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Abstract: The drive for higher performance in optical fiber systems has
renewed interest in coherent detection. We review detection methods,
including noncoherent, differentially coherent, and coherent detection, as
well as a hybrid method. We compare modulation methods encoding
information in various degrees of freedom (DOF). Polarization-multiplexed
quadrature-amplitude modulation maximizes spectral efficiency and power
efficiency, by utilizing all four available DOF, the two field quadratures in
the two polarizations. Dual-polarization homodyne or heterodyne
downconversion are linear processes that can fully recover the received
signal field in these four DOF. When downconverted signals are sampled at
the Nyquist rate, compensation of transmission impairments can be
performed using digital signal processing (DSP). Linear impairments,
including chromatic dispersion and polarization-mode dispersion, can be
compensated quasi-exactly using finite impulse response filters. Some
nonlinear impairments, such as intra-channel four-wave mixing and
nonlinear phase noise, can be compensated partially. Carrier phase recovery
can be performed using feedforward methods, even when phase-locked
loops may fail due to delay constraints. DSP-based compensation enables a
receiver to adapt to time-varying impairments, and facilitates use of
advanced forward-error-correction codes. We discuss both single- and
multi-carrier system implementations. For a given modulation format, using
coherent detection, they offer fundamentally the same spectral efficiency
and power efficiency, but may differ in practice, because of different
impairments and implementation details. With anticipated advances in
analog-to-digital converters and integrated circuit technology, DSP-based
coherent receivers at bit rates up to 100 Gbit/s should become practical
within the next few years.
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1. Introduction

An important goal of a long-haul optical fiber system is to transmit the highest data
throughput over the longest distance without signal regeneration. Given constraints on the
bandwidth imposed by optical amplifiers and ultimately by the fiber itself, it is important to
maximize spectral efficiency, measured in bit/s/Hz. But given constraints on signal power
imposed by fiber nonlinearity, it is also important to maximize power (or SNR) efficiency,
i.e., to minimize the required average transmitted energy per bit (or the required signal-to-
noise ratio per bit). Most current systems use binary modulation formats, such as on-off
keying or differential phase-shift keying, which encode one bit per symbol. Given practical
constraints on filters for dense wavelength-division multiplexing (DWDM), these are able to
achieve spectral efficiencies of 0.8 bit/s/Hz per polarization. Spectral efficiency limits for
various detection and modulation methods have been studied in the linear [1-3] and nonlinear
regimes [4,5]. Noncoherent detection and differentially coherent detection offer good power
efficiency only at low spectral efficiency, because they limit the degrees of freedom available
for encoding of information [5].
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The most promising detection technique for achieving high spectral efficiency while
maximizing power (or SNR) efficiency, is coherent detection with polarization multiplexing,
as symbol decisions are made using the in-phase (I) and quadrature (Q) signals in the two
field polarizations, allowing information to be encoded in all the available degrees of freedom.
When the outputs of an optoelectronic downconverter are sampled at Nyquist rate, the
digitized waveform retains full information of the electric field, which enables compensation
of transmission impairments by digital signal processing (DSP). A DSP-based receiver is
highly advantageous because adaptive algorithms can be used to compensate time-varying
transmission impairments. Advanced forward error-correction coding can also be
implemented. Moreover, digitized signals can be delayed, split and amplified without
degradation in signal quality. DSP-based receivers are ubiquitous in wireless and digital
subscriber line (DSL) systems at lower data rates. In such systems, computationally intensive
techniques have been demonstrated, such as orthogonal frequency-division multiplexing
(OFDM) with multiple-input-multiple-output (MIMO) transmission in a real-time 1 Gbit/s
wireless link [6]. Continued hardware improvements will enable deployment of DSP-based
coherent optical systems in the next few years.

Experimental results in coherent optical communication have been promising. Kikuchi
demonstrated polarization-multiplexed 4-ary quadrature-amplitude modulation (4-QAM)
transmission at 40 Gbit/s with a channel bandwidth of 16 GHz (2.5 bit/s/Hz) [7]. This
experiment used a high-speed sampling oscilloscope to record the output of a homodyne
downconverter. DSP was performed offline because of the unavailability of sufficiently fast
processing hardware. The first demonstration of real-time coherent detection occurred in
2006, when an 800 Mbit/s 4-QAM signal was coherently detected using a receiver with 5-bit
analog-to-digital converters (ADC) followed by a field programmable gate array [8]. In 2007,
feedforward carrier recovery was demonstrated in real time for 4-QAM at 4.4 Gbit/s [9].
Savory showed the feasibility of digitally compensating the chromatic dispersion (CD) in
6,400 km of SMF without inline dispersion compensating fiber (DCF), with only 1.2 dB
OSNR penalty at 42.8 Gbit/s [10]. Coherent detection of large QAM constellations has also
been demonstrated. For example, 16-ary transmission at 40 Ghit/s using an amplitude-phase-
shift keying (APSK) format was shown by Sekine et al [11]. In 2007, Hongo et al
demonstrated 64-QAM transmission over 150 km of dispersion-shifted fiber [12].

This paper provides an overview of detection and modulation methods, with emphasis on
coherent detection and digital compensation of channel impairments. The paper is organized
as follows: in Section 3, we review signal detection methods, including noncoherent,
differentially coherent and coherent detection. We compare these techniques and the
modulation formats they enable. In Section 4, we compare the bit-error ratio (BER)
performance of different modulation formats in the presence of additive white Gaussian noise
(AWGN). In Section 5, we review the major channel impairments in long-haul optical
transmission. We show how these can be compensated digitally in single-carrier systems, and
we compare digital compensation to traditional compensation methods. In Section 6, we
review OFDM, which is a multi-carrier modulation format. Finally, in Section 7, we compare
implementation complexities of single- and multi-carrier systems.

2. Notation

In this paper, we represent optical signal and noise electric fields as complex-valued,
baseband quantities, which are denoted as Esubscript(t). In Section 3, photocurrents are

represented as real passband signals as 1 g nqcript (t). After we derive the canonical model for a

coherent receiver, in all subsequent sections, we write all signals and noises as complex-
valued baseband quantities, with the convention that the output of the optoelectronic
downconverter is denoted by y, the transmitted symbol as x, the output of the linear equalizer
as X, and the phase de-rotated output prior to symbol decisions as X. Signals that occupy one
polarization only are represented as scalars and are written in italics as shown; while dually
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polarized signals are denoted as vectors and are written in bold face, such as y . Unless

stated otherwise, we employ a linear (X, y) basis for decomposing dually polarized signals. In
Section 5 dealing with impairment compensation, matrix and vector quantities are denoted in
bold face.

3. Optical detection methods
3.1 Noncoherent detection

@  E) Decision = (b)

Fig. 1. Noncoherent receivers for (a) amplitude-shift modulation (ASK) and (b) binary
frequency-shift keying (FSK).

Decision =

In noncoherent detection, a receiver computes decision variables based on a measurement of
signal energy. An example of noncoherent detection is direct detection of on-off-keying
(OOK) using a simple photodiode (Fig. 1(a)). To encode more than one bit per symbol, multi-
level amplitude-shift keying (ASK) — also known as pulse-amplitude modulation — can be
used. Another example of noncoherent detection is frequency-shift keying (FSK) with wide
frequency separation between the carriers. Fig. 1(b) shows a noncoherent receiver for binary
FSK.

The limitations of noncoherent detection are: (a) detection based on energy measurement
allows signals to encode only one degree of freedom (DOF) per polarization per carrier,
reducing spectral efficiency and power efficiency, (b) the loss of phase information during
detection is an irreversible transformation that prevents full equalization of linear channel
impairments like CD and PMD by linear filters. Although maximum-likelihood sequence
detection (MLSD) can be used to find the best estimate of the transmitted sequence given only
a sequence of received intensities, the achievable performance is suboptimal compared with
optical or electrical equalization making use of the full electric field [13].

3.2 Differentially coherent detection

Fig. 2. Differentially coherent phase detection of (a) 2-DPSK (b) M-DPSK, M > 2.

In differentially coherent detection, a receiver computes decision variables based on a
measurement of differential phase between the symbol of interest and one or more reference
symbol(s). In differential phase-shift keying (DPSK), the phase reference is provided by the
previous symbol; in polarization-shift keying (PolSK), the phase reference is provided by the
signal in the adjacent polarization. A binary DPSK receiver is shown in Fig. 2(a). Its output
photocurrent is:

| ppsk (t) = RRe{ES(t)E;(t—TS)}, @)
where Es(t) is the received signal, R is the responsivity of each photodiode, and Ts is the

symbol period. This receiver can also be used to detect continuous-phase frequency-shift
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keying (CPFSK), as the delay interferometer is equivalent to a delay-and-multiply
demodulator. A receiver for M-ary DPSK, M > 2, can similarly be constructed as shown in
Fig. 2(b). Its output photocurrents are:

| opex (t) = 2 RRelE (VEL (t—T, )} and @)

| opsqt) = 4 RIMES(OEL (T, ®

A key motivation for employing differentially coherent detection is that binary DPSK has
2.8 dB higher sensitivity than noncoherent OOK at a BER of 10~ [5]. However, the constraint
that signal points can only differ in phase allows only one DOF per polarization per carrier,
the same as noncoherent detection. As the photocurrents in Eg. (1) to (3) are not linear
functions of the E-field, linear impairments, such as CD and PMD, also cannot be
compensated fully in the electrical domain after photodetection.

A more advanced detector for M-ary DPSK is the multichip DPSK receiver, which has
multiple DPSK receivers arranged in parallel, each with a different interferometer delay that is
an integer multiple of T [14,15]. Since a multichip receiver compares the phase of the current
symbol to a multiplicity of previous symbols, the extra information available to the detector
enables higher sensitivity. In the limit that the number of parallel DPSK receivers is infinite,
the performance of multi-chip DPSK approaches coherent PSK [15]. In practice, the number
of parallel DPSK receivers required for good performance needs to be equal to the impulse
duration of the channel divided by Te Although multi-chip DPSK does not require a local
oscillator (LO) laser, carrier synchronization and polarization control, the hardware
complexity can be a significant disadvantage.

3.3 Hybrid of noncoherent and differentially coherent detection

A hybrid of noncoherent and differentially coherent detection can be used to recover
information from both amplitude and differential phase. One such format is polarization-shift
keying (PolSK), which encodes information in the Stokes parameter. If we let

E,(t)=a, ()%t and Ey(t)=ay(t)ej¢y(t) be the E-fields in the two polarizations, the
Stokes parameters are S, =aj —ajy, S, =2asa,cos(d) and S; =2aaysin(s), where
5(t)= o« (t)— oy (t) [16]. A POISK receiver is shown in Fig. 3. The phase noise tolerance of

PolSK is evident by examining S, to S;. Firstly, S is independent of phase. Secondly, S, and
S; depend on the phase difference gy (t)— gy (t). As @y(t) and ¢, (t) are both corrupted by the

same phase noise of the transmitter (TX) laser, their arithmetic difference &(t) is free of
phase noise. In practice, the phase noise immunity of PoISK is limited by the bandwidth of the
photodetectors [16]. It has been shown that 8-PolSK can tolerate laser linewidths as large as
AVT, = 0.01 [17], which is about 100 times greater than the phase noise tolerance of coherent
8-QAM (Section 5.3.3). This was a significant advantage in the early 1990s, when symbol
rates were only in the low GHz range. In modern systems, symbol rates of tens of GHz, in
conjunction with tunable laser having linewidths <100 kHz, has diminished the advantages of
PolISK. Recent results have shown that feedforward carrier synchronization enables coherent
detection of 16-QAM at AT, ~107 [18], which is within the limits of current technology.
As systems are increasingly driven by the need for high spectral efficiency, polarization-
multiplexed QAM is likely to be more attractive because of its higher sensitivity (Section 4).
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Fig. 3. Polarization-shift keying (PolSK) receiver.

3.4 Coherent detection

The most advanced detection method is coherent detection, where the receiver computes
decision variables based on the recovery of the full eectric field, which contains both
amplitude and phase information. Coherent detection thus allows the greatest flexibility in
modulation formats, as information can be encoded in amplitude and phase, or alternatively in
both in-phase (I) and quadrature (Q) components of a carrier. Coherent detection requires the
receiver to have knowledge of the carrier phase, as the received signal is demodulated by a
LO that serves as an absolute phase reference. Traditionally, carrier synchronization has been
performed by a phase-locked loop (PLL). Optical systems can use (i) an optical PLL (OPLL)
that synchronizes the frequency and phase of the LO laser with the TX laser, or (ii) an
electrical PLL where downconversion using a free-running LO laser is followed by a second-
stage demodulation by an analog or digital electrical VCO whose frequency and phase are
synchronized. Use of an electrical PLL can be advantageous in duplex systems, as the
transceiver may use one laser as both TX and LO. PLLs are sensitive to propagation delay in
the feedback path, and the delay requirement can be difficult to satisfy (Section 5.3.1).
Feedforward (FF) carrier synchronization overcomes this problem. In addition, as a FF
synchronizer uses both past and future symbols to estimate the carrier phase, it can achieve
better performance than a PLL which, as a feedback system, can only employ past symbols.
Recently, DSP has enabled polarization alignment and carrier synchronization to be
performed in software.

Dual Pol.
Xk b(t) ( DCF W Downconverter
Ept @).D@D Es(® L-pol || ) Yik p
L fiber Down- LPF e— . 1k
@ Data Pulse converter Digital
™ Mod. Carver Al [y o Signal ~
B =ty -a ' 1-pol (t) \% -: Processor X2k
1 -po t 2,k -
! ! Channel V1 oown- 2o Y225
1 1 »] converter :
1 1
1 Lo PBSI- === == s e e e e 1
:___)_(Z_k___bgt)_____.l Laser
Transmitter Receiver
0 ny(t)
% (t
%k =] bit) _’é i (t) @I_){yl_k Digital |- %
® )| | HO %) Vo | sional [] .
%k =] bit) _’? p(t) ¥ === Processor [T> %2k
ny(t)
Transmitter Channel Receiver

Fig. 4. Coherent transmission system (a) implementation, (b) system model.

A coherent transmission system and its canonical model are shown in Fig. 4. At the
transmitter, Mach-Zehnder (MZ) modulators encode data symbols onto an optical carrier and
perform pulse shaping. If polarization multiplexing is used, the TX laser output is split into
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two orthogonal polarization components, which are modulated separately and combined in a
polarization beam splitter (PBS). We can write the transmitted signal as:

E(t) E"i } \/Fthk (t— kT )el@st+es(t) @)

where T is the symbol period, P, is the average transmitted power, bft) is the pulse shape
(e.g., non-return-to-zero (NRZ) or return-to-zero (RZ)) with the normalization

I|b(t)|2 dt=Tg, wg and ¢g(t) are the frequency and phase noise of the TX laser, and
X = [xllk,xzkar is a 2x1 complex vector representing the k-th transmitted symbol. We

assume that symbols have normalized energy: E[|xk|2}=1. For single-polarization

transmission, we can set the unused polarization component x; j to zero.

The channel consists of N spans of fiber, with inline amplification and DCF after each
span. In the absence of nonlinear effects, we can model the channel as a 2x2 matrix:

h(t)—[h“(t) hlz(t)} ; [Hn(a)) HlZ(a))}—H(m), )

CLha(t) hpolt) Ha(w) Hplw)]

where hj; (t) denote the response of the i-th output polarization due to an impulse applied at

the j-th input polarization of the fiber. The choice of reference polarizations at the transmitter
and receiver is arbitrary. Eq. (5) can describe CD, all orders of PMD, polarization-dependent
loss (PDL), optical filtering effects and sampling time error [19]. In addition, a coherent
optical system is corrupted by AWGN, which includes (i) amplified spontaneous emission
(ASE) from inline amplifiers, (ii) receiver LO shot noise, and (iii) receiver thermal noise. In
the canonical transmission model, we model the cumulative effect of these noises by an

equivalent noise source n(t)=[my(t),n, (t) ]T referred to the input of the receiver.
The E-field at the output of the fiber is E( [ESl ) = 2(t)]r , Where:

2
(t)= \/P_rz Z XmkCim(t = kTs)ej(wst+¢S(t)) +Egi (t). ©)
k m=l

Under the assumption of Fig. 4 where inline amplification completely compensates
propagation loss, P, =R is the average received power, c,(t)=b(t)®hy,(t) is a
normalized pulse shape, and Eg (t) is ASE noise in the I-th polarization. Assuming the N
fiber spans are identical and all inline amplifiers have gain G and spontaneous emission factor
Ng, the two-sided power spectral density (psd) of Eg,) (t) is Seq(f)=Nanghas(G-1)/G
W/Hz [20].

The first stage of a coherent receiver is a dual-polarization optoelectronic downconverter
that recovers the baseband modulated signal. In a digital implementation, the analog outputs

are lowpass filtered and sampled at 1/T = M/KTg, where M/K is a rational oversampling
ratio. Channel impairments can then be compensated digitally before symbol detection.
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3.4.1 Sngle-polarization downconverter

@ (b)

Fig. 5. Single-polarization downconverter employing a (a) heterodyne and (b) homodyne
design.

We first consider a single-polarization downconverter, where the LO laser is aligned in the |-
th polarization. Downconversion from optical passband to electrical baseband can be achieved
in two ways: in a homodyne receiver, the frequency of the LO laser is tuned to that of the TX
laser so the photoreceiver output is at baseband. In a heterodyne receiver, the LO and TX
lasers differ by an intermediate frequency (IF), and an electrical LO is used to downconvert
the IF signal to baseband. Both implementations are shown in Fig. 5. Although we show the
optical hybrids as 3-dB fiber couplers, the same networks can be implemented in free-space
optics using 50/50 beamsplitters; this was the approach taken by Tsukamoto [21]. Since a
beamsplitter has the same transfer function as a fiber coupler, there is no difference in their
performances.

In the heterodyne downconverter of Fig. 5(a), the optical frequency bands around

@ o +o and @ g — o both map to the same IF. In order to avoid DWDM crosstalk and

to avoid excess ASE from the unwanted image band, optical filtering is required before the
downconverter. The output current of the balanced photodetector in Fig. 5(a) is:

ey (0= R{[E0)” - [E2 (0 ) = 2RimiE) ({0 )+ 10y ) g

where E o, (t)= \/Tmej(“’w”%(t)) is the E-field of the LO laser, and P o), @ o and
¢ .o(t) are its power, frequency and phase noise. |4y (t) is the LO shot noise. Assuming
PLo >> Ps, I (t) has a two-sided psd of Sig(f)=0gRP o A%Hz.. Substituting Eq. (6)
into Eq. (7), we get:

het,| (t) = 2R\/Po (\/Fr( yij (t)sin(@gt)+ Y|q(t)005(w|Ft))+ Eg) ('f))+ Iy t) (8

where g = 0 — g is the IF, ¢(t)=a(t)-d o(t) is the carrier phase, and yj;(t) and
Yiq(t) are the real and imaginary parts of:

2 | ©
Yio)=" > XmiCimlt - KToJel?®) .

k m=L

The term 2R/P o E'spJ (t) in Eq. (8) is sometimes called LO-spontaneous beat noise, and

Eq (t)= Im{EspJ (t)e‘j(“’LC’”“’LO(t))} has a two-sided psd of 1 Sge(f).

It can similarly be shown that the currents at the outputs of the balanced photodetectors in
the homodyne downconverter (Fig. 5(b)) are:
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ot 0= B0 ~ B2 ) = RyRlor (/R i)+ Equ O+ s 0.and
Inomy.q(t)= R(|Es(t)|2 —|E4(t12j =Ry/PLoy (x/P_rqu(t)"' E'sp,lq(t))+ Lshiq (). (11)

where Egy)i

and Egy)q are white noises with two-sided psd 1 Sgq,(f); and 14 and

l'shiq are white noises with two-sided psd %Swh(f ). Since it can be shown that thermal

noise is always negligible compared to shot noise and ASE noise [22], we have neglected this
term in Eqg. (10) and (11). In long-haul systems, the psd of LO-spontaneous beat noise is
typically much larger than that of LO shot noise; such systems are thus ASE-limited.
Conversely, unamplified systems do not have ASE, and are therefore LO shot-noise-limited.

If one were to demodulate Eq. (8) by an electrical LO at a,g, as shown in Fig. 5(a), the
resulting baseband signals e i (t) and Ipet) q(t) will be the same as Egs. (10) and (11) for

the homodyne downconverter in Fig. 5(b), with all noises having the same psd’s. Hence, the
heterodyne and the two-quadrature homodyne downconverters have the same performance
[23]. A difference between heterodyne and homodyne downconversion only occurs when the
transmitted signal occupies one quadrature (e.g. 2-PSK) and the system is LO shot-noise-
limited, as this enables the use of a single-quadrature homodyne downconverter that has the

optical front-end of Fig. 5(a), but has wg=w . Its output photocurrent is

2R /P o, (\/P_ry|q(t)+ Eql (t))+ | ¢n) (t). Compared to Eq. (11), the signal term is doubled

(four times the power), while the shot noise power is only increased by two, thus yielding a
sensitivity improvement of 3 dB compared to heterodyne or two-quadrature homodyne
downconversion. This case is not of practical interest in this paper, however, as long haul
systems are ASE-limited, not LO shot-noise-limited. Also, for good spectral and power
efficiencies, modulation formats that encode information in both | and Q are preferred. Hence,
there is no performance difference between a homodyne and a heterodyne downconverter
provided optical filtering is used to reject image-band ASE for the heterodyne downconverter.
Since the two downconverters in Fig. 5 ultimately recover the same baseband signals, we can
combine Egs. (10) and (11) and write a normalized, canonical equation for their outputs as:

2

Yi (t)zszm,kclm(t_k-rs)em(t)+nl (t): (12)

k m=l

where ny (t) is complex white noise with a two-sided psd of:

Snn(f): No =Ts/7s -

¥s IS the signal-to-noise ratio (SNR) per symbol. The values of yg for homodyne and
heterodyne downconverters in different noise regimes are shown in Table 1. For the shot-
noise limited regime using a heterodyne or two-quadrature homodyne downconverter, yg is
simply the number of detected photons per symbol. We note that Eq. (12) is complex-valued,
and its real and imaginary parts are the two baseband signals recovered in Fig. 5. For the
remainder of this paper, it is understood that all complex arithmetic operations are ultimately
implemented using these real and imaginary signals.

The advantages of heterodyne downconversion are that it uses only one balanced
photodetector and has a simpler optical hybrid. However, the photocurrent in Eq. (8) has a
bandwidth of @ + BW, where BW is the signal bandwidth (Fig. 6(a)). To avoid signal

distortion caused by overlapping side lobes, w;r needs to be sufficiently large. Typically,

(13)
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o = BW, thus a heterodyne downconverter requires a balanced photodetector with at least

twice the bandwidth of a homodyne downconverter, whose output photocurrents in Egs. (10)
and (11) only have bandwidths of BW (Fig. 6(b)). This extra bandwidth requirement is a major
disadvantage. In addition, it is also difficult to obtain electrical mixers with baseband
bandwidth as large as the IF. A summary of homodyne and heterodyne receivers is given in
Table 2. A comparison of carrier synchronization options is given in Table 3.

Table 1. SNR per symbol for various receiver configurations. For the ASE-limited cases, Ng is

the average number of photons received per symbol, Ny is the number of fiber spans, and ng, is
the spontaneous emission noise factor of the inline amplifiers. For the LO shot-noise-limited

cases, N, =7Ng is the number of detected photons per symbol, where 7 is the quantum
efficiency of the photodiodes.

Homodyne Homodyne

Regime (Single Quadrature) (Two Quadratures) Heterodyne
. i g s
ASE-limited Nang, N NAnsp
Shot-noise- 1= = =
limited 2 M Ny My
BWI
@ ! (b) :
|
T ! > « »

—OF DF

Fig. 6. Spectrum of a (a) heterodyne and (b) homodyne downconverter measured at the output
of the balanced photodetector.

Table 2. Comparison between homodyne and heterodyne downconverters.

Homodyne Heterodyne
No. of balanced photodetectors per 2 1
polarization required for QAM
Minimum photodetector bandwidth BW 2BW

Table 3. Comparison of carrier synchronization options. All three can be used with either homodyne or
heterodyne downconversion.

Optical PLL Electrical PLL FF Carrier Recovery
Can the transceiver use
same laser for TX and LO? No Yes Yes
Does propagation delay Yes Yes No
degrade performance?
Carrier phase estimate
depends on past or future Past only Past only Past and future
symbols?
Implementation Analog Analog or digital Analog [24] or digital

3.4.2 Dual -polarization downconverter

In the single-polarization downconverter, the LO needed to be in the same polarization as the
received signal. One way to align the LO polarization with the received signal is with a
polarization controller (PC). There are several drawbacks with this: first, the received
polarization can be time-varying due to random birefringence, so polarization tracking is
required. Secondly, PMD causes the received Stokes vector to be frequency-dependent. When
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a single-polarization receiver is used, frequency-selective fading occurs unless PMD is first
compensated in the optical domain. Thirdly, a single-polarization receiver precludes the use of
polarization multiplexing to double the spectral efficiency.

A dual-polarization downconverter is shown inside the receiver of Fig. 4(a). The LO laser
is polarized at 45° relative to the PBS, and the received signal is separately demodulated by
each LO component using two single-polarization downconverters in parallel, each of which
can be heterodyne or homodyne. The four outputs are the I and Q of the two polarizations,
which has the full information of E(t). CD and PMD are linear distortions that can be

compensated quasi-exactly by a linear filter.

o Single- Yops,i(t)
Eq(t) | Polarization | g, (t) E(t) | Polarization :
= Down- yoo t) = Down-
converter converter
O CIN =8
o Lo - 50 ()] LPF Yops q(t)

2

£
Dual-
E(t)| Polarization
() == Down- S(t)
converter | g @)
t o—-o0-
]
S(t)

Fig. 7. Emulating (a) direct detection, (b) 4-DPSK detection and (c) PolSK detection with
optoelectronic downconversion followed by non-linear signal processing in the electronic
domain. The signals E,(t) and Ey(t) are the complex-valued analog outputs described by Eq.
(12) for each polarization. We note that in the case of the heterodyne downconverter, the non-
linear operations shown can be performed at the IF output(s) of the balanced photoreceiver.

The lossless transformation from the optical to the electrical domain also allows the
receiver to emulate noncoherent and differentially coherent detection by nonlinear signal
processing in the electrical domain (Fig. 7). In long-haul transmission where ASE is the
dominant noise source, these receivers have the same performance as those in Fig. 1-3. A
summary of the detection methods discussed in this section is shown in Table 4.

Table 4. Comparison between noncoherent, differentially coherent and coherent detection. For the first two detection
methods, direct detection refers to the receiver implementations shown in Figs. 1-3, while homodyne/heterodyne
refers to the equivalent implementations shown in Fig. 7.

Noncoherent Detection Differentially Coherent Detection Coherent
Direct Hom./Het. Direct Hom./Het. Detection
Require LO? No Yes No Yes Yes
Require Carrier
Synchronization? No No No No Yes
Can compensate CD
and PMD by a linear No Yes No Yes Yes
filter after
photodetection?
Degrees of freedom per 1 1 2
polarization per carrier
Modulation formats ASK, FSK, Binary DPSK, CPFSK, Non-binary IfosngQ'AASI\IA(
supported PolSK PolSK FSK’ etc '
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4. Modulation formats

In this section, we compare the BER performance of different modulation methods for single-
carrier transmission corrupted by AWGN. We assume that all channel impairments other than
AWGN - including CD, PMD, laser phase noise and nonlinear phase noise — have been
compensated using techniques discussed in Section 5. Since ASE and LO shot noise are
Gaussian, the performance equations obtained are valid for both long haul and back-to-back
systems, when the definition of SNR defined by Table 1 is used. Owing to fiber nonlinearity,
it is desirable to use modulation formats that maximize power efficiency. Unless otherwise
stated (PolSK being the only exception), the formulae provided assume transmission in one
polarization, where noise in the unused polarization has been filtered. This condition is
naturally satisfied when a homodyne or heterodyne downconverter is used. For noncoherent
detection, differentially coherent detection and hybrid detection, the received optical signal
needs to be passed through a polarization controller followed by a linear polarizer.

Since the two polarizations in fiber are orthogonal channels with statistically independent
noises, there is no loss in performance by modulating and detecting them separately. The BER
formulae provided are thus valid for polarization-multiplexed transmission provided there is
no polarization crosstalk. Polarization multiplexing doubles the capacity while maintaining
the same receiver sensitivity in SNR per bit. We write the received signal as:

Yk =Xk + Ny, (14)

where X is the transmitted symbol and n, is AWGN. For the remainder of this paper, our
notation shall be as follows:

M is the number of signal points in the constellation.

b =log,(M ) is the number of bits encoded per symbol.

T, =Tg/b is the equivalent bit period.

Vs = E[|xk|2}/ E[|nk|2} is the SNR per symbol in single-polarization transmission.

Vs = E[|xk|2J/E[|nk|2J is the SNR per symbol in dual-polarization transmission (e.g.
polarization-multiplexed or PolSK).

Yo = Vs /b is the SNR per bit

The maximum achievable spectral efficiency (bit/s/Hz) of a linear AWGN channel is
governed by the Shannon capacity [1]:

15
bmax :|092(1+7/s)' (15)
If Np identical channels are available for transmission, and we utilize them all by dividing the
available power equally amongst the channels, the total capacity is b= Np log, (1+ ¥s/Np ),
which is an increasing function of Np. Hence, the best transmission strategy is to use all the
dimensions available. For example, suppose a target spectral efficiency of 4 bits per symbol is
needed. Polarization-multiplexed 4-QAM, which uses the inphase and quadrature components
of both polarizations, has better sensitivity than single-polarization 16-QAM.

AKX with noncoherent detection

Optical M-ary ASK with noncoherent detection has signal points evenly spaced in
nonnegative amplitude [25]. The photocurrents for different signal levels thus form a
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quadratic series. It can be shown that the optimal decision thresholds are approximately the
geometric means of the intensities of neighboring symbols. Assuming the use of Gray coding,
it can be shown that for large M and », the BER is approximated by [5]:

A 1/fM-1 3b
R (M)zB(Tjerfc[ W{;M_l)J (16)

DPK with differentially coherent detection

Assuming the use of Gray coding, the BER for M-ary DPSK employing differentially

coherent detection is [26]:

n 17[/2

J. = Isin;([l+ by, (L+ coszsin x)]exp(— by (L—coszsin x)) dydrn . (17)
V4

/M 0

DPK 1
R (M)~

For binary DPSK, the above formula is exact, and can be simplified to [27]:
1
AP (2)=Zexpl- 7). (18)
For quaternary DPSK, we have [27]:

AP (4)=Quer B)- S o aexol- 3 o? + 2] (19)

where o =42y, [1-1/2) and B =2p,L+42/2). Q(xy) and 15(x) are the Marcum Q
function and the modified Bessel function of the zeroth order, respectively.

Polarization-Shift Keying (Pol K)

PolISK is the special case in this section where the transmitted signal naturally occupies both
polarizations. Thus, polarization multiplexing cannot be employed to double system capacity.
The BER for binary PolSK is [16]:

AP (2)=Z expl- 7). (20)

For higher-order PolISK, the BER is well-approximated by [28],

&
o _ 6 (21)
AP ()= 1 1) fo 1[“:;‘75] folt)ct |
where
Folt)= 1—%exp(— by (1—cost))(1+cost), and (22)
fg(t):L;]texp(— by, (L—cost))(1-+ by (L+cost)). 23)

n, 6y and 6, are related to the number of nearest neighbors and the shape of the decision

boundaries on the Poincaré sphere. Table 5 shows their values for 4-PoISK and 8-PolSK.
Square 4-PolSK denotes the constellation where the signal points lie at the vertices of a square
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enclosed by the Poincaré square. In tetrahedral 4-PolSK and cubic 8-PolSK, the signal points
lie at the vertices of a tetrahedron and a cube enclosed by the Poincaré square, respectively.

Table 5. Parameters for computing the BER in polarization-shift keying (PolSK).

4-PolSK (square) 2 w4 al4
4-PoISK (tetrahedral) 3 %(;r— tany8 ) 726,
. 11 _
8-PolSK (cubic) 3 tan 7 7/2—6y

PSK with coherent detection

Assuming the use of Gray coding, the BER for M-ary PSK employing coherent detection is
given approximately by [29]:

AP (M) = Eerfc[ b, sin(ij J : (24)
b M
For the special cases of BPSK and QPSK, we have the exact expressions:
1
AP (2)= AP (4)= S erfel1 ) @)

QAM with coherent detection

Assuming the use of Gray coding, the BER for a square M-QAM constellation with coherent
detection is approximated by [29]:

PbQA'vI (M)= %[%] erfc{ 23\3—%} . (26)

The BER performance of 8-QAM with the signals points arranged as shown in Fig. 8 is [20]:

PM (g) ~ %erfc[ /3‘1735 J . @7)

A
oo1 Bitencoding

bobyb,
010 | 000
oir ® | ° 101
[ [ ]
110 | 100

111

Fig. 8. 8-QAM constellation.

Using Eqg. (16) to (27), we compute the SNR per bit required for each modulation format
discussed to achieve a target BER of 107% which is a typical threshold for receivers
employing forward error-correction coding (FEC). The results are shown in Table 6. In Fig. 9,
we plot spectral efficiency vs SNR per bit with polarization multiplexing to obtain fair
comparison with PolSK (we also show results for 12-PoISK and 20-PoISK [28]). Since
polarization-multiplexed ASK, DPSK and PSK all have two DOF (one per polarization), as is
the case with PolSK, they all have similar slopes at high spectral efficiency. Because QAM
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uses all four available DOF for encoding information, it has better SNR efficiency than the
other formats, and exhibits a steeper slope at high spectral efficiency.

Table 6. SNR per bit (in dB) required to achieve BER=10"5,

Single-Polarization Transmission
Bits per | Constellation ASK with DPSK with PSK with QAM with PoISK
Symbol SizeM Direct Interferometric Coherent Coherent
Detection Detection Detection Detection
1 2 9.8 7.9 6.8 6.8 7.9
2 4 15.0 9.9 6.8 6.8 8.0
3 8 20.0 13.1 10.0 9.0 9.4
4 16 25.0 17.4 14.3 10.5
8r lm IQ 'A ')<
= 1 / / /
[=) 1 Vd 7 v
o L H yd / /
1S 7 i/ 'II '/
U>) " ,’l / /’
5 6f o A X
o ¥ / V4
%) 1IN /l /
é 5P I’:” / ’/
> a7 /
o s / /
S af a 4" X :
I3 P / — Shannon's Capacity
= Vo / X ASK (Noncoherent)
w L 1
= 3 | ,’f'{_ / A DPSK (Diff. Coh.)
B L O PsK (Coherent)
Q 2r A ¥ O QAM (Coherent)
1
0 ! + Polsk
l L L Jl L L L L L I
5 0 5 10 15 20 25 30 35

SNR per bit (dB)

Fig. 9. Spectral efficiency vs. SNR per bit required for different modulation formats at a target
BER of 103, We assume polarization multiplexing for all schemes except PoISK. Also shown
is the Shannon limit (15), which corresponds to zero BER.

5. Channel impairments and compensation techniquesin single-carrier systems

In this section, we review the major channel impairments in fiber-optic transmission. We
present the traditional methods of combating these, and show how compensation can be done
electronically with coherent detection in single-carrier systems. Impairment compensation in
multi-carrier systems is discussed in Section 6.

5.1 Linear impairments

5.1.1 Chromatic dispersion

CD is caused by a combination of waveguide and material dispersion [22]. In the frequency
domain, CD can be represented by a scalar multiplication:

(1 2 1
- iber s iber s 28
( ) . J[Zﬁzl-fb (0)—0))+6ﬁ3|-fb (a)_w)ajl, (28)

where Ly is the length of the fiber, 5, is the dispersion parameter, j3; is the dispersion

slope, and ws is the signal carrier frequency. Uncompensated CD leads to pulse broadening,

causing intersymbol interference (ISI). Long-haul systems use DCF to compensate CD
optically [22]. However, inexact matching between the f, and g5 of transmission fiber and
DCF dictates the need for terminal dispersion compensation at high bit rates, typically 40
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Gbit/s or higher [30]. In reconfigurable networks, data can be routed dynamically through
different fibers, so the residual dispersion can be time-varying. This necessitates tunable
dispersion compensators.

5.1.2 Polarization-mode dispersion

'Tt) & N 1 |
. Ny j .
LA A A

Fig. 10. First-order polarization-mode dispersion.

Polarization-mode dispersion (PMD) is caused by random birefringence in the fiber. In first-
order PMD, a fiber possesses a “fast axis” along in polarization and a “slow axis” in the
orthogonal polarization (Fig. 10). These states of polarization are known as the principal
states of polarization (PSPs), and can be any vector in Stokes space in general. First-order
PMD can be written as [31]:

H pvp (@) = RT'DR, (29)

where D= diag(ej“”DGD/z,e_j“”DGD/z) is a diagonal matrix with 7pgp being the
differential group delay between the two PSPs, and R; and R, are unitary matrices that
rotate the reference polarizations to the fiber’s PSPs, which are elliptical in general. When a
signal is launched in any polarization state other than a PSP, the receiver will detect two

pulses at each reference polarization. Ignoring CD and other effects, the impulse response
measured by a polarization-insensitive direct-detection receiver is
ht)=a?- &t —rDGD/2)+ﬁ—a2)-§(t+rDGD/2), where & is the proportion of transmitted
energy falling in the slow PSP. In this simple two-path model, we see that PMD can lead to
frequency-selective fading [32]. In contrast to CD, which is relatively static, PMD (both the
PSPs and the DGD) can fluctuate on time scales on the order of a millisecond [33]. Thus
PMD compensators thus need to be rapidly adjustable. The statistical properties of PMD have
been studied in [34-36], and it has been shown that zpgp has a Maxwellian distribution,

whose mean value Tpgp grows as the square-root of fiber length. In SMF, 7pgp is typically

of order 0.1ps/+vkm . PMD is a significant impact on systems at bit rates of 40 Gbit/s and

higher, because 7pgp can be a significant fraction of the symbol period. Uncompensated

PMD can result in system outage [37].

One method of combating PMD is to use a tunable PC at the transmitter to ensure the
input signal is launched into a PSP [38]. Receiver-based compensators for first-order PMD
use a continuously tunable PC followed by a variable retarder, which inverts the DGD of the
fiber [38,39]. By cascading multiple first-order PMD compensators, one can retrace the PMD
vector of the transmission fiber. Such a device can compensate higher-order PMD [40].
Optical PMD compensators have been constructed using nonlinear chirped fiber Bragg
gratings [41], planar lightwave circuits (PLC) [42] and polarization-maintaining fibers (PMF)
twisted mechanically [40]. Compensation of zpgp as large as 1.7 symbols was demonstrated

by Noé et al [40]. A major limitation of optical PMD compensation is that device performance
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depends on the degree of tunability, and increasing the number degrees of freedom can require
costly hardware. However, optical PMD compensators are transparent to the data rate and
modulation format of the transmitted signal, and have been successfully employed for very
high-data-rate systems, where digital compensation is currently impossible.

Electronic PMD equalization has gained considerable recent interest. Buchali and Bulow
studied the use of a feedforward equalizer (FFE) with decision feedback equalizer (DFE) to
combat PMD systems using direct detection of OOK [39]. As with electronic CD
compensation in direct detection of OOK [43], the loss of phase during detection prevents
quasi-exact compensation of PMD.

5.1.3 Other linear impairments

In addition to CD and PMD, a fiber optic link can also have polarization-dependent loss
(PDL) due to anisotropy of network components such as couplers, isolators, filters,
multiplexers, and amplifiers [44]. In DWDM transmission, arrayed waveguide gratings
(AWG), interleavers and reconfigurable add-drop (de)multiplexers (ROADMS) cause
attenuation at the band edges of a channel. When a signal has to pass through cascaded
elements, bandwidth narrowing can be problematic. This is a major challenge in 40 Gbit/s
RZ-DPSK at 50 GHz channel spacing [45]. Bandwidth narrowing can be equalized by tunable
optical equalizers, but such devices are costly, introduce loss, and are difficult to make
adaptive.

5.1.4 Compensation of linear impairments and computational complexity

Since a dual-polarization downconverter linearly recovers the full electric field, CD and PMD
can be compensated quasi-exactly in the electronic domain after photodetection. One
approach is to use a tunable analog filter. However, as in the case of optical compensators, it
is difficult to implement the desired transfer function exactly, and analog filters are also
difficult to make adaptive. In addition, parasitic effects like signal reflections can lead to
signal degradation.

With improvements in DSP technology, digital equalization of CD and PMD is becoming
feasible. When the outputs of a dual-polarization downconverter are sampled above the
Nyquist rate, the digitized signal contains a full characterization of the received E-field,
allowing compensation of linear distortions by a linear filter. CD compensation using a digital
infinite impulse response (IIR) filter was studied by [46]. Although an IIR filter allows fewer
taps, it is more difficult to analyze, and may require greater receiver complexity because of
the need to implement time-reversal filters. In this paper, we concentrate on CD and PMD
compensation using a finite impulse response (FIR) filter.

il Re{Y1,m}

— X
£ Dual- o Im {Ym} Digital K
S(t) Polarization PO Equalizer
= t=mT
Down- Re{yzm} T
Converter - X =Wy

— X3,k

BI _mT Im{ys o f

Fig. 11. Digital equalization for a dually polarized linear channel.

Linear equalization using an FIR filter for dually polarized coherent systems was studied
in [47,48]. The canonical system model is shown in Fig. 11. The analog outputs of a dual-
polarization downconverter are passed through anti-aliasing filters with impulse responses
p(t) and then sampled synchronously at a rate of 1/T = M /KT, where M/K is a rational
oversampling ratio. We assume that the sampling clock has been synchronized using well-
known techniques [49]. In theory, the use of a matched filter in conjunction with symbol rate
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sampling is optimal. In practice however, symbol-rate sampling is susceptible to sampling
time errors. Fractionally spaced sampling has been shown to overcome this [50-52]. Let

gi; (t) =b(t) ® hyj (t)® p(t) and m;(t)= p(t)® (). We can write the digital samples as:

2
Yi (kT)i)’i,k ZZZ Xj n G (KT = nTg)+ m; (KT). (30)
n j=1

Suppose a linear equalizer takes the N =2L+1 samples closest to symbol k to computes the
minimum-mean-square error (MMSE) estimate of the k-th symbol X, . We have:

ik :|:§1,k:|:|:Wﬂ Wérl:||:yl,k:|:WTyk, (31)

Xor | WL Wi, Yok

T
where yi'k=[yi,LkTMJ+L’yi,L"7MJ+L—1""’yi,LkTM}L} , i=12. It can be shown that the
MMSE filter is a 2x 2N matrix given by [19]:

Wop =Aa, (32)

where A = E[y’,iy“ and o= Ely]:x“. When an non-integer oversampling ratio (K >1) is
used, there are K solutions to (32) depending on the value of kM mod K . In the example of
3/2 oversampling, there are separate Wiener solutions for odd and even symbols because of
the difference in the sampling times relative to the centers of the symbols.

Defining €, =Xy — X, to be the error (in the absence of other channel effects), it can be

shown that the the mean-square error (MSE) matrix associated with equalizer W is a quadratic
surface:

£ = Eleel | = (W - Wiop N A (W =W ) + (Pt —a" A ), (33)

and that tr{E} is minimized by choosing W = Wopt - Thus for a static channel H, Eq. (32)

gives the optimum equalizer of length N =2L+1. It can be shown that as M/K — e and

N — <, and the anti-aliasing filter does not introduce amplitude distortion, the power penalty

of a compensated CD/PMD channel approaches zero with respect to a pure AWGN channel at
the same SNR. In practice, since H can be time-varying, an adaptive equalizer shown in Fig.
12 is desired. Owing to the quadratic nature of Eq. (33), we can use well-known algorithms
such as least mean square (LMS) or recursive least squares (RLS) [53]. For LMS, we have the
following update equation for the filter coefficients:

W(Wl) — W(m) + 2ﬂy;3-|£ , (34)

where W(m) is the equalizer coefficients use to compute X, and y is the step size parameter

that needs to satisfy 0 < g <1/ Apax » Where Ay IS the largest eigenvalue of A = Elyiy“.

When a non-integer oversampling ratio is used, K filters are required for all possible values of
kM mod K . The index mindicates the m-th use of that particular filter.
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Fig. 12. Adaptive equalizer for polarization-multiplexed coherent detection.

Table 7. Equalizer length required (N) to compensate CD in a system using polarization-multiplexed 4-QAM at 100
Gbit/s. SMF (D = 17 ps/nm-km) with 2% under-compensation of CD is assumed. The oversampling ratio is 3/2.

- . Polarization-Multiplexed Transmission
Transmls(sll(r;r; Distance é_l-QAM B-QAM 1_6-QAM
(4 bits/symbol) (6 bits/symbol) (8 bits/symbol)
1,000 3 2 1
2,000 6 3 2
3,000 8 4 2
5,000 13 6 4

Ip and Kahn showed that when p(t) is a fifth-order Butterworth filter with a 3-dB
bandwidth of 0.4(M/K)Rs, any arbitrary amount of CD and first-order PMD can be
compensated with less than 2 dB power penalty provided the oversampling rate M /K >3/2,
and the filter length N satisfies:

(35)

(36)

N = 2713,|LRE(M/K), and
N :TDGDM/KT y

for mitigating CD and PMD, respectively [19]. It was found that for M /K >3/2, the required

value of N is insensitive to whether NRZ or RZ pulses are used, that system performance is
insensitive to sampling time errors. Typically, the required value of N is dominated by CD
considerations. In Table 7, we show the required value of N for different transmission
distances, where inline DCF is used with 2% CD under-compensation. The target bit rate is
100 Gbit/s, and we consider polarization-multiplexed 4-QAM transmission. The complexity
of directly implementing Eq. (32) is 4NRg complex multiplications per second. For large N,
linear equalization is more efficiently implemented using an FFT-based block processing [54].
Suppose a block length of B is chosen. An FFT-based implementation has a complexity of
Rs(N +B-1)2log, (N +B-1)+4)/B complex multiplications per second. For a given N,
there exists an optimum block length B that minimizes the number of operations required. It
can be shown that the asymptotic complexity grows as R log, R,. We compare the
complexity of single-carrier versus multi-carrier transmission (using OFDM) in Section 7.

5.2 Nonlinear impairments
5.2.1 Fiber nonlinearity

The dominant nonlinear impairments in fiber arise from the Kerr nonlinearity, which causes a
refractive index change proportional to signal intensity. Signal propagation in the presence of
fiber attenuation, CD and Kerr nonlinearity is described by the nonlinear Schrédinger
equation (NLSE)

: 2
0E _ iBp 0

0z 2

E
+

ot?

SE=ir|EFE, 37)
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where E(zt) is the electric field, « is the attenuation coefficient, $, is the dispersion

parameter, » is the nonlinear coefficient, and z and t are the propagation direction and time,
respectively.

Nonlinear effects include deterministic and statistical components. The nonlinearity
experienced by a signal due to its own intensity called self-phase modulation (SPM). In WDM
systems, a signal also suffers nonlinear effects due to the fields of neighboring channels.
These are cross-phase modulation (XPM) and four-wave-mixing (FWM) [22], and their
impact can be reduced by allowing non-zero local dispersion. In the absence of ASE, and
given knowledge of the transmitted data, all these nonlinear effects are deterministic, and it is
possible, in principle, to pre-compensate them at the transmitter. At the receiver, it would be
also be possible to employ joint multi-channel detection techniques, though complexity
precludes their implementation at this time. Here, we consider only receiver-based
compensation of SPM-induced impairments in the presence of CD, which leads to intra-
channel nonlinear effects.

In long-haul systems, interaction between ASE noise and signal through the Kerr
nonlinearity leads to nonlinear phase noise (NLPN). When caused by the ASE and signal in
the channel of interest, this is called SPM-induced NLPN. When caused by the ASE and
signal in neighboring channels, it is called XPM-induced NLPN. Here, we consider only
receiver-based compensation of SPM-induced NLPN.

In following two sections, we discuss (i) SPM in the presence of CD, and (ii) SPM-
induced NLPN. We show how these can be compensated by exploiting their correlation
properties.

5.2.2 Saf-phase modulation with chromatic dispersion: intra-channel nonlinearity

We consider a noiseless transmitted signal E(0,t) = Zk xb(t—KTg) = Zk xi by, where T

is the symbol period, by is the sampled pulse shape, and x, € {ejz””\" ,el4riM ,---,ejz”} are
the transmitted symbols chosen from an M-ary PSK constellation. We use first-order
perturbation theory to gain insight into the effects of nonlinearity [55]. Let

E=glin +AE=szk(b|9m) +Abk), where EU™ s the linear solution to the NLSE

(obtained by setting the right hand side of (37) to zero) and AE is the perturbation due to Kerr
nonlinearity. The NLSE can be re-written as:

JAE . BZAE (2% . i i . * . (li i in)*
~— + B 2 +3AE: il g (lin) |2 glin)_ JJ/ZXI mepb|(lm)br(r|1m)bgm) . (38)

I,m,p

For typical terrestrial links, the accumulated dispersion is such that the only the terms on the
right hand side of (38) that will induce a sizeable effect on the pulse at symbol k are those
with indices satisfying k =1+ m- p. Without loss of generality, we focus on symbol k = 0.

The NLSE can then be simplified to:

dAby ., %Ay « : o (inpdlindling®
a:"ﬂﬂz atzbo +2 Aby = 17> X em " bG MR (39)
I,m

The term | =m=0 is a deterministic distortion of a pulse by itself, and is referred to as intra-
channel self-phase modulation (ISPM). The terms where 1 =0, m=1 (and m=0,| = m) are
distortions to a pulse by neighboring pulses, and are known as intra-channel cross-phase
modulation (IXPM), as they are analogous to signal distortion by neighboring channels in
XPM. Finally, the remaining terms |, m=0 are called intra-channel four-wave mixing
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(IFWM), because they are analogous to the interacting frequencies in FWM. We emphasize
that the “intra-channel” effects all originate from SPM.

It is well-known that in OOK with direct detection, IXPM causes timing jitter to the
pulses, while IFWM causes amplitude jitter (or “ghost pulses™) in the zero bits [56,57]. One
can minimize these effects by careful dispersion map design [58,59], phase alternations [60]
and coding [61]. When coherent detection is used in conjunction with constant-intensity

modulation formats (e.g., PSK or DPSK), IXPM is deterministic, since|x| |2 is constant. Hence

the randomness in bé“n) is only due to IFWM. Let C|',m(t) be the solution to

Cim . %Chim @ dimdin (in
2z P at? +EC"m:”bl(m)br(ﬂm)bl(+lm’ (40)

which represents signal propagation through one span of fiber. The IFWM-induced phase
noise at symbol 0 is given by:

St (©) = Im{ z X| XmX|+mCi m (1) }: Im{ z X meﬁmXSCLm(t)} (41)

I.m=0 X0 (b(()”n) +Ab(STX)) I 1m0

where AbS*X) s the deterministic perturbation to bé“”) due to ISPM and IXPM. IFWM
phase noise was first studied by Wei and Liu [62], who showed that ¢,myn are correlated

between symbols. In long-haul transmission over multiple identical spans of fiber, ¢pwm

add coherently for each span. Lau and Kahn have shown the autocorrelation function of
IFWM phase noise: R(k,t) = E[g;mw (©)diewm (E—KT)] is given by [63]:

RO) =2 3" Im{C1
I,m
R(k) = %Z Re{cm, k—mcim,m—k }_%Z Re{Cm,kcm,—k } (42)

+ %% Re{cm,kcrn,—k }_%; Re{Cm,k—mc—m,m—k }’ k>0
for BPSK systems, and

R(0) = %Z|CI ,m|2: R(k) = %Z I:\)e{cm,k—mcim,m—k }_ % Z Re{cm,kcm,—k}v k>0 (43)
m m

I,m

for M-ary PSK with M > 2. Fig. 13 shows R(k,t) for single-polarization RZ-QPSK at 80

Gbit/s, where we used Gaussian pulses with 33% duty cycle. We compare Eq. (43) with
Monte Carlo simulations at different sampling times t. The simulations used 5000-trial
propagations through a typical terrestrial system with a random 32-pulse sequence. We
observe good agreement between theory and simulation results. It is thus possible to reduce

effects of IFWM by implementing a linear noise predictor in DSP using knowledge of R(k).
Assuming the received symbols are sampled at the optimal instants, we have
Oy = arg{x, }+ dypwm (KT) . A 1.8-dB improvement in performance was obtained using a
linear predictor for IFWM when IFWM is the dominant system impairment.
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Fig. 13. Autocorrelation function for IFWM phase noise in 80 Gbit/s QPSK transmission with
33% Gaussian pulses. Each span consists of 80 km of SMF with @ = 0.25 dB/km, D = 17

ps/nm-km, y = 1.2 Wkm, followed by DCF with « = 0.6 dB/km, D = -85 ps/nm-km, y = 5.3
Wkm™. The mean nonlinear phase shift is ®y,_ = 0.0215 rad/span.

5.2.3 Nonlinear phase noise

SPM-induced NLPN is often called the Gordon-Mollenauer (G-M) effect [64]. Fig. 14(b)

illustrates the G-M effect for QPSK. The received constellation is spiral-shaped, as signal
points with larger amplitude experiences larger phase shifts.
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Fig. 14. Constellation diagrams of the received signal showing ML decision boundaries for (a)

no NLPN, (b) with NLPN before compensation by 6y, and (c) with NLPN after
compensation by 6y -

Let the ASE noise of the i-th amplifier be n; ~ N(O,azl ) We assume the n; are i.i.d.

with o2 < G—1, where G is the amplifier gain. In the absence of CD and multi-channel
nonlinear effects, the NLPN of a system with N uniformly spaced identical amplifiers is:

i 2

N
44
¢NL:ﬂ—eﬁzE+znk : (44)

i=1] k=1
It can be shown that the variance of Eq. (44) is:
2 _

ONL = (45)
where L is the effective nonlinear length of each span [65] . Ho studied the probability
density function (pdf) of NLPN for distributed amplification and obtained analytical formulae

%N(N 1) (et 0')2[(2N +D|EP + (N2 + N +1)0'2} ,
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for the BER of PSK and DPSK systems [66]. Although ¢, is not Gaussian, 0',%"_ is a good

measure of the impact of NLPN on system performance. Lau and Kahn studied joint
minimization of the NLPN and linear phase noise variances by optimizing the gains and

spacings of amplifiers in long-haul transmission [67,68]. In addition, as ¢y, is correlated
with instantaneous received power P, One can perform receiver-based compensation of
NLPN by applying a phase rotation proportional to P.o. . Ho and Kahn [69], Ly-Gagnon and
Kikuchi [70] and Liu et al [71] have shown that the optimal phase rotation &y , Which

minimizes o}, = El(¢N|_ = O )2J is given by:

N+1
2

‘9opt = —)heff Prec- (46)

Compared to the uncompensated case, aﬁ,_ is reduced by a factor of four (6 dB). This phase

rotation can be performed by a phase modulator, or digitally by DSP. Various experiments
have confirmed the performance improvement of this technique [72-74]. Ho [75] also studied
mid-span phase rotation proportional to instantaneous signal power, and showed that a

reduction of aﬁ,_ by a factor of nine (9.5 dB) can be obtained when the compensation is
performed at 2/3 the length of the transmission link. Recently, Lau and Kahn showed that the
ML detection boundaries for M-ary PSK in the presence of NLPN are of the form
0ML=aPreC+bm +c [76]. Hence, ML detection can be implemented by rotating the

received signal by 6y, and then using straight decision boundaries (Fig. 14(c)). The phase

rotation techniques discussed can also be applied to 16-QAM where it has been shown that
ML detection is well-approximated by straight-line decision boundaries when phase pre-
compensation and/or post-compensation is implemented at the transmitter and/or receiver
[76].

When CD is also considered, NLPN becomes more complicated. For signal propagation
over a single span of fiber with perfect dispersion compensation and at high OSNR, the
nonlinear phase noise is given by

L
21‘7IZ|b§““’(z,t)|2 n(zt) ® h_, (t)e"%dz

_ 0 k .
o (1) = Im =00 (L (47)

where h_,(t) is the impulse response due to the CD of the fiber from z to L. The variance of
Eq. (47) was studied by Green [77], Kumar [78] and Ho [79], and it was shown that the

temporal profile of O';NL (t) is asymmetric with respect to t = 0 due to the dispersive effect of

ASE noise. Kumar et al [80] and Boivin et al [81] proposed the use of optical phase

conjugation to mitigate agNL (t), while Serena et al [82] presented a method of characterizing

BER analytically in the presence of NLPN based on a parametric gain approach. Further
statistical properties of NLPN in the presence of CD, including its pdf and psd, have yet to be
investigated.
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5.2.4 Comparison of IFWWM phase noise and nonlinear phase noise

The relative impact of IFWM phase noise and NLPN depend on the system parameters. Eqgs.
(41) and (44) show that the statistical components of IFWM and NLPN varies as

diewm > |E[° and gy < |E-n|. Hence, the ratio o2 /o2

« P/o? is a function of
¢IFV\NI ¢NL

OSNR. For a system with N amplifiers, O';NL

adds coherently between spans. Ho and Wang [83] and Zhang et al [84] investigated the
relative impact of @¢jpya and ¢y for DPSK, and showed that ¢pw increases with the
amount of local CD as ¢,zya requires strong pulse overlap to occur, while ¢y increases
with decreasing CD. Zhang et al studied the effects of dispersion pre-compensation and
having residual dispersion per span for 40 Gbit/s RZ-DPSK and showed that when ¢,
dominates, the optimal dispersion pre-compensation is similar to that for RZ-OOK [85].
Finally, Zhu et al [86] studied the BER performance of DPSK in the presence of NLPN,

IFWM phase noise and linear phase noise through semi-analytical characterizations of the
joint phase noise variance.

o< N3 [64], while a;m N2, as ¢pum

5.3 Laser phase noise

Laser phase noise is caused by spontaneous emission [87], and is modeled as a Wiener
process [88]:

(48)

olt)= [oalr)dr,

where ¢(t) is the instantaneous phase, Jwlt) is frequency noise with zero mean and
autocorrelation  Rgys, (7)=27Av (). It can be shown that the laser output

Eo(t)= Ael(@+9) nas a Lorentzian spectrum with a 3-dB linewidth Av. Schawlow and
Townes showed that laser linewidth is inversely proportional to output power [89], so it is
desirable to operate the TX and LO lasers at maximum power, attenuating their outputs as
required.

Phase noise is an important impairment in coherent systems as it impacts carrier
synchronization. In noncoherent detection, the carrier phase is unimportant because the
receiver only measures energy. In DPSK, information is encoded by phase changes, and Av
only needs to be small enough such that the phase fluctuation over a symbol period is small.

In Eq. (12), we showed that the baseband signal y(t) is modulated by e”’(t). In the absence
of other impairments, this manifests as a rotation of the received constellation. Carrier
synchronization is required to ensure ¢(t) is small so the transmitted symbols can be detected
with low power penalty. Since phase noise is a Wiener process with temporal correlation, it

can be mitigated by signal processing. In the next two subsections, we consider carrier
synchronization in a single polarization using a PLL and FF carrier synchronizer.

5.3.1 Phase-locked loop

The traditional method of carrier synchronization is to use a PLL. A system diagram of a PLL
is shown in Fig. 15(a). The phase estimator removes the data modulation so that ¢(t) can be
measured. This can be done by a number of methods, including raising the signal to the M-th
power in M-ary PSK [23]. The phase estimator output is an error signal that is then passed
through a loop filter, producing a control signal for the LO frequency. In an OPLL, the control
signal drives the LO laser, whereas in an electrical PLL, the control signal drives the electrical
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VCO (Fig. 5(a)). Both types of PLL can be analyzed in the same manner, and the design of
PLLs has been extensively studied in [29,90].

. Down- (t) Ph L
Signal = vi ase oop
@ g converter Estimator [ | Filter
o]
t

(b)

Fig. 15. Phase-locked loop: (a) System model, (b) analytical model, (c) phase estimation.

The performance of a PLL is usually analyzed with the linear model shown in Fig. 15(b).
We assume the LO has no phase noise, while the TX laser has phase noise equal to the sum of

the linewidths of the two lasers. The signal to be tracked is ¢s(t), which evolves as Eq. (48).
Owing to AWGN, the phase estimator measures w(t)= ¢(t)+n'(t) (Fig. 15(c)), and produces
a voltage K w(t) for the loop filter F'(s). We assume the control port of the LO has a slope

K, Hz/V. Delay in the loop is modeled as e 5™, where 74 includes signal propagation plus

the rise times of intermediate components. Delay degrades system performance. An electrical
PLL is usually superior to an OPLL since according to Fig. 5(a), the optical path has to pass
through the optical hybrid and balanced photodetectors. However, an LO laser is likely to
have a larger tuning range than an electrical LO. If the frequency drift of the lasers is
significant, an OPLL may be preferable.

The performance of the PLL is determined by the loop filter. For a given F'(s), we have:

—S74
s o _F (sle ' (s)

S)=—— >
s+ F(s)e>™ S s+ F(s)e5™

where F(s)=K.K,F'(s). Ignoring delay, the denominator of Eq. (49) gives the loop order.
For a first-order loop, F'(s): K¢ . The design parameter is the loop bandwidth

(49)

@, = KK 1K, . For a second-order loop, F(s)=2¢w, +a)r2] /s, where ¢ and w, are the
damping factor and natural frequency, respectively. The performance 4-QAM employing a
second-order PLL was studied in [91], while the performance of 8- and 16-QAM employing a
second-order PLL was studied in [20]. A damping factor of l/\/E is typically chosen as a
compromise between a rapid response and low steady-state variance. For both first- and
second-order PLLs, there is an optimal @,, that minimizes the phase-error variance:

2 2
2 Op (1+4§ )a)nTs Ue
= T T )%n’s e 1 , (50)
Oy 2T, PN (@n7g )+ 4z 27, awen (@n7q)

where
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ey (0n7q)= 24:” iﬂjw+ g lon F(a))(_2 dw, and (51)
r ((0 T ): 2; T | F(a)) |2 o (52)
AWGN T ﬂ(1+4g“2)a)n _m|ja)+e_j“”dF(a))| '

The first term in Eq. (50) arises from phase noise and is proportional to a% = 27AVTg, which
is the ratio between the laser linewidth and signal bandwidth. The second term arises from
AWGN, and is inversely proportional to the received OSNR. Assuming the use of a decision-

directed PLL [23], 7. = EDXHE[l/ |x|2J is a penalty factor associated with the transmitted

constellation [20]. A larger w,, allows the LO to adapt more quickly to phase fluctuations in
the TX laser, but the loop becomes more susceptible to noise. These two conflicting
requirements give rise to an optimum @, , which needs to evaluated numerically. A typical
plot of o versus @y, is shown in Fig. 16 for a second-order PLL. We have assumed single-
polarization 16-QAM at 100 Gbit/s. The laser beat linewidth and received OSNR are 100 kHz
and 11.5 dB, respectively, which is 1 dB above sensitivity for BER = 107° (Table 6). We
observe that delay increases o, . Above 7y4 =125Ty, there is no @, that can give 1-dB

power penalty due to phase error (o =2.7" [20]). At 100 Gbit/s, this maximum delay

corresponds to 1.25 ns, which corresponds to a transmission line only ~ 25 ¢cm long. Even
with careful circuit design, this is probably not feasible. Hence for high-data-rate systems, FF
carrier recovery techniques are likely to be required.

N

w
w0

w

N

Phase Error Standard Deviation% in
= N
(%] (5]

[

0.005 0.01 0.015 0.02
Normalized Natural Frequency oT,

o

Fig. 16. o, versus @, for 16-QAM at 100 Gbit/s in a single polarization employing a second-
order PLL, with Av = 100 kHz and an OSNR of 11.5 dB.

5.3.2 Feedforward carrier recovery

The PLL is a feedback system as the control phase at time t can only depend on past input
phases up to t—z4. However, the laser phase noise process described by (48) has a
symmetric autocorrelation function E[g(t)p(t — 7)]=27Av|z|, so its value at time t has the

same correlation with phases before and after t. The PLL is suboptimal as it does not exploit
possible knowledge of {p(t—7): 7 <74}
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Fig. 17. Feedforward carrier phase estimation. (a) System model, (b) soft phase estimation, (c)
analytical model.

FF carrier synchronization for an intradyne receiver using analog electronics was
described in [24], while digital FF carrier synchronization was studied in [21,92-94]. In this
section, we focus on digital FF carrier synchronization. Consider the system model shown in
Fig. 17(a), where we assume all other channel impairments have been compensated by the

digital coherent receiver, whose outputs are y, = xkem +ny, where xy is the transmitted
symbol, and ¢, and ny are the carrier phase and AWGN, respectively (Fig. 17(b)). Instead of
using a PLL to ensure that ¢, is small, a FF phase estimator directly estimates the carrier

phase and then de-rotates the received signal by this estimate so symbol decisions can be
made at low BER.
The FF phase estimator has a soft phase estimator that first computes a symbol-by-symbol

estimate y of ¢, followed by a MMSE filter Wy(z). A number of algorithms exist for

finding . In the case of M-ary PSK, raising y, to the M-th power which removes the data

modulation. For more general signaling formats, decision-directed (DD) phase estimation can
be used [18]. The symbol-by-symbol estimate is corrupted by AWGN (Fig. 17(b)) so that

Wi = o +ni< , Where ni( is the projection of ny onto a vector orthogonal to xkemK . Since
@ is correlated by the Wiener process, we use a linear filter to compute an MMSE estimate

¢?k_A. Using the analytical model shown in Fig. 17(c), whose input is the discrete frequency

noise process vy with zero mean and variance 0'% = 2mAVTyg, it can be shown that the MMSE
filter for A = 0 has coefficients:

0”205” n>0
w,={ 1-@ (53)
n ar '
7 n<0
l-o

where r = a%/aﬁ- >0 is the ratio between the magnitudes of frequency noise and AWGN,

and a=(1+r/2)—/(1+r/2)° —1. The MMSE filter is non-causal, as it has two exponentially
decaying tails toward the past and future. In practice, one can truncate Eq. (53) to L,

significant coefficients and implement it as an FIR filter with delay A :LPTJ For any
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causal filter Wp(z) with L, coefficients and delay A, it can be shown that the error ¢y —gik is
Gaussian distributed with zero mean and a variance of:

Adlm V2 L (Lt )
osW,A)=05- Z[ZW'J + Z va
m'=0\1'=0 m'=A+1{ I'=m'

. L1
+<. we |, (54)
2y ;

As with the PLL, the variance has two terms that arise from phase noise and AWGN.
5.3.3 Power Penalty from Phase Error

Regardless of whether a PLL or a FF carrier synchronizer is used, the coherent receiver makes
symbol decisions on y, = x,e% +n, . ForaPLL, & = ¢, has a Tikhonov distribution [95],

while for a FF carrier synchronizer, & = @ —ék has Gaussian distribution. In the limit of

high SNR, the Tikhonov is well-approximated by the Gaussian distribution. The method for
computing BER for a given phase-error distribution can be found in [95]. With the phase error
variances for the PLL and the FF carrier synchronizer given by Eqgs. (50) and (54), the power
penalty can be determined. In Table 8, we compare the linewidth requirements for receivers
that use a PLL and a FF carrier synchronizer, assuming a 1-dB power penalty at a target BER
of 107° [18]. We observe that FF carrier recovery can tolerate 50% to 100% wider laser
linewidth than a PLL, and is also insensitive to propagation delay.

Table 8. Linewidth requirements for various single-polarization modulation formats using a PLL and a FF carrier
synchronizer at a target BER of 107,

Modulation OSNR per bit Max. Tolerable o, Max. LIn(;V\ll_IEth using l\_/lax.FLlr;?chthd
Format (dB) for BER = 10° a using Feedforwar
(AVTb) (AVTb)
4-QAM 7.79 491° 6.9x10°° 1.3x10™*
8-QAM 10.03 5.01° 8.3x107° 1.3x107*
16-QAM 11.52 2.70° 7.9x107° 1.5x107

5.3.4 Carrier synchronization in polarization-multiplexed systems

When polarization multiplexing is employed, the receiver has two independent signals from
which to estimate carrier phase. Consider the system models shown in Fig. 18. In the PLL-
based receiver, the baseband signals for each polarization are passed through phase error

estimators that compute independent estimates {; (t),i =1,2} of ¢(t). In the digital FF carrier
synchronizer, the soft-decision phase estimators give independent estimates {z//iyk, i=1 2} of
&, - Assuming both phase estimates are equally reliable, we take their average. Since AWGN
is the only impairment preventing errorless measurement of carrier phase, and since noises in
the two polarizations are independent, w(t) and , have half as much AWGN as y; (t) and
¥k - For a given noise psd, the AWGN contribution to Egs. (50) and (54) is halved.

However, to obtain the same symbol-error rate for each polarization, the SNR per polarization

must be preserved. This requires the transmit energy per symbol (now a 2x1 complex vector)
be doubled. Hence, the dependence of phase error variance on SNR per symbol is preserved,
and Egs. (50) and (54) hold for polarization-multiplexed transmission.
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Fig. 18. Carrier synchronization for polarization-multiplexed systems, (a) PLL approach, (b)
feedforward carrier synchronization approach.

5.4 Integration of receiver functions

A functional receiver needs to integrate carrier synchronization, linear equalization,
nonlinear impairment compensation and symbol synchronization. If we consider NLPN to be
the dominant nonlinear effect, and we assume IFWM is negligible, a hypothetical receiver
structure is shown in Fig. 19. The sampled outputs of a dual-polarization downconverter are
first passed through an NLPN compensator, which performs phase rotation proportional to the
received amplitude. Linear equalization follows, yielding an output at one sample per symbol
for which FF carrier synchronization is performed, followed by symbol decisions. The
ordering of linear equalization before carrier synchronization is possible because from Table

8, we expect the laser linewidth Av to satisfy ~ AT, <107*. In contrast, the memory length

of the linear equalizer is only 13 symbols for the worst case considered in Table 7. Since the
carrier phase does not change significantly over the equalizer’s memory, performance should

not be compromised. The filter Wp(z) in Fig. 19 exploits temporal correlation of laser phase

noise and IFWM to mitigate both impairments. To make the system adaptive, we employ
decision feedback to update equalizer coefficients, and the error signal is also passed through
a timing error detector (TED) and loop filter to yield a control signal for the sampling clock.
The design of the TED and loop filter for symbol synchronization can be found in [49].

A receiver structure with NLPN compensation first, followed by linear equalization and
carrier synchronization has been employed in [72] and [73], and has been shown to reduce
nonlinear phase variance for QPSK under certain transmission conditions. A receiver structure
that can mitigate nonlinearities (including IFWM) for more general system designs is an
ongoing research topic.

Digitized
Baseband Equalizer Soft
Signal Output Phase
A ﬁ Decisions
E.() Dual-  |~t—» AN Juc | soft |k ML Phase
s._] Polarization | 1 NLPN Phase Est.
= % —wk) Yk
Down- 1 X =W 1] Avg. Wo(2) .
converter ff—] o™ 2 [ sor fea
onverter .
& Phase Est. J¥/5 ~if}
LOI | € Decision
1 Xk Symbol %]
L < Decision ko
Loop €k > +
Filter o/
Error

Feedback

Fig. 19. Possible integration of nonlinear phase noise compensation, adaptive digital
equalization and carrier synchronization.
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6. Multi-carrier modulation: Orthogonal Frequency-Divison Multiplexing
6.1 Introduction

Orthogonal frequency-division multiplexing (OFDM) is a multi-carrier technique that has
been deployed in DSL and wireless systems [96,97], and is receiving increasing interest in
optical fiber communications [98-101]. A multi-carrier system sends information over N
frequency-division-multiplexed (FDM) channels, each modulated by a different carrier (Fig.
20(a)). For a given modulation format, with coherent detection, single-carrier and multi-
carrier systems offer fundamentally the same spectral efficiency and power efficiency, but
these may differ in practice, because of different impairments and implementation details. In
OFDM, the modulation is implemented digitally by the inverse Fast Fourier Transform (IFFT)
(Fig. 20(b)). We can write a multi-carrier signal as:

N./2-1 )
XOfdm(t) = Z Z Xn,mb(t - mTofdm) eJ 2t s (55)
m n=—N./2

where X, ,, denotes the m-th symbol transmitted on sub-carrier n, b(t) = rect(t/Tofdm) is the
pulse shape, Togm = (N + N pre T is the OFDM symbol period, and fyq =1/(N(T¢) is the
frequency separation between sub-carriers. We define T. as the chip period, and N; and
N e are integers. Suppose we sample Eq. (55) every chip period. We have:

N./2-1 j27znk
XoamKTe) =D > Xpmbllk—m(Ng + N e Jrc)Je e (56)
m n=—N./2

@

1
|
. 1
X Ne 1 =ha] = O/E bIRemovels _|> y—%,k
(b) e [ Prefix »lp/s Down- sipp| Prefix L,
11 1| Length | : Conversion -] Length |: FFT |1
1 Size N | * N |° DIA . Ny - | Size N 1
-rb = > Im LO I Im > - ==
X
Tk [ ] 1 u T Y1k
|

Fig. 20. Multi-carrier transmitter and receiver (a) analog implementation, (b) OFDM
implementation.
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Fig. 21. OFDM symbol with cyclic prefix.

We note that the block of N samples
{xofdm(kTC): ke (Ne + Npre)— 3 < k< kg (Ng + N pre)+%—1} is the IFFT  of
{Xn,kl(ch): —%S ns%—l} multiplied by a scaling factor. The remaining N terms

N+N

N.+N
—5<ks kl(NC+Npre)+ L

Te —1} represent  a

{Xofdm(ch): kl(Nc + Npre)_
periodic extension of the IFFT (Fig. 21), and are known as the cyclic prefix. The integers N,
and N are thus the number of sub-carriers and the prefix length, respectively. We can
generate Eq. (55) using the structure shown in Fig. 20(b). The inputs to the transmitter are the
symbols modulating each sub-carrier, applied at a rate of ]/Tofdm . The IFFT and cyclic prefix

computes the time-domain samples, and is followed by a parallel-to-serial (P/S) converter,
digital-to-analog converter and Mach-Zehnder (MZ) modulator. The OFDM receiver
performs the reverse operations. It can be shown that the receivers in Fig. 20(a) and (b) are

equivalent when p(t) = rect(t/N.T,).

Fig. 22. Fourier transform of OFDM signal.

Assuming the transmitted symbols are independent: E[kax;’mJ: 0 for I #n or k=m,
an OFDM signal has a spectrum of:

N,/2 T
Sec(@)=Totem . Pnsincz[ oM (49— 27mf 4 )], (57)
n=—N./2 2z

2] . .
where P, = E[|xn’m| } is the average energy per symbol on sub-carrier n. A plot of Eq. (57)

is shown in Fig. 22, where we assumed equal energy for all the sub-channels. The modulated
sub-carriers are overlapping in frequency. The receiver is able to separate them by the Fast

Fourier Transform (FFT) because 1/ fy is an integer multiple of the chip period T, i.e., the
sub-carriers are “orthogonal” over the duration of an OFDM symbol.
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In OFDM, oversampling can be implemented by not modulating the edge sub-carriers in
Fig. 20. Supposing only N,, of the N. sub-carriers are used, the effective oversampling rate
is & =N¢/N, . Compared to single-carrier transmission, oversampling can be easier to

implement in OFDM, as it is possible to employ arbitrary ratios where a corresponding multi-
rate solution for single-carrier modulation is prohibitively complex. Another advantage of
OFDM is that the signal spectrum (Fig. 22) falls off more rapidly at the band edges than for a

single-carrier signal. This is because the spectrum at each sub-carrier is sincz(a)Tofdm/Zﬁ), as

opposed to sincz(a)Ts/Zzz) for a single carrier. The (NC+Np,e)-times steeper roll-off
enables tighter optical filtering, and a lower oversampling rate.

6.2 Compensation of linear impair ments and computational complexity
The cyclic prefix serves a special purpose in OFDM. Suppose we make N large enough

that N el is longer than the channel impulse response duration. The received OFDM

symbol (after prefix removal) is a circular convolution between the transmitted OFDM
symbol and the sampled impulse response of the channel. In the frequency domain, this
corresponds to flat fading over each sub-channel, allowing a single-tap equalizer (complex
multiplication) to compensate any amplitude and phase distortion at each sub-channel.

If the prefix length is insufficiently long, the circular convolution assumption no longer
holds, and ISI and inter-carrier interference result [102]. It can be shown that the variance of
ISI + ICI distortion at sub-carrier k is approximately [103]:

Ew H FNP'e+m+1;N;k 2+ 3
+L 2
m=0

m=0
N-1 ‘ N-1 ‘
where H_,[s;N;k]= Zh[s+ nle 127K/N and H_[sN:k]= Zh[_s_ n]e~127(N-L-n)k/N
n= n=0
are N-point FFTs of the tails of the channel impulse response h[n], which cause leakage of

Npre

2
H_[T+m+1;N;k] ]

ot k] zai[
(58)

energy between OFDM symbols. a§ = E[|x|1 is the mean energy per sample in the time

domain. Eq. (58) is exact when the transmitted signal samples x[n] are i.i.d., which requires
no oversampling, no cyclic prefix and equal power on all sub-channels. In practice, Eq. (58) is

a good approximation when Z‘n‘>Npre+N |h[n]2 is negligible and the oversampling rate is
2 e

low.

Dual-polarization OFDM is implemented by operating two OFDM transmitters and
receivers in parallel, as shown in Fig. 23 [104]. The single-tap equalizers become 2 x 2
matrices. In order to compensate PMD alone, the cyclic prefix must be longer than the PMD-
induced delay spread (minus one chip). However, this is usually much shorter than the cyclic
prefix required to compensate CD.
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Fig. 23. Polarization-multiplexed OFDM transmitter and receiver with PMD compensation.

Table 9. OFDM parameters for 100 Gbit/s transmission using polarization-multiplexed 4-QAM. SMF (D = 17 ps/nm-
km) with 2% under-compensation of CD is assumed. Target excess bandwidth factor of x; < 0.25, oversampling ratio
of x, <1.25, and impulse energy containment factor of 3 > 0.98 are assumed.

Polarization-Multiplexed Transmission
Transmission Distance 20AM 5-0AM 16-0AM

(km) (4 bits/symbol) (6 bits/symbol) (8 bits/symbol)

Npre Nc Nu Npre Nc Nu Npre c u
1,000 5 32 26 4 32 26 2 16 13
2,000 8 64 52 5 32 26 4 32 26
3,000 10 64 52 6 32 26 5 32 26
5,000 14 128 104 8 64 52 6 32 26

The number of sub-carriers required is determined by the channel’s impulse response in
conjunction with the target excess bandwidth factor (x;) and oversampling ratio (x,). Suppose
a bit rate of R, is required and all sub-carriers (with polarization multiplexing considered)
encode b bits per symbol. The effective symbol rate is Ry =R, /b, which gives an initial

estimate of the chip rate as 1/ Tc(l) = RS(1+ Kl(o))/cgo), for which we can compute the impulse

NA _
response h(')[n]=h(nTC(')). Suppose we require a fraction x3; of the impulse energy be
contained within the prefix:

O 2 e Y O] (59)

Eq. (59) determines N (Fi)r)e. To ensure the FFT size is an integer power of two, we set:

NG = Hl1og,NGL /| NG <|ND /0 | (60)

where H denotes the nearest integer greater than or equal to. Egs. (59) and (60) define new

values of /c /N and K' /N from which we can compute the new chip

rate 1/ Te (i+1) R5(1+ K ) . We iterate this process until stable parameter values are found.

Table 9 shows the number of sub-carriers required to compensate CD for various propagation
distances, assuming 100 Gbit/s polarization-multiplexed 4-QAM transmission through SMF
with 2% CD under-compensation. As in the single-carrier case described in Section 5.1, CD

dominates PMD in dictating system complexity. The complexity of OFDM is Rgx; log, N
complex multiplications per second at the transmitter and Rs(zrz log, NC+4) complex
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multiplications at the receiver. It can be shown that the asymptotic complexity of OFDM
grows as Rglog, R, and is the same as single-carrier transmission. If adaptive equalization is

required however, OFDM has a simpler update algorithm for the equalizer coefficients, as the
filter taps and transmitted symbols are both in the frequency domain. In an FFT-based
equalizer for single-carrier modulation, the filter taps are in the frequency domain, while the
symbols are in the time domain. The update equation thus requires computing an FFT. In
order to keep the overhead manageable, we expect the coefficient can only be updated
infrequently for single-carrier.

6.3 Dynamic power allocation

For a frequency-selective channel, the optimum signal spectrum is given by water filling
[105]. OFDM allows greater control of the signal spectrum as the power of each sub-carrier

can be varied. In the limit of large N, the OFDM spectrum can approach continuous water

filling. Sub-carriers transmitted at higher power can use denser constellations, such that
similar BERs are obtained in all sub-carriers. OFDM with dynamic power allocation has been
successfully employed in wireless systems to combat signal multi-path [106-108].

Frequency-selective channels are less fundamental to optical fiber than to wireless
systems, because a fiber’s main linear impairments, CD and PMD, are unitary transformations
in a dual-polarization coherent receiver. In particular, PMD merely shifts energy from one
polarization to another. Nevertheless, the ability to optimize power allocation may be useful
when transmitting through cascaded optical elements, such as (de)interleavers,
(de)multiplexers and ROADMSs. In reconfigurable networks, OFDM would enable optimal
power allocation across the sub-carriers based on instantaneous channel conditions.

6.4 Laser Phase Noise and Nonlinear Effects

Laser phase noise destroys the orthogonality of the sub-carriers and causes inter-channel
interference (ICI), which has noise-like characteristics. Wu and Bar-Ness showed that the
variance of ICI grows linearly with N [109]. Thus, the parameter that governs performance is
the linewidth-to-sub-carrier-spacing ratio (AvT./N. ). Phase noise considerations favor a

smaller number of sub-carriers. At low phase noise, Armada and Calvo proposed using un-
modulated pilot carriers to estimate the common phase error (CPE) for all the sub-channels
[110]. At higher phase noise, the carrier phase can no longer be assumed as constant over an
OFDM symbol. Wu and Bar-Ness found that using an MMSE equalizer that took into account
both ICI and AWGN improves system performance [111]. However, this technique does not
estimate or compensate for the phase noise process, unlike FF carrier synchronization for
single-carrier modulation.

Carrier synchronization in OFDM may require an iterative algorithm. Suppose at the

beginning of an OFDM symbol, an initial estimate of phase 5k is known from the previous

symbol. We can first de-rotate the entire OFDM symbol (N, chips) by exp(— ]5k) and then
perform the FFT, equalization and symbol detection. We can multiply the symbol decisions
by the channel’s frequency response and then take the IFFT to compute what the time samples
should have been without phase noise. This allows the receiver to compute estimates yy ,, of

the carrier phase for each chip period. MMSE filtering can then be employed to find more
reliable phase estimates é(’m from y . We can de-rotate the OFDM symbol again, and a

second iteration follows. This process can be repeated until convergence is achieved. The
performance of such an algorithm has not been characterized.

OFDM is potentially susceptible to fiber nonlinearity due to its high peak-to-average
power ratio (PAPR) [112]. Electrical pre- and post-compensation of nonlinearity for long-haul
OFDM transmission has been studied in [113,114], while the effects of FWM have been
investigated by [115].
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7. Implementation complexity: Comparison of single- and multi-carrier approaches

Digital coherent detection is, at present, limited mainly by available hardware. Optical
systems transmit at symbol rates of tens of GHz, which requires very fast ADCs and powerful
DSPs that can achieve the implementation complexity required. Parallelization and pipelining
can be aided by block-based DSP algorithms. FFT-based implementations of both the single-
carrier and OFDM systems would facilitate this. Block-based digital FF carrier recovery has
been studied in [116].

An important design parameter is the number of bits required for the ADCs, and this is
determined by the tolerable clipping probability and quantization noise variance [27]. Suppose
we require quantization noise to be at most a fraction k; of the AWGN variance per quadrature

(arz,) at the baseband outputs of Fig. 5. We need A2/12 < klaﬁ, where A is the quantization

step size. To determine the clipping probability, a pdf of the received signal is required.
Suppose we assume single-carrier transmission in the regime of high uncompensated CD, or
assume OFDM transmission. Then we can model the received signal as Gaussian-distributed

with mean power Py per quadrature. The SNR per symbol is then y5 =Py /arz, . Setting the
clipping probability to be «, the ADC needs to swing over +Kk,,Py, where

erfc(k2 /\/5): o . The number of quantization levels required is then:

2k [Py (61)
Na=—4 m Vs

Table 10 shows the required ADC resolution for 4-, 8- and 16- QAM assuming the receiver
operates at 2 dB above sensitivity limit for a target BER of 107 We set the clipping
probability to be 107, and the quantization noise variance to be 0.1 times the AWGN variance
(kg =01, ky = 3.89).

Table 10. No. of ADC bits required for different modulation formats at a target BER of 107,

Modulation Format OSNR 75 NA No. of ADC bits required
4-QAM 151 28 5
8-QAM 38.0 44 6
16-QAM 715 60 6

Table 11. Comparison of the computational complexity of single-carrier transmission versus OFDM for polarization-
multiplexed 4-QAM at 100 Gbit/s (Rs = 25 GHz). Listed are the number of complex multiplications required per
symbol period T=1/Rs.

. Single-Carrier OFDM
Transmission
Distance ) i FFT ) )
(km) Direct Bloczlé)&ze Complexity Transmitter | Receiver Total
1,000 12.0 6 13.3 6.2 10.2 16.4
2,000 24.0 27 16.6 7.4 11.4 18.8
3,000 32.0 25 17.9 7.4 11.4 18.8
5,000 52.0 52 19.7 8.6 12.6 21.2

Finally, we consider computational complexity. Using the results of Tables 7 and 9, we
compute the number of operations required for linear equalization of in single-carrier
transmission and in OFDM, assuming polarization-multiplexed 4-QAM (Table 11). For
single-carrier transmission, we calculated the complexity of direct implementation and FFT-
based implementation using an optimized block size B (subject to N+B-1 being an integer
power of two). We observe negligible difference between single-carrier transmission and
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OFDM. In particular, for distances greater than 1,000 km, single-carrier equalization is more
efficiently implemented by the FFT.

8. Conclusions

We have reviewed the principles of coherent detection in optical communications, and
described digital techniques for compensating channel impairments.

Two types of channel impairments were identified: linear and nonlinear.

Linear channel impairments include CD, PMD and optical filtering by network
components. When the outputs of a dual-polarization downconverter are sampled above the
Nyquist rate, CD, PMD and sampling time errors are unitary transformations that can be
compensated by linear equalizers with negligible power penalty.

Nonlinear impairment compensation relies on exploiting known correlation structures for
nonlinear phase processes. To combat NLPN, the receiver exploits the correlation between
received amplitude and nonlinear phase shift. And to combat IFWM, the receiver uses the
correlation of IFWM phase shift over neighboring symbols. In similar fashion, to combat laser
phase noise, a FF carrier synchronizer relies on the temporal correlation of a Wiener process.
In all three cases, the receiver performs ML phase correction.

Digital signal processing enables multi-carrier transmission using OFDM. The ability to
dynamically manipulate the signal spectrum, the ease of implementing oversampling and the
ease of adaptive equalization are key advantages of OFDM.
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In Section 3 of article [1], we showed a table of the signal-to-noise ratios (SNR) per symbol
¥s Obtained when using coherent detection in conjunction with different optoelectronic
downconverters under different noise regimes. We found an error for single-quadrature

homodyne downconversion in the shot-noise-limited case. The corrected table is given in
Table 1.

Table 1. SNR per symbol for various receiver configurations. For the ASE-limited cases, Ng is

the average number of photons received per symbol, Na is the number of fiber spans, and ng, is
the spontaneous emission noise factor of the inline amplifiers. For the LO shot-noise-limited

cases, N, =7Ng is the number of detected photons per symbol, where 7 is the quantum
efficiency of the photodiodes. For the ASE-limited heterodyne case, image-band rejection is

assumed.
- Homodyne Homodyne
Regime (Single Quadrature) (Two Quadratures) Heterodyne
n, n. n,
ASE-limited > > -
NaNg Nang Nang

Shot-noise- = = =

limited 2n; My My

In addition, we wish to clarify the bandwidth requirement for a heterodyne downconverter by

making the following modification to Table 2.

Table 2. Comparison between homodyne and heterodyne downconverters.

Homodyne Heterodyne
No. of balanced photodetectors per 2 1
polarization required for QAM
Minimum photodetector bandwidth BW BW+ @ = 2BW
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