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Part 16: Coherent receivers and transmitters
with high-speed digital signal processing
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national electrotechnical committees (IEC National Committees). The object of IEC is to promote‘intern
operation on all questions concerning standardization in the electrical and electronic fields.*To this er]

paration is entrusted to technical committees; any IEC National Committee interested in the subject deg
y participate in this preparatory work. International, governmental and non-goverpmental organizations |
h the IEC also participate in this preparation. IEC collaborates closely with the International Organizat

blications is accurate, IEC cannot be held responsible_for)the way in which they are used or fi

order to promote international uniformity, IEC National Committees undertake to apply IEC Publig
nsparently to the maximum extent possible in their national and regional publications. Any divergence bsg
IEC Publication and the corresponding national or’regional publication shall be clearly indicated in the

N

C itself does not provide any attestation of conformity. Independent certification bodies provide conf
Eessment services and, in some areas, accesSs to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certificatioh bodies.

users should ensure that they have the latest edition of this publication.

liability shall attach to IEC or its/directors, employees, servants or agents including individual exper
mbers of its technical committeés)and IEC National Committees for any personal injury, property dam
er damage of any nature Wwhatsoever, whether direct or indirect, or for costs (including legal fee
benses arising out of the publication, use of, or reliance upon, this IEC Publication or any othd
blications.

ention is drawn to the)Normative references cited in this publication. Use of the referenced publicati
ispensable for the carrect application of this publication.

ention is drawn.to-the possibility that some of the elements of this IEC Publication may be the subject of
hts. IEC shall‘not be held responsible for identifying any or all such patent rights.

1282<16 has been prepared by subcommittee 86C: Fibre optic systems and 3
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The text of this Technical Report is based on the following documents:

Draft Report on voting

86C/1776/DTR 86C/1782/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 61282 series, published under the general title Fibre optic
communication system design guidelines, can be found on the IEC website.

Future documents in this series will carry the new general title as cited above. Titles of existing
documents in this series will be updated at the time of the next edition.
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placed by a revised edition, or
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INTRODUCTION

Coherent optical receivers are widely used in long-haul fibre optic communication systems,
especially in systems that transmit optical carriers at data rates of 100 Gbit/s and higher. While
the principle of coherent detection is very similar to that of super-heterodyne (or homodyne)
detection in radio and microwave receivers, its implementation is significantly more challenging.
The main reason is that optical frequencies are substantially higher than radio frequencies, so
it becomes more difficult to match the local oscillator frequency in the coherent receiver to the
frequency of the transmitted optical signal. Furthermore, optical signals tend to be highly
polarized, which means that the amplitude of a coherently received signal can be substantially
reduced or even vanish if the polarization state of the local oscillator light does not match the

polar
to ac
state
recei
polar

transmitted data from the four received electrical signals.

This

the receiver to mitigate various types of signal impairments introducéd-in the fibre optic lin
receiver itself) simply by means of additional electronic signal processing. Most nofably,

in the
it is
dispe
requi
comn
comn
subs
signs
(PM)

Asideé
vario
analy
modu
the s
a caf
recof
base

High{
the o
lines
the f
conti
to be

zation state of the received optical signal. This polarization matching is particularly diff

of polarization of the transmitted signal. To overcome these problems, modernh_cohg
vers typically consist of four parallel coherent optical mixers that provide .phaseg
zation diversity, and they rely on high-speed digital signal processors'to retrieve

rather complex coherent receiver architecture is further justified by, the fact that it afl

possible to substantially reduce the signal distortions ‘\caused by polarization-

hunication systems using direct-detection receivérs. Furthermore, coherent detectior

signals, and thereby the transmission of higher data rates.

from fibre optic communications systems, coherent optical receivers are also usg

efully calibrated coherent'receiver and a high-speed real-time digitizing oscilloscop
d the coherently received signals, which are then analysed with the help of a softy
d digital signal progessor.

In contrast to OMAs, they typically employ a low-speed coherent receiver, so as to yt
equency=selectivity of coherent detection. The key component in these instruments

resol

icult

hieve in fibre optic communications systems, which usually do not preserve the faufiched

rent
and
the

ows

k (or

ode

rsion (PMD) or uncompensated chromatic dispersiom{€D) in the fibre link, without
ring additional optical PMD or CD compensators. (For this reason, coherent optical
nunication systems generally allow signal transmiSsion at much higher data rates|than

with

pquent digital signal processing facilitates thel decoding of complex vector-modulated
Is, such as quadrature-amplitude modulated\signals (QAM) and polarization-multip|lexed

din

us test and measurement instrumentation. Most notable examples are optical modulation
sers (OMAs) and high-resolution optical spectrum analysers (HR-OSAs). Optical
lation analysers are high-perfarmance optical reference receivers and are used to agsess
gnal quality of complex vector-modulated optical signals. They are typically composfd of

e to
are-

resolution optical spectrum analysers are often used to analyse narrowband features of
ptical spectrum of a modulated signal, such as a residual optical carrier or other spg¢ctral

ilize
is a

huously tuneable local oscillator, which is scanned over the frequency range of the dignal

ahalysed while the total power of the coherently received signal is recorded. The spIctraI

rent

optical test instruments include in-service PMD analysers and in-band optical signal-to-noise

ratio

analysers for polarization-multiplexed signals.
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDELINES -

Part 16: Coherent receivers and transmitters
with high-speed digital signal processing

1 Scope

This part of IEC 61282 is a technical report on coherent optical receiver and transmitter
techrjologies that are employed in fibre optic communication systems as well as in optiedl test
and measurement equipment. This document describes the principle of operation and_funclional
capapilities of coherent optical receivers as well as the operation of optical transmitters [used
to geperate complex vector-modulated signals. It is intended to serve as a technical founclation
for ofher IEC documents and standards related to coherent optical transmission‘techniquégs.

2 Normative references

The fpllowing documents are referred to in the text in such a way that.some or all of their content
consfitutes requirements of this document. For dated references, only the edition cited applies.
For pndated references, the latest edition of the referenced document (including| any
amendments) applies.

IEC §0050-731, International Electrotechnical Vocapulary (IEV) — Part 731: Optical |fibre
communication (available at www.electropedia.org)

IEC TR 61931, Fibre optic — Terminology

3 Terms, definitions, and abbreyiated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-731 and
IEC TR 61931 apply.

ISO Ind IEC maintain—-terminological databases for use in standardization at the follqwing
addresses:

o |HC Electropedia: available at http://www.electropedia.org/

e |30 Online browsing platform: available at http://www.iso.org/obp

3.2 [ Abbreviated terms

ABC adaptive bias control

ADC analogue-to-digital converter

AM amplitude modulation

ASIC application-specific integrated circuit
ASK amplitude-shift keying

BER bit-error ratio

BPSK binary phase-shift keying

CD chromatic dispersion

CFP C form-factor pluggable

CMA constant modulus algorithm
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CMRR common-mode-rejection ratio
COSA coherent optical subassembly
CwW continuous wave
DAC digital-to-analogue converter
DD-LMS decision-directed least-mean-square
DGD differential group delay
DSP digital signal processor
DWDM dense wavelength-division multiplexing
EDFA erbium-doped fibre amplifier
ENOB effective number of bits
EVM error-vector magnitude
ER extinction ratio
EQL equalizer filter
FEC forward error correction
FFT fast Fourier transform
FIR finite impulse response
FSE fractionally spaced equalizer
FWM four-wave mixing
GS geometrically shaped
GVD group velocity dispersion
HB-JDM high-bandwidth coherent driver modulator
HR-QSA high-resolution optical spectrum analyser
LO local oscillator
LPF low-pass filter
MAP maximum a posteriori
MMA| multi-modulus-algorithm
MMI multi-mode interference
MZM Mach-Zehnder modulator
NLFT nonlinear Fourier transform
NLPN nonlinear phase noise
I in-phase component
1A implementation agreement
ICR intradyne coherent receiver
IC-TROSA integrated coherent transmit-receive optical subassembly
iFFT inverse fast Fourier transform
Im imaginary part
InP indium phosphide
ITLA integrable tuneable laser assembly
OFDM orthogonal frequency-division multiplexing
OMA optical modulation analyser
OOK on-off keying
OSA optical spectrum analyser
OSNR optical signal-to-noise ratio
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OTN optical transport network

PAM pulse-amplitude modulation

PBC polarization beam combiner

PBS polarization beam splitter

PC polarization controller

PD photodiodes, photo detectors

PDL polarization-dependent loss

PLC planar lightwave circuit

PMD polarization-mode dispersion

PM polarization multiplexed

PM-QPSK polarization multiplexed QPSK

PR polarization rotator

PRB$ pseudo-random binary sequence
PS-QPSK polarization switched QPSK

PSK phase-shift keying

Q quadrature component

QAM quadrature amplitude modulation

QASK quaternary amplitude-shift keying

QPSK quaternary phase-shift keying

RAM random access memory

RDE radius-directed equalizer

Re real part

RF radio frequency

RMS root-mean-square

ROADM reconfigurable optical add-drop multiplexer
RRC root-raised-cosine

SiPh silicon photonics

SNR signal-tosnoise ratio

SPM self-phase modulation

SSB single-sideband

TDE time-domain equalizer

TEF transversal electrical filter

TIA fransimpedance amplifier

TROSA transmit-receive optical subassembly
VCO voltage-controlled oscillator

WDM wavelength-division multiplexing

X X-polarized component

Xl in-phase component of X-polarized signal
XPM cross-phase modulation

XQ quadrature component of X-polarized signal
Y Y-polarized component

Yl in-phase component of Y-polarized signal
YQ quadrature component of Y-polarized signal
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4 Background

The development of coherent optical receivers started in the late 1980s and was driven by the
desire to improve the sensitivity of optical receivers in order to increase the reach of fibre-optic
communication systems [1]'. In addition, coherent receivers were expected to facilitate
decoding of phase-shift-keyed signals (PSKs) and to serve as narrow-band frequency selectors
in wavelength-division multiplexed systems. However, the interest in coherent receivers
diminished rapidly after practical Erbium-doped fibre amplifiers (EDFAs) became available just
a few years later, because these optical amplifiers enabled repeater-less transmission of optical
signals over very long distances without the need for coherent detection. Besides, coherent
receivers at that time were still not mature enough to be deployed in practical fibre optic
communication systems, because coherent detection was very sensitive to the polarization
state| of the received signals and, in addition, required transmitter and local-oscillator Yasers
with yery high phase stability [2].

The interest in coherent optical receiver technology revived in the late 2000s,-when high-gpeed
analqgue-to-digital converters (ADCs) and high-speed digital signal processors’(DSPs) be¢ame
available. These high-speed ADCs sample the received electrical signals @t or above the syymbol
rate ¢f the transmitted signals and deliver the digitized signals to a DSRyywhich then procdsses
the gampled electrical signals in real time to retrieve the transmitted digital or analogue
inforgnation [3]. It turned out that the combination of linear signal détection in coherent recdivers
and signal processing in high-speed DSPs not only solved the_technical problems of ¢arly-
genefration coherent receivers, but also enabled electronic.‘mitigation of linear (and [even
nonlipear) signal distortions encountered in the optical communication link [4]. Most importantly,
cohefent reception with subsequent digital signal proCessing allows adaptive mitigatipn of
undepired impairments caused by polarization-modet\dispersion (PMD) and uncompensated
chromatic dispersion (CD) in the transmission fibrey either of which can severely distoft the
waveforms of optical signals at data rates of 10 Gbit/s or higher [6]. Modern coherent recqivers
are dften capable of accommodating large amounts of PMD and CD and, as a result, pllow
signgl transmission at much higher modulation rates and/or over much longer distances|than
direct-detection receivers [5]. Moreover, the DSP used in coherent receivers can even mifigate
signdl distortions resulting from non-ideal’ optical and electronic components in the coherent
receiper itself, such as signal skew, amplitude imbalance, and other deviations from the desired
frequency response, as describedin.more detail in Clause 5 of this document.

Cohdrent receivers also facititate the decoding of complex vector-modulated signals, su¢h as
M-ary PSK or quadrature-amplitude modulation (M-QAM), which can carry several timeg the
information of binary on-off-keyed (OOK) signals of the same symbol rate [7]. Moreover, mgdern
cohefent receivers are capable of decoding polarization-multiplexed (PM) signals, which can
carry| up to twice the_information of corresponding single-polarized signals [7], [8]. In fac], the
first |commercially\~deployed fibre optic communication systems with coherent detgction

multlplexed 1GQAM S|gnals at 200 Gblt/s andeven 400 Gblt/s [1 1] Moreover transm|SS|on of
32QAM and 64QAM signals under practical conditions has been demonstrated, and the
feasibility of transmitting of even higher-order QAM signals is under investigation [13], [14],
[15].

The generation of higher-order optical QAM signals usually requires linear modulators and
driver amplifiers as well as careful equalization of non-ideal transmitter characteristics
introduced by the optical and electronic transmitter components, including frequency roll-off,
skew, and nonlinear response. This equalization can be achieved by employing digital signal
processing in the transmitter to facilitate adjustable pre-distortion of the electrical signals
applied to the optical modulator [2]. Therefore, as soon as fast high-speed digital-to-analogue

T Numbers in square brackets refer to the Bibliography.
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converters (DACs) became commercially available, high-speed DSPs were also introduced in
optical transmitters. In addition to equalization, the transmitter DSPs are frequently used to
spectrally shape the electrical drive signals applied to the optical modulator in order to generate
optical signals with the desired optical spectrum [12]. Transmitter DSPs also facilitate electronic
pre-compensation of chromatic dispersion in the transmission fibre [6], [15]. Clause 8 describes
the generation of optical signals with complex modulation formats and the functions of
transmitter DSPs.

5 Coherent transmission of vector-modulated signals

5.1 —Typicatreceiverarchitecture

As mentioned in Clause 4, modern coherent receivers for fibre optic communication, systems
usually employ four parallel coherent mixers that are configured in such a way that they detect
the optical amplitude, phase, and polarization state of the received signal. Figuré)1 displays a
typical arrangement of these four mixers, which are labelled X1, XQ, YI, and Y@ [16]. The nlixers
thus generate four analogue electrical signals, which are then converted to-digital signals via
high-speed analogue to digital converters (ADCs) and further processediin'a high-speed digital
signgl processor (DSP).

Trapsmitted
dptical
ignal

LO

Digital signal processor
Received data

bt i) \ ittt ettty IEC

Key
ADC | Analogue-tesdigital converter
LO Lofal oscillator

X X-polarized signal

Y Y-polarized signal

XI In-phase component of X-polarized signal
X0O Quadrature component of X-polarized signal
YI In-phase component of Y-polarized signal

YO Quadrature component of Y-polarized signal

Figure 1 — Coherent optical receiver

The operation of these mixers and their capabilities will be discussed in more detail in Clause 6.
It is important to note that the arrangement shown in Figure 1 makes the coherent receiver
insensitive to time-varying fluctuations in the optical phase and polarization state of the received
signal, which is a highly desirable feature for practical applications in fibre optic communication
systems [1]. Moreover, it also allows the receiver to decode complex vector-modulated signals
in which amplitude, phase, and polarization state are independently modulated [8], [17]. As
described in more detail in 5.3, these vector-modulated signals can carry several times more
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information than conventional on-off-keyed (OOK) signals transmitted at the same symbol rate.
Hence, transmission of information at a given data rate with vector-modulated signals can be
accomplished at much lower symbol rates, and hence with much lower electrical and optical
bandwidth, than transmission with conventional OOK signals, which is also a highly desirable
feature. However, decoding of these vector-modulated signals in the coherent receiver is a fairly
complex process, which is usually accomplished by employing a high-speed DSP, as discussed
in more detail in Clause 7.

5.2 Typical transmitter architecture

Coherent transmission systems frequently employ optical transmitters that are capable of
generati = ' i is di ed in
Figune 2, where the transmitter comprises four parallel modulators, which are labelledcX], XQ,
YI, gnd YQ. These four modulators are typically employed in a nested Mach-Zehnder
configuration in such a way that they allow independent modulation of the optical|amplitude,
phasg, and polarization state of the transmitted signal, as discussed in more detail in Clayise 8
[18].

DAC
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Key
90° Optical phase shifter

CW | Continuous wave

DAC | Digital-to-analogue converter
Mod | Optical-modulator

XI In{phase-component of X-polarized signal

X0 Quetrature—compenentofX-potarized—sigheat
YI In-phase component of Y-polarized signal

YQ Quadrature component of Y-polarized signal

Figure 2 — Optical transmitter for coherent transmission

The labels XI, XQ, YI, and YQ (or IX, QX, 1Y, and QY) are widely used in the industry to
characterize the various signal components in vector-modulated signals, both for the optical
transmitter and the optical receiver [16], [18]. However, it is very important to note that the
signal components generated in the transmitter by the X7, XQ, YI, and YO modulators are in
general different from the signal components generated by the X7, XQ, YI, and YQ mixers in the
coherent receiver. In fact, the received signal components in X/, XQ, YI, and YQ are related to
the transmitted signal components in XI, XQ, YI, and YQ by a complex and often
frequency-dependent function (see 7.1). Therefore, a DSP is often employed to de-convolute
the transmitted signals from the four received signal components.
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NOTE The use of the same labels for the transmitter signal components and the receiver signal components can
lead to considerable confusion, because there usually is no simple relationship between the transmitter and receiver
components. For example, if a transmitter generates signals using only the X7 and Y/ modulators (e.g. to generate
polarization-multiplexed binary phase-shift-keyed signals), it is sometimes believed that the coherent receiver would
only need X7 and YI mixers. As discussed in Clause 6, this is only the case for homodyne receivers with a phase-
locked oscillator laser. However, modern intradyne receivers need all four X/, XQ, YI, and YQ mixers to recover the
transmitted signal components from the received signal.

Frequently, DSPs are also employed in the transmitter in conjunction with high-speed digital-
to-analogue converters (DACs). As discussed in more detail in Clause 9, the DSP is used here
to map the information data into the transmitted signal components and to pre-distort the digital

drive

signals for the modulators.
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The four signal components Ay, 4xq, 4y, and Ayq usually carry different information (i.e.

different payload data). As briefly discussed in 5.2, they are typically generated by four parallel
amplitude modulators, which are arranged in a nested Mach-Zehnder structure. This
arrangement includes 90° optical phase shifters to generate the quadrature components 4y(?)

and 4yq(¢) as well as a polarization rotator to generate the orthogonally polarized 4y(¢) signal
component, as shown schematically in Figure 3 and described in more detail in Clause 8.

Data1 Data2

J

Modulator Ay

Modulator

T XD ()

Modulator

Modulator

|

Data3 Data4

IEC

Key
90° Optical phase shifter

Cw Continuous wave

Figure 3 — Generation .ofwector modulated signals

The prthogonal polarization states represented by Ay and 4y are often a pair of linearly

polarjzed states when the signal is generated in the optical transmitter. However, this ppir of
orthogonal polarization states is generally transformed in the transmission fibre into anpther
pair ¢f orthogonal polarization states before the signal arrives at the receiver.

5.3.2 Binary amplitude and phase modulation

Conventional non-coherent communication systems typically transmit binary on-off-Heyed
(OOK) signals in a single polarization state [1]. In these signals, only 4y,(¢) is modulateq (i.e.
toggled between 0and 1) while 4yq =0 and 4y = 0 in Formula (1). Single-polarized binary [OOK
signgls thus €arry one bit of information per transmitted symbol and can be readily detgcted
non-¢oherently with a single photodetector. OOK signals are sometimes generated either by an
optical amplitude modulator (e.g. of the type discussed in 8.2), or alternatively, by a simpler
intenpityvmodulator. 'ln

Single-polarized binary phase-shift-keyed (BPSK) signals are typically generated by an optical
amplitude modulator, which toggles 4y,(¢) between -1 and 1 while keeping Ayq =0 and 4y =0,

as shown in the constellation diagram of Figure 4. Single-polarized BPSK signals can carry only
one bit of information per transmitted symbol, but their detection requires a receiver that is
sensitive to the phase of the received signal [20]. Single-polarized BPSK signals can be
detected non-coherently with a properly tuned differential delay interferometer and a single
photodetector. In principle, it is also possible to detect these signals with a coherent receiver
having only a single mixer, as described in 6.2. However, in practical applications it is far more
convenient and easier to detect these signals with a coherent receiver of the type shown in
Figure 1, which has four parallel mixers, providing phase- and polarization-diversity, so that the
receiver can tolerate phase and frequency variations in the transmission and reference lasers
as well as time-varying polarization transformations in the transmission fibre.
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Quadrature amplitude modulation

humber of information bits carried by each transmitted symbol can be increased by

lating the-guadrature component 4y, in addition to and independently of the in-ghase

onent 4y)." Single-polarized signals using quaternary phase-shift-keying (QPSK],
ple,carry two bits of information per transmitted symbol, since Ay, and Ay, are

order

modulators, as discussed in 8.3.

cd.independently between -1 and +1, as shown in Figure 4

[8]. QPSK signals and hj

mplitude

Even higher bit rates can be transmitted by using multi-level phase-shift keying (PSK) or
quadrature amplitude modulation (QAM), such as 8PSK or 8QAM, which carry three bits per
symbol. Moreover, 16QAM signals carry four bits per symbol and 64QAM signals even six bits
per symbol. Single-polarized QPSK signals and multi-level PSK or QAM signals can be detected
with coherent receivers that employ at least two parallel mixers with phase diversity, as
discussed in 6.3. However, in practice it is far more convenient to detect these signals with a
phase- and polarization-diversity coherent receiver, because of time-varying polarization
transformations in the transmission fibre.
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5.3.4 Polarization multiplexing

For any given modulation format, the number of bits per transmitted symbol can be increased
further by transmitting polarization-multiplexed (PM) or dual-polarization (DP) signals, in which
both polarized components, A4y(7) and 4y, are independently modulated. Polarization-

multiplexed QPSK (PM-QPSK) signals, for example, carry four bits of information per symbol
[8]. Polarization-multiplexed signals can readily be detected with phase- and
polarization-diversity coherent receivers, which typically employ four parallel mixers, as
described in 6.4. Coherent receivers thus facilitate the use of polarization multiplexing and
higher order modulation formats, which allow transmission at higher data rates without requiring
higher symbol rates. This is important because the electrical bandwidth requirements for the

H 1 F ] 2l ' ] % H +ho ' [ HYY <l H <l + tl
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depepd on the symbol rate.

5.3.5 Higher-dimensional coding and constellation shaping

It shguld be noted that higher-order QAM and PSK signals are more sensitive to optical poise
than pinary ASK or OOK signals and, hence, usually do not have the same transmission rleach
as bihary signals [8]. In general, the more bits of information encoded"in”a signal, the more
sensitive the signal is to optical noise and to other linear and nonlinear distortions. To makie the
transmission of higher-order QAM and PSK signals more robust t6 such impairments,| new
modylation techniques have been introduced in optical communication systems, which inglude
multitdimensional coding as well as geometrically and probabilistically shaped modulation
formats [21], [22], [23].

In fqur-dimensional (4D) coding, the two polarizafiogn tributaries are not independently
modylated, as described above, but instead are varied in such a way that the constellation
points of the combined optical signal are distributed in a four-dimensional constellation gpace
(whefeas conventional polarization-multiplexed."signals can be represented in a three-
dimepsional constellation space) [21]. A _.simple example of a 4D modulation formfat is
polarjzation-switched QPSK (sometimes referred to as PS-QPSK), where only one polarization
tributary is transmitted at any given time;>Thus, when a QPSK symbol is transmitted in the X
polarjzation in time slot n, then no signal is transmitted in the Y polarization, so that Ay(74) # 0

and 4yc(z,) = 0; whereas, in another time slot m, a QPSK symbol can be transmitted in fhe Y
polarjzation and no signal is transmitted in the X polarization, so that Ayc(7,,) = 0 and Ay:(zy,)

# 0. Ih PS-QPSK signals, the(alternating occurrence of symbols and zeros in the two polarization
tributiaries is digitally modulated (i.e. non-periodic), so that an additional bit of informatiop can
be encoded in each transmitted QPSK symbol, yielding a total information rate of 3 bitp per
symHol (versus 4 bits) per symbol for PM-QPSK). Hence, PS-QPSK signals carry| less
inforfnation than PM-QPSK signals, but when transmitted with the same average optical ppwer,
they [are more résilient to optical noise than PM-QPSK signals [21]. This concept has |been
exterjded to modulation formats of higher cardinality, in which case the two polarization
tributaries .alternatingly transmit orthogonal subsets of constellation points, or even to ¢i
dimepsiohal*(8D) coding [21], [24].

In geometrically shaped (GS) modulation formats, the constellation points in either polarization
tributary are arranged in such a way that the smallest Euclidian distance between them is as
large as possible; whereas in probabilistically shaped modulation formats, the digital
information is mapped into the constellation space in such a way that the frequency of
occurrence of each constellation point is not equiprobable, as in conventional modulation
formats, but is distributed, on average, according to a predetermined probability function, so
that symbols carrying the innermost constellation points are more frequently transmitted than
symbols carrying the outermost constellation points. Hence, for a given number of constellation
points, probabilistic shaping reduces the information rate that can be transmitted, which is not
the case for geometric shaping. To carry the same information rate as a conventional signal
with equiprobable constellation points, a probabilistically shaped signal generally requires a
modulation format of higher cardinality. For example, a probabilistically shaped 64QAM signal
could transmit the same information rate as conventional 16QAM or 32QAM signals, and a
probabilistically shaped 1024QAM signal the same information rate as a conventional 256QAM,
but with higher tolerance to optical noise and with reduced optical bandwidth [25]. The higher
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noise tolerance of probabilistically shaped signals arises from the fact that the innermost
constellation points are more frequently transmitted than the outermost constellation points.
Hence, at the same average optical signal power, the symbols of a probabilistically shaped
signal carry more optical power than the same symbols of a conventional signal of the same
modulation format and cardinality but with equiprobable constellation points. In terms of optical
amplitude, therefore, the smallest Euclidian distance between the constellation points of a
probabilistically shaped signal is effectively larger than that of a conventional signal of the same
modulation format and cardinality.

The above described techniques of higher-dimensional coding, geometrical shaping, and
probablllstlc shaplng are not mutually excluswe but can in fact be employed S|multaneously
[22]. ]

Likewise, the same type of coherent receivers can be used for multi-carrier modulation forfnats,
which are signals that are composed of independently modulated sub-carriers, like signalg that
emplpy orthogonal frequency-division multiplexing (OFDM) [26].

6 Coherent receiver architectures and functional capabilities

6.1 Basic principle of coherent detection
6.1.1 General

A coherent optical receiver mixes the transmitted.optical signal with an optical reference gignal
from|an unmodulated local-oscillator (LO)~}laser, which generates a beat signal t)—Ft is
I

proportional to the product of the optical amplitudes of the two signals [1], [2]. The two optical
signdls are usually mixed in one or moreshigh-speed photodiodes (PDs), utilizing the nonlinear
(i.e. quadratic) response of the photodetectors to generate the desired beat signal. The resulting
photgcurrents are proportional to_the time-varying amplitude and phase of the transrLitted
optical signal, as described in mare detail in 6.2, 6.3, and 6.4. In fact, the operation of a cohgrent
receiper is very similar to that.0f'super-heterodyne (or super-homodyne) receivers, which are
often|used in radio and microwave transmission systems to increase receiver sensitivity and to
enhahce the frequency seléctivity of the receiver.

6.1.2 Homodyne and heterodyne detection

Cohdrent receivers can be operated as homodyne, heterodyne or intradyne detectors [2],/[20].
In the case of homodyne detection, the reference signal has exactly the same optical freqency
as thle carrier frequency of the transmitted optical signal, as shown schematically in Figure 5
[26].
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Figure 5 — Signal and local oscillator frequencies for homodyne detection

In the case of heterodyne detection, the reference frequency’ ,and the carrier frequency are
offsef by an amount that is slightly larger than the spectral*width of the transmitted signal, as
shown in Figure 6 [26]. Intradyne detection is very similar to homodyne detection, but it ajlows
for rglatively small frequency offsets between the reference signal and the carrier frequency of
the tnansmitted optical signal [2]. Coherent fibre optié.communication systems as well as optical
moddylation analysers typically use intradyne detection [9].
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Figure 6 — Signal and local oscillator frequencies for heterodyne detection

In either case, mixing of the reference signal with the transmitted signal in the PD generates a
photocurrent in the electrical baseband, having a single-sided spectrum, as shown
schematically in Figure 7 for homodyne and heterodyne detection [26].


https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

IEC TR 61282-16:2022 © IEC 2022 -21-

Homodyne Heterodyne

N
o
PR T T T

-20

Powdr spectral density (dB/GHz)

_30_

80

40
Electrical frequency (GHz)

60
IEC
Figure 7 — Electrical spectra of homodyne and heterodyne beat signals

In the case of heterodyne detection, the carrier frequency of the transmitted signal is tranglated

to an

Jo the
diffen
the s

intermediate electrical frequency | f, — f. |, where f. dehotes the reference frequenc
carrier frequency of the transmitted signal. If the 4wo optical frequencies are suffic
ent, the entire (two-sided) spectrum of the transmijtted optical signal can be translat

infor

6.1.3
In th

ngle-sided electrical spectrum, as shown in theexample of Figure 7, thus preservin
ation contained in the upper and lower medulation sidebands of the transmitted sig

Intradyne detection

case of homodyne detection, the’ reference frequency is exactly equal to the c

and
ently

ed to
g the
hal.

arrier
ence

frequency of the transmitted signal, that is f. = f;; whereas for intradyne detection, the refef
frequency is only approximately equal to the transmitted carrier frequency, i.e. f, = 1. [2]. In

case$, the upper and lower modulation sidebands of the transmitted signal are folded int
single sideband of the electrical spectrum, which means that each frequency component ¢
resulfing electrical spectrum is composed of two mixing products, one of which results|from
mixing of the LO laser-with an optical frequency component in the lower modulation sidegband
of the transmitted signal at frequency f|, and the other one from mixing of the LO laser with an

optical frequency.component in the upper modulation sideband of the signal at frequengy f,

with | — f; = [
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o the
f the

In geheral,/this spectral folding of the mixing products does not preserve all phase information
contgined in the transmitted optical signal. Hence, the decoding capabilities of a single coﬂerent
mixer are limited. To avoid these restrictions, modern coherent communication systems employ
multiple intradyne mixers in the receiver, which generate mixing products at different optical
phases between the LO laser output and the transmitted signal, as discussed in more detail in
6.3. This dual-mixer architecture is commonly referred to as a phase diversity receiver [27]. It
should be noted that heterodyne receivers do not have these limitations but require photodiodes
with twice the bandwidth of those used in intradyne receivers [26].

6.1.4 Polarization dependence

Heterodyne as well as homodyne mixers are sensitive to the polarization state of the transmitted
signal. This effect causes fading of the mixing product when LO laser light and the received
signal are in different polarization states. Such polarization fading can be avoided by employing
additional mixers to generate mixing products between the LO laser and copies of the
transmitted signal in different polarization states, which is known as polarization diversity [28].
Polarization-diversity receivers are discussed in more detail in 6.4 and 6.5.
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It should be noted that heterodyne receivers typically require at least twice the electrical
bandwidth of homodyne receivers, as can be clearly seen from Figure 7. While the bandwidth
requirements for homodyne receivers are similar to those for direct-detection receivers
(typically less than the symbol rate of the transmitted signal), heterodyne receivers need to
have an electrical bandwidth of at least the entire width of the optical spectrum. Typically, the
bandwidth of heterodyne receivers is substantially wider than twice the symbol rate of the
transmitted signal, so as to avoid undesired signals distortion due to spectral folding of the
mixing products [30]. In the example of Figure 7, the 3 dB bandwidth of the heterodyne receiver
is about 3 times that of the homodyne receiver.

6.1.5 Frequency dependence

Cohdrent receivers in general are highly frequency dependent, just like radio or microwave
homaq- or heterodyne receivers. They hence need to be tuned to the frequency of the"DWDM
chanpel to be detected. The optical bandwidth of a coherent receiver is typically. only as|wide
as the optical bandwidth of the transmitted signal [10].

Cohdrent receivers can thus serve as wavelength demultiplexers in DWBM systems.| This
feature is exploited, for example, in colourless drop ports of reconfigurable optical addidrop
multiplexers (ROADMSs) to select the wavelength channel of the signattobe received [30], which
is simply accomplished by tuning the frequency of the LO laser to\the desired WDM chgnnel.
To ayoid interference from neighbouring DWDM signals, the c¢hannel spacing of the DWDM
signdls has to be larger than twice the bandwidth of the coherent receiver. Thus, coherent
receivers based on homodyne detection allow much smallerWDM channel spacing than those
usind heterodyne detection, because the latter require unoceupied optical spectrum of the same
width as the selected signal on the other side of the reference signal, as indicated by the hgshed
area|n Figure 6. Hence, with heterodyne receivers, the humber of useable wavelength chapnels
is typically smaller than with homodyne receivers,\thus limiting the transmission capacjty of
fibre joptic DWDM communication systems [8].

6.1.6 Phase and polarization diversity

Early] versions of coherent receivers.'employed only a single optical mixer to generatg¢ the
desirpd beat signal. These simple.réceivers were very sensitive to polarization fluctuations in
the transmitted signal and, in the.case of homodyne receivers, required phase locking qf the
optical reference signal [1], [2]~-These limitations made it quite difficult to use these recdivers
in commercial fibre-optic communication systems, where the fibre link usually does not preserve
the sfate of polarization of the transmitted signals. However, it was shown that these proljlems
can hle circumvented by.employing multiple mixers in a coherent receiver, as described in more
detai| in 6.3 and 6.4/T20].

Modgrn coherent receivers typically use intradyne detection and comprise four balgnced
cohefent mixers to generate a set of four complementary beat signals, which carry information

multi- Ievel phase shlft keyed (PSK) or quadrature- amphtude modulated (QAM) S|gnals as well
as the decoding of polarization-multiplexed signals, which can carry twice the information than
conventional single-polarized signals without requiring additional optical bandwidth, as
discussed in 5.3 [32]. Thus, coherent receivers have enabled a rapid increase in the
transmission capacity of fibre optic communication systems [8].

However, a considerable amount of signal processing is needed to extract the transmitted
information from the four beat signals, which is usually accomplished with the help of high-
speed digital signal processors (DSPs), as discussed in more detail in Clause 7. The various
types of coherent receivers are described in more detail in 6.2 to 6.4, beginning with single
coherent mixers and ending with modern quadruple coherent mixers.
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6.2 Single coherent mixer with balanced detection

6.2.1 Principle of operation

A single coherent mixer typically employs a symmetric 2 x 2 optical waveguide coupler (i.e. a
3 dB coupler), which combines the transmitted signal 4 (¢) with the reference signal A (1), as
shown schematically in Figure 8. The two output signals of the coupler are of the form
[Zs(t)—j;lr(tﬂ /\/5 and [Zr(t)—j;ls(tﬂ /x/§ where g (:) is of the general form of
Formula (1), and 4, (¢) describes the optical amplitude of the reference signal whose
polarization state is assumed to be fixed, as described by Formula (2).

- 1 i N .
A, (t) _ ,PLO [Oj e i () _ /—PLO [OJ e [wt+ot)+6(1)] @)

=
>
)
-
9%

Po is the optical power of the reference signal,
o, = Pmf,  the angular frequency of the reference signal,

o (1) is the optical phase of the reference signal, and

Or(t is a random variable representing laser phase noise from the transmitter lasef¥.

Subsequent mixing of the two output signals<ef the coupler in two separate high-gpeed
photgdiodes (PDs) generates the two photocufrents i4(¢) and i5(¢) given by Formula (3) [3B].

i () = Ry {|;1r ()2 g () *+2im [ G (1)- 4, (t)}}ﬂq (1)
2 - . 3)
i2(6) = R Jptn) [+ g 1) [*~21m [, (- 45" (1) 72 ()

wherp
Ry and R, represent the responsivities of the photodiodes, in units of A/W,

i1(t)|and-i»(t) are random variables that represent receiver noise,

() denotes the complex conjugate, and

()-(O) indicates the scalar vector product.

Note that Ry and R, include here not only the photo-detection efficiency of the PDs but also the

various optical splitting losses in the 3 dB coupler as well as optical insertion losses and
attenuation in the receiver, so that the photocurrents are directly related to the input power of
the received and reference signals [29].

NOTE In practice, the responsivity of each PD can be significantly different for light entering the signal input port
of the mixer versus light entering the LO input port of the mixer, because of asymmetric insertion losses and additional
optical elements (like optical attenuators and monitor PDs) in the signal input port. For the sake of simplicity, this
difference is ignored in Formula (3).
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Figure 8 — Single balanced mixer for coherent reception

The first two terms on the right side of Formula (3) are undesired by-products of the mnjixing
procgss, which result from non-coherent detection (also known as direct detection) of the
refergnce signal and the received signal, whereas the third term represents the desired

cohefent beat signal. The random variables 51(t) and fz(t) represent receiver noise genefated

in the photo-detection process, including thermal and) shot noise as well as input-referred
ampl|fier noise [2], [20], [29], [34].

6.2.2 Common-mode rejection

With |a perfectly balanced mixer, i.e. with\Ry; = R,, one can eliminate the undesired djrect-

detegtion products by subtracting the“two photocurrents from each other to obtaig the
diffefential current iy«(¢), as described by Formula (4) [20].

i (1) = 1H(0) =iz (1) = 2Ry 1m | (0)- A5 (1) |+ oot 1) 4)

This [differential signal-includes only the coherent beat signal and the receiver noise] The
suppfession of the direct detection products is known as common-mode rejection, sincg the
direc-detectiopmptoducts have the same sign and magnitude in both photocurrents (common
mode), whergas the coherent beat signals have opposite sign (differential mode). In pragtice,
the qommen=mode rejection is limited, because of small receiver imbalance, R, # R,| and

differential’time delays between the two photocurrents, which is known as skew. The amount
of cqmmon-mode suppression in a balanced mixer is characterized by a common-srode-
rejection ratio (CMRR), Ropr, Which is usually expressed in dB and calculated from Formula (5)

[33].

Remr =20 logyg l:%} (5)

The CMRR can be measured by injecting light into only one of the two input ports of the mixer.
In general, the signal input and the reference input yield different CMMR values, because of
variations in the PD responsivities. High CMRR of the received signal is especially important
for applications in colour-less ROADM ports, as discussed in 6.1.5, where the receiver sees a
multitude of DWDM signals, of which only one is selected for coherent reception. In this case,
all DWDM signals contribute to the direct-detection products in the photocurrents i;(¢) and iy(7),

as described by Formula (6).
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N [[an \ [a D \ [—a
Ltot rms :\/&’1 (f))+\12 V)) ANZlms

where the brackets «...» indicate time averaging.

(7)

The optical power of the reference signal is typically in the range of 10 mW to 40 mW and thus
much larger than the average power of the received signal, which can range from 0,01 mW to
1 mW, so that the reference signal amplifies the coherently received beat signal. As a result,
coherent receivers usually have significantly higher sensitivity than direct detection receivers.
In many cases, the power of the reference signal is high enough, so that the receiver noise is
dominated by shot noise resulting from direct detection of the reference signal. The RMS

amplitude of this shot noise, ftot rms » IS given by Formula (8) [20].
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;tot rms ~ 4/ 2qRP o B

where

q=1,60 x 1019 C s the elementary charge,

B is the electrical bandwidth of the photodiode (in Hz), and

Po is the optical power of the reference signal from the LO laser (in W).

2022

(8)

WhelL the receiver noise is dominated by shot noise, the signal-to-noise ratio of the cohefently
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Polarization dependence

scussed in 6.1.4, the magnitude of the coherent beat signal depénds strongly o
zation state of the received signal. It is maximal only when the received signal is i
polarization state as the reference signal from the LO laser{Ihe beat signal van
the two signals are in orthogonal polarization states. This strong polarization depend

ly do not maintain the state of polarization of the transmitted signal [28], [32]. Hen
b-polarized optical signal usually arrives at the receiver.in an arbitrary polarization §
cterized by a polarization angle ¢ and a differential’phase y, as described by Formul
b the phase parameters 6 and y can both fluctuate ) randomly with time.

cos(8)

A (1) = \/g[sin(e) eJV/] as(t)e 1700

reference signal from the local oscillator laser is usually inserted into the couplg
zation-maintaining fibre,sso’that it is always in a fixed and well-defined polarization §
scribed by Formula (2).

ure amplitude modplation with real-valued ag(¢), Formula (4) becomes Formula (10).

igift (t) = R \[PLo Ps c08(0) ag(t) sin[ &, (1)- s ()] + iyt (t)

n the
h the
shes
ence

ry undesirable in fibre-optic communication systems, because the transmission fibres

ce, a
tate,
B (9),

(9)

r via
tate,

(10)

It is readily seen from Formula (10) that the amplitude of the coherent beat signalis propor

ional

to cos(#) and, hence, completely vanishes when 6 = £90°. This effect is known as polarization-
dependent signal fading. It can be avoided by placing an optical polarization controller (PC) in
front of the coherent mixer, as indicated in Figure 8, and by continuously adjusting this controller
to maximize the amplitude of the coherent beat signal [35]. Such automatic optical polarization
controllers would add considerable complexity to the coherent receiver. Instead, as described
in more detail in 6.4, modern coherent receivers employ four balanced coherent mixers which
are operated in parallel to detect four different polarization components simultaneously [9]. The
desired beat signal can then be reconstructed from these four signal components with the help
of digital signal processing. It should also be noted that single coherent mixers cannot decode
polarization-multiplexed signals, which are often used to transmit signals at line rates of
100 Gbit/s and above [32].
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6.2.4 Homodyne detection

Single mixers can be operated either as homodyne or as heterodyne receivers. In the case of
homodyne detection, the optical frequency f, of the reference signal is exactly equal to the
carrier frequency f; of the transmitted optical signal, so that its optical phase is locked to that
of the carrier frequency [1], [2]. With homodyne detection, the simple coherent receiver of
Figure 8 can detect only signals that carry either pure amplitude (or intensity) modulation (AM)
or, alternatively, pure binary phase modulation, but not quadrature amplitude modulation (QAM)
or other combinations of amplitude and phase modulation. In the case of pure AM, having real-
valued amplitude variations a4(¢) but constant phase ¢4 (e.g. o5 = 0), Formula (10) reduces to

Formula (11).

igifr(t) = R [PLo Ps €08(0) ag (1) sin[ o+ iof (¢) |+ fiot (1) (11)

wherg

P10t (f) = @r (t)— @5 (7) is the combined phase noise of the transmitter and.[ocal oscillator Igsers.

signgl, as desired, but it is also proportional to sin (¢,), so that\its magnitude depends oh the
relative optical phase between the reference signal and the ‘eptical carrier of the transmitted
signgl. The beat signal is maximal only when ¢, = 90° (or alternatively —90°) and vanishes fvhen
¢, = 0° or 180°. Thus, homodyne detection with a single\balanced mixer requires active logking
of thg optical phase of the local oscillator phase, which'is quite difficult to accomplish in pragtice.
Howgver, the single balanced mixer is capable of:detecting arbitrary AM, in particular higher-
ordell pulse-amplitude modulation (PAM).

The beat signal of Formula (11) is proportional to the time-varying amplitude of the trans:}}itted

The transmitter and local oscillator lasers used in a coherent transmission system should exhibit
low phase noise, so that ‘(Z)tot(t)‘ isssufficiently small and does not introduce significant

additjonal amplitude variations in the beat signal, which would distort the received signal|[36].
In g¢neral, coherent detection “tequires transmitter and local oscillator lasers with narrow
linewlidth [10]. The amount of\acceptable phase noise depends on the type and cardinaljty of
the IeroduIation format as wellJas on the symbol rate of the transmitted signal [37]. In general,
the hligher the cardinality,of the modulation format, the less phase noise from the transmitter
and LO lasers can be-tolerated. Moreover, the higher the symbol rate, the more phase poise

can Qe tolerated from the transmitter laser, but not necessarily from the LO laser [38].

NOTE| There are{additional (and often stricter) requirements for the phase noise of the LO laser when chrpmatic
disperpion is compensated in the coherent receiver, as described in more detail in 6.3.3 and 6.4.6. As a resylt, the
tolerapce to LOxaser phase noise typically decreases with increasing symbol rate.

Similpriconsiderations apply to purely phase modulated signals, which are of the form shown
in Formtte4+2-

Zs(t)=\/§[ cos(ﬁ)wJ o 1os(t) ej[wsmzzs(t)} 42)

sin(6) e’

In this case Formula (10) becomes Formula (13).

i4ifr(t) = R \|PLo Ps cos(0) Sin[% (£)=9r+ drot (f)]+ftot (1) (13)
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In contrast to the case of AM, the phase modulation cannot be arbitrary. A single balanced
mixer is capable of detecting binary phase-shift keying (BPSK), where ¢(¢) is toggled between

only two phases, for example 0° and 180° (assuming ¢, = 90°, as above), but it cannot decode
quaternary phase-shift keying (QPSK), where ¢(¢) is toggled between the four phases 0°, 90°,
180° and 270°, since iy (1) would be zero when ¢4(¢) is 90° and 270°. This is a direct result of
the spectral folding that occurs in single homodyne mixers (see 6.1.2).

6.2.5 Heterodyne detection

In the case of heterodyne detection with og # w,, the transmitted signal can carry arbitrary AM

and/qr - n by
Formlula (14).

U arplitrary QAN O tha e recelved dlrrerential pnotocurre glve

igirt (1) = R \[PLo P ©08(0) ag (1) sin [ dw i+, g5 (1) + prot (1) | + it (1) (14)

wherg

>
S
Il

O, — Wg denotes the frequency offset between the reference signal and the carrier
frequency of the transmitted signal.

The phase and amplitude information encoded in the transmitted signal can be recovered, for
exaniple, by down-mixing the output signal of the transimpedance amplifier, Vs (£) = Z ifye(2),
simultaneously with the in-phase and quadrature autputs of a sinusoidal oscillator at freqency
Aw, ile. by down-mixing with the electrical signalsrsin(Aw? + ¢,) and cos(Aw? + ¢,), as shown

schematically in Figure 9 [1].
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Figure 9 — Balanced heterodyne mixer with electrical down-mixing

With ¢, = ¢, — 90° and after low-pass filtering, to reject all frequency components above Aw,
one obtains the quadrature signals V|(¢) and V(¢) described by Formula (15).
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(=20 %) (1) sin[ 04 1) 1 ()] + 741
Vo) =22 VP“’ Ps ©0500) (1) cos [ o4 (1)~ ()] + 7

(15)

where
171(t) and V5 (¢) represent the receiver noise after down-mixing and filtering, and
Z is the transimpedance of the TIA (in units of V/A or Q).

The two signals V|(¢) and V(¢) comprise all information on the amplitude and phase modulation

in th¢ transmitted signals, which can be seen by combining the two signadls’into a complex
vectdr as shown in Formula (16).

N AE ZR [Py Ps cos(0) ag(t) &/ =P T ) gitose) | (16)

noise
2

Aside from the additional noise terms on the rightmost side, Formula (16) resembleg the
complex phasor of the transmitted signal given in\Férmula (9). The down-mixing and filtering
can be accomplished with the help of analogue electronics, as shown in Figure 9, or
equijalently in a high-speed digital signal precessor, after the analogue voltage Vg [(¢) is

converted into a digital signal by a high-speed*analogue-to-digital converter (ADC).

Henge, the simple heterodyne receiverof Figure 9 allows decoding of arbitrary M-QAM signals,
withqut requiring phase-locking of the LO laser. Any drift in the frequency and phase df the
transmitter and LO lasers can be compensated for by adaptive adjustment of the frequendy Aw
and phase ¢, of the electrical.oScillator in the receiver. However, heterodyne receivers reguire

PDs and TIAs with at least twice the electrical bandwidth of a comparable homodyne recgiver,
which can limit the symbal rate of the transmitted signal [30]. In most applications, a polarization
contrpller is required tp-avoid polarization-induced signal fading in the heterodyne receiver [35].
Howgver, it should/be“noted that polarization-fading can also be avoided by encoding the
information data into™a dual-polarization signal, using for example Alamouti coding, in slich a
way that the coherently received beat signal does not depend on the polarization state gf the
transmitted sigmnal at the receiver [39].

6.3 | Dual coherent mixer with phase diversity

6.3.1 Principle of operation

The capabilities of coherent receivers can be greatly enhanced by employing multiple mixers in
parallel, so as to recover more properties of the received optical signal. As a first step, in 6.3 a
coherent receiver with phase diversity is considered. Such phase-diversity receivers typically
employ two balanced mixers, an “in-phase mixer” and a “quadrature” mixer, which are operated
in parallel [20], [29]. Either of the two mixers is similar to the single balanced mixer of Figure 8,
but the quadrature mixer includes an additional optical phase shifter that introduces a 90°
optical phase shift in the reference signal, as shown in Figure 10. This 90° phase shift can be
generated, for example, by adding a suitable length of additional optical waveguide in the
second mixer, so as to delay the reference signal by an amount that corresponds to a 90° shift
in optical phase.
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Figure 10 — Dual coherent mixer with phase diversity

The fransmitted signal and the reference signal from the' LO laser are both split into two ¢qual
copigs, which are then fed symmetrically into two parallelymixers, as shown in Figure 10. Hénce,
the ip-phase mixer combines the transmitted signahwith the 0°-shifted copy of the refefence
signgl, whereas the quadrature mixer combines-the transmitted signal with the 90° phase-
shiftgd copy of the reference signal, thus creating:a coherent beat signal whose electrical ghase
is alyvays shifted by 90° relative to the beai“signal created by the in-phase mixer (ghase
quadfature). This combination of in-phase,and quadrature mixer is often referred to as g 90°
hybrid mixer, a term that was adopted from RF and microwave technologies [20].

It shquld be noted that the arrangement shown in Figure 10 is not the only way to implemlent a
phasg-diversity receiver. If the fransmitted signal and the reference signal are combined in a
threetbranch equal-split directional coupler, for example, the three output ports of this coupler
prodlice beat signals with retative phase shifts of 0°, 120°, and 240° [20], [29]. However, |most
practjcal applications employ balanced 90° hybrid mixers.

Assuming homodyne reception with Aw = 0 and ¢, = 0, as well as otherwise identical|path

lengths in the twoimixers, the in-phase and quadrature mixers in Figure 10 generate two pghase
shiftgd photocufrents i(¢) and ig(#), which are given in Formula (17) [1], [29].

(1) = R [P g Ps ©05(0) ag (1) sin| g (1) + fiot (1) |+ fiot (1)

iq(t)=R \JPLo Ps cos(0) ag(?) COS[—¢s(f)+¢tot(tﬂ+ftot(f)

(17)

These two photocurrents have the same form as the two down-mixed heterodyne signals of
Formula (15). Therefore, a dual homodyne mixer with phase diversity provides the same
functionality as a single heterodyne mixer. Hence, it allows detection of arbitrary M-QAM signals
(including QPSK) without needing the wide electrical bandwidth of a heterodyne receiver.
However, splitting of the reference and transmitted signals between the two mixers reduces the
effective responsivity R by 50 %, compared with Formula (10), thus yielding substantially
smaller photocurrents in each mixer than for the single mixer in Formula (10). The amplitude of
each photocurrent can be raised to the signal level of a single mixer by increasing the power of
the reference signal and the transmitted signal both by 3 dB or, alternatively, by increasing the
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power of only the reference signal by 6 dB, where the latter would increase the signal-to-noise
ratio (SNR) of the two signals in Formula (17).

When used with ASK or BPSK signals, the phase-diversity mixer of Figure 10 introduces more
noise in the photocurrents than the single balanced mixer of Figure 8 [27], [29]. This can be
readily seen in the case of homodyne detection with a phase-locked LO laser, as discussed in
6.2.4. If the reference phase ¢, is adjusted in such a way that only i(¢) carries the desired beat

signal, then iq(¢) only carries receiver noise (e.g. shot noise), which is an undesired addition to

the received signal. However, this disadvantage vanishes when quadrature modulated signals
(such as QPSK or M-QAM) are received [27].

Howgver, the phase-diversity mixer of Figure 10 is much more versatile than a singlé rlﬂxer,
becaplse it allows homodyne detection with small frequency offsets between the(refegence
signdl and the transmitted signal as well as compensation of I-Q skew and chromatic dispefsion,
as ejplained in 6.3.2 through 6.3.5.

6.3.2 Intradyne detection with frequency offset removal

In contrast to the single mixer discussed in 6.2, the phase-diversity mixer of Figure 10 allows
homqdyne detection without requiring optical phase locking of the lO<laser to the optical carrier
of the transmitted signal [29]. In fact, the LO laser does not evenshave to be operated at eXactly
the same frequency as the transmitter laser, because the twosignals i, (¢) and iq (¢) carny the

information needed to remove undesired frequency and*phase offsets [2]. This mode of
operation is commonly referred to as intradyne reception.

To d¢monstrate this capability of the phase-diversity‘tixer, the parameters Aw and ¢, arefused
to describe the frequency and phase offsets between the reference signal and the transnpitted
signgl, so that the two photocurrents of Formula (17) become f| and fQ as describgd by

Formlula (18).

i(t)=R [P o Ps cos(@)ag(t) Sin[dwt+q)r—(ps(t)+(ﬁtot (t)]+ftot(t)
iq(t)=R \|PLo Pscos(0) ag(1) COS[Aa)t+g0r—(os(t)+g3tot(tﬂ+ftot(t)

(18)

If thg frequency offsef Aw and the phase offset ¢, are known or can be measured, the|beat

signgls of Formuta\(18) can be transformed into the form of Formula (17) by applying the npatrix
multiplication described by Formula (19).

(’.I(

0]
Lia ()] Lcos(zlcutﬂor), —sin(do t+ ¢, )

(19)

lrsin(Aa)t+(pr), COS(Aa)t+(or)—‘ ﬁ'(t”
J Vo(f)J

This operation can be performed in real time, using either analogue multipliers or, alternatively,
a high-speed digital signal processor (DSP) when the two beat signals are digitized via high-
speed ADCs [40]. However, since Aw and ¢, can fluctuate with time, especially when
independent lasers are used for the transmitter and local oscillator, it is usually necessary to
continuously adjust the parameters in Formula (19) to completely remove the frequency and
phase offsets [40].
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The frequency and phase offsets are usually not known a priori, but they can be estimated in
the DSP using various methods [41], [42]. Relatively large frequency offsets, for example, can

be estimated from a spectral analysis of the two photocurrents ﬁ(t)and iq(t) by Fourier

transforming the complex signal i¢(r)=1i,(t)+]jiq(¢), which yields a two-sided electrical

spectrum §_ (w) of the coherent beat signal.

Such a Fourier transform is often calculated in DSPs when chromatic dispersion is to be
compensated, as discussed in more detail in 6.3.3. The frequency offset estimation can thus
be performed in the same signal processing step. However, compensation of large frequency
offsefs—shoutdbeperformed-beforechromaticdispersiomiscompensated(see7-27-

For most modulation formats, the transmitted signal spectrum is symmetric and centred afl zero
when Aw = 0. Hence, if a frequency offset Aw is present, it can be estimated from  the position
of the¢ central frequency of the spectrum, as shown schematically in Figure 1"\[43]. Anpther
methpd for coarse frequency offset estimation involves calculation of the time-varying ghase

chanpes in i;(¢) [41].

257
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Figure 11 — Intradyne beat spectrum with 2 GHz frequency offset

Likewise, there are several methods to estimate time-varying phase offsets in fc (t) (incltiding

small frequency offsets), most of which strongly depend on the particular modulation f¢grmat
used|ferf.signal transmission [42]. Phase offset removal is usually referred to as carrier ghase
recovery [44]. An exemplary method for carrier phase recovery 1s described In 6.4.5.

With phase-diversity receivers, it is thus possible to use independently frequency-stabilized
lasers for the transmitter and local oscillator, like integrable tuneable laser assemblies (ITLAs),
which are frequently employed in coherent transmission systems [19]. These lasers typically
have a frequency accuracy of better than £2,5 GHz, so that the worst-case frequency difference
between the transmitter and local oscillator lasers will not exceed 5 GHz. This offset is small
compared with the total bandwidth of a 25 GBd optical signal.
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6.3.3 Compensation of chromatic dispersion

Fibre optic communication links often exhibit considerable amounts of chromatic dispersion
(CD), especially those employing dispersion-unshifted single-mode fibres, such as B-652,
B-654, and B-657 fibres [45]. Chromatic dispersion causes optical signals at different
frequencies to propagate at different speeds through the fibre optic link. When the amount of
group velocity dispersion (GVD) is large enough, the frequency-dependent propagation speed
can introduce significant differential time delays between the various frequency components of
a modulated single-carrier optical signal, which in turn can cause severe waveform distortions
in the transmitted signal [46]. Formula (20) shows how to calculate the CD-induced differential
time delay Arcp between two frequency components of angular frequency difference Awg [46].

When the frequency-dependent differential time delays/At-p are large enough, they intrg

unde
the ¢
dispe
Figun
a roo
that
incre
mody

2m D cAdwg

A[CD (Aa)s) =w—2
S

D

denotes the total GVD which the signal has experienced (in units of s/m),

is the speed of light in vacuum (approximately 299 792458 m/s), and

is the angular carrier frequency of the signal (in, ufits of rad/s).

sired differential phase shifts across the signal spectrum. This is shown in Figure 1

rsion-unshifted B-652 fibre at 1,5 ym wavelength [45]. For comparison, the grey cuf
e 12 shows the spectral shape of a 128°Gb/s PM-QPSK signal that has been filtereg
t-raised-cosine function having a.roll~off factor 0,5 [12]. It is clearly seen from Figu
he differential phase shifts at the' edges of the optical spectrum increase rapidly
bsing bandwidth of the optical signal spectrum and, consequently, with incre
lation rate of the transmitted-signal.
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Figure 12 — Differential phase shifts introduced by 3 000 ps/nm GVD
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The effects of CD on a modulated signal can be described in the frequency domain by a complex
transfer function H(wg + Awg), which is given in Formula (21) [48].

(21)

mD_ C Awsz
Ws

H(a)s-i-Aa)s):eXp{j 3

where

Aw is the angular frequency of a spectral component relative to the carrier frequency oy

S

The fransfer function H(wg + Awg) is a rapidly oscillating function, whose oscillatign freqyency
increpses with increasing frequency offset Awg as well as with increasing -D| [10]. These
oscillations are shown in Figure 13 for the example of D| = 3 000 ps/nmCaround an optical

frequency of 195 THz. The frequency of these oscillations increases~rapidly with incregasing
frequency offset Aw;.

Amplitude
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Figure 13 — Transfer function for GVD of 3 ns/nm in frequency domain

Since the differential phase shifts Ar;p are largest at the edges of the optical signal spectrum

(see Figure 12), the CD-induced waveform distortions increase rapidly with increasing
modulation frequency.

However, with a phase-diversity mixer it is possible to remove these undesired differential
phase shifts by introducing similar phase shifts of opposite sign in the complex beat signal
ic(t) = i|(t) + j iq(z). This can be accomplished by multiplying the spectral components S.(Awy)
of i (#) with the transfer function H‘1(Aa)s) given in Formula (22), which is the inverse function
of Formula (21) [48].
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2
mD| Ccdw
H™\(dwg)=exp {—j %} (22)

This procedure requires a Fourier transformation of i (¢) into the frequency domain and, after
multiplication with H‘1(Aws), an inverse a Fourier transformation back into the time domain [4].
Alternatively, one can remove the undesired effects of CD in the time domain, where the

Specira aSTE vy = a—COove oo €—C€O oT€ oeat—Stgha ic(l)
with
ot 23
ex S —
Py 4TTDL (o} ( )
The ¢onvolution of i (¢) with h~1(¢) is given by Formula (24).
0 Arfpax
[ wig 0= [ () io(=r)dr ] () ig (1= 7)dz (24)
-0 A lmax
wherp
[h‘1 iCJ(t) denotes the convolution of the function #-1(¢) with the function ic(2).
The qomplex transfer function 7" (¢) also exhibits rapid oscillations, whose frequency incrgases
rapidly with time, as depicted in Figure 14, but decreases with increasing GVD D [50]| The
integfation range aof the convolution in Formula (24) should be confined to the makimal
differential time délays that are introduced in the optical spectrum of the transmitted signd|l, i.e.
to the interval €At . t0 A7 4., With At o0 = D| (Ahax — Amin)/2, Wwhere A, and An,, denote
the smallest.and largest wavelengths at the ends of the signal spectrum [51].
Henge, the larger D|, the longer Az,,,, has to be, and the more transmitted symbols are invplved

in the convolution. This can be seen from Figure 14, which displays the real and imaginary parts
of ! (¢) tailored to compensate 3 000 ps/nm and 10 000 ps/nm GVD in a 128 Gb/s PM-QPSK
signal, which has the spectrum of Figure 12. In the case of 3 000 ps/nm GVD the correlation
time is 2Az,, =1 200 ps, whereas for 10 000 ps/nm it is 2Az,,5, =4 000 ps. Thus, a GVD of
10 000 ps/nm correlates the amplitudes of about 128 symbols in the 128 Gb/s PM-QPSK signal.

Note that the number of correlated bits increases with the square of the symbol rate. In a
similarly filtered 256 Gb/s PM-QPSK signal, therefore, a GVD of 10 000 ps/nm would correlate
the amplitudes of about 512 symbols, which is four times the number of symbols correlated in
a 128 Gb/s signal, because of a twofold increase in 2At,,, and a twofold increase in symbol

rate.
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Figyre 14 — Inverse transfer functions for GVD of 3 ns/nm and 10 ns/nm in time domain

In Figure 14, the amplitudes of 4#~'(¢) are gradually tapered towards zero at —At,,, and +At. .
This fapering (or apodization) is needed to avoid aliasing of the high-frequency oscillatigns in
h! (1) which would otherwise occur above the Nyquist frequency of the digitally sampled signals

[49].

It is thus possible to compensate the CD-induced-differential phase shifts electronically ipn the
received beat signal [53]. However, this electronic dispersion compensation requires LO lasers
with very low phase noise, especially when the"amount of GVD is large, as explained in [more
detail in 6.4.6. In the presence of CD, the cohierent beat signal i (¢) can be expressed as shown
in Formula (25), where a transmitted signal of the form of Formula (9) is assumed as well|as ¢,

= 909.

: . Atmax . .
io (1)= R JPro P cos(@Ye! T OL T ey ag (1) 7500 g ) | 25)
—dtmax

After[removal of the frequency offset Aw between the transmitter and LO lasers, as described
in 6.8.2, and with sufficiently small LO laser phase noise ¢.(7)~0, the original transnpitted

signgl «can’ be restored by performing the convolution of Formula (24), which yields
Formula’(26)

fcomp (1) =[ 17416 (1) = R [P0 P cos(0) ag (1) /L7120 47 ) (26)

The compensated signal icomp(t) in Formula (26) is very similar to the undistorted signal
described by Formula (17).

Random or periodic variations of the LO laser phase that occur during the integration time
2At 45 in Formula (24) can distort the deconvolution of GVD in the signal and, hence, prevent
complete compensation of the CD-induced differential phase shifts [38]. The larger the
accumulated GVD in the signal, the larger 2A¢,,,,, becomes and, hence, the longer the LO laser
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phase has to remain stable. Since At,,, also increases with increasing symbol rate of the

transmitted signal, the maximal tolerable phase noise of the LO laser generally decreases with
increasing symbol rate [52]. Hence, compensation of large amounts of GVD typically requires
an LO laser with very low phase noise, as discussed in more detail in 6.4.6. It should be noted
that phase noise in the transmitter laser does not affect electronic CD compensation, but could
impact the signal decoding, as described in 6.4.5.
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onvolution of Formula (24) can be accomplished with the help of a tapped delay line h
e number of taps with variable complex-valued tap €oefficients c¢,, wheren =1, ..., N
type of finite-impulse response (FIR) filter, shown in Figure 15, is well known
gue and digital radio-frequency communication systems, where it is used to equ

s, such as skew and dispersion. This equalizer is known as a transversal electrical
as well as a fractionally spaced equalizer (FSE), where the latter term is more frequ
in optical communication systems [48]. Sometimes it is simply referred to as a time-dg

SE typically comprises an-even number N of concatenated delay elements,
ucing the same time delay’ A¢, followed by variable signal taps, as shown in Figun

bving
[48].
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various delayed copies-of the input signal S;,(¢) are then weighted (i.e. attenuatjd or

fied) with coefficients ¢,,, m = 1, ..., N+ 1, which can be either real- or complex-v

Bin(t + [N — 11\Ar). Such FSE can be implemented to have complex-valued coefficien

ell as camplex-valued input signals, so that it can then emulate the operatig
ula (24), using i.(¢) as the input signal.

lued,
+ ...
ts ¢,
n of

CD{eompensation, the complex-valued coefficients ¢, for the FSE can be caICL1Iated

analyfically from Formula (27) [46], [47].

/At
I H_1(Acos) e
—T1/ At

4t

m o

—jn dog At

c dAdwg

where

H’1(Aws) is the inverse transfer function of CD from Formula (22), and

n=m-N/2-1.

(27)
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Alternatively, the coefficients ¢, can be calculated from Formula (23) [49]. The amount of GVD
that an FSE can compensate is limited by the total time delay of the N delay elements, which
has to be at least 2A¢,,,, [51]. Digital signal processors usually set the delays Ar equal to the
sampling period of the digitized received signal, which is a suitable fraction of the symbol period
T, of the transmitted signal. The number of required delay elements is then determined by the

sampling rate, which is sometimes chosen to be twice the symbol rate Ry, so that Ar = T /2.

Compensation of 8 ns/nm GVD in a 32 GBd QPSK signal with a symbol period of 31,25 ps and
an optical bandwidth of 50 GHz, for example, requires an FSE with a total delay time of at least
3,2 ns, which is equivalent to about 102,4 symbol periods or at least 205 delay elements with
time [delay A7 = T,/Z. Likewise, compensation of 80 ns/nm GVD, which is approximajiely the

dispgrsion of 4 000 km of dispersion-unshifted fibre at 1,5 ym wavelength, requires |at|least
2 048 delay elements.

Therg¢fore, compensation of such large amounts of GVD with an FSE would require a fairly [arge
number of multiplications in the DSP. It turns out that it is computationally,'more efficignt to
comgensate large amounts of chromatic dispersion in the frequency domain [4], [51]. This is
achigved by

— first applying a fast Fourier transform (FFT) to i.(¢) to obtain the spectral components of
id(?) in the frequency domain; then

~

ultiplying the resulting spectrum with H~'(®) of Formula.(22); and

|
3

— fipally applying an inverse FFT (iFFT) to transform the compensated spectrum back info the
time domain [51].

This procedure is shown schematically in Figure 16.

In——>{ FFT *H () iFFT |—> Out

A 4

A\ 4

IEC

Key
FFT | Fast Fourier transform

iFFT | Inverse FFT

Figure 16 — Processing steps for CD compensation in the frequency domain

The humber of samples used in the FFT should be large enough to cover a time period|of at
least|4At,, 45, Which is twice as long as the total delay required in a FSE [4]. The reason for this

externded time_period is that FFTs assume the signal to be periodic in time with a period ¢qual
to the number of samples to which the FFT is applied, so that a relatively large number of

samples-at'the beginning and end of the corrected time samples are calculated under this irjvalid
condltion_These Qnmlnlpe should he discarded after the pl"(‘\{"ﬂdllr‘p is (‘nmlnlp’rpd
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Figure 17 — Data processing for CD compensation in the frequency domain

In the above example of a 32 GBd QPSK signal having experienced 80 ns/nm 'GVD and being
sampled at twice the symbol rate, the FFT should include at least N = 4 096 data samples.|After
CD cpmpensation and inverse FFT, the first 1 024 and the last 1 024 data samples should be
discgrded, yielding only 2 048 valid samples. To obtain a continuous stream of compensated
signgl samples, it is thus necessary to perform the same procedure on an additional det of
samples having a 25 % overlap with the previous set of samples/as shown in Figure 17. For
best gfficiency, the number of samples in each set should be aower of 2, i.e. N = 27, with m
being a suitable integer. If the GVD in the communication system is known to be limited| by a
certajn value, the number m can be chosen to yield the minimal number of samples with which
this GVD value can be compensated.

Although computationally more efficient, CD compensation in the frequency-domain introquces
additjonal latency, because of the two Fourier transforms FFT and iFFT [4]. Howevel, the
transformation into the frequency domain facilitates compensation of other impairments, [such
as esgtimation and removal of potentially lafge frequency offsets Aw as well as frequéncy-
depepdence in the receiver front end with)lohg correlation times (like those caused by dpuble
refle¢tions of the signal).

Excepsive frequency offset should“be removed from the signal before CD is compensatg¢d by
multiplication with H~'(w), because the mathematical operations of frequency shifting and CD
compgensation are not commutable [4]. In general, signal impairments should be compensated
reverse order of how they were introduced, as discussed in Clause 7. Since the optical
signgl first experienced..CD in the fibre link and subsequently the frequency offset ip the
cohefent receiver, the frequency offset should be compensated first and the CD thereaftey.

The GVD in a gommunication link usually is not known accurately enough to determine Af-1(w)
needed for complete CD compensation. Therefore, a CD estimator is often employed ih the
DSP to determine the amount of GVD that the signal has experienced in the transmissior] link.
This pstimated GVD value is then used to calculate H~'(w) for the CD compensator. In the|case
of rejatively long transmission links and hence large GVD, the GVD is estimated once the
receiver is turned on, and the compensated GVD value remains unchanged during normal
operation. A CD compensator with fixed H~1(w) is often referred to as a fixed equalizer.

Small amounts of residual GVD, not compensated by the fixed equalizer, are often removed at
a later stage in the digital signal processing, where it is possible to estimate the GVD more
accurately. Residual GVD is usually compensated in the time domain and in combination with
adaptive compensation of polarization-mode dispersion (PMD), as described in more detail in
6.4.3 [49], [51]. Such combination of fixed and adjustable CD compensation allows adaptive
compensation of small variations of the GVD in the transmission fibre [51].

A CD estimator could be located either before or after the fixed CD compensation stage. In the
latter case, it is possible to perform a blind search for the GVD value in H~1(w) that yields the
lowest residual GVD after the CD compensator [54], [55]. For such a blind search, it is not
necessary to measure the absolute value of the residual GVD after the compensator, but rather
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use a metric for the relative amount of residual GVD as a cost function while the GVD in A~ 1(w)
is scanned over a wide range. Such a cost function can be obtained, for example, by calculating
spectral correlations in the Fourier transformed signal, or alternatively in the time domain, by
characterizing the CD-induced distortion via a constant modulus algorithm [56], [55]. It is also
possible to determine residual GVD from the distortion in a special sequence of known symbols
(e.g. training symbols) that are intermittently transmitted [57].

NOTE Coherent communication systems often transmit over fibre links that do not employ in-line optical dispersion
compensators, so that the transmitted signal experiences substantial amounts of accumulated GVD in the
transmission fibre. This mode of operation often minimises signal distortions due to nonlinear effects in the
transmission fibre, because the presence of large uncompensated CD limits the undesired accumulation of the
nonlinear signal distortions caused by cross-phase modulation and four-wave mixing in the fibre [58]. For this reason,
the arfflount of GVD 1o be compensaied In the conerent receiver can be iairly large, especially in long-diptance
commbpnication links [6].

6.3.4 Compensation of I-Q skew and phase offset

CD cpmpensation and frequency offset removal both require the electrical phase betweeh the
I and|Q signals to be very close to 90° at all frequencies within the signal bandwidth. In pragtice,
the 11O phase often exhibits frequency-dependent as well as frequency-independent offsets
from |the desired value of 90°. When the optical phase shift in the quadrature mixer de\jiates
from the desired 90° by a phase error of ¢, as shown schematically in-Figure 18, the I-Q ghase

exhihits a frequency-independent offset. Moreover, when there,is a differential time deldy (or
skew)) of Az, between the two output signals, as also shown in Figure 18, the I-O phase exhibits

a frequency-dependent phase error.

In-phase mixer

< ADC e I
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signa 'Als:
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90°+¢| Optical phaséshifter with phase error ¢
At Differeptial time delay (skew) between 7 and Q signals

ADC Analogue-to-digital converter

LO Local oscillator laser

Figure 18 — Dual coherent mixer with optical phase offset and signal skew

With such phase error in the quadrature mixer and differential time delay between the 7 and Q
signals, the two receiver output signals have the form of Formula (28).

iy (1) =R [PLo Ps c0s(0) ag(t) sin| At —pg (1) + fior (¢) |+ fiot (¢)

28
iq(t)=R [P o Ps cos(6) ag(t+Ats) cos[Aw(t+AtS)+goo—gos(t+Ats)+gbtot(t)J+itot(t) (28)
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For simplicity, it is assumed in Formula (28) that ¢, = 0. The phase errors in Formula (28) can

be corrected via digital signal processing, which should be done prior to frequency offset
removal and CD compensation [60]. The two signals can be transformed back into the form of

Formula (18) by first removing the time delay Atzg from er(t) and subsequently performing the
matrix multiplication of Formula (29), as shown schematically in Figure 19 [41].

W] [ o [ &
[;Q(t)]_{_tan(%)’ 003_1(‘/’0)} [{Q’(t_dts)jl (29)

The differential time delay between the 7 and QO signals can be removed by either delaying the
I signal by Atg to obtain iy (¢+4t) or, alternatively, by delaying the I signal and ‘advancing the

O signal simultaneously by Az/2, so as to obtain iy (1+4t5/2) and iq (- 4tg/2), respectively.

In practice, this is accomplished with the help of fractionally spaced“equalizers (FSEs| see
6.3.3)) with real-valued tap coefficients [48]. Differential time delays smaller than the sanipling
period of the signal can be removed with relatively short FSEs; having as few as three Jtaps,
whergas time delays longer than the sampling period can ke femoved by first shifting the
sampled signals by an appropriate number of samples and<then removing any residual gelay
with an FSE.
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Figure 19 — Skew and phase offset removal in a DSP

Alternatively, the differential time delay can be removed in the frequency domain, after Fourier
transformation of the signals in Formula (28), by multiplying the spectral components with the
complex phasors exp(j Awg At/2) and exp(—j Awg At /2), respectively. In either case, the phase
offset ¢, is subsequently removed via a matrix multiplication of the two signals, as described

above, where often a symmetric matrix as shown in Formula (30) is used instead of Formula
(29).
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COS(goo/Z), —Sin(goo/Z)

—Sin(goo/2), cos(goo/Z) (%9)

It is usually not necessary to adaptively adjust the compensation values of Azg and ¢, during

normal operation, because the skew and phase offset normally do not vary with time. Thus,
they can be measured and corrected in an initial calibration of the coherent receiver. This can
be accaomplished, for example, by mixing the reference signal with an unmodulated signal to
genefrate two sinusoidal beat signals at angular frequency Aw, from which one can detefmine
the relative phase between the 7 and Q signals. When these beat signals are recorded ipside
the DSP, they include all differential time delays introduced in the optical and elegtrical
components of the receiver.

As an example, the inset of Figure 20 displays a Lissajous trace of the quadrature signal iq
versys the in-phase signal i|, whose slightly elliptical shape reveals-a-phase error of| 3,7°
between the two signals.

Phase offset = 1,77

] Skew = 1,8 ps
. >
/ ?‘ Phase error \%

§

0 i
: / i =sr
] &
i ./" “'M“““
—4- T N T T — T
-8 -6 -4 -2 0 2 4 6 8
Offset frequency (GHz)

I-Q phase error (°)

IEC
Figure 20 — Example of an I-Q skew and phase error measurement

A sef of measurements at different frequency offsets Aw then yields the phase error|as a
functjon of frequency. An example of such measurement is shown in Figure 20, where the I-O
phas

6.3.5 Spectral shaping and frequency equalization

Digital signal processing can also be employed to reshape the spectrum of the received signal,
in order to compensate for undesired frequency dependence in the PDs, TIAs, and ADCs or to
remove undesired spectral components from the signals [1]. Such frequency equalization or
spectral shaping can be accomplished, for example, with the help of fractionally spaced
equalizers (FSEs) having N concatenated delay elements with real-valued tap coefficients 5,
m=1, ..., N+ 1, similar to the ones described in 6.3.4 for skew and phase offset removal. The

spectral response of an FSE, denoted T(w), can be described by the truncated Fourier series
shown in Formula (31) [47].


https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

IEC TR 61282-16:2022 © IEC 2022 - 43 -

N/2

T(w)zl Z by et ejna)At] ej(N/2+1)wAt

n=-N/2

(31)

The function T(w) in Formula (31) is periodic with a period of wp = 21/At, such that T(11/At + w)
= T(-mr/At + w) and T(T1/At + a)p) = T(1/At). This periodicity does not affect signals that are digitally

sampled at a rate of 1/A¢, because these signals do not carry information beyond the Nyquist
frequency of the sampled signals, which is m = T/Ar. Formula (32) can be used to calculate the

tap c
comg

The iIntegral in Formula (32) is real-valued if F(w) is antisymmetric about o = 0, with |F

|F (-

The
delay
spec
fifth-

pefficients b,, that correspond to a given filter shape F(w), analogous to Formula (2
lex tap coefficients [47].

/At .
by =Re| AL [ F(o)e ImN2Nedry,
m
-1/ At

)| and arg{F(w)} = —arg{F(w)}.

requency resolution of an FSE is determined by the number of taps and the total
in its elements, i.e. by AT = NAt [47]. Thus, the greater N, the steeper the slope i
ral response can be. For example, the amplitude and phase response of a gently-s

whic

apprIximated with a 5-tap FSE having only\four T,/2 delay elements, as shown in Figun

prder Bessel filter with a 3 dB bandwidth ofione half the symbol rate (i.e. 0,5/T) ca

also displays the corresponding fivetap coefficients b, of this filter.
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Figure 21 — Fifth-order Bessel filter emulated with a 5-tap FSE
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As can be seen from Figure 21, the phase and amplitude of T(w) deviate significantly from the
desired shape when w approaches /At (which corresponds to a frequency of 32 GHz in
Figure 21). This discrepancy stems from the aforementioned periodicity of the FSE, i.e. from
T(T/At + w) = T(-11/At + w), which is impossible to realize in the case of Figure 21, because the
phase of F(w) at w = T1/At is different from that at w = —11/Az.

FSEs can also be employed for compensation of undesired frequency roll-off caused by non-
ideal components in the coherent receiver or by spectral filtering in the communication link (e.g.
in ROADMSs) [1], [31]. Frequency equalization often requires a filter shape that is similar to that
of a high-pass filter, so that the transmission increases with increasing » and is often highest
at o = m/At. Generation of such filter shapes usually requires FSEs with significantly higher
frequency resolution than needed for low-pass filters of the inverted spectral shape.J This
requirement is a direct consequence of the periodic FSE response, introducing sharp)tufns in
T(w) pt @ = /At. If the frequency resolution of the FSE is not high enough to followthese $harp

turns], the filter response obtained from Formula (32) often exhibits substantial “ringing” in[ 7(w)
at lower frequencies.

This periodic meandering about the desired filter shape can be seen in Figure 22, which shows

the flequency response of a 9-tap FSE (grey curve) that is employed tocequalise the freqyency
roll-offf caused by the 16-GHz Bessel filter shown in Figure 21.
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Figure 22 — Shape of inverse Bessel filter generated with a 9-tap FSE

The ringing in the frequency response can be reduced by reshaping the desired equalization
function F(w) when calculating the tap coefficients b,, so as to reduce the sharpness of the

turns at w = T/A¢, which is accomplished by replacing F(w) in Formula (32) with an apodised
frequency response W(w) F(w), where W(w) is a suitable spectral window function with flat
frequency response W(w) = 1 up to some frequency |w.| < /At and a gentle roll-off towards
W(w) = 0 at |o| = T1/A¢.

Figure 22 displays the effects of such apodization in the case of the 9-tap FSE equalizer used
to equalise a 16-GHz Bessel filter. The grey curve shows the FSE response without apodization,
where the frequency resolution of the 9-tap FSE is not high enough to follow the sharp drop-off
at w = /At and, as a result, introduces undesired ringing in the filter transmission at lower
frequencies. This ringing is substantially reduced when apodising the filter shape in such a way
that F(w)W(w) = 0 at @ = 1/At (corresponding to 32 GHz), as represented by the black curves
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in Figure 22. Although the apodization introduces a substantial deviation of the filter response
from the desired shape at frequencies above 28 GHz, this drawback is outweighed by better
equalization at lower frequencies.

It should be noted that the 9-tap FSE in Figure 22 generates only the amplitude response of the
inverse Bessel filter, but not its phase response, which approximately equals a time delay of
about 24 ps (at frequencies below 20 GHz). To generate such a large phase delay in addition
to the inverse Bessel filter shape requires an FSE with a much larger number of taps as well as
stronger apodization. This is shown in Figure 23, where a 19-tap FSE is used to generate
amplitude and phase response of the inverse Bessel filter. In a DSP with digitally sampled
signals, the FSE does not need to generate the 24 ps time delay, but rather only 8,4 ps, because

shiftifg the signals by one sample period could introduce the remaining 15,0 ps of delay. jsuch
filter function could be generated with the FSE comprising just 17 taps.
15 v
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i Pl e order Bessel filter
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Figure 23 — Amplitude and phase of FSE-generated inverse Bessel filter
Fairly long FSEs arealso required to generate so-called “Nyquist WDM” signals, wherg the
transmitted and received optical signals are filtered to exhibit a nearly flat spectrum in the centre
and & fairly sharp roll-off at the edges [61]. Such tight signal filtering is difficult to realizg with
optical filters(but can be readily accomplished in the electrical domain using an FSE, as shown
in the example of Figure 24 [1], [12]. Because of the sharp filter edges, the FSE needs to|have
fairly|high-frequency resolution and, hence, a large number of taps and delay elements.rlr the
example’of Figure 24, a 33-tap FSE was used to generate a root-raised-cosine (RRC) shlaped

filter with a roll-off factor of 0,1. The small ripple in the amplitude response of the FSE indicates
that the frequency resolution of the FSE is barely sufficient to generate this almost rectangular
filter shape.
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Figure 24 — Root-raised-cosine filter emulated.with a 33-tap FSE

6.4 | Quadruple mixer with phase and polarization-diversity

6.4.1 Principle of operation

polarjzed signals [28]. This drawback can be‘mended by adding another hybrid mixer to detect
the s|gnal component that is orthogonally palarized to the one analysed by the first hybrid mixer,
as shown in Figure 25, thus providing phase and polarization diversity [29]. This arranggment
not dnly allows reception of arbitrarily* polarized signals but also reception and decodipg of
polarjzation-multiplexed signals [115.]9] .

Cohgrent mixers are inherently polarization dependent and, therefore, can detect only s’[-iingle-

In Figure 25, a polarization beam splitter (PBS) is used to split the received optical signa|l into
two qrthogonally polarized‘components, which are then fed into two identical hybrid mixgrs of
the same design as shownrin Figure 10. A 90° polarization rotator (PR) is usually inserted|right
before the signal input_fo the second mixer, so as to match the signal’s polarization statd with
that ¢f the LO signal{16]. In this case, the polarization states of the received signals an{d the
refergnce signalstare identical in both hybrid mixers, so that they do not have to be polarization
indegendent. AHe reference signal from the local oscillator is split between the two hybrid mixers
usind a simple“3 dB coupler.
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Figure 25 — Quadruple coherent mixer with phase and polarization diversity
Alternatively, polarization matching can be achieved by rotating the linear polarization state of
the reference signal by 45° and using a polarization splitter to divide the reference gignal
between the two hybrid mixers. However, this' arrangement requires mixers that opgrate

independently of the state of polarization ofithe signals, because the reference and recgived
signdls are polarized orthogonally in the two mixers.

The rfeceiver of Figure 25 generatesfour different coherent beat signals, which are labelldd X1,
X0, YI, and YQ. In the case of a single-polarization signal arriving at the mixer in an arbjtrary
polarjzation state, as described by Formula (9), the four beat signals are given by Formula|(33),
wherg — for simplicity — all faur'mixers are assumed to have equal responsivities [1].

ixf)= R \[PLo Ps C08(0) ag(t) sin[ (1)~ (t)]+ iy (¢)
%a(t)=R \[PLo Ps c0s(0) ag(r) cos|dy(1)-Ds(t)]+ iy (2)
ivi(t) =R \[PLo Ps c08(0) ag(t) sin|dp(r)=dg(6) =y |+ (2)
iva(t)=R \[PLo Ps cos(0) as(t) cos [qﬁr(t)—cbs(t)—z//J+ftot(t)

(33)

Note that these four signals contain information on all optical properties of the received optical
signal, which are

— the signal amplitude a4(z),
— the optical phase ®4(r) of the signal, and

— the polarization state of the signal, characterized by the phase angles 6 and y.

In practical implementations, the reference signals in the two hybrid mixers can have different
optical phases when combined with the received signal, so that the phase y in Formula (33)
does not represent the polarization phase at the input of the coherent receiver. This difference
can usually be ignored for the reception of communication signals, unless one is interested in


https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

- 48 — IEC TR 61282-16:2022 © IEC 2022

measuring the polarization state of the transmitted signal at the input of the receiver. In any
case, the polarization-diversity mixer avoids the problem of polarization fading that can occur
in a single mixer when the polarization state of the received signal fluctuates randomly. For
example, in the case of # = 90° one has iy(t) = ixq(#) = 0, but iy (7) and iyq(¢) have maximal
amplitude and carry all information of the transmitted signal. In fact, a DSP can transform the
four signals of Formula (27) into just two, as discussed in 6.4.2, and even properly separate
polarization-multiplexed signals. In addition, it is possible to remove undesired signal distortions
caused by polarization-mode dispersion (PMD) and polarization-dependent loss (PDL) from the
signals.

6.4.2 Polarization demultiplexing

The quadruple mixer of Figure 25 does not need an optical polarization controller to gfsure
contihuous reception of the transmitted signal, since it is possible to reconstruct therpoelarization
state|of the transmitted signal from the four signals of Formula (27). This can be seeh by lgtting
Aw =|0 as well as ¢, = 90° and using a complex representation of the four beat'signals, which

yield$ the two complex beat signals shown in Formula (34) [1].

ix(t)=ix(t)+]ixq(?)

iv (1) = ii(0) + § ivq () (34)

In the case of a single-polarized signal of the form af ‘Formula (8), the originally transmitted
signgl can be reconstituted by performing the complex matrix multiplication shown in Foimula
(35),[which describes a general polarization rotation.

.\ —iw i ) .
coslt) i) V] [,%me as(t)e’[‘”s“)“"‘°‘(’ﬂ+2z’tot(t)H;} (35)

—-sin(6) e!¥ cos(6)

Sincg¢ the polarization state ‘of the received signal is usually unknown and can even flugtuate
with time, the parametets # and y in Formula (35) are continuously adjusted to obtaip the
desirpd polarization transformation. Just like in the case of optical polarization controllgrs, a
two-dimensional blind,search algorithm can be employed to vary 6 and y until the power in the
desirpd output pott is maximal. Hence, the quadruple mixer and the DSP act like an optical
polarjzation controller (PC) with unlimited transformation range [62].

It should/be noted that polarization-diversity receivers introduce additional noise when |used

with $ingle-polarized signals [28]. This can be readily seen when the received signal is linearly
polarwmm&mmmm%mmm*@_mm& the

desired beat signal, just like in the dual-mixer of Figure 10, and iy(¢) carries only receiver noise

[28], [29]. However, this disadvantage is eliminated when the polarization-diversity receiver is
used to detect polarization-multiplexed signals, in which case iy(¢) and iy(¢) always carry beat

signals of nearly equal magnitude, independently of the polarization state of the received signal.

Unlike the single or dual mixers discussed above, the quadruple mixer of Figure 25 is capable
of receiving polarization-multiplexed signals, which are composed of two independently
modulated signals in orthogonal polarization states, as described by Formula (1). Polarization-
multiplexed signals are frequently used to transmit signals at data rates of 100 Gbit/s and above
[10], [11].

To decode polarization-multiplexed signals, their two orthogonally polarized signal components
need to be properly demultiplexed in the DSP of the coherent receiver. This can be achieved
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by using the same matrix multiplication as in Formula (35). However, in the case of polarization-
multiplexed signals, the matrix multiplication (or polarization rotation) of Formula (35) produces
two output signals, as shown in Formula (36), instead of just one as in Formula (35).

J $tot (’) 'H’:tot (t)
(36)

. “iv] [;
cos(f)  sin(f)e V] L:Zﬂ:Rm Ayc(t) e

—sin(#) eV cos(6) Ayc (t) el 70t(t) +iyot (1)

Sincg¢ the polarization state of the received optical signal can change with time, becauge of
polarjzation fluctuations in the fibre link, the parameters § and y in Formula (35) and Foimula
(36) are usually adjusted adaptively, in such a way that the polarization rotation in Formulg (36)
always properly separates the two tributaries of the polarization-multiplexedsignals |[10].
Howegver, adaptive adjustment of § and y requires a different feedback signal for polarization-
multiplexed signals than for single-polarization signals, because the two polarization tribufaries
cannpt be distinguished by their optical power (which usually is substantially’equal). Typigally,
the fgedback signal for adaptive demultiplexing of polarization-multiplexed signals is derived
from[an analysis of the modulation content in the two demultiplexed signals, as shown
schematically in Figure 26 [1].

i) + ] ixgl0) ix(1)
>
®
:
E
NE 5
4D »
)+ vl (C'f n s 0
T IEC
Key
Cq cOpB(0)

C," Cpmplex conjugate of €
Sg sir|(0) exp(-jy)
" Cdmplex cenjugate of S,

Figure 26 — 2 x 2 matrix operation for adaptive polarization demultiplexing

In general, the feedback signals used to demultiplex polarization-multiplexed signals tend to be
different for different modulation formats of the transmitted signal. A constant modulus algorithm
(CMA) is often used for polarization-multiplexed QPSK signals (PM-QPSK) [62], [64].
Polarization demultiplexing of higher-order QAM signals, such as PM-16QAM or PM-32QAM
signals, often employ a radius-directed equalizer (RDE), sometimes also referred to as multi-
modulus algorithm (MMA) [4], [60]. Alternatively, the feedback signal can be based on decision-
directed least-mean-square algorithms (DD-LMS) [1], [4], [10], [65]. Polarization demultiplexing
can also be facilitated by periodically transmitting training symbols to the receiver [60]. A
comprehensive review of these techniques and algorithms is beyond the scope of this
document. As an example, the principle of the widely used CMA method is described in the
following paragraphs.

The CMA method utilizes the fact that the four constellation points of a properly polarization-
demultiplexed QPSK signal are confined to a small area in the centre of each quadrant of the
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I-Q constellation space, as shown in the rightmost diagram of Figure 27 [9]. However, the
demultiplexed signals often carry a small residual frequency offset Aw, which continuously
rotates the constellation points of the QPSK signal about their centre [63]. As a result, the four
QPSK constellation points are scattered on a narrow circular band of radius », as shown in the
centre diagram of Figure 27. If the polarization states of the two signals are not properly
demultiplexed, then the constellation points are spread across a much wider area in the
constellation space, as shown in the left diagram of Figure 27 [63]. Hence, the width of the
circular band over which the constellation points are scattered can serve as a feedback signal

for 0 and y in Formula (30) [60], [65].

NOTE Polarization multiplexing is usually performed after CD compensation so that potentially large CD-induced
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Rigure 27 — Constellation points of QPSK"signal after polarization demultiplexing

For higher-order QAM signals, like 16QAM;, the constellation points are distributed afnong
variops circles of different radii, so thatéa modified feedback signal is needed for polarization
contrpl. For example, the constellationipoints of a polarization-demultiplexed “square” 16QAM
signgl are located on three different'circles, as shown in Figure 28 [64]. In this case, a so-dalled
radius-directed equalizer (RDE) algorithm can be employed, which successively adjusts § and
w unffil the various constellation points are confined to three separate circular bands [60],[[65].

Bgfore polarization demultiplexing After polarization demultiplexing After phase and frequency remoyal

1

X0 amplitude

XO amplitude

XO amplitude
o

XTI amplitude XTI amplitude XTI amplitude

IEC

Figure 28 — 16QAM signal before and after polarization demultiplexing

The simple polarization rotation of Formula (30) does not correct for polarization-dependent
loss (PDL), which the signal could have experienced in the communication link. In the case of
significant PDL, where one (arbitrarily oriented) polarization component of the signal is more
attenuated than the orthogonally polarized component, the constellation points of the
transformed signal usually deviate from their circular confinement and, hence, impair the RDE-
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based polarization control [64]. However, PDL and polarization-mode dispersion (PMD) can be
compensated for by using a more complex transformation matrix, as discussed in 6.4.3 and
6.4.4.

6.4.3 Compensation of polarization-mode dispersion

It is well known that polarization-mode dispersion (PMD) in the communication link can lead to
severe waveform distortions in the transmitted optical signals, especially at symbol rates of
10 GBd and above [5]. Compensation of PMD at the receiver is usually difficult, because the
magnitude and orientation of PMD in the transmission fibre generally vary with time and optical
frequency. Thus, a PMD compensator needs to be adaptively adjustable in order to compensate
for th mTe= Tati —H— i i i that
remoye at least some of the effects of PMD, but these are fairly complex devices. For gxample,
an optical compensator for first-order PMD is typically composed of three elements:

[V

h (endlessly) adjustable optical polarization transformer,

— ap optical delay element that generates continuously adjustable differential group @elay
(DGD) between two orthogonal polarization states, and

— a|monitor detector that measures the residual DGD after the compensator and genefates
stiitable error signals for the adjustable polarization transformer@nd the DGD element{[66].

It is thus not surprising that optical PMD compensators have not been widely deployed in|fibre
opticlcommunication systems. However, with the polarization-diversity receiver of Figure 25, it
is popsible to implement the functions of an optical PMD compensator in the DSP, so that the
advefse effects of PMD can be compensated in the digitized electrical beat signals, simijar to
the gompensation of CD discussed in 6.3.3. PMD,.compensation can be accomplishgd by
repla{ing the simple polarization rotation in Formula (36) with a frequency-dependent

polarjzation transformation, which can be described\by the unitary matrix shown in Formulg (37)

(1], [60].

U(dog) 6l&7%) v (40g) el?(475)
) . 37
—V(ACOS) efjl[’(Aa)s) U(ACOS) e*] @(Aa)s) ( )
wherg
Ay is the angular frequency of a spectral component relative to the carrier

frequency sy,

—

U(Ads) and ¥(Awg)  denote frequency-dependent attenuation with U2(Awg) + V2(Awg) =

O(Adg)and Y(Awg) are frequency-dependent time delays.

Although multiplication of the received signals with the matrix of Formula (37) can be performed
in the frequency domain, it is often computationally more efficient to compensate PMD in the
time domain, using relatively short complex-valued FSEs with adjustable tap weights, as shown
schematically in Figure 29 [1]. In any case, polarization demultiplexing and PMD compensation
can be accomplished simultaneously in a single matrix multiplication [10].
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Figure 29 — FSE-based compensator for polarization-mode dispersion
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However, the control loop has to be fast enough to accommodate rapid polarization rotations,
which can occur especially in long fibre optic transmission links. The speed of these rotations

can be high, up to several 10 krad/s [10].

6.4.4

Compensation of polarization-dependent loss and residual CD

The matrix compensator of Figure 29 may also be used to simultaneously compensate for
polarization-dependent loss (PDL) and residual chromatic dispersion [67], [68]. This can be
accomplished by generalizing the matrix in Formula (37) to include the effects of arbitrarily
oriented PDL as well as residual GVD, so that it becomes Formula (38) .

Uy (4as) REACRY Ve (40s) ot 4s)

i, (4 jo,(4 (38)
vy (dog) e’ y4es) Uy (dwg) €’ y(405)
However, compensation of relatively large amounts of residual .GVD requires FSEs| with
relatively long total time delays and, hence, a large number of taps:
As cpn be seen from Figure 31 and Figure 32, PDL and ‘résidual GVD also cause fadial
spredding of the constellation points, so that again a CMA- prrRDE-based feedback contro| loop
can e employed to automatically adjust the eight independent parameters in Formula (38).
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Figure 31 — QPSK signal constellations for various amounts of PDL
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Figure 32 — QPSK signal constellations for various amounts of GVD
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However, when using a generalized transformation matrix of the form of Formula (29), one
needs to carefully monitor the tap coefficients in the FSEs to make sure that the two
polarization-multiplexed signals are properly demultiplexed, because it is possible that Formula
(32) generates identical output signals in the two output ports of the demultiplexer, e.g. i,(7) =

iy(t).

6.4.5

This is known as the singularity problem [60].

Carrier phase recovery

Before the transmitted information can be extracted from the received signal, it is necessary to
remove undeswed phase offsets from the poIar|zat|on demultlplexed S|gnals Th|s processmg

step fs

of the
varia

tlme varymg phase offsets because the phase offsets compr|se not onIy sIow .
lions Ag, = Awt due to residual frequency offsets between the reference and trans

signgls but also rapid optical phase fluctuations @i () in the transmitter and LOasérs as

as rapid phase variations due to nonlinear signal interactions in the transmission fibre.

Becaluse of these speed requirements, a feed-forward algorithm is oftenuséd for carrier p

reco
from

ery rather than a feedback loop. In this case, the phase offset in.the signals is detern
an analysis of the received signals before it is subtracted from(the signals. Feedfor

algorjthms include the Viterbi and Viterbi algorithm, Wiener filters, and maximum a post
(MAR) estimators [49], [70], [71]. In addition, there are variods soft or hard decision-dir

phas
trans
scop
Viter

e estimation methods, which of course strongly depend on the modulation form
mitted signal [70], [71], [72]. A comprehensive review of these methods is beyon
b of this document. As an example, the followingparagraphs describe the widely
bi and Viterbi algorithm, which is also known as‘the A-th power algorithm [55].

In QPSK signals, the phase offset can be determined with the help of the Viterbi and V
algorjthm, which utilises the fact that the fourthcpower of all four QPSK symbols always e

1 wh

en there are no phase offsets in the signal, and exp(j4A¢) when a phase offset

presgnt. The four QPSK symbols without phase offsets can be described by the cor

phas

wher

Zﬂ

prs shown in Formula (39) [49].
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(39)

Is a complex number In the /-0 space describing the four QPSK symbols n = 1,

It is easily verified that Formula (39) yields zn4 =1forn=1, ..., 4. However, when an unde
phase offset Ap is present in the beat signals, Formula (39) becomes Formula (40).

Zq :eJA(”
=jel?
z3 =—eJA(0

Z4 =—jejd$

sired

(40)
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It is easily verified that zn4 = exp(j4Ag) for all four symbols in Formula (40), so that phase offsets

of up to +1/4 can be calculated from the argument of the fourth root of z,* and subsequently

removed from the received signals [1], [55]. It is important to note that the phase offset can only
be determined up to modulo /2. Thus, if the modulus of the phase offset, |Ag|, is larger than
/4, then the received symbols cannot be unambiguously mapped to the transmitted symbols.
The ambiguity can be resolved by periodically sending a short sequence of known symbols to
the receiver, with which it is possible to determine phase offsets up to modulo 21m. These
symbols can be frame overhead symbols, special training symbols and/or periodically inserted
pilot tones [11].

¢a } PDRaSe oA v—8& i A t REEeGS—+O 8 a1 ROV A8 PRaS€—o ;that
can pccur between each set of training symbols. However, the phase offset Ay is, uqually
averdged over several consecutive symbol periods before it is subtracted from the\recgived
signgl, because the calculation of Ag is affected by noise in the signal. Furthermore; the avgrage
phasg offset <Agp> is usually determined separately for the X- and Y-polarized’ signalp, as
described by Formula (41) [55].

<A¢x(t)> “azme) .

o )= ),

The npumber of symbols over which the phase offset is averaged is typically of the order pf 10
and depends on the amount of noise in the signal, in particular on phase noise in the transmitter
and rieceiver lasers [10]. If the laser phase ngise is large, then |Ap| can temporarily exceed /4,
which leads to an error in the determination of the average carrier phase and possifjly to
incorfect mapping of the transmitted symbols until the next set of training symbols is recdived.
This Error in the carrier phase is called 'a cycle slip because it causes a cyclic permutatipn of
the decoded QPSK symbols [71].

The ¢ccurrence of cycle slips ¢can be reduced by employing transmitter and LO lasers with low
phasg noise, but they cannot™be completely avoided because of the random statistics of |laser
phasg noise and nonlinear phase noise [71]. Thus, even though cycle slips occur relatively
infrequently, they can cause a long string of symbol errors. The number of errors cgn be
substantially reduced by encoding the signals differentially, which requires signals with hligher
SNR| or alternatively by employing sophisticated methods for detecting and correcting the
phasg errors [7#1]. Cycle slips can be detected, for example, by periodically transmitting a
relatively short/sequence of predetermined (and hence known) symbols, frequently referred to
as trainings symbols or pilot signals. These training symbols can greatly improvg the
performance of carrier phase recovery and are also helpful in polarization demultiplexing and

CD ck mpnncahnn

The characterization of laser phase noise and its impact on coherent communication systems
is discussed in more detail in 6.4.6.

6.4.6 Impact of laser phase noise
6.4.6.1 Characterization of laser phase noise

Aside from nonlinear phase noise, which is introduced by nonlinear effects in the communication
link, the phase noise in the coherent beat signal is usually the result of the combined phase
noise generated in the transmitter and LO lasers [36], [73]. As discussed in 6.4.5, proper
recovery of the transmitted carrier phase requires transmitter and LO lasers with sufficiently
low phase noise. However, when large amounts of GVD have to be compensated in the receiver,
there are further restrictions on the allowable phase noise in the LO laser, as indicated in 6.3.3.
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In the following, the impact of laser phase noise in coherent transmission systems is discussed
in more detail.

Laser phase noise is often characterised by a single quantity, the instantaneous laser linewidth
[73]. Although this parameter is a good measure of the laser phase noise occurring at relatively
high frequencies (typically in the GHz range), it does not capture the laser phase noise
occurring at lower frequencies (e.g. in the MHz range), which is particularly important for
electronic compensation of large amounts of GVD [11], [69].

In some cases, one can deduce the low-frequency laser phase noise from the laser linewidth,
but this assumes that the random laser frequency variations exhibit a flat spectrum in the
frequency range of interest. It is important to note that this assumption usually is not valjd for
semigconductor lasers, which are predominantly used in coherent communication.‘sys{iems,
becalise these lasers typically exhibit additional low-frequency laser phase noise that is
introduced by electronic noise in the injection current and other frequency control elements of
the laser. This additional noise is known as “1/f noise”, because it adds more, phase noise at
lower frequencies than at higher frequencies [74]. Hence, the low-frequency;phase noise in the
transmitter and LO lasers can be significantly higher than what is estimated from the [laser
linewlidth. For this reason, it is often necessary to specify the frequency dependence of the|laser
phasg noise within a relatively large frequency range [11].

For gemiconductor-based lasers, therefore, the magnitude of low*frequency phase variafions,
occufring over a period of a few nanoseconds or longer, is substantially larger than that of high-
frequency noise, occurring over a period of a few picosecands). This can be clearly seen|from
Figure 33, which displays the measured time evolution_ofthe optical phase in the output df two
unmqdulated narrow-linewidth semiconductor lasers,
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Figure 33 — Optical phase noise of two narrow-linewidth lasers

Low-frequency phase noise in LO lasers becomes especially important when relatively large
amounts of CD are to be compensated in the receiver, as discussed briefly in 6.3.3 and in more
detail in 6.4.6.2. This low-frequency phase noise can be characterized by a measurement of
the laser phase noise spectrum or, alternatively, by a measurement of the laser frequency noise
spectrum, as described in the following paragraphs of 6.4.6.1.

There are several different ways to measure the spectrum of the laser phase noise (or laser
frequency noise). One technique involves coherent mixing of the (unmodulated) laser under
test with a highly stable reference laser in a balanced mixer. The frequency of the reference
laser is offset in frequency by a few GHz from that of the laser under test, so that mixing of the
two signals produces the sinusoidal beat signal shown in Formula (42).
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igiff (t) = R a, ag sin [21T<Afo>t +0s (1) + ¢, (t)} +iot ()

(42)

where

a, is the output amplitude of the unmodulated reference laser,

ag is the output amplitude of the unmodulated laser under test,

<Af0\ :s thn 3\'lerage frequnn y dlffnrance bet\uaan I-ha hun Iac-nrc-

s (1 is the phase noise of the laser under test, and

?r (t is the phase noise of the reference laser, assumed to be substantiallyCsmaller|than
9s(t).

The Ipser phase noise spectrum is obtained by first extracting the instantaneous beat freqency

A1)

The i
betw

subtria

Afs(

from iy;(¢), which is given by Formula (43).

1d

o d¢s()

1 dr. N
AL =(Afo)+ 5[ Bs()+6e(0)] = (4fg)+

pen succeeding zero-crossings in the golierent beat signal, yielding Af(r) = 2/Aty(2).
ction of the frequency offset Af;;\one obtains the instantaneous frequency

calculated by integration, as shown:in the example of Figure 33. From these recordings

can 1
Both

rad?/

spec

spec

into {

ow calculate the frequency-noise spectrum and/or the phase noise spectrum of the |

~ 12 a
ral densities‘\are calculated by folding of the squared densities ‘Fds‘ (f) and ‘d)ds

he single=Sided spectra with densities described by Formula (44), where f>0.

" 2 - 2 N 2
!FMI :!Fde! m+!m! (—£)

(43)

hstantaneous frequency can be determined;\for example, by measuring the time peridd Az,

After
hoise

):(2n)_1dg?)s(t)/dt of the laser-under test, from which the phase noise ¢s(7) cgdn be

one
laser.

spectra are single-sided)power spectra, with spectral densities in units of Hz2/HZ and
Hz, respectively. Fourier transformation of A7 () and ¢s(t) yields double-sided amplitude

ra with complex-valued densities £, () and &4 (r), respectively, from which the gower

“(/)

|<§ss|2(f):|éds|2(f)+|<§ds|2(—f)

(44)

At frequencies f>1 GHz, the frequency noise density is directly proportional to the laser
linewidth f,, as described by Formula (45).

=2l (s

(45)
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The original beat signal of Formula (42) is often recorded digitally, using a high-speed digitizing
oscilloscope, so that the above-described signal processing can be performed off-line on a
computer.

Figure 34 displays the frequency noise spectra of the two narrow-linewidth lasers whose phase
noise is shown in Figure 33. The two spectra display the laser frequency noise for Fourier
frequencies between 100 kHz and a few GHz. The power spectral density is multiplied here by
2T, so that the laser linewidth can be obtained directly from the high-frequency components of
the noise spectra. Over the frequency range displayed in Figure 34, laser “A” exhibits
substantially higher frequency noise than laser “B”, which is in agreement with the linewidth
specifications for these lasers (approximately 300 kHz for laser “A” and 10 kHz for laser “B”;
the ificrease in noise above T GHZ IS an arteract, which IS introduced by the measurgment
equigment). For both lasers, the frequency noise spectrum between 10 MHz and #y GHz is
relatively flat and smooth, which indicates that there are no significant contributions |from
electfonic noise. This frequency range is important for compensation of large ameunts of VD,
as discussed below. However, the frequency noise increases rapidly at frequencies Relow
1 MHz, especially for laser “A”, which is caused by electronic noise in the lasef control signals
(1/f noise).

1000 3 ‘ ‘
= ; Laser frequency noise
g N
= 100 E
NE 3 ect_ronic
= 1 noise
> 10 3w
) 3
2 ]
g -
3
3] 3 -
[0}
a ]
5 01 § Laser
2 ] linewidth
e 1 /
T: 001 gF===== === R
N ; Laser "B"
0,001 T T
0 1 10 100 1000 10 000

Fourier frequency (MHz)
IEC

Figure’34 — Optical frequency noise spectra of two lasers

The laser frequency noise spectra shown in Figure 34 hence provide information on the [laser
linewidth and.the presence of excessive frequency noise. For coherent communication sys{ems,
it is more important to assess the stability of the laser phase over time, which can be done more
easily by analysing the closely related laser phase noise spectrum.

Figure 35 displays the phase noise spectra corresponding to the frequency noise spectra of
Figure 34. For frequencies above 1 MHz, the phase noise spectral densities of both lasers
decrease exponentially with increasing frequency, at a rate of about 20 dB per decade, which
bes] * ()

" " is proportional to 1/f2. This dependency is consistent with the fact that
‘2

indicates that
the frequency noise density ‘ﬁss (/) is approximately constant above 1 MHz, as seen in

Figure 34.
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Figure 35 — Optical phase noise spectra of twodlasers

the phase noise power spectrum one can readily calculate the standard deviation
btal random phase noise that occurs within a given frequency interval. With £, den
wer and f,,, the upper limit of this interval, the variance of the random phase noise i

frequency interval [fiin, fmax] iS given by Formula (46):

fmax

0<p2 = J. ‘éss‘z(f) af

fmin

2

When ‘éss‘ f) is proportionalto 1/]‘2 , which is approximately the case in Figure 35, Fof

(46)

pbecomes Formula (47).

fmax

0(p2 = fmin (1 MJ |éss| ? (/min)

0o of
oting
h this

(46)

mula

(47)

- |2
In the case of f,5x >> fnin, FOrmula (47) can be approximated by o-q,z = fmin ‘@SS‘ (fmin), Which

shows that the total phase noise in a sufficiently wide interval is dominated by the noise around
Jmin- With fiin = 300 MHz, for example, from Figure 35 ¢, = 0,01 rad for laser “A” and ¢, = 0,001

rad for laser “B” are obtained.

The laser frequency or phase noise spectra can also be measured non-coherently, using a
narrow-band optical high-pass or low-pass filter with sharp roll-offs at the shoulders. This
method is often used when a reference laser with sufficiently low phase noise is not available
for coherent mixing. In the non-coherent phase noise measurement, the laser under test is set
to a frequency where the roll-off at the filter shoulder is approximately linear, as shown
schematically in Figure 36, so that the laser frequency variations Afs(t):d@s(t)/dt are

converted into optical intensity variations AP(t), as described by Formula (48).
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APg(t) = Af5(t) Po dT(f)/df (48)
where
7(f) is the normalized filter transmission, and
P, is the average optical power.
The yhose
outpdt can elther be recorded dlgltaIIy and processed as descrlbed above or, aIternatlveI , fed
directly into an electrical RF spectrum analyser, which calculates the power spectral-dendity of

the optical intensity variations. Obviously, this method requires careful calibration of'the|filter
slopq and the received optical power in order to deduce the power spectral density of the [laser
frequency variations from the power spectral density of the optical intensity variations.
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EFigure 36 — Laser phase noise measurement with optical bandpass filter

6.4.6l2—lmpactof phase noiseintransmitterand LO lasers

As discussed in 6.4.5, recovery of the carrier phase in the coherently received signal requires
the optical phases of the transmitter and LO lasers to be constant over the time period used to
determine the phase offset in the received signals [73]. This time period is proportional to the
number of symbols over which the phase offset is averaged, which is typically between 10 and
100. Thus, for a 32 GBd signal, the transmitter and LO laser phases should not significantly
fluctuate over a time period of about 3 ns. This means that the total laser phase noise at
frequencies above f, = 30 MHz should be sufficiently small. In Figure 35, the standard

deviation of the total phase noise above 30 MHz is Op = 0,03 rad for laser “A” and Op = 0,003
rad for laser “B”. Both values are small enough for robust carrier phase recovery [4], [75].

For the purpose of carrier phase recovery, the requirements for laser phase stability are usually
identical for the transmitter and LO lasers. In general, the phase stability requirements decrease
with increasing symbol rate, because the averaging time for carrier phase recovery is inversely
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proportional to the symbol rate. However, the tolerable laser phase noise depends strongly on
the cardinality of the modulation format of the transmitted signal. Binary ASK and PSK signals,
for example, can tolerate more laser phase noise than QPSK signals, and QPSK signals more
than 16QAM signals [75]. Thus, transmission of 64QAM or 256QAM signals requires transmitter
and receiver lasers with very low phase noise [25].

However, there are additional phase stability requirements for the LO laser when the receiver
needs to compensate relatively large amounts of GVD [4]. It is important to note that in this
case, the phase stability requirements for the LO laser increase with increasing symbol rate, in
sharp contrast to the above-described phase stability requirements for carrier phase recovery.
Consider the example of a single-polarized phase-shift-keyed (PSK) signal which has
expeffenced a group velocity dispersion of D|_In the communication HNK. Neglecting shot poise

and amplifier noise, this signal would produce the coherent beat signal of Formula (49).

. () T i[os(=t)+os (-7)]
ic(t)=i(t)+jiq(t)=Ra, e’ [ h(z)aset™ s\ e (49)
—Atmax
wherp
h(t) describes the effects of GVD in the time domain, as defined in Fofmula
(23),
s (1 is the phase noise in the transmiitter laser,
or (1 is the phase noise in the LOaser,
Atpad = DL AAgl2, with A4 being the widthoof the transmitted signal spectrum.

After|electronic CD compensation, which corresponds to a convolution of i () with h1(2) in the
time fomain, as described by Formdla (24), the received signal takes the form of Formula|(50).

A hax Atmax .

[h—uic](t):}earas [ ') e o) [ h(r)e’["’S("""WS("H'Hdrdr’ (50)

—Atmay —Atmay

For spfficiently’small LO phase noise ¢, (), Formula (50) can be approximated by Formula|(51).

. . Dfmax | . ,
[h_1*icJ(t)zRarasej[(ﬂS(t)wS(Z)} [ el (=) gy (51)

—Atmay

It can be seen from Formula (51) that electronic CD compensation is not affected by phase
noise in the transmitted signal, which is represented by ¢g(¢). However, laser phase noise in

the reference signal, represented by g?)r(t), interferes with the CD compensation process and

thus introduces undesired amplitude and phase variations in the signal. This effect is sometimes
called equalization-enhanced phase noise [69], or alternatively, phase noise to amplitude noise
conversion [38], because the underlying phenomenon is very similar to the laser phase noise
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to intensity noise conversion introduced by chromatic dispersion in direct-detection optical
communication systems [76].

These undesired waveform distortions are described by the right-most term in Formula (51).
Hence, the transmitted signal is recovered with high fidelity only when g?)r(t)zO over the total

integration time of the convolution in Formula (50), which is 2At.,,, = D| Ad;. Compensation of

large amounts of GVD, therefore, is only possible when the phase variations in the reference
signal are sufficiently small over a relatively long time period 2A7,,,. Consequently, the phase

noise of the LO laser should be small at frequencies above f,;, = 0,1/(D AAg).

For the example of a 32 GBd signal with an optical bandwidth of Al = 0,4 nm, the intégfation
time PAz ., is around 3 ns when D| = 8 ns/nm and 32 ns when D, = 80 ns/nm, where.the |atter
corrglsponds to about 4 000 km of dispersion-unshifted B-652 fibre at 1,5 um wavéelength. In the
first ¢ase, f,in = 30 MHz, and in the second case f,;, = 3 MHz. Since the total phase poise
impagting electronic CD compensation is dominated by the phase noise arotnd 1, , the ghase
stability requirements for the LO laser increase steeply with the amolnt of GVD be
comgensated. At f,;, = 3 MHz, for example, from Figure 35 op = 0,2 radfor laser “A” an op =
0,02 rad for laser “B” are obtained. Thus, the phase noise in laserAB? is small enough to pllow
electfonic compensation of up to 8 000 ps/nm GVD in a 32 GBd signal, whereas the phase
noisq in laser “A” could introduce significant signal distortionsiwhen used as a local oscillator.

Howgver, laser “A” could be employed as a transmitter lasér,"because the phase noise 9f the
transmitter laser does not adversely affect the process of CD compensation.

As mientioned above, the phase stability requirements for the LO laser become more stripgent
with |ncreasing symbol rate, because Adg and Ay, increase proportionally with the s;TmboI

rate of the transmitted signal, so that f,;, decreases with increasing symbol rate. This trgnd is

oppogite to the laser phase noise requirements for carrier phase recovery (see 6.4.5), where
Jmin increases with increasing symbol rate:

6.5 | High-resolution spectral analysis with coherent receivers
6.5.1 Measurement methaods

Cohdrent mixers are inherently frequency selective and, hence, can be used as optical
specfrum analysers (OSAS). It turns out that the spectral resolution of coherent OSAs c4n be
much higher than that'of conventional, grating-based optical spectrum analysers or high-firjesse
interfierometers [77]>-This feature is of great interest for test and measurement applicalions,
since it allows detection and analysis of relatively fine features in the spectra of optical signals,
suchl|as narrow:band peaks or discrete lines, or even complex signal analysis [77].

TherT are.two different approaches to analyse an optical spectrum with a coherent receivr.

The first method is based on a high-speed coherent receiver with phase and polarization-
diversity, as displayed in Figure 25, and digital recording of the time-varying optical signal over
a certain measurement time 7,,,. The optical spectrum is then obtained from a Fourier transform

of the recorded samples, as discussed in 6.3.2, which yields the complete complex amplitude
spectrum of the signal to be analysed, i.e. the amplitude and phase spectral densities for the
two orthogonal polarization components. This measurement technique is frequently used in
optical modulation analysers (OMAs). The power spectral density of the optical spectrum can
be directly calculated from the recorded samples without prior compensation of CD and PMD.
The frequency resolution of the resulting spectrum is inversely proportional to the measurement
time T,,,, whereas the total frequency range of the spectral measurement is limited to twice the

electrical bandwidth of the coherent receiver.

Another and less complex method for measuring the optical power spectrum with a coherent
receiver is to use a low speed receiver in conjunction with a slowly scanning LO laser, so that
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the power spectrum can be measured directly in the frequency domain [78]. These
measurements do not require a phase-diversity receiver and, hence, can be performed with a
coherent dual-mixer receiver having only polarization diversity, as described in 6.5.2.

6.5.2 Dual mixer with polarization diversity

Figure 37 displays a schematic diagram of a dual coherent mixer with polarization diversity,
which is often used in high-resolution optical spectrum analysers (HR-OSAs). The optical
spectrum is measured by recording the combined signal power detected in the balanced X7 and
YI mixers while the LO laser is slowly scanned over a predetermined frequency range.

Optical X
signal

PBS LO

IEC

Key
LO Local oscillator laser

LPF | Low-pass filter

PBS | Polarization beam splitter

PR Polarization rotator

Figure 37 — Dual coherent mixer with polarization diversity

The frequency resolution of this spectrum analyser is twice the electrical bandwidth B, ¢f the
cohefent receiver, which can be adjusted to the desired value by low-pass filtering the eledtrical
beat [signals iy,(¢) and iy(¢). In‘the case of an ideal rectangular-shaped filter with bandpidth

B, =|1/T,,, the filtered beat signals can be described by Formula (52).

T /2 T /2
Ta) =2 o ix()dt=ZRcos(0) ap | ag(t) sin[wp 1+ (1)~ Ds(t) | dt +Vpoise (1) F
L /2 T /2
ZRcos(0) a, { <cos[@tot (t)}> Im[AS (Aco)} + <sin[¢3tot (t)}> Re[AS (Aa))] }+ Vnoise (1
(52
T /2 T /2 )
M) =2 [ iy@)dt=ZRsin(0) a; [ as(t)sin[opt+d (1)~ D)=y | dt +Vnoise (1) =
T /2 ~Tm /2

ZRsin(0) a, { <cos[(])t0t (1)+ WD Im[AS (Aa))] + <sin [‘lh)tot (1)+ q/]> Re[AS (Aco)] }+ Vnoise ()

Formula (52) is calculated for a transmitted signal of the form of Formula (9), where A (w)

denotes the Fourier transform of the transmitted signal amplitude ag(z), which is given by
Formula (53).
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Ag ()= [ agr)e!** Ve 4y (53)

—00

The optical phase of the LO laser fluctuates during the slow tuning of its frequency w,, so that
the two filtered beat signals of Formula (52) carry a combination of the in-phase and quadrature
components of A4(w). After squaring and summing of the two beat signals in Formula (52), the
resulting electrical signal is described by Formula (54), which is proportional to the power

spec

ral density of the received optical signal.

Py (dw) =Ty (z)}2 +[7vi (z)}2 z%(ZR a, )Z‘AS(Aw) + Proise (1) (54)

In practice, the maximal achievable frequency resolution is limited by optical phase noise in the

LO g
resol
limitg
from
high

6.5.3

Figun
quad

ser, which causes random frequency fluctuations. It is possible to achieve a freqUency
ution of 5 MHz with such a coherent OSA. The dynamic(range of these instruments is
d by electrical noise in the coherent receiver, which issusually dominated by shot poise
the LO laser. Non-coherent beat noise can be minimized by using balanced mixerq with
common-mode-rejection ratio (CMRR), as discussed in6.2.2.

Examples of high-resolution spectral analysis

e 38 displays an example of a high-resolution optical spectrum obtained with a high-gpeed
fuple coherent mixer, as described in 6:4."The spectrum in Figure 38 was calculated|from

a Fodrrier transform of 4 096 digitally recorded samples taken at a rate of about 64 GHz, which

corre
spec
OSA
colle
meag

sponds to a total measurement time,of about 7,,, = 64 ns. The frequency resolution df this

rum is about 15 MHz and thus substantially higher than that of conventional grating-Hased
5, which are typically of the order of a few GHz. Higher resolutions can be achieved by
cting a larger number of samples for the Fourier transform. In either case, a gingle
urement, as the one shown in Figure 38, usually yields a relatively noisy specfrum.

Smo

ther spectra can be obtained by repeating the measurement several times and averaging

the plower spectral densities of the individual measurements. The maximal frequency ran
the spectrum is determiined by the sampling rate of the high-speed ADCs that record the sig
which is £32 GHz in.the example displayed in Figure 38.

ge of
nals,
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Figure 38 — High-resolution optical spectrum of a 32 GBd QPSK signal

Specftral measurements as shown in Figure 38 are often performed in optical modulation
analysers (OMAs), also known as optical constellation analysers. Precise measurement ¢f the
optical power spectrum requires a well calibrated and equalized coherent receiver. The dyrjamic
rang¢ of the measurement depends on the effective ntimber of bits (ENOB) available ip the
high-speed ADCs that are used to record the time<yarying signals. For an 8-bit ADC with a
typical ENOB between 5 and 6, the dynamic range of'the spectral measurement is of the prder
of 30[dB to 40 dB.
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Figure 39 — QPSK signal measured with coherent OSA and with grating-based OSA

Figure 39 displays the spectrum of a 32 GBd QPSK signal measured with a commercial
coherent HR-OSA, which is based on a dual coherent mixer with frequency-tuned LO laser. The
spectral resolution of this instrument is about 150 MHz, which is fine enough to resolve the
discrete clock tones in the modulated signal, located at 32 GHz and 64 GHz from the centre
of the spectrum. A measurement of the same signal with a conventional grating-based OSA,
shown as a grey curve in Figure 39, reveals that the grating-based OSA does not resolve these
fine spectral features (which are usually undesired, because they indicate signal distortions).
The maximal frequency range of a coherent OSA depends on the tuning range of the LO laser
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and can be as wide as the entire C-band or L-band. The dynamic range of a coherent OSA is
usually significantly higher than what can be obtained with a high-speed coherent receiver.

7 Digital signal processing in coherent receivers

7.1

Basic features of digital signal processing

As briefly discussed in Clause 6, the use of coherent receivers usually requires extensive signal
processing to retrieve the transmitted data from the received signals. In general, the signal
processing steps needed to recover the transmitted symbols are as follows [60]:

— 16
fr

— T6

|
—_
=

move undesired distortions from the transmitted signals, such as CD, PMD, PDL
pquency-dependence of the receiver components;

cover the timing (i.e. beginning and end) of the received symbols and synchfoniz
PDC sampling and signal processing with the frequency and phase of the symbol cloc

bmponents of polarization-multiplexed signals can be separated; and

move undesired frequency and phase offsets from the received‘signals so that tH
nase and quadrature components of the transmitted signal can tbe separated.

e signal processing steps are usually performed after the‘eoherently received ana
Is have been converted into digital signals, using high=speed digital analogue-to-g
brters (ADCs). Figure 40 shows a block diagram of the*basic functions that are typ)
rmed in a digital signal processor (DSP) [10].

X' X0’ yr Yo'
() () ) (o)
] I I I
¥ ¥ ¥ ¥

’ Amplitude equalization | D_igitall
signa
* ‘ * ’ processor
| Speciattiter | | Specialfiter | (DsP)
¥ ¥ ¥ ¥
| Skew / Phase | ‘ Skew / Phase ‘
¥ ¥ Y v
| Freq. offset | | Freq. offset ‘
] | ) )
| CD comp. | CD comp. |

¥ | v ¥

| Timing recovery ‘

and

b the
K;

ansform the polarization state of the received signal so that two orthogonally polarized

e in-

ogue
igital
cally

{ ¥ ¥ [}

Key
ADC
X1
Xxr
X0

Polarization rotation and
PMD / PDL / CD compensation

¥ ¥ ¥ ¥

| Carrier phase recovery |

XI X0 ¥I Y0
IEC

Analogue-to-digital converter
In-phase component of X-polarized signal at transmitter
In-phase component of X-polarized signal at receiver

Quadrature component of X-polarized signal at transmitter


https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

IEC TR 61282-16:2022 © IEC 2022 - 67—

D.(0 Quadrature component of X-polarized signal at receiver
Yl In-phase component of Y-polarized signal at transmitter
yr In-phase component of Y-polarized signal at receiver

YO Quadrature component of Y-polarized signal at transmitter

YO’ Quadrature component of Y-polarized signal at receiver

Figure 40 — Typical digital signal processing steps in a coherent receiver

As indicated in Figure 40, the various signal processing steps in a coherent receiver are
typically performed in the following sequence [60], [80]:

1) Epualization of the signal amplitudes obtained from the four ADCs (this step can alsofinglude
reamoval of undesired DC offsets in the signal).

2) Individual spectral filtering of the four signals to
a) compensate frequency dependent attenuation in the coherent receiver,and ADCs, [and
b) remove excessive noise from the signals via spectral shaping.

3) mpensation of skew and phase errors introduced in the coherentreceiver.

4) moval of frequency offset between the LO laser and the transmitted signal.

5) mpensation of chromatic dispersion (CD) that the received signal has experienced in the
transmission link (this is typically a fixed compensator).

6) Pplarization rotation (for proper polarization de-multiplexing of the signals)| and
simultaneous compensation of polarization-mode djspersion (PMD), polarization-dependent
Igss (PDL) and small amounts of residual CD (this'is’always an adaptive element).

7) Removal of any residual frequency offset as well as phase offset from the signals, sojas to
gcover the carrier phase (this is also an adaptive element).

—

It is gossible to combine some of the processing steps of Figure 40 into a single operation. For
exanjple, spectral filtering, skew compensation, frequency offset removal, and| CD
comgensation could be performed simuftaneously as one operation in the frequency domain.
Howgver, it is important that these operations are executed in the proper sequence, bedause
somg of the operations do not.commute, as for example frequency offset removal ang CD
compensation [4]. Therefore,-the various compensation steps should be performed in the
following order.

a) Sjgnal impairments infroduced in the coherent receiver should be compensated first gnd in
tHe reverse order.of how they occur.

b) Sjgnal impairments introduced in the transmission line, such as CD, PMD, and polarization
rgtations, should be compensated after all impairments introduced in the coherent redeiver
have beenproperly compensated. Slowly varying transmission impairments, like CD, should
be compensated before more rapidly varying impairments, such as those introducgd by
PMD \PDL, polarization rotations and optical phase variations, to facilitate fast feedback
control.

c) Certain signal impairments introduced in the transmitter, such as I-Q skew and I-Q offsets,
can be compensated in the receiver, but only after all impairments introduced in the receiver
and in the transmission line have been properly compensated.

The most important processing steps are CD compensation, PMD compensation, and
polarization tracking as well as carrier phase recovery. CD compensators are typically fixed
equalizers, which introduce a predetermined and constant amount of group velocity dispersion
(GVD), whereas PMD compensators/polarization rotators are adaptive equalizers, which are
continuously adjusted based on feedback from a signal analyser located at the output of the
equalizer (see 6.4.3) [60], [80]. Similarly, recovery of the carrier phase requires an adaptive
equalizer, which is adjusted based on a feed-forward or feedback signal (see 6.4.5) [80]. These
three processing steps are essential for recovering the transmitted data from the coherently
received signals, which can be highly distorted by CD, PMD, polarization rotation, and phase
and frequency offsets, as shown in Figure 41 for the example of a 100 Gbit/s PM-QPSK signal.
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Figure 41 — 100 Gbit/s PM-QPSK signal before{and after fibre transmission

The four graphs in the simulation of Figure 41 display the four tributaries of a 100 Gb/s
QPSK signal with a symbol rate of 25 GBd beforerand after transmission over 400 km of E
fibre | which is assumed to introduce about . 8.900 ps/nm GVD and about 40 ps of differ
delay (DGD). Before transmission, thexfour tributaries X7, XQ, YI, and YQ to the PM-C

ission through the fibre link, thefour coherently received beat signals XI’, XQ’, ¥r
re highly distorted by CD, PMD, and polarization rotation (see lower row of Figun

various stages innthe DSP. The upper row of Figure 42 shows the four received s
comgonents after-frequency offset removal and after CD compensation (which is assum
be perfectly (matched to the GVD experienced in the transmission fibre). At this stage
signdls are=still heavily distorted and, therefore, do not resemble the transmitted s
comgonents.
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42 then displays’simulations of how the four received beat signals are de-convolufled at
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The middle row of Figure 42 shows the four signal components after PMD compensation and

proper polarization de-multiplexing. At this stage, the signals show signs of periodic modul

ation

(which somewhat resembles duobinary modulated signals [8]) but are still significantly distorted.
Finally, the last row of Figure 42 displays the four signal components after recovery of the
carrier phase (i.e. after phase offset removal). Comparison with Figure 41 reveals that the

binary ASK data have been recovered with high fidelity (although moderate low-pass filt
was introduced in the signal processing steps).

ering
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gure 42 — De-convolution-of a 100 Gbit/s PM-QPSK signal at various DSP stage

uld be noted that the simulations of Figure 38 and Figure 39 display highly oversan

ple, in optical(modulation analysers (OMAs). The sampling rate of real-time, hard
H DSPs, which are typically employed in optical communication systems, is much |
blly ranging-from 1 sample per symbol to 2 samples per symbol, and can even be diff
various_processing steps [60].
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signals very rapidly at the rate of the incoming signals, so as to ensure continuous and low-
latency reception [10]. DSPs for optical modulation analysers (OMAs), on the other hand, are
typically implemented in software, which is often executed on a general-purpose computer. As
a result, the processing speeds of software-based DSPs are usually several orders of
magnitude slower than that of ASIC-based DSPs. However, software-based DSPs are more
versatile than ASIC-based DSPs, so that they can be used with a larger variety of received
signals, having different modulation formats as well as different symbol rates. Other differences
between these DSPs are described in 7.2 and 7.3.
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7.2 Real-time DSPs for fibre optic communication systems
7.21 Basic functions

As discussed in 7.1, DSPs for optical communication systems have to process the signals at
very fast speeds and, therefore, are typically implemented in specially designed ASICs [10].
The ADCs are usually integrated with the DSP in the same ASIC, together with other functions
and elements, as shown in the schematic diagram of Figure 43.

The sampling of the signal in the high-speed ADC is often synchronized with the symbol rate of

the received signals [80]. This is achieved by clocking the ADC with an external voltage-

t Hod ccotllatar (N/OMO bhiolh 1o ot ~f o b lonlead Ilaon (DY thot Sl o ADC
contrerea—osthratot (Voo winCr— o part oo prasCToCKC OO0 p— (T - )—trrat angtrro— T

sampling time with the symbol slots of the de-convoluted signals, as shown in Figure 43!

Xr XQ! YI! YQ!
VCO Applicgtion-
specific
= integrated
circuit
(AsIC)
Random access memory
! ! ! I N
- . Micro
—®<— Digital signal processor processor
T T T T —
XI X0 YI YO
| Random access memory |<—
i i ¥ ¥ :
- - Communi-
FEC decoding / deframing / cation
sighal demapping interface
Client signal framing and FEC
encoding

Standard client signals (OTN / Ethernet)
IEC

Key
ADC | Analogue-to-digital converter

FEC | Forward error correction

OTN | Optical transport network

VCO Voltage-controlled oscillator

Figure 43 — Block diagram of specially designed integrated circuit with DSP

The number of numerical operations performed in a DSP is usually very large, thus requiring
considerable amounts of electric power. Power consumption is especially important for
applications in compact coherent transceiver modules. To minimize power consumption without
losing the desired functionalities, ASIC-based DSPs sample the received signals at relatively
low rates, typically between 1 sample per received symbol and 2 samples per received symbol,
including fractional sampling (e.g. 1,5 samples per symbol). In addition, the samples are
digitized with relatively low resolution, typically not exceeding 8 bits per sample.
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It is not uncommon that sampling rate and digital resolution in the DSP vary between the various
processing steps that the received signal undergoes. For example, the signals are often down-
sampled to just 1 sample per symbol after polarization demultiplexing (see 6.4.2).

ASIC-based DSPs frequently include additional signal processing functions, such as CD
estimation, timing recovery and cycle slip detection. The CD estimator is usually located after
the CD compensator and often used only during the initial start-up of the DSP to determine the
optimal value of GVD to be compensated, as discussed in 6.3.3.

7.2.2 Timing recovery

Timirjg recovery is needed In digital communication receivers to identify the beginningg and
ends| of the transmitted symbols, so that they can be properly decoded [81]. Just like in
conventional direct-detection receivers, timing recovery is often accomplished by detectinjg the
transjtions between symbols, using for example a Gardner timing-error detector-[55], [8P]. In
cohefent receivers, the timing-error detector is integrated into the DSP and typically lo¢ated
after|the CD compensation stage, so as to minimize the impact of inter-symbol-interfefence
introguced by CD [55]. Timing recovery is often combined with a phase-locked loop| that
synchronizes the high-speed ADC sampling times with the symbol periods [60].

7.2.3 Cycle slip detection

An irfcreasingly important processing step in modern DSPs is(the detection and correctipn of
cycle slips, which can occur during carrier phase recovery as.a result of excessive phase poise
in the received signal (see 6.4.5) [79]. A cycle slip canither swap or invert the in-phas¢ and
quadrature components of the demodulated signal, s¢ that X/ becomes XQ, for example| and
X0 becomes XI. This undesired swap usually lasts_for only a relatively short period of ting:, as
expldined below, but can cause a large number-of consecutive (and hence not correctable)
errorg [71].

In digital communication systems, the payload data is usually encapsulated into frames, which
carry| various overhead data, which include labels that uniquely identify the four transmitted
laney XI, XQ, YI, and YQ [11]. These labels are needed for the DSP to route the| four
de-convoluted signals to the designated output ports after polarization de-multiplexing. [They
also allow the DSP to detect the-occurrence of cycle slips in the transmitted data, which ¢
introduced during the carrier,phase recovery (as discussed in 6.4.5). Since the lane-ident|fying
labels are typically transmitted at the beginning of each frame, they can only detect in

Thus| when a cycle slipoccurs in the middle of a frame, it will only be detected at the begihning
of the subsequent frame, which means that data received after the cycle slip and befor
beginning of the.next frame could be incorrectly decoded. This problem can be mitigated by
transmitting differentially encoded signals, in which the number of incorrectly decoded symbols
after|a cycle'slip is limited to only two [71]. However, differentially encoded signals are
sensitive o, optical noise than non-differentially encoded signals and, hence, canng¢t be
transmitted over the same long distances.

In non-differentially encoded signals, the number of incorrectly decoded symbols can be
minimized by periodically interspersing training symbols or so-called pilot tones with the
payload data [11]. Since the interspersed training symbols and their location within the frames
are known to the DSP, it can determine whether a training symbol has been incorrectly decoded
and, thus, more accurately locate the occurrence of a cycle slip. Such insertion of training
symbols or pilot tones of course increases the overhead in the transmitted data (and hence the
line rate), but it allows the DSP to mitigate many of the errors resulting from a cycle slip, so that
the number of errors remains small enough to be correctable by forward error correction (FEC)
techniques [82].

7.2.4 Compensation of nonlinear transmission effects

It is well known that nonlinear optical effects in the transmission fibre can severely impair the
transmitted waveform [83]. These nonlinear effects include self-phase modulation (SPM), which
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results from nonlinear interaction of the received signal with itself, as well as cross-phase
modulation (XPM) and four-wave mixing (FWM), which are caused by nonlinear interactions of
the transmitted signal with signals in other DWDM channels [59]. However, XPM and FWM can
also result from nonlinear interactions between the various frequency components of the
coherently received signal, especially in the case of multi-carrier signals. These interactions
are often referred to as intra-channel XPM and intra-channel FWM [84].

If the local properties of the transmission link are sufficiently well known, such as the local
optical power levels and local GVD along the fibre, it is possible to retrace at least the
intra-channel nonlinear interactions along the transmission link and thereby recover the
transmitted waveform. One of these nonllnear retracmg methods is known as dlgltal

nonlipear distortions but not nonlinear interactions with other DWDM channels, as this would
requife knowledge of the waveforms of all transmitted BDWDM signals. The accuracy of {hese
methpds can be significantly limited by time-varying pelarization effects, such as PMD and PDL
(4], [$7].

Inter{channel nonlinear effects, such as XPM, and FWM, can also cause significant gignal
distoftions. In a transmission link without CD{*where all DWDM signals propagate at the $ame
speefl, the XPM-induced distortions would\accumulate synchronously and become potertially
largel However, in a transmission fibre-with large local GVD (i.e. with large CD coefficient) and
withgut in-line CD compensation, the: XPM-induced distortions accumulate more randpmly,
espegially in systems with many DWDM channels [58]. In this case, the inter-channel nonlinear
distoftions exhibit similar characteristics as random optical noise [88]. In addition| the
transmitted signal can be distotted by nonlinear interactions with random optical noise from in-
line gptical amplifiers, which‘is known as nonlinear phase noise (NLPN) [4].

with the help of fast\adaptive linear equalizers [4], [40], [88]. The power consumption of fhese
equalizers is comparable to that of the adaptive equalizers discussed in 6.4.3 and 6.4.4.
Therg¢fore, these fast adaptive filters are employed in some high-end DSPs to compensatge for
inter{channelsnonlinear optical interference noise.

It ha$ been shown that)such random nonlinear signal distortions can be effectively mitiIated

7.2.5 FEC decoding and performance monitoring

The DSPs used for coherent communication systems typically include additional functions, such
as hard-decision or soft-decision decoders for forward-error correction (FEC) and framers to
convert the received signals into the desired format of the receiver client (which could be an
Ethernet router or a data/telecommunication switch) [89].

In addition, DSPs often include signal processing stages for analysing the quality of the received
signal, which can measure or estimate the electrical or even optical signal-to-noise ratio (SNR)
in the received signal [90]. Moreover, the above-described CD and PMD compensation stages
allow continuous monitoring of the GVD, DGD, and PDL that the signal has experienced in the
transmission link, as well as monitoring of the frequency stability of the received signal.
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7.3 Software-based DSPs for optical modulation analysers

Optical modulation analysers (OMAs) are test instruments that analyse and measure the
properties of vector-modulated optical signals. The capabilities of OMAs are similar to electrical
modulation analysers used for complex modulated electrical or radio signals. An OMA is
typically composed of the following three components:

a) a high-quality and well calibrated coherent receiver (including LO laser);

b) four high-speed ADCs with large data storage capability; and

c) a software-based DSP executed on a dedicated computer.

photgdetectors, but often does not include transimpedance amplifiers, so as to obtain the Widest
possible frequency response and the most linear transfer function. As a result, OMAs)typjcally
requife substantially higher signal power than the coherent receivers used.”in optical
communication systems. The coherent receiver usually includes a tuneable LO laser, which can
be tuned to the centre frequency of the signal to be analysed, and is operated,as an intrgdyne
receiyer (see 6.3.2).

The {oherent receiver usually comprises four balanced coherent mixers with high-speed

Optical signal

L

Coherent receiver with LO laser

I
X1 XQ' YI* YQ'
@_@A ADC ADC ADC
I Data memory I EVM
l * ’ ’ O-factor
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Constellation and eye diagrams

Optical modulation analyser (OMA)

Key

ADC ~Analogue-to-digital converter
BER Bit-error ratio
EVM  Error-vector magnitude

GVD Group velocity dispersion
Figure 44 — Block diagram of OMA with software-based DSP

The four ADCs are often part of a real-time digitizing oscilloscope, which includes data storage
and data management. The sampling rate and the bandwidth of the ADCs should be large
enough to capture the entire spectrum of the signal to be analysed. Sampling rate and
bandwidth can be fixed or variable over a certain range. It is important to note that ADC
sampling is not synchronized with the symbol rate of the signal to be analysed. This means that
the received signals typically need to be re-sampled at an integer multiple of the signal’s symbol
rate when they are analysed in the DSP.
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The software-based digital signal processing is usually executed on a dedicated computer,
which can be part of the digitizing oscilloscope or otherwise connected to the data storage of
the oscilloscope. Such digital signal processing on an external computer is often also referred
to as “offline” signal processing. In order to analyse the signal under test, the DSP requires
input from the user about the modulation format of the signal and its precise symbol rate. It also
requires input on the number of subsequent symbols that the user wants to be analysed, as
well as on the amount of GVD that the signal has experienced. The more symbols are to be
analysed the longer it takes to obtain the results.

Once triggered by the user, the output signals of the coherent receiver are synchronously
sampled by the four ADCs over a time period that corresponds to the desired number of symbols
(typigatty a few thousand symbols). The sampled signals are then recorded In the data stgrage
and gubsequently transferred to the computer for analysis by the DSP.

The DSP then re-samples the data to an integer multiple of the signal’s symbol(rate (typjcally
around 8 samples per symbol or 10 samples per symbol) and processes the data as described
in 7.1, using calibration data for the coherent receiver to remove amplitude.imbalance, gkew,
phasg offset, and frequency dependence of the coherent receiver and ADCs” In addition fo the
procgssing steps shown in Figure 40, the DSP has to include a re-timing, step to determinje the
beginning and end of a symbol period.

Oncq the signal analysis is completed, the OMA can display_ the/decoded signals in the| time
domagin as constellation diagrams (see Figure 4), eye diagrams, phase diagrams, or ip the
frequency domain as amplitude or power spectra. The DSP can also track variations ip the
polarjzation state of the received signal that occurred over the measurement time. Usually, the
actugl measurement time is much shorter than the sjgnal processing time.

It is important to note that an OMA usually cannet.determine which of the decoded signalg was
transmitted as the in-phase component or_@s the quadrature component. It also cannot
distiniguish between the X- and Y-polarized cemponents if the same set of symbols is transnpitted
in bqgth polarizations. It is thus not uncommon that the OMA maps the transmitted |anes
incorfectly to the received lanes, as shewn in the example of Formula (55).

Xltransmitted YIreceived
XQtransmitted YQreceived
= (55)
Y transmitted XQreceived
YQtransmitted X1 received

Howgver/the in-phase or quadrature components of the transmitted X-polarized signgl are
usually mapped into the same recelved polarlzatlon state (| e. elther the X- or Y-polanzed gtate)

> . 4w . C = itted
Y—polanzed S|gnal The OMA can choose d|fferent mappmgs between the transmltted and
received lanes when another set of symbols from the same transmitted signal is analysed,
although most OMAs try to identify the received lanes by unique impairments (see below), so
that the same mapping as in the previous run is used.

Another useful feature of OMAs is that they can quantify the quality of vector-modulated signals
by measuring some of the following parameters on the decoded signals:

e error-vector magnitude (EVM), O-factor, and bit-error ratio (BER) estimated from EVM,;

e [-Q imbalance, I-Q bias, and I-Q skew;

e quadrature error;

e X-Yimbalance and X-Y skew;
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e frequency offset between signal and LO;

e accumulated differential group delays (DGD and GVD).

The EVM measures the deviation of the constellation points of the decoded signal from the ideal
position and is usually expressed in units of percent (%). It is equivalent to the Q-factor, which
is used for intensity- or amplitude-shift-keyed signals, and in fact uniquely related to the
QO-factor, as described in [91]. Under the assumption that the spread in the constellation points
has a Gaussian distribution, one can estimate the expected BER from the Q-factor. EVM is a
global parameter characterizing the overall signal quality, which can be impacted by noise as
well as other impairments introduced in the optical transmitter, such as

— [{Uimbatance, which characterizes the ratio of the modulation index of the in-phase._gignal
oyer the modulation index of the quadrature signal and is usually expressed inunjts of
decibel (dB).

— 10 bias, which characterizes a common offset (or shift) of the constellation paints form|their
ideal positions. It is calculated from the offset in the in-phase component (/-bias) and that
il the quadrature component (O-bias), and usually expressed in units of)percent (%).

— IJ0 skew, which is the time delay between the symbols of the in-phase componen{ and
mbols of the quadrature component and is usually expressed in, units of picosecond|(ps).
ote that OMAs usually cannot reliably determine skews largerthan half a symbol petliod.

uadrature error, which characterizes the deviation of the (optical phase between tHe in-
nase component and quadrature components of the transmitted signal from 90° and is
sually expressed in units of degree (°) or radians (rad)-

Lpolarized signal over the average modulation index of the Y-polarized signal and is ugually
kpressed in units of decibel (dB).

LY skew, which is the time delay between the’ symbols of the X-polarized signal (avgrage
the XI- and XQ-component) and the symbols of the Y-polarized signal (average of the YI-

S
N

Q

p

u

— X}Y imbalance, which characterizes the ratio of -the average modulation index of the
X

e

X

o]

aphd YO-component) and is usually expressed in units of picosecond (ps).

It is plso possible to measure the BER”of a transmitted signal with an OMA, provided that
standard test vectors, like unframedpseudo-random binary sequence (PRBS) of a given length,
are transmitted in the four lanes, However, it should be noted that such BER measurements
can |pe different than what:Wwould be measured in a coherent receiver of an optical
communication system, because of the differences in the digital signal processing. Some QMAs
allow the addition of user-defined signal processing steps and/or modification of the default
procgssing functions, s@:as to better emulate the performance of a communication receiver.

8 Transmitters for vector-modulated signals

8.1 | Generation of vector-modulated signals

Vector-modulated signals are comprised of four real-valued components Ay(z), Axq(?), 4y(1),
and 4y (), each of which can carry independent informafion data, as described in 5.3. These
four signal components are typically generated by four parallel amplitude modulators, which are
imbedded in a double-layered structure of Mach-Zehnder interferometers, as shown
schematically in Figure 45 [18]. The four amplitude modulators are driven by four time-varying
voltages Vy(¢) ... Vyql(t), which usually carry independent digital information.



https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

Key
CcwW
Mod
PBC
PR

The

quad
Ay (1)
and 4
indeq

The modulators themselves are oftén based on Mach-Zehnder interferometers (see 8.2),

formi

In the
is sp
gene
and
phas
polar
signg

- 76— IEC TR 61282-16:2022 © IEC

Vxa®d  Vxi()

XI Mod

X0 Mod

cw
laser

Y

h ¥oMod H 90° |

2022

Y1 Viod ~
‘ | Ay

va V()

IEC

Continuous wave
Modulator
Polarization beam combiner

Polarization rotator

Figure 45 — Typical arrangement for generation of vector-modulated signals

two modulators in each of the two inner intérferometers generate the in-phase
rature components to form the complex,~amplitudes Ay(¢) = Ay() + jAxq(?)

= Ay (1) *+ jAyq(t). The outer interferometer serves as a polarization multiplexer for
(v () [18]. The combined output signal“ef the four modulators thus forms a stream o
endent signals, which are simultaneously transmitted over the communication link.

ng a triple-layer of nested Mach-Zehnder interferometers, as shown in Figure 3.

arrangement of Figure 45, the linearly polarized output light from a continuous-wave
lit into four signals\‘having equal power, which are then modulated independen
Fate the four real-valued amplitudes 4y,(¢) to 4yq(¢). The quadrature components 4

lyq(t) are then“shifted in the optical phase by 90° before they are combined with tf
e compongnts' 4y (1) and Ay, (¢) to form the complex amplitudes 4y(f) and 4y(¢). Finall

| Ay(t)\(typically in a polarization beam combiner).

and
and

Ax (1)
four

thus

laser
ly to
xal?)
e in-
, the

zation state of 4 (¢) is rotated by 90° before it is combined with the orthogonally poldrized

The enfire modulator structure of Figure 45 IS usually implemented In an Integrated o

substrate with single-mode optical waveguides, as discussed in 10.2.

ptical

The operation of a single Mach-Zehnder modulator is described in more detail in 8.2, whereas
the operation of parallel dual and quadruple Mach-Zehnder modulators is described in 8.3 and

8.4.
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8.2 Single Mach-Zehnder modulator
8.2.1 Principle of operation

Mach-Zehnder modulators (MZMs) were initially introduced in fibre optic communication
systems to generate chirp-free intensity modulation at symbol rates of 10 GBd and above.
These single MZMs are typically implemented with single-mode optical waveguides, which are
imbedded in an electro-optic material, such as lithium niobate, silicon, or IlI-V semiconductors
(e.g. indium phosphate or gallium arsenide). Coherent communication systems typically use
four MZMs, arranged in parallel, to generate complex vector-modulated signals. Subclauses
8.2, 8.3, and 8.4 describe the principle of operation of these MZMs but do not discuss the details
of their specific implementation

NOTE| Modulators implemented in IlI-V semiconductor materials or in silicon often require additionahfixed|offset
voltages to be added to the modulating signals. These offset voltages are different from the bias voltages disqussed
below| which are used to set the MZM to the desired operating point. For clarity, the offset voltages are ignored
throughout Clause 8.

Signal processor Mach-Zehnder modulator
> DAC
c
.
0T V4(7)
Binary g— * -% Y
& © [N ¢ Modulated
data e -
= Ccw N signal
g laser
o c D M
Q .S A
~ o E
= O
o5 V()
©
- DAC
IEC

Key

Cw Continuous wave laser

DAC | Digital-to-analogue converter

Figure 46 - Differentially driven Mach-Zehnder modulator

MZMg are typically designed to modulate the amplitude of an optical signal in a f{ixed,
predetermined poldrization state. Hence, at least two MZMs are required to gengrate
polarjzation-multiplexed signals (see 8.4). A single MZM typically employs two high-gpeed
electfo-optic phase shifters, one in each arm, as shown in Figure 46. These two phase shfifters
are needed in order to generate chirp-free signals. When these phase shifters are driven bly two
independent“modulation voltages V() and V,(¢), the output signal of the MZM exhihits a

combination of phase and amplitude modulation, which is given by Formula (56).

(56)

£ (f)+V2(f)£} cos [‘/1(’)—"2 (1)1}

A t)=A.,expl|ij
out (1) = 4in p{’ 2V, 2 2V, 2

where

4,, denotes the unmodulated amplitude of the input signal to the modulator,

V. is the voltage required to introduce a differential optical phase shift of m between the two
arms of the MZM.


https://iecnorm.com/api/?name=5d4a2c769a00152103e2239ead7da36b

- 78 — IEC TR 61282-16:2022 © IEC 2022

It should be noted that Formula (56) assumes perfectly matched optical path lengths in the two
arms of the MZM, so that 4., = 4,, when 7,(¢) = V5(¢) = 0. In practice, the optical path lengths
of the two arms are often not perfectly matched, which has the effect that an undesired optical
phase shift is introduced between the two signals when they are combined at the output of the
MZM. However, these phase shifts can be compensated by either applying an additional bias
voltage V,, to the two modulating voltages, so that V() is replaced by V4(¢) + V,/2 and V,(t) by
Vo(t) — V/2, or alternatively by employing an additional adjustable optical phase shifter in one
or both arms of the interferometer, as shown in Figure 47. These additional phase shifters are
typically low-speed electro-optic or thermal heater-based phase shifters, which are adjusted

adaptively via automatic feedback control, as shown schematically in Figure 47 and discussed
in mare detail in 82 3 In the following it is assumed that the undesired phase shifts are

completely compensated.

The phase and amplitude excursions in Formula (56) can be independently. adjustefl via
Vsuml?) = V4(2) + Vo(2) and Vyie(t) = V4(2) — Vo(2), respectively. Hence, a single*MZM c4gn, in
princ|ple, generate a complex modulated signal. However, this mode of operation is rarely|used

in prpctice, because it requires precise control of the amplitudes of ¥y n(7) and V() to
genefate the desired combination of phase and amplitude modulation.

DC )«
A Biag’voltage
Vi()
! Dither Signal
PD analyser

Y
ow \Tap
laser \I l-/ >

Modulated optical signal

\%

Mach-Zehnder modulator
IEC

Key
CW | Continuous wave laser
DC Direct-current bias yoltage

PD Photodiode

Figure 47 — Mach-Zehnder modulator with adaptive bias control

Instepd, complex modulated signals are usually generated with the help of two parallel MZMs,
gscribed in 8.3.1. In this case, each MZM is operated in such a way that the high-

hao o0 a hao N I ora - comolamanta ho na-nhacao aove

phas : —hay H
that are equal in magnitude but opposite in sign. This can be accomplished by driving the MZM
either differentially with complementary voltages V,(f) =—-V4(t) or in a single-ended

configuration with 7,(¢) = 0, as shown in Figure 47. Either arrangement is capable of generating
chirp-free amplitude modulation whose amplitude variations are described by Formula (57).

Aout (t) = 4, cos {1/1_(1)%} (57)

Intensity modulation is typically used in non-coherent communication systems and can be
generated by adding a constant bias voltage of V) = —I,/2 to the modulating voltage V,,4(?),
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so that V(¢) = Viy0q(2) — V; /2. The optical output amplitude 4, ,:(¢) and output power P (¢) are
given by Formula (58).

Vmod (t)_VTr/ZE
Vo 2

Aout (t) = Ajn COS{

In this mode of operation, the total voltage swing of V,,,,4(?) is typically set to V;, so that — I, / 2

S Vibd(t) S Vip Vi 1 2, as shown in Figure 48, which has the effect that the optical intgnsity

variafions are fairly insensitive to small variations in the voltage swing of ¥ s4(t). Howevgr, as
can hje seen from Formula (58), half of the output power of the MZM remains unmodulateld, so
that & strong optical carrier component is present in the transmitted signal, which in c¢rtain
case$ can give rise to undesired nonlinear effects in the transmission fibre.

= =
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Drive voltage / 7, Time (@.u.)
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IEC

Figure 48 — MZM operation for intensity modulation

Carrier-suppressed amplitude modulation can be generated by adding a bias voltage of
Vy = =V, to the modulating voltage V,,,4(?), so that the optical output amplitude of the modulator

is described by Formula (59).

- V.
Aout (t) = 4j, cos {Mg} = Aj, sin {%(t)g} (59)
'IT 'IT

In this mode of operation, the voltage swing of V,,,,4(¢) can be as large as 2V, but the optimal
value depends on the modulation format. For binary phase-shift keying (BPSK), for example,
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the voltage swing can be set to 2 V;, so that — V;; < V,,,o4(¢) £ 7, as shown in Figure 49. This

has the effect that the average optical output power of the MZM is maximal, but that the
amplitude response of the MZM is very nonlinear. This nonlinear response is not relevant when
conventional BPSK signals are generated, but it would severely distort amplitude-shift-keyed
or pulse-amplitude-modulated signals with more than two amplitude levels. Moreover, the
nonlinear response limits the capabilities for signal pre-distortion in the transmitter, as will be
discussed in 9.1.5.
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Figure 49 — Nonlinear MZM operation for binary PSK/ASK

Hende,for modulation formats with more than two levels (e.g. for quaternary amplitude| shift
keying tQASH))the vottage swing s usuatty reducedtoamuctsmatter range;, where theoptical
output amplitude of the modulator becomes a linear function of the modulating voltage V;,54(?),

as described by Formula (60).

m VW t
Aout(t)zAinE m;d( )
™

(60)

As an example of such linear modulation, Figure 50 depicts the generation of a quaternary ASK
(QASK) signal. The MZM in Figure 50 is operated in a quasi-linear regime, where the total
voltage swing is limited to about 0,6 V. The upper two diagrams show the amplitude and

intensity response of the MZM to the four-level QASK drive signal. For comparison, the dashed
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curves show the amplitude response of an ideal linear modulator. QASK signals are frequently
generated to form the in-phase and quadrature components of 16QAM signals, as described in
8.3.1.
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Figure 50« Linear MZM operation for quaternary ASK signals

8.2.2 Modulator(extinction ratio

In practice, thetransfer function of an MZM often differs significantly from the ideal behgviour
described by(Formula (57) and Formula (59). Most noticeably, the optical output power ¢f the
unmqdulated*MZM does not completely vanish when V is set to —V,. In this case, the M¥M is

said o have a finite extlnct|on ratio (ER) wh|ch is usually expressed in dB The ER is dgfined
as th A

Ppin» measured when V.4 is scanned over a range of at Ieast 2V,. For on-off-keyed signals
with 7,,,04(¢) swings between 0 and ¥V, the extinction ratio can often be obtained directly from

the maximal and minimal optical power in the modulated signal, as shown in the example of
Figure 51.
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Figure 51 — Optical power variations in an NRZ-OOK signal with finite extinction ratio

Finitg extinction ratios are often caused by unequal power splitting-at the input and ojutput
branghes of the MZM or by differential attenuation in the two. medulator arms, so that for
Vo = V4, the output amplitude of the MZM is given by Formula (61).

4 Viod () + 7 Viod () +
Aout (1) = %{cos(& +%) exp{j —mOdI(/ AL g} 5 sin(a +%j exp{—j —mOdI(/ )+ % g}} -
m

4, {003(5) sin {”"V—:(’)g}ﬂ sin (5).c0s {VmV_:(’)gH ' (61)

wherg

6 i a parameter that characterizes the power imbalance in the two arms of the MZM, in|such
3 way that [1—sin(25)]/[1+sin(25)] is the ratio of power imbalance in the two arms ¢f the

MZM.

For modulationsinsthe linear regime, Formula (61) simplifies to Formula (62).

& r= [
m

2
Aot (1) = 4j cos(6) me—d(t)g—inn sin(4) L—% (VmOd(t)gw l (62)
= =]

The extinction ratio R, of the modulator is then given by Formula (63).

max [Pout(Vmod)] _ Cosz(é)
min [ Pogt (Vmoa)|  sin? (9)

R = cot?(9) (63)

ext =
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Practical MZMs typically have extinctions ratios higher than 20 dB, corresponding to sin(]d])
< 0,07. However, the magnitude of the undesired terms in Formula (61) and Formula (62) can
be of the same order as that of the desired signal, especially in linear operation. Note that the
undesired output signal is shifted in optical phase by 90° relative to the desired output signal.
For operation in the linear regime, the output signal is predominantly an unmodulated optical
carrier shifted by 90° in phase. It turns out that this unmodulated carrier can be compensated
for when the MZM is employed as one of the two modulators in an /-Q modulator, as discussed
in 8.3.2.

8.2.3 Adaptive bias control in Mach-Zehnder modulators

The
feedh
uses|the average optical output power of the MZM as a feedback signal [92]. The)avgrage
optical output power <P, (#)> of the modulator depends on the deviation AV} from the desired

bias point ¥y = £V, as shown in Formula (64).

<pout<t)>:\Amf<co{Vm;:<f>n}> an [%HJJA;" {1_<003{Vm;:<f>n}>} (64)

wher

D

<...> denotes time averaging over a large number.of transmitted symbols.

A typical variation of <P, (¢)> with bias voltage AV, is depicted in Figure 52 (bold black cyrve).
The magnitude of these variations depends.on the total voltage swing AV,,,4 as well as o the
wave]?orm of the modulating voltage 7, 4(%), as described by the leftmost term on the righ{ side
of Fgrmula (64).
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Figure 52 — Optical and RF output power versus bias voltage for linear operation

When the MZM is operated in the linear regime, with AV, .4 < V;, the average output power is
minimal at V', = V;;, as shown in Figure 52, and it increases with increasing offset AV, from the

desired bias point. Thus, the desired bias point can be found by dithering the bias voltage
slightly about its current value V,, as described by Formula (65).
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Vb ([) = VCb +(SVSin(2T|'fd t)

where

fd
oV

is the dither frequency, typically in the range between 10 Hz and 10 kHz, and
is the dither amplitude, typically less than 1 % of V..

2022
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or tap in the output of the MZM, as shown schematically in Figure 47. The magnitud
e of the intensity variations at frequency f4 can serve as a feedback signal.for ads

tment of the bias voltage [92], [93].

nding on the electrical circuitry connected to the monitor photodiode, the intg
lions could be in phase with the bias dither when AV}, > 0 or in anti~phase. However, if
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tase, there are no intensity variations at frequency fy whien 7, = £7,. Phase-sen
tion of the intensity variations at f4 thus provides an unambiguous error signal for adg
tment of 7. It should be noted that operation of the MZM at 7, = +V,, instead of V' =

[s the polarity of the modulated optical output amplitude. This inversion has to be un
the signal is decoded at the receiver.

mod = 2V, which is often the cas
K modulation, the average output power-of the MZM is maximal at 7, = £V, (not mi

the case of linear modulation), so that'the polarity of the error signal is opposite t
sed in the case of linear modulation;

pws from the above observations that there is always a voltage swing AV, 4 at whic
bl output power of the MZNl)is insensitive to small variations in V,, and, hence, cann

as a feedback signal for adaptive bias control. The exact value of this voltage ¢
hds on the shape of the-modulating waveform and is typically found at AV ,,oq > V4. If A

lation in the ofptical output signal. The high-speed variations of the modulated sign
onitored with\the help of a high-speed photodetector followed by a radio-frequency
r detector [92]. Assuming linear modulation, the average RF power <Prg(f)> in the

i photo-eurrent varies with AV, as described by Formula (66).
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is the optical input amplitude to the MZM,

Pre(t) is the RF-power of the high-speed variations in the MZM output signal,
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P, t(t) describes the optical power variations in the MZM output signal, and

< .. > denotes time averaging over a large number of symbols.

The variations of <Prg(#)> with AV, are plotted in Figure 52, which shows that <Prg(¢)> is
minimal when V, = V', as desired. However, the average RF power is not an unambiguous
error signal, because it is also minimal when ¥} is equal to 0 or +2V7;. For this reason, it is
necessary to set ¥, to an initial value that is reasonably close to -V, or +V; before the control
loop is closed. This could be accomplished, for example, by temporarily setting V,,,4(¢) = 0 and
adjusting 7, based on variations in the average optical output power of the MZM. However,

d be

once
noted
band
moni
cohe

8.3
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As in

whose outputs are combined in phase quadrature, i.e. with a relative optical phase shift o

as s
combi
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that it is usually sufficient to analyse the RF-power in a small fraction of the

or detector does not require the same bandwidth as the high-speed photo detectors
rent optical receiver at the other end of the communication link [92].

Dual Mach-Zehnder modulators

Quadrature-amplitude modulation

hown in Figure 53. Neglecting optical losses in the “Nnterferometer waveguides
ined output amplitude of these two MZMs is given by &ormula (67).

Aoy (1) = % [41(1)+j4a(r)] = %{3‘” {V]V—S)ﬂ Flein {Vi—?gﬂ

total

width of the high-speed modulation (e.g. up to 1 GHz), which means that the high-slpeed

n the

dicated in 8.2.1, complex modulated signals are typically generated by two parallel MZMs

90°,
the

(67)

dual MZM configuration facilitates the generation of “square” M-QAM signals with M2

ellation points, such as the @PSK, 16QAM, and 64QAM signals, as shown in Figy

e 50, can form a(16QAM signal.

re 4.

e signals can be generated\by driving each modulator with an M-ary ASK signal, thiat is,
with @ binary, quaternary or o¢tenary ASK signal, respectively. For example, two independ
lated binary ASK signals; generated as shown in Figure 49, can form a QPSK signal fvhen
ined in quadrature,‘whereas two quaternary ASK (QASK or 4ASK) signals, as shon in

ently
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Figure 53 — Dual MZM with adaptive I-Q‘phase control

The modulation amplitude of the two tributaries should-¥e equal in order to obtain a perfectly
squafe QAM signal. In the case of linear modulation) differences in the amplitudes of th¢ two
signgls, which could be introduced by unequal splitting ratios or differential losses, cgn be
comyensated for by adjusting the magnitude of the voltage swing of either V(1) or V(7).

Modylation formats with circular constellation'diagrams, like M-ary PSK, can also be genefated
with this dual MZM configuration. However, such operation requires proper pre-distortion ¢f the
two grive signals ¥|(¢) and V(#), which.can be readily seen by expressing Formula (67) in jpolar

coordinates, as shown in Formula (68).

Aot (6) I:If 2 Bt +vg () exp{j arctan {I;Cl)((tt))] } (68)

Hende, M-ary PSK can be generated by keeping the root-mean-square (RMS) amplitude ¢f the
two dr|ve voltages constant and by varying onIy the ratio of the two voltages Such pre-distgrtion

transmltted optlcal S|gnal

8.3.2 Compensation of finite extinction ratio

As discussed in 8.2.2, MZMs usually exhibit a finite extinction ratio (ER). When two parallel
MZMs are operated as described in 8.3.1 and in the linear regime, each of the two MZMs can
cross-compensate the undesired unmodulated carrier component resulting from the other’s
finite modulator extinction ratio. This compensation is accomplished in such a way that an offset
in the bias voltage of the O-modulator reduces the undesired carrier signal from the I-modulator
and, likewise, an offset in the bias voltage in the I-modulator reduces the undesired carrier
signal from the O-modulator. Letting V¢ | @and Vgs  denote the additional bias offsets in the

I- and O-modulators, respectively, the undesired carrier signals are compensated when the two
offsets are set to the values given in Formula (69).
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. _ 25in(5Q) 21

offs 1™ 1T1-rcos(5|)~ M/ RextQ
(69)

2sin(3)) o),

V ~

offs@ =~ i cos(éQ) T Rext |

where

oyand 6o characterise the finite extinction ratios of the individual /- and Q-modulatars

With [the offsets of Formula (69) applied, the output amplitude of the /Q-modulatériis desdribed
by Fermula (70).

Aoyt (1) = % cos <5|)Vl—(t)g+j cos(éQ) V(;(t)ng sin (5|) eq(t)—i sin(&Q) €| (t)] (70)

VTT T

wherp the variables ¢, and ¢ g are defined as shown in Formula (71).

V. 2 V. 2

T T

2(t) —%_MET . 1{M£}2

(71)

- 2 2
Va()+Vsgsa | [1]Va()+Votsq
Ve 2

The {irst two terms on the.right side of Formula (70) describe the desired signal components,
whergas the last two terms are residual signal perturbations, whose magnitudes are both nuch
smaller than 1. Hehce, the undesired carrier components in Formula (70) are substantially
smaller than those\in Formula (62). It should be noted that the additional bias offsets V|, and

Votfs b €an be-generated automatically by an adaptive bias control loop, as described in §.3.1,

provided that'the feedback signal for bias control is obtained from the combined output gf the
two MZMs,yas shown in Figure 53.

The parent (or outer) Mach-Zehnder interferometer, into which the two MZMs are imbedded,
can also be imbalanced and, hence, exhibit finite extinction ratio. However, since the /- and
0O-signals are shifted in phase by 90°, this interferometer imbalance will only lead to an
imbalance of the amplitudes of the /- and Q-signals, but not to undesired signal components.
The extinction ratio of the parent interferometer is typically better than 20 dB, just like that of
the individual MZMs, so that the amplitude imbalance is at most 10 %. In the case of linear
modulation, the imbalance can also be compensated for by an adjustment of the voltage swings
of V(1) or V().

8.3.3 Adaptive control of I-Q phase

The 90° optical phase shift between the output signals of the /- and Q-modulators is usually
introduced by a variable optical phase shifter, instead of a fixed optical element as in the
coherent receiver. The reason for using a variable optical phase shifter is that the high-speed
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modulation of the MZMs often generates heat, which could alter the phase relationship between
the 7- and O-modulated signals. Hence, the optical phase between these two signals, which is
often referred to as the /I-Q phase, needs to be adjusted adaptively. This is usually accomplished
by using a blind search algorithm. There are two different methods to obtain a suitable feedback

signa

| for automatic 7-Q phase adjustment [92], [93].

In the first method, the I-Q phase is dithered slightly about its current value, at a frequency
somewhere in the range between 10 Hz and 10 kHz, which leads to small variations of the
average RF power <Prg(#)> in the combined outputs of the two MZMs [92], [94]. It turns out that

the average RF power is minimal when the /-0 phase is equal to 90°. Thus, when the I-Q phase
is detuned from 90°, for example by an offset Ap, <Pgg(#)> increases proportionally with

sin2(Ag), as described by Formula (72) and also plotted in Figure 54.

Form
statig
symb
two |
powe

appli

(Pes () oc|Am|“<sin2{V'V_f)g} ><sm2 e > sin? (ap)
[a]* <Sm4 _VI_(f)E} >—<sin2{V|—(t)E} >2

2 A V2
Aol 1] Ve () ]\
| 4| < 3_5}>< H_ED

ula (72) is derived with the assumption_that the /- and O-signals are modulated
tically independent data, which is usually’the case when considering a large numb
ols. The RF power increases with the magnitude of Ap, because the output signals ¢

S

cable to all operating modes of the MZMs, as long as the modulating signals 7|(¢) and

(72)

with
er of
f the

MZMs interfere coherently when Ap~ 90° and, hence, introduce additional high-speed
r variations in the combined sighal. This RF-power-based control method is genegrally

Va(t)

are Sratistically independent. It should be noted that <Prg(f)> is also minimal when Ag = 1-90°,
i

ed in

in whiich case 4,(¢) = 4,(1) <7 4q(¢), so that the phase of 44(¢) is inverted. This polarity invzrsion
cannpt be avoided and, henhce, needs to be corrected in the coherent receiver, as discus
8.2.3
5
S 4
S
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g |
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[a'd 24
(0]
&
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Figure 54 — RF output power of I-Q modulator versus I-Q phase

The second method for adaptive I-Q phase control is based on a secondary effect resulting
from the bias dither in the two /-Q modulators [93], [95]. Therefore, this method does not require
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dithering of the I-Q phase. However, it requires that the voltage swing of V,,,,4(?) is significantly
lower than 2V, for example less than 1,6V, [93]. Hence, this method is particularly well suited

for modulation in the linear regime, which is often used to generate vector-modulated signals
of higher cardinality. In the following, it is assumed that the bias dither in the /- and Q-modulator
has the sinusoidal form described by Formula (73).

Voias 1(£) = Vo1 + AV sin() 1)

_ (73)
Voias @ (1) = Voq + AVq sin(wq 1)

wherg

Voias|i @nd Vpias @  are the dithered bias voltages with offsets V', and Vyq,
AV, and AVq denote the dither excursions in the /- and 9-modulaters, and

o) and oq are the corresponding angular dither frequencies.

When the two MZMs are operated at their optimal bias points and.at'an /-0 phase of either[+90°
or —90°, the average optical output power of the I-Q modulator varies periodically at twick the
dithe[ frequencies w| and wq, as discussed in 8.2.3. However,"when the /-0 phase is defuned

from |+90° or —90°, then there are also optical power vdriations at the sum and diffefence
frequencies o) + wq and | — wq of the bias dither, as described by Formula (74).

(ran =21 {M“T : {VQ—(’)ET {%grsmzwp

Ve 2 Ve 2 a
(74)

2 2
{&E} sinz(th)—Z sin(4g) %WT sin(w|t) sin(coQt)}
VTT

The gum and difference frequencies are contained in the right-most term of Formula (74), which
can hje seen from Formmula (75).

[Cos(aqt—a)Qt)—COS(aqt+th)J (75)

N[ =

Sin(a)|t) sin(th):

The right-most term of Formula (74) disappears when the /-Q phase is £90° but increases with
increasing offset Ap from 90°. Therefore, an unambiguous error signal for adaptive phase
control can be obtained by phase sensitive detection of the optical power variations at angular
frequencies w| + wq and o, — wq, which can be accomplished by multiplying the average optical

output power at the monitor detector <P, (¢)> with Formula (75) and integrating the result over
many dither periods, as described by Formula (76).

Poyr = J<Pout(t)> sin(w, ) Sin(a)Qt) dt (76)
0
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where
Pgyy denotes the error signal, and
T is the integration time with 7' >>21/w;and 7 >>21/wq .

Figure 55 displays the dependence of P, on the I-Q phase. Since the variations in <P, (?)>
scale with the square of the bias dither excursion AV, and AVq, the error signal Py from
Formula (76) tends to be fairly small. Hence, when the feedback signal <P (¢)> is fairly noisy,
long integration times T should be used to obtain a robust error signal (e.g. 7 >200T1/w, or
7>2001/mg )

3 | e
s 7 ' ;
T : E
- E— A — LI
@ i ' 1
S : i i
v \i’/ : :

1] ; 5 :

-45° 0° 45° 90° 135° 180° 225°
I-Q phase

IEC
Figure 55 — Error signal for I-Q phase control derived from MZM bias dither

Instepd of using two different dither fréquencies for the two MZMs, it is also possible to dither
the bjias voltages of the two MZMs, at the same angular frequency o but in phase quadrature,
so thpt Formula (73) becomes Faormula (77) [95], [96].

Voias 1(£) = Vo1 + AV; sin(o1)

(77)
Voias q (1) = Voq +AVq cos(wt)

In this case,.the error signal can be obtained by detecting the power variations occurripg at
frequency 2w and being phase synchronous with sin(2w?).

It should be noted that an undesired offset in P, can occur when one or both of the MZMs
exhibit relatively low ER and when the phase dither is introduced in only one of the two arms of
the MZMs, as shown in the example of Figure 56, which displays P, as a function of Ag. If not

corrected, this offset can lead to a significant phase error when the I-Q phase is automatically
adjusted as described above. This phase error is clearly visible in Figure 56, where the I-Q
phase at P, = 0 deviates substantially from the desired +90°.
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Error signal (a.u.)
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IEC
Figure 56 — I-Q phase error resulting from offset in feedback signal

Howgver, the fact that the above-described second method does not require dithering of the I-
0 ph@se means that the signal distortions caused by bias dithering are censiderably lower than
in the first method [95]. In the case of linear modulation, one can easily(calculate the impact of
bias and phase dithering in the output amplitude of the /-Q modulatoriawhich is given by Fofmula
(78).

Ain

Aoyt (£) = —Vl [Mi(0)+iVa (1) + AVisin(w) ) + jaVg sin(eq 1) - Vo (1) Ap sin(ig ) | | (78)

wherp
Ao denotes the magnitude of the phase dither, and
)q denotes the angular frequency of the /-0 phase dither.

In the¢ case of the second I-Q phase adjustment method, the right-most term in Formulg (78)
vanighes, because A = 0.

8.4 | Quadruple modulators for polarization-multiplexed signals

Polatization-multiplexéd (or dual-polarization) signals are typically generated by two pairg of I-
0 mqdulators, one'of which generates a modulated signal in the X polarization state and the
othen a differeftly modulated signal in the Y polarization state. This arrangement thus crg¢ates
two ¢omplex=modulated amplitudes A4x(¢) and Ay(¢), which are transmitted in two orthogonal

polarjzation‘states.

However, most modulators are polarization-dependent, in the sense that their modulation is
most efficient in one particular polarization state. For this reason, the two signals are usually
created by splitting the output of the (single-polarized) transmitter laser between two identical
1I-0 modulators, which are integrated on the same chip, as shown in Figure 57, so that the
modulated signals 4x(7) and 4y(z) initially have the same polarization state, which is typically a
linear state, either parallel with or orthogonal to the surface of the modulator substrate. The
polarization state of one of the signals, for example 4y(¢), is then rotated by 90°, with the help
of a static polarization rotator (PR), and subsequently combined with the orthogonally polarized
signal 4Ayx(¢) in a polarization beam combiner (PBC), as shown in Figure 57. The PR and PBC
are sometimes integrated with the modulators on the same substrate or, alternatively, added
as separate components at the modulator output, using either integrated-optic waveguides or
discrete micro-optic components.
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Figure 57 — Dual I-Q modulators for polarization multiplexing

ansmitted in mutually orthogonal polarization states. Both signals should have the

ge optical power at the output of the modulator. This is gspecially important for opt
fied communication systems, in which optical noise iscadded to the signals. If one ¢
brthogonally polarized signals is weaker than the other one, then the weaker s

voltages to be adjusted:
b x1 @and 7y, xq for the setting the biases.in the two MZMs generating 4y(¢);
b vi and ¥y, yq for the setting the biases in the other two MZMs generating 4y (¢); and

b X and Vo v for adjusting the X0 phases in 4y(7) and 4y(z).

onent arrives at the receiver with a lower OSNR than the stronger signal component.

vhich
Eame
cally
f the
ignal

quadruple MZM structure shown in Figure 58(a) and Figure 58(b) requires a total ¢f six
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(b) With two internal monitor detectors

Figure 58 — Adaptive bias and phase control in dual-polarization I-Q modulator

These voltages can be adaptively adjusted in a similar fashion as discussed in 8.3.3 for the
dual-modulator arrangement of Figure 53. Often the six voltages are adjusted in a
time-sequential fashion, where

1) Vp x) is dithered for a certain time period and subsequently re-adjusted; then
2) Vy xq is dithered for a certain time period and subsequently re-adjusted; then

3) Vy x is dithered (or alternatively ¥}, x; and V}, xq are dithered simultaneously) for a certain
time period and Ve x is subsequently re-adjusted; then

4) Vv, is dithered for a certain time period and subsequently re-adjusted; then
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5) ¥y yq is dithered for a certain time period and subsequently re-adjusted; and finally

6) V, v is dithered (or alternatively ¥}, vy and ¥}, yq are dithered simultaneously) for a certain
time period and Vov is subsequently re-adjusted.

This sequence is then repeated again and again for as long as the modulator is in service, so
that these quasi-continuous adjustments track small changes or drifts that can occur in the bias
voltages. The speed of these drifts depends on the particular implementation of the modulators
but in general is of the order of seconds and, hence, fairly slow.

It is also possible to dither all six voltages simultaneously (or when using method two for phase

adjugtment, ather ony 7y , 7, xa: 7b v and 7, yq Simultaneousty)y and adjust the s1x voI]ages
contipuously and in parallel. This continuous dither and adjustment has the advantagé)that the

integration times used to calculate the various error signals are maximal, so that the'sensjtivity
of egch control loop is maximal, too. However, if all or some of the voltages;-are dithered
simultaneously, one should use sufficiently different dither frequencies for the various| bias
voltages, so that the effect of a given bias dither in the feedback signal canibe unambigupusly
identjfied. This is particularly important when only a single monitor detecton at the output ¢f the
modylator structure is used, as shown in Figure 58(a).

When two independent monitor detectors are used for the X- and_Y-polarized signals, as shown
in Fi$ure 58(b), the same set of dither frequencies for the X- and Y-related bias voltage$ can
be uded. Such internal monitor photodetectors are not uncommon, but they sometimes measure
the optical power in a complementary output port of the beam combiner at the output of an /-0
moddylator, as indicated in Figure 58(b). These signals ¢an be used for feedback control ¢f the
bias [voltages if they represent an accurate complement of the output signal of thg¢ /-0
moddylator. Any significant deviation from this condition could impair the quality of the |error
signgdls used for adaptive bias control.

9 Digital signal processing in transmitters for vector-modulated signals

9.1 Pre-distortion of optical signals
9.1.1 General

In coherent optical communication systems, the drive voltages for the modulator(s) are ugually
genefated by high-speedidigital-to-analogue converters (DACs), which are integrated with the
DSP|used for de-convelution of the coherently received signals, as shown schematically in
Figure 46. Hence, digital signal processing can be applied to the digital input signals of {hese
DACSs, similar to_the.digital signal processing applied to the received signals discussed in 7.2.
In pa]rticular, digital signals processing can be used to pre-distort the drive voltages in slich a
way fthat they equalize the frequency response of the optical front end of the transmitter, which
inclugles _thes DACs, the modulator driver amplifier, the optical modulator, and| the
inter¢onnecting strip lines [89]. The most important transmitter impairments to be pre-distprted
are

e magnitude and phase of the transmitter frequency response;
e skew between the XI, X0, YI, and YQ lanes (i.e. I-Q skews and X-Y skew);
e amplitude imbalance between the X7, XQ, YI, and YQ lanes;

e nonlinear response of the modulator.

Moreover, digital signal processing is a very effective method to shape the spectrum of the
transmitted signal, for example to minimize the bandwidth of the transmitted signal via Nyquist
filtering with root-raised-cosine (RRC) spectral shape, as shown in Figure 24.

The various types of signal processing listed above can be performed separately in each of the
transmitted lanes. However, when /-0 modulators are employed, it is also possible to pre-
compensate chromatic dispersion in the fibre optic transmission link, similar to the CD post-
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compensation in the receiver discussed in 6.3.3, or to add a frequency shift to the transmitted
signal, similar to the frequency offset removal in the coherent receiver discussed in 6.3.2 [6].

Digital pre-distortion of the signals to be transmitted should be applied in the reverse order of
how the impairments are introduced in the transmitter, because some of these operations do
not commute (e.g. spectral shaping and nonlinearity compensation).

For the same reason, the digital information signal has to be mapped into the constellation
points of the transmitted modulation format prior to applying pre-distortion, as shown
schematically in Figure 59.

| Frequency offset / modulation

) t t )

CD pre-compensation

i A ) )

| Spectral shaping

) ) A )

‘ Symbol mapper

X1 X0 YI YO
DAC |« DAC |« DAC |« DAC RAM
/I N
| Ampl | I Ampl ‘ ‘ Ampl | ‘ Ampl ‘ Digital
f signal
| Sk;w | | Skew | ‘ Skew l | Skew ‘ :)I;ggssor
ENERERES
)
| un || un H n | [ o |
) ] ] ]

IEC

Key
Ampl | Amplitude adjustment and DC offset removal
DAC | Digital-to-analogue converter
EQL | Equalizes filter for compensation of transmitter frequency response
Lin Lihearizer for compensation of nonlinear modulator response
RAM Rendemaccessdatamemory
X1 In-phase component of X-polarized signal
X0 Quadrature component of X-polarized signal
YI In-phase component of Y-polarized signal
YO Quadrature component of Y-polarized signal
Figure 59 — Typical digital signal processing steps in the transmitter
9.1.2 Pre-compensation of linear transmitter impairments

The frequency response of the optical front end of the transmitter can be pre-compensated with
the help of fractionally-spaced equalizers (FSEs) as discussed in 6.3.5. Likewise, I-Q skew and
X-Y skew can be compensated in the same FSEs or, alternatively, in separate shorter FSEs, as
discussed in 6.3.4. The number of taps employed in these FSEs usually is larger than 9. The
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more complex the frequency variations are, the more taps are needed. However, the more taps
are used, the higher the power consumption of these filters is.

Moreover, spectral shaping of the transmitted signal can be performed by a sufficiently long
FSE, as discussed in 6.3.5 [12]. The number of taps required for spectral shaping can range
from 19 (for RRC shaping with a roll-off factor of 0,4) to more than 33 (for RRC shaping with a
roll-off factor of 0,1; see Figure 24).

If there is no compensation of nonlinear modulator response (see 9.1.5), then spectral shaping,
frequency response equalization, and skew compensation could be combined in just one single
FSE, which can lead to a large number of taps to be employed in the FSE. When the number
of taps exceeds a certain value, it becomes computationally more efficient to perferm the
specftral shaping and frequency equalization in the frequency domain, as described in 6.3 3.

If noplinear modulator response is compensated, then spectral shaping has to b€)done bgfore
the nonlinearity compensation, and the frequency roll-off compensation has,to ‘be performed
after jnonlinearity compensation, as shown in Figure 59.

9.1.3 Determination of transmitter frequency response

Obvigpusly, the frequency response in the transmitter front end has to be known before it can be
propeérly compensated. It turns out that a DSP can facilitate mgasurements of frequency rgll-off
and skew. A popular method is to utilize random-access memory (RAM) inside the D$P to
transmit predetermined test patterns (so-called test vectors) through the optical front end. RAMs
are often attached to the high-speed DACs, as shown in’Figure 59, and thus allow the ins¢rtion
of digital test vectors directly into the DACs. The testyvectors are composed of a large number
of samples (typically more than 4 000), which can.be‘repeated continuously for the duration of
the tests. The samples do not need to represent:modulated symbols and, for example, cqn be
arbitjary sequences of random noise.

It is thus possible to transmit a test vector, whose digital spectrum is completely flaf (i.e.
“whitg”), as shown in the example of\Figure 60. When this white signal is sent through the
transmitter front end, it will be reshaped according to the frequency response of the entire|front
end [including DAC and optical modulator). The magnitude of the transmitter freqyency
respgnse can then be directly.s€en in the optical output spectrum of the modulator (meagured
for example with a high-resalution OSA), as shown in the example of Figure 61.
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NOTE The main graph displays the spectrum of the test signal, whereas the smaller graph, which is inserted in the
centre of the main graph, displays the first 100 samples of the test signal.

Figure 60 — Spectrum and samples of a white test vector
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It is often possible to transmit such a test vector in only one of the four lanes and leave the
other three lanes unmodulated. If white test vectors are to be transmitted simultaneously in all
four lanes, the samples in the vectors should be statistically independent, so as not to interfere
with the /-Q phase control (see 8.3.3). In Figure 61, only one test vector was transmitted in the
XI lane. The slight asymmetry in this spectrum can be attributed to electrical crosstalk between
the /- and Q-signals.

The frequency response of Figure 61 cantbe used to calculate the tap coefficients for the
compensation filter in the DSP. However) it is often also important to pre-compensate fg
frequency-dependent phase delays.-in“the optical front end. These phase delays cann
easily measured with an OSA, because such an instrument typically is designed to measur
magritude of the various frequency components but not their relative phases.

for

transmission of a knewn test vector, as described above, and recording of the received {
in the calibrated receiver.

NOTE| The DSPSs,'used in coherent optical communication systems often have random access memory
connefted to.the~high-speed ADCs at the receiver side, as shown in Figure 43, which can be used to recd
received ADC,samples.

If thelreceived signal is recorded over the same time period as the length of the test-vecto
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Figure 61 — Magnitude of transmitter frequency response

g¢xample with anSeptical modulation analyser (OMA). This measurement re

pre-
r the
bt be
e the

However, the relative phasé.delays can be measured with the help of a well-calibrated rec;iver,

uires
ignal

RAM)
rd the

and

sampled at the same rate, then the transfer function of the transmitter can be determined with
the following procedure.

1)
2)
3)
4)

5)

Calculate the complex spectrum of the transmitted signal via Fourier transformation.
Calculate the complex spectrum of the received signal via Fourier transformation.

Correct the received spectrum with the known transfer function of the receiver (if needed).

Calculate the spectral transfer function of the transmitter from the ratio of the corrected
received spectrum and the transmitted spectrum (received spectrum divided by transmitted

spectrum).

Remove any time delay between the transmitted and received signals from the spectrum.

The frequency dependence of the phase delays in the transmitted signal can then be directly
calculated from the complex elements of the above-described transfer function. An example of
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