.2 dB/km loss, and a nonlinear
coefficient of 2.6x10% m*W. The fiber span loss is compensated by an EDFA with a gain of
16 dB and noise figure of 6 dB. The linewidth of the LD1 and LD2 are assumed to be 100
kHz, which is close to the value achieved with commercially available semiconductor lasers
[38]. The CO-OFDM system configuration is identical to that in [33] where a direct up/down
conversion architecture has been adopted. In this paper, we limit our analysis to single-
channel transmission.

We first conduct a transmission simulation for a reach of 1600 km, with the receiver
digital processing including digital phase conjugation and split-step Fourier nonlinear
propagation. The results are shown in Fig. 11. The number of steps corresponds to the number
of partition segments in the split-step Fourier method. It can be seen from Fig. 11(a) that as
the number of steps increases, the system Q is improved, and the optimal launched power
increases to a higher value. In particular, the optimal launch power without nonlinear
mitigation is -9 dBm whereas the optimal launch power increases to -4 dBm if 8 steps are
used. Figure 11(b) shows the Q improvement as a function of launch power with varying
number of steps. As expected, the dramatic improvement takes place a the high launch
powers beyond -5 dBm. Even for atwo-step processing, a Q improvement of larger than 3 dB
is obtained when the launch power is above -5 dBm. It can be seen that the improvement rolls
off at the step of 8, which means that the partitioned fiber length is 200 km, which seems to be
sufficient for nonlinear phase mitigation. It is interesting to note that for large number steps
(>8), athough the Q factor has been improved though launching more power, the Q declines
more steeply when the launch power is beyond the optimal value. This is evidenced by the
fact that there exists an optimal launch power for the Q improvement for large number of
steps, as shown in Fig. 11(b). Furthermore, the optimal Q may not be the best indicator for
measuring system margin in CO-OFDM system, as intentional clipping of OFDM signals may
generate background error floor. We propose using the OSNR dynamic range to measure the
system margin. As shown in Fig. 11(a), the OSNR dynamic range is defined as the launch
power dynamic range that both lower end and higher end coincides with a Q value of 9.8 dB,
a correctable BER through FEC.
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Fig. 12. OSNR dynamic range as a function of number Fig. 13. The Q factor as the function of the nonlinear
of steps. coefficient 4 for astep size of 4.
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Using the definition of OSNR dynamic range, the performance of nonlinear phase noise
mitigation is shown in Fig. 12. It shows that the OSNR dynamic range is improved from 17
dB to 20.6 dB with 8-step nonlinear phase noise mitigation. It is interesting to note that the
corresponding optimal Q isimproved from 18.5 dB to 22.9 dB, showing 4.4 dB improvement.

The amount of nonlinear mitigation is adjusted by varying /, a phenomenological

nonlinear coefficient in Eq. (31). Obviously /s optical link dependent. It can be estimated
whenever anew connection isinitiated through optimization of the actual BER. It isimportant
that once [ is optimized, it should apply to any other arbitrary launch power. We verify this
assumption by performing simulation under different launch powers. Figure 13 shows the Q
factor as a function of nonlinear coefficient /3 with the step size of 4. It can be seen that if a

value of 0.3 is selected for /3, it should work for a wide dynamic range of the launch power.
The simulation results for different steps arrive at the same conclusion.
6. Conclusion

In this paper, we have first reviewed the theoretical fundamentals for CO-OFDM. We then
present various design choices for CO-OFDM systems as well as the nonlinearity analysis for
OFDM RF-to-optical up-converter. We also show the receiver-based digital signal processing
to mitigate self-phase modulation (SPM) and Gordon-Mollenauer phase noise.
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