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Recent progress in coherent optical communication, a field revived by advances
in digital signal processing (DSP), is reviewed. DSP-based phase and
polarization management techniques make coherent detection robust and
practical. With coherent detection, the complex field of the received signal is
fully recovered, allowing compensation of linear impairments including
chromatic dispersion and polarization-mode dispersion using digital filters. In
addition, fiber nonlinearities can also be compensated by using backward
propagation in the digital domain. © 2009 Optical Society of America
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Recent advances in coherent opfical
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Guifang Li

1. Introduction

High-capacity optical transmission has experienced orders of magnitude
growth in capacity in the past two decades. The capacity growth has been
enabled by key technology breakthroughs such as the erbium-doped fiber
amplifier (EDFA), wavelength-division multiplexing (WDM), dispersion
compensation and management, and fiber nonlinearity management. In addition,
advances in modulation formats led to corresponding increases in fiber
transmission capacity in recent years.

In the meantime, spectral efficiency (SE) for fiber-optic transmission has been
increasing steadily as well. High SE can be achieved by using modulation
formats in which more than 1 bit of information is transmitted in a symbol slot.
There are many benefits to employing high-SE modulation formats [1].
High-SE modulation formats can effectively increase the aggregate capacity
without resorting to expanding the bandwidth of optical amplifiers. With
high-SE formats, the speed of transceiver electronics can be relaxed. High-SE
systems are generally more tolerant to chromatic dispersion and
polarization-mode dispersion (PMD), since they occupy smaller bandwidths
for the same bit rate. Dispersion and PMD tolerance are particularly attractive for
high-bit-rate transmission, as dispersion tolerance is reduced by a factor of 4
for an increase in bit per symbol rate by a factor of 2.

Early efforts in achieving high SE used direct detection. A constant-intensity
(nonlinearity-tolerant) modulation format that has received great attention

is optical differential quaternary phase-shift keying (DQPSK) with differential
detection, which can transmit two bits per symbol, corresponding to a
theoretical SE of 2 bits/s/Hz [1,2]. To go beyond 2 bit/s/Hz,
polarization-division multiplexing (PDM) has been suggested to further
increase SE in combination with DQPSK [3]. However, since the state of
polarization of the light wave is not preserved during transmission, dynamic
polarization control is required at the receiver to recover the transmitted signals.
An alternative approach is to use independent intensity modulation on top of
DQPSK, resulting in eight-level amplitude-phase-shift keying [4]. Of course,
eight-level amplitude-phase-shift keying is not a constant-intensity

modulation format. References [5—7] proposed and demonstrated two
constant-intensity direct-detection modulation formats, namely, optical
differential eight-level phase-shift keying (8PSK) [5,6] and differential Jones
vector-shift keying [7].

In the past few years, research in high-capacity transmission has shifted to
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coherent detection, in part to achieve high SE. Coherent detection was the
subject of intensive research in the 1980s because of its high sensitivity [8,9].
One of the main reasons that coherent optical communication was

abandoned, starting in the early 1990s, was the invention of EDFAs. Preamplified
receivers using EDFAs achieve sensitivity within a few decibels of that of
coherent receivers, thus making coherent detection less attractive, considering
its complexity.

In coherent optical communication, information is encoded onto the electrical
field of the light wave; decoding entails direct measurement of the complex
electrical field. To measure the complex electrical field of the light wave, the
incoming data signal (after fiber transmission) interferes with a local
oscillator (LO) in an optical 90° hybrid as schematically shown in Fig. 1. If the
balanced detectors in the upper branches measure the real part of the input
data signal, the lower branches, with the LO phase delayed by 90°, will measure
the imaginary part of the input data signal. For reliable measurement of the
complex field of the data signal, the LO must be locked in both phase and
polarization with the incoming data.

Phase and polarization management turned out to be the main obstacles for the
practical implementation of coherent receivers. The state of polarization of

the light wave is scrambled in the fiber. Dynamic control of the state of
polarization of the incoming data signal is required so that it matches that of
the LO. Each dynamic polarization controller is bulky and expensive [10]. For
WDM systems, each channel needs a dedicated dynamic polarization
controller. The difficulty in polarization management alone severely limits the
practicality of coherent receivers. Phase locking is challenging as well. All
coherent modulation formats with phase encoding are usually carrier
suppressed. Therefore, conventional techniques such as injection locking and
optical phase-locked loops cannot be directly used to lock the phase of the

LO. Instead, decision-directed phase-locked loops must be employed [11,12].
At high symbol rates, the delays allowed in the phased-locked loop are so
small that it becomes impractical [12].

So what are the reasons that coherent optical communication is making a
comeback, and why is it possible now? The answer lies in advances in digital
signal processing (DSP). Both phase and polarization management can be
realized in the electrical domain by using DSP. Moreover, coherent detection in
conjunction with DSP enables compensation of fiber-optic transmission

Figure 1
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Schematic of a coherent receiver.
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impairment, opening up new possibilities that will likely shape the future of
optical transmission technology. This paper is organized as follows. Section 2
describes coherent receivers using DSP for phase and polarization
management. Section 3 presents compensation of linear impairments in fiber
transmission using coherent detection and DSP. Section 4 details recent
activities in compensation of nonlinear impairments in fiber transmission.
Section 5 discusses high-SE transmission using coherent modulation

and detection. Section 6 explores approaches for high-symbol-rate coherent
transmission. Concluding remarks are given in Section 7.

2. Digital-Signal-Processing-Based Coherent
Receiver

2.1. Digital Carrier-Phase Estimation

2.1a. Basic Phase Estimation Algorithm

Phase locking in the hardware domain can be replaced by phase estimation in
the software—DSP domain. An algorithm for DSP-based phase estimation

is schematically shown in Fig. 2 [13,14]. A quadrature phase-shift keying
(QPSK) signal is used as an example, in which the signal can be represented as

E(1) = 4 exp{[ 6,(1) + 6,01}, (1)

where the optical carrier phase 6,(¢) is the phase of the transmitter laser
referenced to the LO and the data phase takes on four values, 6,=0,+7/2, 7.
To estimate the carrier phase 6, by using DSP, the received signal has to be
detected coherently to obtain its real and imaginary parts. This is done by using
a LO and an optical 90° hybrid as shown in Fig. 1 [15]. The complex received
signal is then digitized by using analog-to-digital conversion (ADC) and
processed in the software domain by using DSP. When the received signal is
raised to the fourth power as shown in Fig. 2, we obtain

A" exp[{46,(t) +40,(1)}] = A* exp[{46,(1)}], (2)

because exp[j46,(¢)]=1, i.e., the power operation strips off the data phase. The
carrier phase can then be computed and subtracted from the phase of the
received signal to recover the data phase as shown in Fig. 2. Such a feed-forward
phase estimation scheme lends itself well to real-time digital implementation
[16]. Figure 2, however, is an idealization where no additive noise is present

E@) = 4eslif0,(0+ 6,0} arg() |20 £ 0@
6,: Tx Laser Phase Referenced to LO : Output
6, =0,+ /2, :Data Phase 9 (t) - p
Phase
4 - -
() Estimation 40, (1) ()I4

4" expl {46, (1) +46,(0}]
= 4" exp|/{46,0}]
Schematic of the phase estimation algorithm for QPSK.
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in the received signal. In realistic systems, the received signal will contain
noise dominated by either ASE-LO beat noise (where ASE is amplified
spontaneous emission) or shot noise of the LO. In the presence of these additive
noises, digital carrier-phase estimation must be adapted to manage these
noises.

2.1b. Effect of Additive Noise on Carrier-Phase Esfimation

In reality, each complex sample at the receiver includes additive noise and,
again using QPSK as an example, can be written as

T = eXp[]{Hs(k) + Hc(k)}] + ng, (3)

where k denotes the kth symbol, the amplitude of the received signal has been
normalized, and 7, is the additive noise, which is assumed to be a complex
zero-mean Gaussian distribution random variable characterized with a variance
02,,. Raising the received QPSK signal to the fourth power yields

ry = exp{j40.(k)} + 4 exp{j[36,(k) + 36,(k) i, + o(n) (4)

and, in the small-angle approximation,

arg(ry) = 40.(k) + 8(0.)n, + o(n}), (5)

where 8(6,) is a small quantity. It is apparent that the phase estimate is no
longer accurate in the presence of additive noise. The phase estimation error
will be of the order of &(6,.)n;/4, which is inversely proportional to the
signal-to-noise ratio.

A method to reduce the effect of additive noise on phase estimation error is to
average the estimated phase over a sequence of symbols by filtering the
per-symbol phase estimate through an equal-tap-weight transversal filter

[16,17]:
1 Ny
Hc,est = Z arg E 1’2 . (6)

k=1

This implementation is referred to as block-window filtering as sequences of
data are processed in blocks. Assuming that the carrier phase is constant over the
sequence of symbols, the variance of the phase estimation error due to

additive noise is then reduced by a factor equal to the symbol sequence length
N,. The filtering process itself introduces an error in phase estimation, as

the carrier phase is actually not constant owing to the finite beat linewidth of
the transmitter and LO lasers. This error thus increases with N,. A trade-off
between these two effects dictates that the tap number for the additive noise
filter must be optimized. In the case of block-window filtering, the carrier-phase
estimate is the same for the entire sequence of symbols. In [14], it was

shown through a series of approximations that the phase estimation error for
QPSK using a block window can be modeled as a zero-mean Gaussian random
variable with a variance depending on the beat linewidth, electrical
signal-to-noise ratio, and block size. The equal-tap-weight filter can also be
implemented by using gliding window filtering [18].

Since the phase estimate is forced in value in the range —7/4 = 6, (k) = 7/4,
there is a fourfold phase ambiguity. It is important to differentially precode
data to avoid error propagation. In addition, to avoid cycle slips when
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the difference in the carrier-phase estimates between adjacent blocks is >/4
or <—1r/4, the two data symbols at the boundary of the two blocks should

be shifted or rotated appropriately after differentially decoding. Details of this
method, as well as its real-time implementation using parallel processing,

can be found in [16].

Because the laser phase noise is a Wiener process and the additive noise is
Gaussian, the Wiener filter, in fact, provides the best phase estimation according
to estimation theory [19]. The detailed derivation can be found in [20]. The
Wiener filter can make an estimate 6, .(k) based on all samples up to and
including 7, in which case the filter is referred to as the zero-lag Wiener

filter. Alternatively, the Wiener filter can make an estimate 6, . (k) based on all
samples up to and including 7. ,,, where D is a positive integer, in which

case the filter is referred to as the finite-lag Wiener filter. The finite-lag Wiener
filter has been shown to perform better because it estimates the phase both
forwards and backwards in time. The z transfer function of the zero-lag and
finite-lag Wiener filters are given by [20]

-«
HZL(Z) = 12 (7)
1-az
(1-a)a®+(1—a)’22 o’k
Hy(2) = ! s (8)

1—az

from which the coefficients of the finite impulse response (FIR) filters can be
obtained accordingly. The parameter a depends on the variance of the
phase noise and additive noise and is given by

M2+ 202 = Mo Mo+ 40? o)
a= 9
20,

for an M-ary phase-shift keying signal. In Eq. (9), 02 is the variance of the
noise term &(6,)n, in Eq. (5) and 02, =2wAvT, where Av is the beat linewidth
of the transmitter and LO lasers and 7 is the symbol period. It should be
pointed out that the additive noise filter can also be realized by using a gliding
window filter, which might be more compatible with real-time implementation.

In the above discussion, we have assumed that the frequency of the LO is

the same as the transmitter laser. This requirement is not necessary, since the
frequency difference between the transmitter and LO lasers can also be estimated
in the digital domain. This type of coherent receiver is called the intradyne
receiver. Algorithms for frequency estimation for intradyne receivers and their
real-time implementation can be found in [18,21].

2.1c. Maximum a Posteriori and Decision-Directed Phase
Estimation

The best estimate of carrier phase given the observed values 7, is the maximum
a posteriori estimate [20,22]. The conditional probability density function of
the received signal, conditioned on the transmitted signal sy, is given by

WS
exp|l ——————— |
20" 20'3,
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The maximum a posteriori phase estimate is the sequence of values §, and 6,
that maximizes the probability function

I |”1ﬁ5k~ewc(k)|2
(5,0.)=maxy []

1
o S 0,), 11
5.0, 77\/2_0-56 p( 207 ) p(s)p(6,) (11)

where we have used the fact that the sequence of s, and bc are statistically
independent. Since the probability density function p(s) is known a priori and
6,(k) is a Wiener process, taking the logarithm of Eq. (11) yields

= spexp(i0.(k))*  (6.(k) — 0.(k— 1))2>
- - . (12)

2 2
20, 20,

(s, bc) = max>, (

5,0, k

Equation (12) is a joint estimation of the carrier phase and data. As a result, it

is nearly impossible to solve for §; and bc by using any method that is
suitable for a real-time operation. However, the maximization in Eq. (12) can
be performed offline, and the results can be used as the baseline to evaluate
the effectiveness of different carrier-phase estimation algorithms.

For real-time implementation, it is necessary to estimate the carrier phase
independently from data recovery to reduce the computational load. The
power-law carrier-phase estimation method discussed in Subsections 2.1 and
2.2 is effective for phase-shift keying signals because the operation strips off
data, making the carrier-phase estimation independent of data. Another
approach is either data-assisted or decision-directed carrier-phase estimation
[22]. In data-assisted carrier-phase estimation, training symbols at the beginning
are used to estimate carrier phase, which is assumed to be slowly varying

and thus provides a good estimate for the data that follow the training symbols.
In decision-directed carrier-phase estimation [20,22], the recovered data are
assumed to be correct, which is true for systems operating a low bit error rate
(BER). The recovered data can then remodulate the incoming signal to

extract the carrier phase.

2.2. Digital Polarization Demultiplexing

In conventional approaches, polarization demultiplexing is accomplished by
using dynamic polarization controllers and polarization splitters. Just as optical
phase locking can be replaced by phase estimation through DSP, polarization
demultiplexing can also be achieved in the DSP domain.

2.2a. Estimation of Channel Polarization Matrix by Using Training
Sequences

It is possible to demultiplex PDM signals by using electronics rather than
optics [18,23]. The key is to observe the analogy between PDM and
multiple-input-multiple-output (MIMO) antenna wireless communications. As
a result, algorithms for wireless MIMO channel estimation can be readily
applied to polarization demultiplexing in optical polarization MIMO [23].

The schematic of an optical polarization MIMO system is shown in Fig. 3. In
the transmitter, two synchronous data are modulated in orthogonal polarizations.
The modulation format can be amplitude and/or phase modulation. £, and
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(a) Analogy between wireless MIMO and optical PDM and (b) Schematic of
an optical polarization MIMO system. PBS, polarization beam splitter; PBC,
polarization beam combiner [23].

E, are the complex representation of the modulated signal in the parallel and
perpendicular polarization state. After transmission through fiber, the
polarization of the light wave is usually not preserved. For an arbitrarily
orientated polarization beam splitter, the received signal, E or Ey', contains
significant cross talk between the original signals in the two orthogonal
polarization states. The output electrical field can be related to the input electrical

field by
E); Jxx ‘]xy Ex Ex
=L =JL , (13)
E, Sy Jyy) \Ey Ey

where L is a real scalar describing the optical loss from the input to the output,
and the polarization change due to fiber is described by a unitary Jones
matrix J. Equation (13) describes a two-input and two-output MIMO system,
as shown in Fig. 3(a). Since J is a unitary matrix, this MIMO system, in
theory, can transmit two synchronous channels without any penalty [24].
Because of environment variations, the polarization of the light wave in fiber
generally drifts with time. The rate of this polarization drift is generally
much slower than the transmission data rate. Therefore, the system can be
designed to estimate the Jones matrix J for the entire frame by using a training
sequence in the preamble of each frame to remove polarization cross talk.
Various channel estimation algorithms can be used to estimate J. Considering
the high data rate used in optical communications, the least-mean-squares
algorithm was chosen in [25] for its simplicity. Matrix J can be estimated by
using the following iterative algorithm:
)
L
i Ey

(E;) E,
Ji=Jitu / —JiiL
E\) |, E,

i =0, J_,=initial guess, (14)

T

b

i

where u is a positive step size, i is the training sequence label, and L can be
obtained from the received average power. Since £} and £ are generally
complex, 90° optical hybrids are used to simultaneously measure the in-phase
I, and /| and quadrature Q| and Q) components. The inverse of estimated J
can then be applied to the received signals to recover the transmitted data /,, 7,
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O, and Q,. Since J is a unitary matrix, its inversion and conjugate transpose
are identical. In optical polarization MIMO systems, the received signal
polarization estimation and tracking are performed by DSP algorithms, and no
optical dynamic polarization control is required at the receiver.

2.2b. Blind Estimation of Channel Polarization Matrix

It is possible to estimate the Jones matrix of the transmission system without
relying on a training sequence if there exist statistical properties of the
transmitted symbols that can be exploited. In particular, for PDM systems
using constant-intensity modulation formats such as QPSK, the Jones matrix
can be estimated using the fact that the modulus of the received signal

should be constant [26]. Without loss of generality, let us assume that the
constant modulus is unity. An estimate of the Jones matrix is obtained by
minimizing the mean squared errors (g7 ) of the quantities €, ,=1~|E] |*. In
order to do so, the gradient of the mean squared error with respect to the
appropriate elements of the Jones matrix should vanish, i.e.,

(98)% asﬁ asi &si
— =0, =0, —=0, —=0. (15)
oS x aJy, Aty at,

To obtain the estimate of the channel Jones matrix, it is initialized as an
identity matrix. Subsequently, the matrix elements are updated by using the
stochastic gradient algorithm [27] as follows:

b nlks
‘]xx - Jxx +1uexExEx >

1"l *
Joy— Iyt ,uexExEy ,

Jix = Iy +/‘8yE;E;*’

Sy = Iy +/‘8yE;Ey*=

where * denotes complex conjugate, (E)’C’,E;’) is the demultiplexed optical field,
and u is a positive convergence parameter.

3. Electronic Compensation of Linear Impairments

The main driver for coherent optical communication is the possibility to
compensate for transmission impairments by using DSP [28]. This is possible
only when both the phase and the magnitude of the complex field of light

are detected. All linear impairments in fiber-optic transmission systems can
potentially be compensated.

3.1. Dispersion Compensation

Dispersion in optical fiber is an all-pass filter on the electric field of the light
wave, given by a complex transfer function in the frequency domain:
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Figure 4
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Schematic of an FIR digital filter for compensation of chromatic dispersion.

\iDz
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() =exp) j e

cw (. (16)

With coherent detection, the effect of dispersion can be reversed or compensated

by a filter with a transfer function given by IZIf( w)=H; (w) [29-31]. Such a
filter can be realized by using a FIR filter, as shown in Fig. 4, with coefficients
given by the discrete inverse Fourier transform of b,=(1/ N)EQ’;OIH; (wp)e “xm,

Alternatively, the dispersion compensation filter in the digital domain can
be realized by using an infinite impulse response filter [29], which was shown
to be more computationally efficient but requires buffering.

3.2. Polarization-Mode Dispersion Compensation

The concept of polarization MIMO can be extended to describe PMD by a
time-dependent 2 X 2 channel matrix [26,30],

_(Jxx(t) ny(t))
A\ J,0)

where J; denotes the response at the ith output polarization due to an impulse
applied at the jth input polarization of the fiber. Figure 5 describes a receiver

(17)

Figure 5

x | comp

CD
y | comp

Receiver architecture for polarization demultiplexing and PMD compensation,
after [26].
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architecture for chromatic dispersion and PMD compensation. The input
signals E and Ey’ are complex signals coherently detected on the two
polarizations. The fixed chromatic dispersion compensating FIR filter (CD
comp) is the same for both polarizations and is used to compensate for the
majority of the chromatic dispersion. The adaptive FIR filters undo
polarization rotation and PMD in a butterfly arrangement.

Savory et al. [26] demonstrated PDM QPSK transmission at 10 Gsymbols/s
over 6400 km of fiber, compensating all linear impairments by using DSP as
outlined above. Figure 6 shows the constellation diagrams of the two
polarizations after transmission. In particular, the stochastic gradient constant
modulus algorithm [27], which does not need training bits, was used for
polarization division demultiplexing. It should be noted that
polarization-dependent loss makes the channel polarization matrix nonunitary,
leading to penalties in electronic polarization demultiplexing and complication
in blind channel polarization matrix estimation.

4. Nonlinearity Compensation

The degree to which fiber impairments are compensated ultimately determines
the transmission capacity of fiber optic transmission systems. Nonlinear
impairments can be compensated by using electronics or DSP as long as they
are deterministic, because propagation in optical fiber is well described
mathematically by the nonlinear Schrédinger equation (NLSE). Nonlinear
impairments can be precompensated at the transmitter or postcompensated at
the receiver. Because of fiber dispersion and nonlinearity, the received

signal is different from the transmitted signal. To ensure that the received
signal is identical to the transmitted signal, virtual fibers, with signs of dispersion
and nonlinearity opposite to those of the physical transmission fiber, must be
added in the DSP domain in the transmission system. In the precompensation of
nonlinear impairments, the virtual fiber is placed between the input data
stream and the optical in-phase—quadrature modulator so that the signal is
predistorted by the virtual fiber while being compensated through the real
transmission fiber. Several electrical precompensation schemes have been
demonstrated to compensate for chromatic dispersion or nonlinearity in

15
1t
05

o
05

1
1.

X 0
(b)

Constellation diagrams for the (a) x and (b) y polarization at the receiver after

6400 km of transmission with an estimated BER=2.4 X 1073 [26].
______________________________________________________________________________________|
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single-channel or WDM systems [32-36]. In the postcompensation of
nonlinear impairments, the virtual fiber is placed after coherent detection so
that the signal is distorted in the real transmission fiber while being compensated
through the virtual fiber. In this section we focus mainly on postcompensation,
which offers great flexibility, since adaptive compensation can be

incorporated into this scheme. Postcompensation using coherent detection and
DSP has been shown to be very effective in chromatic dispersion
compensation (CDC) [28] and intrachannel nonlinearity compensation [37].
We recently reported postcompensation of both linear and nonlinear
impairments in WDM transmission [38].

4.1. Lumped Compensation

Lumped nonlinearity compensation can be used to potentially compensate
self-phase modulation (SPM) that is due to deterministic data patterns such as
in quadrature amplitude modulation transmission or nondeterministic

effects that are due to the Gordon—Mollenauer effect by applying an
intensity-dependent phase modulation. SPM due to data patterns could be
compensated at the receiver but is better compensated at the transmitter because
the applied phase modulation will be free of additive noise accumulated in
transmission. Compensation of the Gordon—Mollenauer effect can be achieved
only at the receiver by applying a phase modulation proportional to the
intensity of the received signal. This can be achieved in the optical domain

[39] but has recently been demonstrated in the DSP domain. It should be pointed
out that the lumped compensation of SPM works well only for low-dispersion
or dispersion-compensated transmission lines. It is straightforward to show

that, on average, lumped compensation of the Gordon—Mollenauer effect can
reduce the nonlinear phase noise by 6 dB [17].

4.2, Distributed Postcompensation of All Fiber Impairments

In [38], transmission of WDM signals (the total number of channels is C)

by using postcompensation of all linear and nonlinear fiber impairments is
investigated, as opposed to precompensation [35]. The schematic of the
transmission system is shown in Fig. 7(a), where postcompensation is performed
in the digital domain after coherent detection. After transmission, the received
signals are mixed in a 90° optical hybrid with a set of LOs, of which C

LOs are aligned at the center of the WDM channels. Additional LOs are aligned
with other four-wave mixing (FWM) components outside the WDM band.

The in-phase and quadrature components of each WDM channel are obtained
by balanced photodetectors. Analog-to-digital conversion is followed by

DSP to achieve postcompensation and data recovery.

The backward propagation compensation scheme for a multispan fiber link is
shown in Fig. 7(b), where G is the optical gain of the linear optical amplifiers
in the fiber link and E(¢) and E’(¢) are the electrical fields of the received signal

and the compensated signal, respectively. Let En1 be the envelope of the
optical field for the mth channel, where m € I, I={1,2, ..., C}. The full optical
field can be expressed as

E=>E,=>E, expimAwt), (18)

where Af=Aw/27r is the channel spacing. The reconstructed total field in Eq.
(18) will be used as the input for backward propagation in order to
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(a) Architecture of WDM transmission with fiber dispersion and nonlinearity
compensation using coherent detection and DSP. Optical path, black;
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compensate all deterministic transmission impairments. The total-field
backward propagation equation, i.e., TNLSE, is given by [9]

JE . .
—=(N"'+D")4, (19)

oz

where N! and D! are inverse nonlinear and differential operators, respectively,
and are given by [40]

N—l . /|E|2 [)_1 lﬁé (92 n ﬁé (5’3 o' (20)
=1 s =— —— — .
Y 2 0% 6 2

Here v, B}, B5, and «' are the fiber nonlinear coefficient, first- and second-order
group-velocity dispersion, and loss coefficient. When these parameters are
chosen to be exactly the negative of the values for the transmission fiber,
nonlinearity and dispersion can be compensated through backward propagation.
The NLSE is most commonly solved by using the split-step Fourier method.

In this approach, each span of fiber is divided into N sections, and N'and D!
are implemented sequentially. To facilitate real-time implementation, the

dispersion or differential operator (D™!) can be realized by using an FIR filter
instead of a Fourier transform, which has been shown to achieve acceptable
accuracy [41].

Numerical simulations of a 10 X 10 Gbit/s binary phase-shift keying (BPSK)
WDM system near 1550 nm with a channel spacing of 20 GHz using
postcompensation were carried out in [38]. Forward propagation of WDM
signals over dispersion-shifted fiber was simulated by using VPI Transmission
Maker. The fiber loss, dispersion, dispersion slope, and nonlinearity at

1550 nm are 0.2 dB/km, 0 ps/km/nm, 0.04 ps/km/nm?, and 1.8 W~!/km,
respectively. The EDFAs are set to power mode with a noise figure of 5 dB. Both
transmitter lasers and LOs have a linewidth of 2 MHz. The optical
demultiplexers have a 3 dB bandwidth of 19 GHz, and the photodetectors have
an electrical bandwidth of 9 GHz.

The back-to-back electrical eye-diagram of the fifth WDM channel is shown in
Fig. 8(a). The rails on eyes are from linear cross talk due to the small channel
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Eye diagrams of the fifth WDM channel: (a) at back-to-back, (b) after 500 km
transmission over DSF without ENLC, (c) after 500 km transmission over
DSF with ENLC [38].

spacing. Figures 8(b) and 8(c) show the eye diagrams of the received signals
after 500 km transmission over DSF without and with electronic nonlinearity
compensation (ENLC), respectively. The Q factor of the eye diagram in Fig.
8(Db) is about 6. It is clearly seen that the eye diagram in Fig. 8(c) is more open
because of nonlinearity compensation. In fact, the Q factor reaches Q=6

after 800 km transmission over DSF with ENLC. This implies that the
transmission distance with digital nonlinearity compensation is increased by
60% in this preliminary study.

4.3. Distributed Cross-Phase Modulation Compensation

If XPM is the dominant nonlinearity effect, the effect of FWM can be omitted
in backward propagation. Substituting the total field £ given by Eq. (18)

into Eq. (19), expanding the |E|* term, and neglecting all FWM terms yields
[42,43]

i JE, . OF,, ’E,,
dE=——+—E,+K,,— +K,,—
[ m] Oz 2 m 1m ot 2m (%2
7E, (& A

FRy— sty §|Eq| ~|E,|* |E, =0, (21)

with ky,,=mB,Aw—m?B;Aw?/2, ky,,=iBy/2—mBsAw/2, ky,,=—B5/6. The
above system of coupled NLSEs describes the backward evolution of the
baseband WDM channels where dispersion, SPM, and XPM are compensated.
The above equations can also be solved in the digital domain by the
well-known split-step Fourier FIR method (SSFM) [42].

4.4, Distributed Partial Four-Wave Mixing Compensation

As will be described below, FWM compensation requires a remarkable amount
of calculations compared with XPM compensation only. However, for
low-dispersion regimes, FWM can substantially impair the signal because of
an increased degree of phase matching. Partial compensation of FWM can be
implemented by using an enhanced system of coupled equations, where
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FWM interaction is compensated on a channel-by-channel basis, by considering
the nonlinear mixing of the neighboring channels. As a result, Eq. (21) can
be now rewritten as

ECIE,]=C[E, )+ F3,, + Fs, =0, (22)

where

F3m = 2Em+lém—1E:nﬂ

FSm = E3n+lEjn+2 + EfrrlE;—z + 2Em*1Em+1E;+1
+ 2Em+lén1—2éjn_1 + 2Em+2én1—2éjn' (23)

In Eq. (22), F’; represents the FWM interaction of two neighboring channels,
whereas F’5 includes the interaction of four neighboring channels. Since

the effective bandwidth for FWM compensation is small, both sampling rate
and step size remain the same as for the XPM compensation case. Even though
only a small number of FWM terms are considered in Eq. (22), these terms

are highly phase matched. Hence, improved results are expected without
significant increase of computational resources. The SSFM implementation of
Eq. (22) can be implemented in a perturbative manner, where the nonlinear
operator (see for example [42,43]) for the kth step is approximated by

EX = E5 exp(iy|ES ' Ph) + h(F%,! + FE), (24)

where / is the SSFM step size.

4.5, Computational Requirements for Distributed Nonlinearity
Postcompensation

Two fundamental parameters have to be considered when addressing the
computational requirements for TNLSE or coupled NLSE approaches. These
parameters are the sampling rate and the SSFM step size.

For postcompensation by using TNLSE, each detected channel has to be
upsampled so that the bandwidth of the reconstructed full optical field is wide
enough to avoid aliasing of newly generated FWM products. Specifically,

the sampling rate for each symbol for using TNLSE is

Starse = 2CAfIB, (25)

where B is the symbol rate per channel. The above formula forces the sampled
bandwidth to be twice the optical bandwidth. On the other hand, XPM
compensation using coupled NLSEs does not create new frequency components.
Hence, a proper backward propagation can be performed by using only two
samples per symbol.

The number of operations is also proportional to the number of steps and
hence inversely proportional to the step size. The SSFM accuracy depends
fundamentally on the mutual influence of dispersion and nonlinearity within the
step length. Owing to the nature of the dispersion and nonlinearity operators,
the step size has to be chosen such that (1) the nonlinear phase shift is
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small enough to preserve the accuracy of the dispersion operation and (2) the
optical power fluctuations due to dispersion effects are small enough to
preserve the accuracy of the nonlinear operation.

One way to set the upper bound for the step size is to identify the characteristic
physical lengths, which correlate the optical field fluctuations with the
propagation distance. Three physical lengths are of interest here, namely, the
nonlinear length L., the walk-off length L, and the FWM length Lg,,,. The
nonlinear and walk-off lengths can be defined, for a multichannel system, as
follows:

1 1

—’ LW0: bl
2C—1 27T|,82|(C— 1)AfB
YPr C

Lnl = (26)

where P;=3,,|E,,|? is the total launched power and, again, B is the symbol rate
(effectively the inverse of the pulse width). The nonlinear length has been
defined as the length after which an individual channel achieves a 1 rad phase
shift due to SPM and XPM. The walk-off length is defined as the distance
after which the relative delay of pulses from the edge channels is equal to the
pulse width. The above characteristic lengths are well known [44] and

widely used to qualitatively describe the optical field behavior through fiber
propagation. However, when FWM is considered, the nonlinear and walk-off
lengths are not enough to qualitatively identify the range where the fastest
field fluctuations take place. For this purpose, the total optical field should be
rewritten as E=2,E,, exp(ik,,z), where k,, is the linear propagation constant

of the mth channel. By following the same procedure as for Eq. (21), the
nonlinear term, now including FWM, can be expressed as follows for the mth
channel:

—i7(22|Eq|2—|Em|2)Em—i7[[ E] E,EE] exp(ik,g,2) |, (27)
qgel rsim]el

with the conditions [=r+s—m, [m,r,s] € I, and r # s # m. The first condition
neglects fast time-oscillating terms (frequency matching). The second
condition forces the newly generated waves to lay within the WDM band.
Finally, the third condition excludes SPM and XPM terms. ok,,, is the
phase-mismatch parameter, given by

1
ki =k, + kg — k= k= 5,82Aw2[r2 +5>—(r+s—m)>—m?]. (28)
To identify the fastest z fluctuations for the mth channel, set =1 and s=C,

corresponding to the indexes of the edge channels. Maximizing Eq. (28) leads
to the expression for the maximum phase-mismatch:

1
5kmax: Z|182|(C_ 1)2Aw2- (29)

The above expression leads to the following definition for the FWM length:

1
b= 7B, (C—1)*A7*

(30)
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The above expression represents the length after which the argument of the
fastest FWM term is shifted by 1 rad; hence, it can be understood as the distance
after which power fluctuations due to FWM start to take place. The definition
of the FWM length assumes that the FWM-induced variations on a given
channel are governed by the linear (dispersive) phase mismatch. However,
nonlinearity also contributes to the overall phase mismatch through SPM and
XPM. This contribution is relevant only in high-power regimes, and it is

not expected to play a role in the analysis of fiber transmission. The SSFM step
size will be correlated with the minimum characteristic length involved in

each case; thus, for the compensation of SPM and XPM effects via coupled
equations, the step size is limited by the walk-off length, whereas the FWM
length will be the parameter limiting the step size for the total-field NLSE.

For WDM systems, the nonlinear length is longer than the FWM and walk-off
lengths for the typical launch powers of interest in communications. In

[43], a detailed analysis of the step size requirements for both XPM and XPM
plus FWM compensation is performed, showing that a correct FWM
postcompensation requires remarkably smaller step sizes compared with XPM
compensation, which translates into a higher computational load. In addition,
phase locking of the LO is not necessary for the coupled NLSEs for either XPM
compensation or XPM plus partial FWM compensation.

Preliminary results also show that distributed nonlinearity postcompensation is
robust against small fluctuations or uncertainties of transmission fiber
parameters. In addition, distributed nonlinearity postcompensation can be
employed for fibers with PMD and PDM transmission in fibers with PMD. The
additional computation required to compensate for PMD is minimal, although
per-span PMD monitoring is required. It should be pointed out that the
discussions in this subsection and the preceding Subsections 4.2 and 4.3 also
apply to distributed precompensation [36].

4.6. Experimental Demonstration of Distributed Nonlinearity
Postcompensation

The first experimental demonstration of distributed nonlinearity
postcompensation was reported in [45]. Three distributed-feedback lasers were
used as WDM carriers as shown in Fig. 9. The center channel (A ) and two
adjacent channels (A and \;) are BPSK modulated by using Mach—Zehnder
modulators (MZMs) driven at 6 Gbaud by a pattern generator (PG) with a
pseudorandom bit sequence of length 22°—1. A symbol rate of 6 Gbaud was
chosen to fit three WDM channels within the real-time oscilloscope (RTO)
double-sided analog bandwidth of 24 GHz. The WDM channels are tightly
spaced at 7 GHz, which was found to give the lowest linear cross talk because of
the nonideal waveforms [46]. Polarization controllers (PCs) were placed at

the appropriate locations to ensure that all the channels are copolarized. The
launch power in each channel was equalized by using optical attenuators.

A total launching power (P, =6 dBm) into the optical fiber was set by using an
EDFA, calibrated to the insertion losses associated with the recirculating

loop components. The recirculating loop consists of two nonzero
dispersion-shifted fiber spools, with a combined length of 152.82 km. The
fiber parameters are @=0.2 dB/km, 8,=—4.9 ps?>/km, and y; =1.9/km/W. A
phase diversity receiver is used to beat the transmitted optical signal with

the LO tuned to the center channel. The real-time oscilloscope RTO was used
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to digitize the two signal quadratures at 40 Gsamples/s. DSP was performed
offline. The dispersion length is [ 8,(24 GHz)*] ' =355 km. Considering

the effects of SPM and XPM and neglecting loss, the nonlinear length can be
defined as [y (5/3)Peg] ™' =282 km, where Pog=P [{7™e ™ dx/ Z g5y,
=(0.28P; accounts for the fiber loss. As discussed in [47], for the FWM effects
in a C channel system to be accounted for properly, the step size should be
smaller than [ mAf?|8,|(C—1)?]'= 105 km. Both spools used are shorter than
the characteristic lengths discussed above. So a step size that matches each
spool (approximately 75 km) was used in backward propagation. After
employing backward propagation and proper WDM filtering [46], eye diagrams
of the received signal were obtained.

To evaluate its effectiveness, the distributed backward propagation nonlinearity
compensation method was compared with other compensation techniques,
including (1) CDC only and (2) lumped compensation, which includes CDC
followed by a single nonlinear compensating operation consisting of a

phase shift proportional to the signal power. Figure 10 shows eye diagrams for
the back-to-back, CDC, lumped nonlinearity compensation, and distributed
nonlinearity compensation after 760 km nonzero dispersion-shifted fiber
transmission. Distributed nonlinearity compensation provides a clearly open
eye.

5. High-Spectral-Efficiency Coherent Systems

High SE can effectively increase the aggregate capacity without resorting to
expanding the bandwidth of optical amplifiers. There are two ways to increase
SE in optical transmission for which coherent detection is ideally suited.
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Figure 10
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Eye diagrams for (top left) back-to-back and after 760 km with compensation,
using (top right) CDC, (bottom left) lumped, and (bottom right) distributed
[45] compensation.

One way is to use advanced modulation formats so that each symbol transmits
multiple bits of information. Using carrier-phase estimation, 8PSK has

been demonstrated in [48,49]. QPSK and 8PSK with PDM were demonstrated
in [48,50]. Richer constellation has been demonstrated by using conventional
heterodyne phase-locked loop (PLL) detection [51]. It is expected that
DSP-based coherent transmission of high-order quadrature amplitude
modulation will soon follow.

The other way to increase SE is to pack WDM channels closer together. An
advantage of coherent detection is its inherent ultranarrow optical filtering
capability useful for dense WDM. This is because channel filtering can be
implemented in the electrical domain after coherent detection. In general,
reducing channel spacing in a WDM system is expected to lead to increased
penalty due to linear cross talk where the spectra of adjacent channels start to
overlap. Orthogonal WDM (OWDM) via coherent detection with channel
spacing equal to the symbol rate was recently proposed and demonstrated for
achieving the highest possible SE [46,52]. To see how linear cross talk can
be eliminated in OWDM, let the electrical field of the transmitted optical signal
of the WDM system be given as
C o«
s =2 ay &t —qT)e' ", (31)
k=1 =0

where C, a; ,, g(t), T, and wy, are the total number of optical channels, the gth
information symbol of the kth channel, pulse shape, and angular frequency
of the kth channel carrier, respectively. At the coherent receiver, the transmitted
signal is beat with the LO. Noise n(¢) (expressed in baseband) is added to
the signal by the communications channel, and then it is detected by a coherent
receiver. The output signal from the receiver is

r(t) = (s()e 710"+ n(1) ® h(2), (32)
where /(f) is the net receiver impulse response, composed of the impulse

response of the receiver front end combined with an equalization filter, and n(¢)
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is the additive noise. w; g refers to the effective LO frequency, given by the
actual LO frequency together with any adjustment applied in the digital domain.
For OWDM, the channel spacing is chosen such that

wk_wk,1:27T/T. (33)

Assuming that g(¢) is a perfectly square pulse (of width 7) and /4(¢) is the same
square pulse (the matched filter), Eq. (32) becomes, for two channels spaced
by 27/ T, where w; o= w;,

* T
0-3 | (@804
q=0+70

21T 2
+a, ,g(t— 17— qT)exp j7t exp —j77 dr,

r(t) = %al,qg(@ h(t—qT). (34)

The second channel is extinguished by convolution with the receive filter;
therefore there is no linear cross talk from the adjacent channels. The principle
of OWDM is fundamentally the same as in orthogonal frequency-division
multiplexing (OFDM) in the electrical or optical communication systems
[53-56]. The difference is that orthogonality is maintained among optical
carriers in OWDM, while orthogonality is maintained among RF subcarriers in
OFDM, and these subcarriers are modulated onto an optical carrier.

An experiment, shown in Fig 11(a), demonstrating the principle of OWDM
using coherent detection was reported in [46]. The center channel (w.) is
BPSK modulated by using a Mach—Zehnder modulator (MZM) driven at

6 Gbaud by a pattern generator (PG). Two adjacent channels (w; and w; ) are also
modulated and combined with the center channel. Note that the adjacent
channels have synchronized symbol times but decorrelated data content
compared with the center channel. Noise is loaded by combining the three
modulated channels with the output of several cascaded EDFAs with no input,
inducing ASE. A 90° hybrid and real-time oscilloscope (RTO) were used to
coherently detect and sample the noise-loaded signal. The LO frequency was set
to match w.. The obtained samples were processed offline. The
decision-threshold QO factor as a function of channel spacing is shown in Fig.
11(b). When the channel spacing is much tighter than the symbol rate, a

large penalty is incurred. This penalty is reduced as the channel spacing grows,
up to an optimal point. Note that this shift in optimum channel spacing to a
higher value than the symbol rate is due to the finite rise time of the pulse
(stemming from limited bandwidth). Increasing the channel spacing even
further actually increases the penalty. But from a certain channel spacing onward
the channels are spaced enough that the spectral overlap is diminished and

the Q factor levels off. Also shown in Fig. 11(b) are the simulation results when
three and five WDM channels are present. There is a slight penalty (0.8 dB)
when five channels are considered, which arises because the next-nearest
neighbors have a small spectral overlap with the center channel.
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6. High-Symbol-Rate Coherent Systems

Looking ahead of the landscape for DSP-based coherent optical communication,
one of the possible bottlenecks for realizing future high-symbol-rate
transmission systems is the ADC technology. Coherent optical time-domain
sampling (COTDS) [57] can be a potential solution, as it can be used to
demultiplex the waveform into tributaries slow enough for electronic ADC.
Figure 12(a) shows the schematic for a 1 X2 COTDS setup where two samples

Figure 12
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(a) Schematic and (b) experimental setup for COTDS [58].
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from one symbol are demultiplexed into two data streams at half the symbol
rate.

A 1 X2 COTDS experiment was carried out to demonstrate 10 Gbit/s BPSK
transmission and dispersion compensation [58]. The setup is shown in

Fig. 12(b). A 10 Gbit/s BPSK signal after 220 km standard single-mode fiber
(SSMF) [D=17 ps/(km nm)] transmission was coherently detected by

using COTDS, and the dispersion was electronically compensated. For
dispersion compensation, a sampling rate of 20 Gsamples/s is required for

10 Gbit/s signal. In this experiment, the sampling rate ADC was set at

10 Gsamples/s, and two COTDS pulse trains with repetition rate of 10 GHz
were used as LOs to perform parallel optical sampling. The wavelengths of the
transmitter and the LO laser were 1550 nm, and their frequency difference
was tuned to be as small as possible. An electroabsorption modulator was
modulated by a 10 GHz clock at a proper bias point to achieve a pulse

train with a pulse width around 20 ps. The pulse train was then divided into
two by a 50 ps relative delay. Polarization manipulations were used so that only
one 90° optical hybrid is required, and the two orthogonal LO pulse trains

beat with the received signal independently. The outputs of the hybrid were
separated by two polarization splitters and then detected by four detectors with
a 12 GHz bandwidth. A real-time digital oscilloscope was used as ADC and
sampled at 10 Gsamples/s. The signal power launched into SSMF was 0 dBm,
and the EDFAs had noise figures around 5 dB. The total LO power was set

to be —2.6 dBm.

The relative phase ¢, between the two LO channels should be stable and
known to perform electronic dispersion compensation and phase estimation
properly. In this experiment, we estimated the relative phase in postprocessing.
Once ¢, is obtained, it can be compensated because it varies slowly. We

chose consecutive “1”s and “0”s, which had small phase change between
adjacent sample points even after transmission, to calculate the phase difference
between the two LO pulse trains. The corresponding sample points of these
consecutive symbols in the two tributaries should have almost the same phase,
so they could be used to calculate ¢,;. This algorithm was demonstrated for
the 220 km SSMF transmission experiment. After the relative phase estimation,
we performed offline signal processing and BER measurement from recorded
data by applying electronic dispersion compensation and phase estimation
after transmission. The accumulated dispersion value was 3740 ps/nm. The
block size for the phase estimation was 15. A gliding window was used for each
symbol in phase estimation [58]. We measured the eye diagram and BER of
the 10 Gbit/s BPSK signals when the 1 X 2 COTDS was used. For comparison,
we also conducted an experiment using a CW LO and 20 Gsample/s ADC

to electronically sample the signals. The eye diagrams before and after electronic
dispersion compensation and phase estimation of the two schemes are

shown in Fig. 13 (P;=—19 dBm). It can be seen that COTDS worked well for
coherent detection and dispersion compensation.

Without the requirement for phase continuity between COTDS tributaries, the
setup can be used for optical time-domain demultiplexing. Reference [59]
demonstrated optical time-domain demultiplexing of a 320 Gbit/s QPSK signal
with a digital coherent receiver having an optical time-domain demultiplexing
function.
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Figure 13

Eye diagrams before and after dispersion compensation and phase estimation
using (a) optical sampling and 10 Gsample/s ADC and (b) CW LO and

20 Gsample/s ADC [58].
_______________________________________________________________________________________|

7. Concluding Remarks

It is an exciting time for the field of optical communication, as it is witnessing
the rebirth of coherent optical communication. Preamplified optical
communication systems made possible by the invention of EDFAs have been
the mainstay for research and commercialization since the demise of
coherent optical communication in the early 1990s. Advances in integrated
circuits and DSP technologies have fortunately brought coherent optical
communication to the forefront again. In fact, recent developments in
DSP-enabled coherent optical communication mirror advances in the field of
RF-wireless communication. However, DSP-enabled coherent optical
communication is advancing at a much faster pace. Techniques that were
developed for RF—wireless communication over the past few decades have been
applied to coherent optical communication over the past few years, including
real-time implementations [50,60,61]. Reference [50] describes a real-time
coherent receiver that performs dispersion compensation, polarization
demultiplexing, and PMD compensation, carrier-phase estimation, and data
recovery for a PDM QPSK system operating at 10 Gsymbol/s (40 Gbits/s).
Figure 14 shows the photograph of the CMOS ASIC (application-specific
integrated circuit) for the receiver, which executes 12 X 10'? operations per
second. Progress in ASICs such as this provides optimism for more advanced
signal processing functions in coherent optical communication, including
nonlinearity compensation.

The capacity of a communication channel is the product of the spectral
bandwidth # and the maximal SE. According to the Shannon capacity formula
for the additive white Gaussian noise channel with an average power
constraint W log,(1+S/N)W log,(1+S/N), with S being input light power and
N the power of ASE noise in the system. However, the fiber (channel) is not
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Figure 14

R

)

Photograph of a CMOS ASIC coherent receiver for PDM QPSK with four
20 Gsample/s ACDs and 12 X 10'? operations per second [50].

linear. The amount of nonlinear noise (SPM, XPM, and FWM) increases faster
than the signal power. The effect is a saturation and eventual decline of SE

as a function of input signal power for a WDM system using on—off keying [62],
in complete contrast with the linear channel case.

With nonlinearity compensation using the backward propagation method, all
deterministic nonlinear effects including SPM, XPM, and FWM due to data
modulation can potentially be fully compensated. The fundamental SE limit
will then be bounded by ASE at low input power densities in the same way as
above and will be bounded by ASE-seeded nonlinearities at high input

power densities. These nonlinearities include not only ASE-seeded
nonlinearities in the transmission fibers but also nonlinearities induced by ASE—
LO beat noise (in the coherent receivers) in the virtual back propagation

fiber. This new fundamental SE limit with coherent detection and nonlinearity
compensation has yet to be determined. In a practical system, the

deterministic nonlinearities cannot be compensated exactly because of
quantization noise and also finite step size. It would be interesting to obtain a
lower bound on the practical capacity limits as a function of ADC resolution

and step size by using the semianalytical method as in [62]. ADC resolution and
step size (proportional to number of operations) both affect system cost.

There has been an exponential growth in research activities in coherent optical
communication since 2004. The author apologizes that only a small fraction

of the work was referenced in this article. The readers should refer to the
proceedings of the Optical Fiber Communication Conference and the European
Conference on Optical Communication since 2004 as well as relevant

journals to gain a complete picture of the state of the art in coherent optical
communication.
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