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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 10: Characterization of the quality of optical vector-modulated

signals with the error vector magnitude

EQREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization.cem
national electrotechnical committees (IEC National Committees). The object of IEC js\"to pr
rnational co-operation on all questions concerning standardization in the electrical and electronic fiel
end and in addition to other activities, IEC publishes International Standards, Technical’Specific

Publication(s)”). Their preparation is entrusted to technical committees; any IEC National.Committee inte
in [the subject dealt with may participate in this preparatory work. International,! governmental and
gopernmental organizations liaising with the IEC also participate in this preparation\IEC collaborates d
with the International Organization for Standardization (ISO) in accordance .with’) conditions determin
agfeement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
copsensus of opinion on the relevant subjects since each technical £ommittee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made to ensure that the technical content
Puplications is accurate, IEC cannot be held responsible forythe way in which they are used or f
mipinterpretation by any end user.

In lorder to promote international uniformity, IEC National? Committees undertake to apply IEC Publig
transparently to the maximum extent possible in théir“national and regional publications. Any diveq
befween any IEC Publication and the corresponding fiational or regional publication shall be clearly indic3
th¢ latter.

IEC itself does not provide any attestation of-conformity. Independent certification bodies provide conf
aspessment services and, in some areas, aegcess to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

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

Nq liability shall attach to IEC or.ifs,directors, employees, servants or agents including individual exper
megmbers of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othg
Publications.

Atlention is drawn tg the” Normative references cited in this publication. Use of the referenced publicati
indispensable for the correct application of this publication.

Atfention is drawn to the possibility that some of the elements of this IEC Publication may be the sub
pa]:nt rights” 1EC shall not be held responsible for identifying any or all such patent rights.
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IEC 61282-10, which is a technical report, has been prepared by subcommittee 86C: Fibre
optic systems and active devices, of IEC technical committee 86: Fibre optics.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
86C/1071/DTR 86C/1087/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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A list of all parts in the IEC 61282 series, published under the general title Fibre optic system
communication system design guides, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
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0 Introduction

0.1 Introduction to vector modulated signals

Vector or complex modulation is well known since the 1980s in mobile communication and in
CATYV transmission. In fibre optic telecommunication, coherent transmission was considered
during the late 1980s to improve sensitivity and therefore the reach of an optic transmission
line. With the introduction of EDFA optical amplification, the need for coherent transmission
was then considered less urgent. Recently the foreseeable shortage of transmission capacity
and the economic need to optimize transmission capacity without deploying new fibres lead
baCk tU t;lc °>odIlT dppludb;l tdlr\cll fUI VViICiCbb bUIIIIIIuIIibdtiUII ill t;IU Cdliy 19905, CApMNd Id|ng
transmission capacity over a limited number of channels by working with digital ,complex
modulation or vector modulation [1 — 3]1.

The main difference to on-off keying is that vector modulation, as indicated by the nane, is
chargcterized by an additional dimension in modulation space:

Modulation: on-off vector
Amplitude X X
Phase - X

0.2 | Digital coding with vector modulation
0.2.1 General

The pdditional phase dimension offers new passibilities for coding a binary signal and in
parti¢ular for coding more than 1 bit to each digital symbol. That is, a symbol can be assigned
to mgre than the two states 0 and 1. Consideér the following bit stream

001011100101001011110010
! A A A ’.rll‘l-'lrll'lll'.lil

A B D B C C A B D D A B

This [can, for example, be coded to a symbol alphabet consisting of four elements {A,B,[C,D},
as shown. As two bits are combined to a new symbol, only half as many symbols need fo be
transmitted, reducing the transmission clock by a factor of two. This new reduced clock rate is
calledd symbol rate. €onsequently, the symbol rate is half the transmission rate for this cage.

In practice, of €ourse, it is not possible to transmit letters, but instead a coding scheme|onto
the tjansmitted electromagnetic wave can be selected, such as this:

00 — a xsin(w x ¢ + 45°)
10 - a xsin(wxt +135°)
11— axsin(w xt + 225°)
01— axsin(wxt+315°)

(1)

This example uses a pure phase modulation called quadrature phase-shift keying, QPSK,
using four vectors defined by the amplitude of the signal and the four relative phases. If in
addition the amplitude is also modulated, it is possible to code more bits to one alphabet of
vectors. This is especially the case for higher level QAM signals.

1 Numbers in square brackets refer to the bibliography.
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To create these kinds of modulation formats, typically two modulators are needed. These two
modulators typically operate respectively in-phase and quadrature, denoted | and Q. This is
why this kind of modulator is described as an IQ modulator. The vector signal is described by
the two parameters:

where for the examp

I =axcos{g)

O = axsin{g)

(2)

le of QPSK, a signal corresponds to & values of 45°, 135°, 225° or 315°

and f;

A co
the ¢

0.2.2

The

point
valusg
recei
displ

0.2.3
The

ara-alibd H anata

LA~ CAIIIVIILUUU “To UUTToldrit.

bnstellation diagram is shown for the above-described coding scheme.
Constellation diagram

This is the point in time when the signal must have the correct phase and amp

ver decides whether the signal is 1 or 0. At each coding (location, a cluster of poi
hyed, corresponding to a point for each detected symbolin,a data pattern.

O (quadrature)

10 m 'm 00

I (in-phase)

11 m M 01

IEC 2441/12

Figure 1 — Constellation diagram for QPSK coding

10 diagram

vectd

itude
for error-free transmission. This corresponds to the point in‘on=off modulation wherl:e the

mmon way to display this kind of signal uses 1Q or constellation diagrams. i Figdre 1,

constellation diagram indicates the amplitude and phase of theisignal at the degision

ts is

[O/diagram displays the complete phase and amplitude transitions between transnpitted
rswas the signal is sampled. It reflects directly the combined 7 and Q components If the

signal at any sample time of the data acquisition. The traces on the diagram show the path of
the signal vector over the data pattern.
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0.3

The phase modulation of a signal is demodulated by optical mixing, as described below

mixin
signs

prodlice demodulated signals for two orthogonal polarization axes. With this doubling @

demgd
ortho
rate
indeq
used

0.4

Each
numfk
the r
diagn

IEC 2442/12

Figure 2 — 10 diagram for the same QPSK coding

Polarization multiplexing

g depends on the relative polarization of the two opticak.carriers. Since the incg

dulation information, it is then also possible to detect signals based on two carriers
gonal polarization, each carrying independeni~bit' streams, to double the transmi
for a given wavelength channel. For such- polarization multiplexed signals,
endent pairs of I and Q traces exist and two'separate constellation or /Q diagram

Error vector

transmitted symbol is described by a vector with amplitude and phase, which cog
er of bits. Deviations from idéal modulation and impairments during transmission i
pceived vector with noise and distortions resulting in a different vector location in t
am, compared to the reference vector for that symbol, as illustrated in Figure 3.

10 measured

Q error

Error vector

The
ming

| generally has an unknown and nonconstant polarization, demodulation then neefs to

f the
with
5sion
two
5 are

es a
pact

e I0

1Q reference

» 7

IQ phase error £ error
IEC 2443/12

Figure 3 — Relationship of error vector to reference vector and measured
signal vector in the constellation diagram
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 10: Characterization of the quality of optical vector-modulated
signals with the error vector magnitude

1 Scope

The purpose of this part of IEC 61282 is to define the error vector magnitude (EVM)|as a
metric for quantifying the quality of an optical vector-modulated (modulation of phasg and
possibly magnitude) signal from a transmitter or optical transmission link. The considergtions
required for reproducible measurement results are detailed. The relationships-with pther
related parameters from constellation diagram analysis like error vector,™phase eérror,
magnitude error, I-Q offset and time-resolved EVM are described, as wellcas/the relationship
between EVM and Q-factor.

2 Normative references

The following documents, in whole or in part, are normativelysxfreferenced in this documeng and
are indispensable for its application. For dated references;\only the edition cited applieq. For
undated references, the Ilatest edition of the referenced document (including| any
amerjdments) applies.

IEC 61280-2-8, Fibre optic communication subsystem test procedures — Digital systems —
Part P-8: Determination of low BER using Q-factor measurements

3 Terms and definitions

For the purposes of this document,‘the following terms and definitions apply.

3.1

erroi vector

diffejence between a measured /Q vector and the reference vector for the closest symbol D or
alterpatively for the correct symbol when a known symbol sequence is measured

Note 1 to entry: {fithe closest symbol and correct symbol differ at the decision point, then the signal is impaired
sufficipntly to produce a bit error.

3.2

erroil vector magnitude

EVM

length of a given error vector

Note 1 to entry: For a vector modulated signal that has been measured to give the time-dependent 7 and Q traces

with sampling interval, T, as outlined in Clause 5, the EVM of a particular measurement sample with index £ is
given by

where

EVM(KT, ) = \/ 1o (T, + Qerr (kT,

]err (kTS ) - a[meas (kTS )_ ]rrg?
- _o"K)
Q. wr)=aQ  «)-0g

3)
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and [ . and Q. correspond to the reference symbol r(k) for the sample &, that is r(k) is an index pointing to the
symbol with the reference vector for sample «.

In practical measurements the measured vector has arbitrary magnitude scaling within the receiver sensitivity, so
normalization with a factor a of the measured vectors is required to make the error vector independent of the
scaling, as described in 4.2.

3.3

RMS error vector magnitude

EVMrms

root-mean-square of the error vector magnitudes for the N symbol decision times of a burst of
N symbols, either determined from directly measured samples or interpolated from the
neighbouring samples

EVMys = %Zj’: EVMG)? (4)

Note 1 to entry: The r.m.s. EVM is usually expressed in per cent of the magnitude of the longest reference Yector.
In Eqyation (4), it is assumed that the reference vector and the measured vector are equally-scaled with the|factor
a, as ¢etailed below.

Note 2 to entry: The r.m.s. error vector magnitude of a burst of N measured symbols can be used as a fiqure of
merit for complex signals, specifying the quality of the signal in one number [4].

4 Error vector magnitude calculations and conditions

41 Reference vector assignment

The feference vectors are defined as a normalized set of vectors representing the |ideal
constellation points. Assigning the reference vector for a sample corresponds to deternfining
r(k) |n Equation (3). The reference vectors (are scaled so that the longest vector Has a
magnitude of 1. For QPSK or DQPSK the reference vectors are defined as follows:

r +1
Spor = [Tef |- 1/5 r=1..4 (5)
Oref * J2

In this case, the magnitude ©frall four symbols is 1. For higher level QAM signals, the values
need|to be calculated accordingly, such that the outermost symbol has a magnitude of 1.

4.2 Normalization ‘of the measured data

Typigally, the measured data have arbitrary scaling; depending on signal strength] link
attenuation and. receiver responsivity, so it is necessary to normalize the measured dgta to
the reference vectors.

The pormalization factor a is chosen to match the measured vectors to the reference by first
flndl 9 thc va:uc Uf [=} OUG:;IIU fG\JtUI ﬁ fUI thc ICfUIUIIUC VG\JtUIO that III;II;III;LC\. the
corresponding unnormalized EVM,,,s without changing the distribution of the measured vectors.
Then the inverse of B is used as a to scale the measured vectors to the normalized reference.
For this purpose, the unnormalized EVM;,s is expressed as

1 N : 2
U= \/Wznﬂ‘ﬁxs;g;) ~Seas (1)

(6)
_ 1meas(")
where Speqs ()= [Qmeas (n)j
The value of B that gives minimum U is determined by solving
U -0 (7)

B
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N (o2 )2
1 Zn:1(lre(fn) +Qre(fz) )

I i = — =
eading to o ( (1) r(n) )
Lot ' X Imeas (n)+ O rer ' X Omeas (n)

D

Note that the same scaling factor is used for both 7 and Q, so it does not compensate for
distortion of the constellation diagram. However, the factor is determined independently for
both polarization planes, if the signal is polarization multiplexed. With these values, the
normalized detected vector is calculated with the following equations. Here the scaling is
shown for each symbol with index n, but it can similarly be applied to all /Q sample pairs with
index &

_ Imeas x (n) _ Imeas,y (n) 9
Snormx n)= ax(Qmeas,x (")J Snomy ()= ay[Qmeas,y (”)} ®)

In tefms of this normalization, the r.m.s. error vector modulation for thetwo polarizatigns is
calculated by these equations.

é{]/I\OA?'ms,x = \/i ZN

N n=1

1 N
Wiy 13

4.3 | Conditions to be specified with EVM, ¢

2
S:e(’;,)x = Snormx (ni

(10)

2
0
s;e’fqy)y - snorm,y (ni

The ¢onditions to be specified are as follows:

easurement bandwidth;

3

n

gnal filtering (if used);
phase tracking bandwidth (if nontlinear tracking is applied).

5 Apparatus for measuring vector modulated signals

5.1 Coherent detector

A sdt-up to detect_and evaluate optical vector modulated signals can be meaningfully
descfibed in terms of two main functional parts, a coherent detector and the |[data
postprocessoras shown in Figure 4.

The ¢oherent detector converts the incoming optical vector modulated signal into an eledtrical

signgdl-which provides its in-phase and quadrature amplitude. Most commonly, the 7 and Q
signemﬁrwmm—mmmmmﬂ;ln' i ; 1 dy.

One of the following implementations is usually used: mixing the signal in an optical
interferometer with the carrier from a local oscillator or with a delayed fraction of itself.

N L
Coherent detector Ox -
Local oscillator I Data postprocessor
One-symbol-delay IF 0 -
y -

J -

IEC 2444/12

Figure 4 — Block diagram of the main functions for vector signal measurement
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5.2 Local oscillator

This implementation uses a coherent light source, i.e. laser, as a local oscillator that is set
close to the same frequency as the signal carrier. The frequency offset must be significantly
less than the detection bandwidth of the measurement system. Depending on the sampling
method, the laser generates either a continuous carrier or short pulses. In each case, the
output of the optical detector is digitized and processed to correct for impairments introduced
by the optical front end and digitizer.

5.2.1 Detection based on electrical real-time sampling

Figune-5—is—a—sehems j j ; j of—a—eoheren i local
oscill

Datd signal 4 (1)e’®*" Polarization-diverse baseband mixer

---------------------------------

Optical
90° hybrid i
—{Po}

i Digitizer Raw data Post{data
! 9 correction processing
Optical

90° hybrid i

LO PD | t

localbeam (Cw)e/*® & T AN

LO Ll )
{Pata signal
(]

IEC 2435/12

Figure 5 — Configuration based on coherent detection with a local oscillator

For gach polarizationccomponent, the observed data signal, 4 ()./*-*), and a continuous [local
bean), 4./, are mixed together in an optical 90° hybrid. Here the phases of the signal and
reference beamsare described by:

q)s(t):a)st+¢s(t)+¢s+¢s(t) (11)
and
D,.(1) = 0,1 + ¢, + §,(1) (12)
where
o, and o, are the angular frequencies;
(1) describes the phase modulation waveform;
é. describes the initial phase of the signal;

4, describes the initial phase of the reference;
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4 and 4() describe the random variables which show the respective phase noise.

The frequency of the local beam is located at or near the centre of the observed signal

bandwidth (homodyne or intradyne detection). The in-phase (/) and quadrature (Q) channels
of the optical hybrid are given by:

=Rt

(13)
and
0(1) = Imfup 4, 4, (1)e/ 12 )=, (14)
wherp a4 and a, are the detector gain of the respective detectors.
Thesg analog signals are sampled and converted to digital with the sampling period, Tg| The
sampled values are described by
IKT,) = Refand, dg (KT, )e 10T 6T 444 4 (k7 )cos{AakT, £4T,) + Mg+ 4, (kT,) - 6, GT,) | (15)
and
O(KT, ) = Imlag a4, A, (KT, Je 05T~ (TN 44 4 (RT, ) sin(AaKT, + ¢, (KT, ) + g+ (KT, )~ 4, (kT, )| (16)
wherg
Aw =, - o, describes the frequency offset;
. (KT, describes the phase medulation to be measured;
Ag=§. 4, describes the initial phase offset.
The frequency and phase offsets are removed from the 7 and Q data by the post-procegsing.
For sluch an offset removing process to work properly, the phase noise
¢s (nT:vymbol) - ¢r (nT:cymbol)a (17)
inclugled (inthe extracted packet must be sufficiently small. This requires NyTs mpo {0 be
smallef\than the laser coherence time. At the same time, for a high-order modulation format in
WhICI aTatrge1HtHmoe O COSTE :G““““:‘-“G A RS o€ afrge—enouomnm O mOSt

elements to appear in the extracted packet. Therefore, a signpal light source (laser) is required
with a linewidth that is sufficiently narrow for the employed modulation format. Accordingly, in
the phase modulation measurement system discussed here, the linewidth of the local
oscillator must be as narrow as that of the signal laser.

5.2.2 Detection based on optical equivalent-time sampling

Optical sampling is a technique that measures the time-dependence of optical waves using a
gate effect whose response is much faster than that of conventional electronic circuits. Here,
we focus on sampling the complex amplitude and exclude techniques that sample only the
intensity.

Figure 6 shows the configuration for linear optical sampling (LOS) [6 — 8]. The set-up is
similar to that for real-time sampling, but the local beam is a sampling pulse rather than a
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continuous beam. The interpulse coherence should correspond to a laser linewidth that is
compatible with the used sampling rate and phase tracking algorithms. We denote the
complex amplitude of the sampling pulse as

S(t -1 )el®r(t) (18)
where
1) is a function representing the pulse shape;
D(1) is the phase of the pulse;
T is the time of the centre of the pulse.
Datd signal 4s (e’ Polarization-diverse baseband mixer

Optical

90° hybrid

Raw data Postidata

Digitizey correction| |processing

Optical

90° hybrid

Shmplingpulse | LO

H A
1

Sampling trigger

Data signal 3 (g)

Sampling pulse
D(e)

| > @ IEC 2446/12

Figure 6 — Configuration for linear optical sampling

Since the electroniC circuit that includes the photodetector only responds to the incgming
frequency of the _sampling pulse train, the photocurrents observed in the I- and Q-chapnels
are integrals daring the response time, or the linear correlation of the data and local (pulse)
beams. Consequently, we obtain

z)= annlj' A {)Sle—z wilos-o,1)],,| (19)
and
o(r) = /m{azj Ay (1)8(t — ) 10510 t)]dt} (20)

If the sampling pulse can be approximated by the S-function, and the detectors’ sensitivities,
a4 and a, are balanced, we obtain

I(z)+ jO(t) = Ay(7)e®s(7), (21)
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i.e. the observed signal resembles the instantaneous complex amplitude of the data signal. By
scanning the timing of the sampling pulse, r, with respect to that of the observed data signal,
it is possible to reconstruct the entire waveform.

To obtain a meaningful interference signal, the spectrum of the sampling pulse must
encompass that of the measured signal. This is shown by using Parseval’s equation to
transform Equation (21) as:

1(2)+ O(z) = [ As(1)5(1-2)e/1Ps (1100

(22)
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and D(w) are the Fourier transforms of A (t)e/>® and s(t —7)e™ ™, respectively.

e spectral domain, we can see that the observed signal is proportional to the prodt
pectral amplitudes of the data signal and sampling pulse,”and disappears when
bp is small. Therefore, in typical LOS implementations,, the sampling laser must
le wavelength to obtain an efficient spectral overlapswith the signal. Alternativg
juration that uses short optical pulses for a nonlinear-optics gate before makin
g with a tunable CW LO has also been achieved [8]

nalyzing temporal waveforms can be achieyed, even to the sub-ps level. Hence, an
mentation can be designed to have a measurement bandwidth in excess of the s
width, yielding a distortion-free measurement suitable for e.g. EVM-related analys
onent testing. It should be noted that the equivalent time sampling technique i

e implemented as real-time sampling.

bightforward variation of the'procedure for real-time sampling also allows constructi
onstellation based on équivalent-time optical sampling [9]. Figure 7 compares the
sampling scheme to the equivalent-time sampling scheme. For simplicity here, in
5 the sampling issshown synchronized to the symbol rate, so the samples are a
e of the symbolsi. Llet 7,5 be the under-sampling period, which is set at MTg 0. M
er that shows_the ratio of the sampling rate to the symbol rate. As seen in Figure 7
alent-time-sampling scheme (b) needs M times the observation time to collect the

meansithat equivalent-time sampling requires M times the coherence of both the
| andthe local (sampling) beam. However, with proper choice of sampling rate i
shown that equivalent-time optical sampling schemes are compatible with typical
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Figure 7a — Real-time sampling e Acquired sample

lSampIing pulse

NMTsym bol
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Figure 7b — Equivalent-time sampling IEQYLW8/12

Figure 7 — Schematic comparison of real-time sampling and(equivalent-time
sampling to observe a repetitive signal pattern

5.2.3 One-symbol delayed interferometer
Diffefential phase modulation can be detected by using a ehe-symbol delayed interferometer,
withdut coherent detection [10,11]. A typical set-up is&shown in Figure 8. The data signal is

divided into two parts, one of which is delayed by.the length of one symbol before being
introduced into the optical hybrid. Let

oo (144, (1)) (23)

be thle phase-modulated signal, then the output of the /- and Q-channels of the optical hybrid
is given by

1+jQ: eJ'%CUTsymbol+¢s(thsymboI)7¢s(t>+¢n(t7Tsymbol)f¢(t)} (24)

Thesp signals are.Sampled and converted to digital traces. The differential phase is
reconstructed by

Admes = arCtan(%) =g (t - Tsymbol) — (1) + ¢Zx (t- Tsymbol) - ¢Zs () - a)sTsymboI (25)

where the last term is the offset to be removed by postprocessing. Equation (25) shows the
observed differential modulation, ¢g(1-Tg 0,)-9s(2), and the phase noise contribution,
#,(t— Toympo)) — 4,(1) » Which are the same as what is seen in receivers for differential phase

modulation formats.

For polarization multiplexed optical signals, the one-bit delay technique requires a polarization
tracking device which is set in front of the set-up to separate the X and Y polarization into
individual measurement set-ups.
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Data signal

5.2.4 Constellations of non-differential and differential phase modulation format
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Figure 8 — One-symbol delayed interferometer for detecting

iffar
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Huations (13) and (14). The comparable I-Q diagram for differential phase modul

which is observed in the one-symbol delayed receiver, is described by

whic

Figu
and

Ly (t ) =Re {alAs (t - Tsymbol )A: (f )e‘i 0. (~Toymbar )-8 (t)}}

Qur () = Im{azAs (t ~ Tyymbor )As* G )ej{ S Tomsa}-4:0) }

can be defined as the differential constellation‘map in DxPSK formats.

9 shows a simulation of a QPSK signalgmeasured with a local oscillator reference
ith the one-symbol delay interferometer*(right). The two /Q diagrams are fundame

s described in 5.2.1, the I-Q diagram of (absolute) phase modulation format’is descfibed

tion,

(26)

(27)

(left)
ntally

diffeent since the constellation diagram.(feft) directly represents the amplitude and phage of

the

diffen

addit
the t
phas
Ogiff

abso

ute phase with the measures based on differential phase is not straightfor

ptical signal, while the differential constellation diagram (right) displays the phase
ence of the optical signal when mixed with itself with a one-symbol relative delgy. In
on, the amplitude shown in the-differential constellation diagram represents the mixing of
vo copies of the signal. Soine statistical values, such as the EVM, magnitude error, and
e error, can also be defined for differential phase modulation formats, by using /4;#(4) and
¥) as in Equations (26) and (27). However, comparing the statistical measures based on

vard.

Figude 10 shows an_example of a QPSK signal which is distorted by 10° of IQ quadrature

error
cons
EVM
is mg

The distortion. affects the constellation diagram differently compared to the differ

In the differential phase modulation format, the quality of the signal or the bit erro
re concerned with the phase error, rather than EVM.

ential

ellation diagram, which clearly illustrates the difference expected in e.g. a calculated

rate
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diagram displaying the absolute phase and amplitude of the optical field (left)

the one symbol delay interferometer technique, the” “corresponding differ
ellation diagram displays the phase difference between two_¢onsecutive symbols.

o
Ao A\ Qi
o

O

igure 10 —Simulation of a (D)QPSK signal distorted with 10° IQ-quadrature errd

IEC 2451/12

that-the distortion affects the constellation diagram (left) differently than the differ

approaches difficult.

5.3
5.3.1

ellation diagram (right). This effect will make EVM comparisons between the

Figure 9 — Simulation of an ideal (D)QPSK signal, represented as a'constellation

bntial

ential
two

Digital postprocessing

Impairment compensation

The following parameters shall be corrected along the specified wavelength range of a
receiver to define the receiver as reference receiver:

o relative timing skew between the signal input S and the I, O,, 1y, Qy output;

e phase angle deviation from 90° between I, and Q, and between 1, and Oy

o offset and relative gain;

¢ alignment between incoming signal polarization and receiver axes.
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A recent overview of digital signal processing for receivers is given in [12].

5.3.2 Relative timing skew

Relative timing skew describes the difference in delay between the optical signal at the input §
of the receiver and the output of each digitizer channel with reference to one channel,

typically /.

Z.00
g

EVM vs IQ skew

6,00

5,00

4,00

EVM (%)

3,00

== 28 Gbaud

N

2,00 /./.,
1,00

10 skew / ps IEC 2452/12

Figure 11 - C

Skew introduces distortion in the ,constellation position of detected signals and ther

increpses EVM.

5.3.3] IQ phase angle distortion

For gdn ideal coherent detector the phase of the in-phase and the quadrature signal is e
90°. [Generally, however, this phase angle deviates somewhat from 90° and

alculated influence of impairment

is

waveflength dependent. Figure 12 illustrates this distortion type for a single wavelength.
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[
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B

Figure 12 — Error in I and Q determination from phase angle deviation
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The actual measured data are related to the original signal by the following equations, noting

that t

he angle ¢ might depend on the wavelength.

[ 1 0 1 [im
0] |-cot(g) 1/sin(g)] |Om

EVM vs IQ phase angle
4,00

(28)

Any deviation in the phase angle between 7 and Q from 90° leads to distortion of the signal.

5.3.4
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Figure 13 — Calculated-influence of impairment

Offset and relative gain_distortion

b opto-electrical path of the detector with numerous components, the signal will n
ssed with exactly the.same gain in each path. In addition, the electrical compo
borate electrical offset to the signal, which will be reflected in the digitized raw data
ence in the gain‘of these four paths must be corrected in the raw data together wit
s incorporated by the electrical components.

Her to coirect the data one needs to either measure the unwanted DC offset wi
endent*measurement or one could simply assume that the baseband signal doe
infany DC part and subtract the DC component found in the measured signal.

bt be
nents

The
h the

h an
5 not

In order to correct the gain mismatch between the channels one has again to measure the
gain in an independent (calibration) measurement. This gain correction assumes that the
variations in gain within the detection bandwidth can be neglected. If this is not true then a
de-embedding of the response function of the detector should be applied.
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EVM vs /Q imbalance
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Figure 14 — Calculated influence of impairment

10 imbalance describes gain ratio between the I and/Q paths of a coherent receiver|from
signgl input to digitizer.

5.3.5 Polarization alignment

In general, the polarization axes of the incoming signal will not be aligned with the cohgerent
detegtor, so that the signal from the data.streams is mixed between the x and y outputs.| This
is aldo the case for a signal that is not-multiplexed on both polarization axes. The signals|from
the fpur outputs must thus be transfoermed so that the I,, O,, 1y and Qy correspond tp the
original data from the transmitter. ‘This transformation should be performed without imprpving
or ir:r)pairing the signal quality~:f filtering in this step reduces the noise level, then an
appropriate correction should'be applied to the final EVM,,,s results.

5.3.6 Corrected results

After| applying the corrections described in 5.3.2 to 5.2.5, the signal is described with four
data ftraces I, (kB0 (kT), Iy(kTs), Qy(kTS) with & describing the index of the equidistanf time
sampgles with_an~identical time reference. These data traces represent the signal in the way it
wouldl have been detected by an ideal detector.

5.3.7 Phase tracking (intradyne detection)

5.3.7.1 Real-time sampling

The coherent detector data represent an optical baseband signal that is usually not
completely mixed to zero-frequency offset. This is because perfect wavelength locking
between the carrier laser and the local oscillator is not economically possible or necessary.
This causes a continuously rising phase (or rotation of the constellation diagram) of the
reference receiver output signal, representing the progression of phase difference between
the carrier laser and local oscillator laser. This linear phase slope is removed by the tracking
to fix the constellation points.

While additional nonlinear phase tracking can also be used to improve demodulation of a
signal, this can also remove phase noise and drift that are part of the signal and thus are not
recommended for characterizing the transmitted signal quality. If used, this should be noted
and described in the results. Such nonlinear tracking can also be used to remove the
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influence of phase noise in the local oscillator. When this is used, care must be taken to avoid
removal of the signal phase-noise influence on the EVM.

Synchronization with the symbol rate is accomplished by subsequent digital processing.
Consequently, we can detect the phase at the centre of each symbol

T,
Pmeas (" Tsymbol) = arCtan(M) = @ (nTsympol) — P (" Tsymbol) (29)
1(”Tsymbo|)
where T ..., is the symbol interval and » is an integer. Substituting Equations (11) and (12)
into Equation (29), we obtain
Pmes (”Tsymbol) =D (”Tsymbol)_ qDr(”Ts.ymboI) (30)

= ¢ (”Tsymbol )+ & (”Tsymbol) - ¢r("Tsymbol) +AwnTg + Ad,

wherp the first term g (n7ym0) ON the right hand side shows the phase modulation fo be

obsefved. The terms j (.1, nTeymbol) show the random fluctuation of the phase noige of

ymbol)_ﬂgr(
the Igsers. Awn7y,mpe @Nd Ag are the frequency and phase offsets, respectively.

5.3.7.2 Equivalent time sampling

The fliscussion on the phase tracking in optical sampling is similar to that for the real-time
sampling. The difference in the two schemes is that'the data is sampled only with a sampling
pulsqg interval, T, in the optical equivalent-time,sampling, whereas the real-time samnipling
rate should be two times the signal bandwidth (Nyquist criterion), which for the 28 GBd QPSK
exan|ple means using about 42 GS/s sampling if a 75 % bandwidth of 21 GHz is used.| This
elongation of the sampling interval requires more strict tolerance for the frequency o¢ffset
betwegen the measured signal and sampling pulse, and/or their higher coherence, of the
optical sampling. Since in the case ofiunder-sampling with high time resolution there can be
many samples during an individuak§ymbol, samples falling into a certain percent of the bit slot
corrgsponding to the decision time.can be used to compute the RMS EVM.

5.3.7.3 Delayed interferometer

WheT observing diffefential phase shift keying with the one-symbol delayed interferometer,
the drift of the signal frequency yield a static rotation of the constellation diagram, as in shown
in the term, WTsgmpte- in Equation (24). This drift can be removed by signal processing to [keep
the qonstellation-angle to be correct. This process almost covers the demodulation gf the
signdl.

5.3.8 Demodulation (optional)

5.3.8.1 Real-time sampling

In the demodulation of the signal, after subtracting the linear phase slope and assigning the
correct absolute phase, the amplitude and phase of the signal is sampled at the symbol clock
rate with the correct clock phase. This results in four vectors, 1,9, 0,9, 1.9, and 0,9, consisting
of the detected (d) amplitude and phase values of the symbols. These data are then scaled to
fit the normalized magnitudes of the reference constellation for the modulation format. In the
final step, evaluation of the shortest Euclidian distance to all possible positions in the
constellation diagram determines which symbol was sent. Based on the constellation map the
original data stream is recovered.


https://iecnorm.com/api/?name=be491c4fd1fd9de682f6e06f4cb390d0

TR 61282-10 © IEC:2013(E) - 23 -

5.3.8.2 Equivalent time sampling

The demodulation process of PSK and QAM signal in the optical sampling is similar to that in
the coherent detection, with the exception that the signal is not resampled at the centre of the
symbol slots. Instead, samples measured close to the centre of the symbol slots are used for

EVM,,s evaluation.

6 Additional measurement parameters to characterize special details of the
signal

6.1 Fme-resotvedEViM

Using the general definition of the EVM each measured sample of the signal under test'can be
assogiated with an EVM value. Furthermore, each measured sample can be time stamped and
giver] an accurate measurement time relative to the symbol slot. By combining the|time
information with the EVM information about each sample, we can define the time-resplved
EVM|as

EVM(i¢) = \/ 1., Gtf+ Qerr (1,0 (31)

wher

D

Ierr (i’t) - Imeas (i't)_ II‘Sf)
Qerr (i’ t) h Qmeas (i’ t) - ergf)

with | as the index of each measured and*analysed sample from the burst of N samples, r(i)
as thie corresponding reference symbol;“and t as the acquisition time relative to the symbol
slot [[13].

(32)

The definition of the reference\véctors is the same as stated in 4.1. The normalization gf the
meagqured data follows the ‘pfocedure outlined in 4.2 with the exception that only samples
originating close to the centre of the symbol, e.g. some per cent of the symbol slot, are {aken
into account when determining the normalization factor a. When a is determined, the sdaling
applies to all samples.in the measurement.

10,~diagram Time domain
EVAVNY 100

EVM (%)

IEC 2456/12

Figure 15 — IQ-diagram with indicated reference constellation and exemplary error
vectors (left) and time domain plot of the EVM values for each measured sample (right)
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The IQ-diagram in Figure 15 (left) shows all N samples in a burst with their associated
amplitude and phase. The four white crosses indicate the reference vectors representing the

ideal QPSK constellation normalized such that the EVM,,,,5 is minimized. Two exemplary error

vectors are indicated in red extending from the reference symbols to the associated measured
samples. For each sample, an EVM value can be calculated in relation to its reference symbol.
By implementing a time stamping mechanism in the test procedure, each sample can be
coupled to its measurement time relative to the symbol slot. Figure 15 (right) shows the EVM
value of each sample against their measurement time relative to the symbol slot. In the
transition regions, the EVM values increase as the samples moves away from the ideal
constellation.

Yy 9 q y
signgls will strongly affect the transition region of the signals and hence changg the
appeprance of the time-resolved EVM plot. Modulation distortions will show in\the time-
resolved EVM plot by both increasing the EVM in the symbol centres (higher EVM, ) ag well
as rgducing the opening in the time domain. The time-resolved EVM plot will*give addifional
information compared to EVM, . by better indicating margins to test failire and revdaling
reasgns for test failures. There is a clear parallel to conventional maskitesting, whefe an
intengity mask is defined for a specific modulation format, and areas of the eye-diagramf are
defined in which samples are forbidden to fall in order to pass the, compliance test. With a
similar approach, the time-resolved EVM plot is suitable for extension to time-resolved [EVM
masK testing. An exemplary mask is illustrated in the two plots,of Figure 16. Note thdt the
design of proper compliance test masks for different vector, modulated optical signals is
beyohd the scope of this technical report. The two plots illustrate the two alternative
refergencing approaches: reference to nearest constellation point (left) or reference t¢ the
known correct constellation point (right). An exemplary-mask is shown for illustrative purgoses.

EVM (%)

0 Symbol slot 1.0 Symbol slot 1

IEC 24%7/12

Figure 16 — Measured time-resolved EVM plots of a 28 GBd QPSK
sigmataffected by 8 ps SKew

Figure 17 shows two examples of measured time-resolved EVM of a 28 GBd QPSK signal
which is distorted by 8 ps skew between the 7 and QO data signals. On the left, each sample is
referenced to its nearest constellation point, and hence the EVM values are bounded by the
extent of the decision quadrants of the QPSK signal. On the right, a signal with known symbol
pattern was analysed and therefore the EVM can be related to the correct symbol for each
symbol slot. In this case, the EVM can exceed 100 %. For most scenarios, both
representations are accurate and will yield the same conclusions about the signal. For EVM
noise characteristics, it is preferable to refer each sample back to the true symbol to avoid
folding of the EVM values as the noise extends to neighbouring signal decision areas, e.g.
when a symbol error occurs.
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gure 17 — Noise-averaged IQ-diagrams and time-resolved EVM plots of a 28 GB
QPSK signal with 0 p skew (top) and 8 ps skew (bottom)

TheJ;me-resoIved EVM concept can also be-éxtended to include noise averaging of the

orm. For signals with repetitive symbol* pattern behaviour, it is possible to comput
vs. time relative to the symbol pattern: In this case, noise averaging or noise filterin

be applied to the EVM symbol pattern t6’remove the impact of nondeterministic effects o

signa
resol
Figun
plot

averd
may

modu
noiseg
using
with

6.2

I. The averaged time-resolvedEVM symbol pattern can then be folded to averaged
ved EVM eye-diagram where every symbol is represented in a single symbol
e 17 shows the noise-averaged 1Q-diagram (left) and noise-averaged time-resolved
right) of a 28 GBd QPSK with 0 ps skew (top) and 8 ps skew (bottom). The
ging will enable mare detailed analysis of the deterministic modulation impairments
bccur in a vector medulated optical signal transmitter. When compliance testing a v
lated optical signal transmitter, the deterministic effects are of higher interest tha
, and hence {esting in a noise-free environment would be attractive. Compliance teg

he advantage of enabling repeatable deterministic performance.
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masks colild be adapted also to the noise-averaged time-resolved EVM environment

The

symbols or implies steep transitions,

EVM reterence, as described so far, eilther does not define the ftransition bet

ween

implying unlimited bandwidth. Excessively steep

transitions however correspond to increased spectral width for the signals, defeating the
efficiency gains from vector modulation. In order to define the optimal transitions, a reference
filter (raised cosine, root-raised cosine, etc.) can be applied to the sequence of detected
symbols. An error vector for each consecutive measured sample with respect to the filtered
reference can be displayed either as a consecutive series of error vectors or in the same way
as time-resolved EVM. This compares the measured signal vectors against reference vectors
representing a chosen optimum transition rather than an unrealistically steep transition.

The following set of images shows the influence of comparing the EVM of measured data
against a reference signal with steep transition and raised-cosine filtered signal.
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IEC| 2459/12
HRigure 18 — Eye-diagram of reference with steep transitions; measured signal 7-¢

diagram with symbols at decision time; EVM at symbol decision time (red)
and EVM for all sample points (blue)

N

IEC| 2460/12

Figtire 19 — Eye-diagram of reference with raised-cosine filtering; measured signal(7-Q

diagram with symbols at decision time; EVM at symbol decision time (red)
and EVM for all sample points (blue)

As cgn easily be seen from thertwo /-Q diagrams, the position of the symbols in th¢ -0
diagram is identical for raised=¢osine filtering. This is not necessarily the case for all types of
filters. However, the EVM at'each sample point changes significantly between steep transition
and faised-cosine-filtered\references. Therefore, such a filtered reference can be usé¢d to
evaldate how well signal‘transitions follow the desired trajectory.

6.3 | Magnitude-error

From| the above-derived values in 4.2, the r.m.s. magnitude error expressed in % r.m{s. is
calculated with the following equation. The formula applies to x and y polarization planeg with
respg¢ctive data independently.

1 <N 2

EMimsx = \/N Zn:1 (‘snorm,x(nx - s:e(?,)x j (33)
1 <N 2

EIVlrms,y = \/N Zn:.] [‘snorm.y ("’1 - Srre(:‘l,)y )

6.4 Phase error

The r.m.s. phase error describes the r.m.s. deviation of phase around the ideal reference
vector. The formula applies separately to the x and y polarization planes with respective data.
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