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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 
 
 

FOREWORD 
1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

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

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

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

The main task of IEC technical committees is to prepare International Standards. However, a 
technical committee may propose the publication of a technical report when it has collected 
data of a different kind from that which is normally published as an International Standard, for 
example "state of the art". 

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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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 

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 
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data 
related to the specific publication. At this date, the publication will be  

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 

A bilingual version of this publication may be issued at a later date. 

 

IMPORTANT – The 'colour inside' logo on the cover page of this publication indicates 
that it contains colours which are considered to be useful for the correct 
understanding of its contents. Users should therefore print this document using a 
colour printer. 
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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 
CATV 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 to the same approach taken for wireless communication in the early 1990s, expanding 
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 name, is 
characterized 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 additional phase dimension offers new possibilities for coding a binary signal and in 
particular for coding more than 1 bit to each digital symbol. That is, a symbol can be assigned 
to more than the two states 0 and 1. Consider the following bit stream 

 

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 to be 
transmitted, reducing the transmission clock by a factor of two. This new reduced clock rate is 
called symbol rate. Consequently, the symbol rate is half the transmission rate for this case. 

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

 

)315sin(01
)225sin(11
)135sin(10

)45sin(00

°+××→
°+××→
°+××→
°+××→

ta
ta
ta
ta

ω
ω
ω
ω

 (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 I and Q. This is 
why this kind of modulator is described as an IQ modulator. The vector signal is described by 
the two parameters: 

   (2) 

where for the example of QPSK, a signal corresponds to ∅ values of 45°, 135°, 225° or 315°  
and the amplitude a is constant. 

A common way to display this kind of signal uses IQ or constellation diagrams. In Figure 1, 
the constellation diagram is shown for the above-described coding scheme. 

0.2.2 Constellation diagram 

The constellation diagram indicates the amplitude and phase of the signal at the decision 
point. This is the point in time when the signal must have the correct phase and amplitude 
value for error-free transmission. This corresponds to the point in on-off modulation where the 
receiver decides whether the signal is 1 or 0. At each coding location, a cluster of points is 
displayed, corresponding to a point for each detected symbol in a data pattern. 

 

Figure 1 – Constellation diagram for QPSK coding 

0.2.3 IQ diagram 

The IQ diagram displays the complete phase and amplitude transitions between transmitted 
vectors as the signal is sampled. It reflects directly the combined I and Q components of 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. 

I (in-phase) 

Q (quadrature) 

00 10 

1 1 0 1 
IEC   2441/12 
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Figure 2 – IQ diagram for the same QPSK coding 

0.3 Polarization multiplexing 

The phase modulation of a signal is demodulated by optical mixing, as described below. The 
mixing depends on the relative polarization of the two optical carriers. Since the incoming 
signal generally has an unknown and nonconstant polarization, demodulation then needs to 
produce demodulated signals for two orthogonal polarization axes. With this doubling of the 
demodulation information, it is then also possible to detect signals based on two carriers with 
orthogonal polarization, each carrying independent bit streams, to double the transmission 
rate for a given wavelength channel. For such polarization multiplexed signals, two 
independent pairs of I and Q traces exist and two separate constellation or IQ diagrams are 
used. 

0.4 Error vector 

Each transmitted symbol is described by a vector with amplitude and phase, which codes a 
number of bits. Deviations from ideal modulation and impairments during transmission impact 
the received vector with noise and distortions resulting in a different vector location in the IQ 
diagram, compared to the reference vector for that symbol, as illustrated in Figure 3. 

 

Q 

Q
 e

rro
r 

I error 

Error vector 

IQ phase error 

IQ reference 

IQ measured 

I 

 

Figure 3 – Relationship of error vector to reference vector and measured 
signal vector in the constellation diagram 

IEC   2442/12 

IEC   2443/12 
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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 phase and 
possibly magnitude) signal from a transmitter or optical transmission link. The considerations 
required for reproducible measurement results are detailed. The relationships with other 
related parameters from constellation diagram analysis like error vector, phase error, 
magnitude error, I-Q offset and time-resolved EVM are described, as well as the relationship 
between EVM and Q-factor. 

2 Normative references 

The following documents, in whole or in part, are normatively referenced in this document and 
are indispensable for its application. For dated references, only the edition cited applies. For 
undated references, the latest edition of the referenced document (including any 
amendments) applies. 

IEC 61280-2-8, Fibre optic communication subsystem test procedures – Digital systems – 
Part 2-8: 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  
error vector 
difference between a measured IQ vector and the reference vector for the closest symbol D or 
alternatively for the correct symbol when a known symbol sequence is measured 

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

3.2  
error 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 I and Q traces 
with sampling interval, Ts, as outlined in Clause 5, the EVM of a particular measurement sample with index k is 
given by 

 ( ) ( ) ( )2
err

2
err

EVM sss kTkTkT QI +=    (3) 

where 

 

 

( ) ( )

( ) ( ) r(k)
refmeaserr

r(k)
refmeaserr

QkTkT

IkTkT

ss

ss

QQ
II

−=

−=

α
α
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and Iref and Qref correspond to the reference symbol r(k) for the sample k, that is r(k) is an index pointing to the 
symbol with the reference vector for sample k. 

In practical measurements the measured vector has arbitrary magnitude scaling within the receiver sensitivity, so 
normalization with a factor α 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 

 ( )∑ =
=

N
n

n
N 1

2
rms EVM1EVM   (4) 

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

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

4 Error vector magnitude calculations and conditions 

4.1 Reference vector assignment 

The reference vectors are defined as a normalized set of vectors representing the ideal 
constellation points. Assigning the reference vector for a sample corresponds to determining 
r(k) in 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: 

 41       ,
2

1
2

1

ref

ref
ref =













=










=

±

±
r

Q
I

r

r
rS  (5) 

In this case, the magnitude of all 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 

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

The normalization factor α is chosen to match the measured vectors to the reference by 
finding the value that minimizes the EVMrms 

 
( )

( ) ( )
( )






=

×−= ∑ =

nQ
nI

n

n
N

N
n

r(n)

meas

meas
meas

1

2
measrefrms

   where

1EVM

S

SS α
 (6) 

The r.m.s. error vector magnitude is minimized by solving 

 0EVMrms =
∂

∂
α

 (7) 
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leading to  
( )

( )∑
∑

=

=

+

×+×
= N

n

N
n

nrnr

nQnI

nQQnII

1
2

meas
2

meas

1 meas
)(

refmeas
)(

ref

)()(

)()(
α  (8) 

Note that the same scaling factor is used for both I 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 IQ sample pairs with 
index k. 

 ( ) ( )
( ) ( ) ( )

( )







=








=

nQ
nI

n
nQ
nI

n yx
meas,y

meas,y
norm,y

meas,x

meas,x
norm,x                           αα SS  (9) 

In terms of this normalization, the r.m.s. error vector modulation for the two polarizations is 
calculated by these equations.

 
 

( )

( )∑

∑

=

=

−=

−=

N
n

r(n)

N
n

r(n)

n
N

n
N

1

2
ynorm,yref,yrms,

1

2
xnorm,xref,xrms,

1EVM

1EVM

SS

SS
 (10) 

4.3 Conditions to be specified with EVMrms 

The conditions to be specified are as follows: 

• measurement bandwidth; 

• signal filtering (if used); 

• phase tracking bandwidth (if nonlinear tracking is applied). 

5 Apparatus for measuring vector modulated signals 

5.1 Coherent detector 

A set-up to detect and evaluate optical vector modulated signals can be meaningfully 
described in terms of two main functional parts, a coherent detector and the data 
postprocessor, as shown in Figure 4. 

The coherent detector converts the incoming optical vector modulated signal into an electrical 
signal which provides its in-phase and quadrature amplitude. Most commonly, the I and Q 
signals are converted for two orthogonal polarization states, labelled in Figure 4 as x and y. 
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. 

     
        
Coherent detector 
       Local oscillator 
       One-symbol-delay IF 

Ix 
Qx 
Iy 

Qy 

Data postprocessor 

 

Figure 4 – Block diagram of the main functions for vector signal measurement 

IEC   2444/12 
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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 

Figure 5 is a schematic showing the configuration of a coherent detector using a local 
oscillator for real-time sampling [5]. 
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Post-data 
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Figure 5 – Configuration based on coherent detection with a local oscillator 

For each polarization component, the observed data signal, )()( tj
s

setA Φ , and a continuous local 
beam, )(tj

r
reA Φ , are mixed together in an optical 90° hybrid. Here the phases of the signal and 

reference beams are described by: 

 )(ˆ)()( tttt sssss φφφω +++=Φ  (11) 

and 

 )(ˆ)( ttt rrrr φφω ++=Φ  (12) 

where 

sω  and rω   are the angular frequencies; 

)(tsφ    describes the phase modulation waveform; 

sφ     describes the initial phase of the signal; 

rφ     describes the initial phase of the reference; 
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)(ˆ tsφ  and )(ˆ trφ   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 (I) and quadrature (Q) channels 
of the optical hybrid are given by: 

 [ ]{ })()(
1 )(Re)( ttj

Sr
rsetAAatI Φ−Φ=  (13) 

and 

 [ ]{ },)(Im)( )()(
2

ttj
sr

rsetAAatQ Φ−Φ=  (14) 

where a1 and a2 are the detector gain of the respective detectors.  

These analog signals are sampled and converted to digital with the sampling period, Ts. The 
sampled values are described by 

 [ ]{ } ( ))(ˆ)(ˆ)(cos)(4)(Re)( 1
)()(

1 srssssssSr
kTkTj

sSrs kTkTkTkTkTAAaekTAAakTI srss φφφφω −+∆++∆== Φ−Φ  (15) 

and 

 [ ]{ } ( ))(ˆ)(ˆ)(sin)()(Im)( )()(
srssssssSr

kTkTj
ssrs kTkTkTkTkTAAaekTAAakTQ srss φφφφω −+∆++∆== Φ−Φ

12 4  (16) 

where 

rs ωωω −=∆   describes the frequency offset; 

)( ss kTφ    describes the phase modulation to be measured; 

rs φφφ −=∆   describes the initial phase offset. 

The frequency and phase offsets are removed from the I and Q data by the post-processing. 
For such an offset removing process to work properly, the phase noise 

 
),(ˆ)(ˆ

symbolrsymbols nTnT φφ −
 (17) 

included in the extracted packet must be sufficiently small. This requires NpTsymbol to be 
smaller than the laser coherence time. At the same time, for a high-order modulation format in 
which a large number of constellation elements are used, Np must be large enough for most 
elements to appear in the extracted packet. Therefore, a signal 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 

 )()( tj ret Φ−τδ  (18) 

where 

δ(t)  is a function representing the pulse shape; 

Φr(t)  is the phase of the pulse; 

τ  is the time of the centre of the pulse. 
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Figure 6 – Configuration for linear optical sampling  

Since the electronic circuit that includes the photodetector only responds to the incoming 
frequency of the sampling pulse train, the photocurrents observed in the I- and Q-channels 
are integrals during the response time, or the linear correlation of the data and local (pulse) 
beams. Consequently, we obtain 

 [ ]








−= ∫ Φ−Φ dtettAaI ttj
s rs )()()()(Re)( τδτ 1

 (19) 

and 

 [ ]








−= ∫ Φ−Φ dtettAaQ ttj
s rs )()()()(Im)( τδτ 2  (20) 

If the sampling pulse can be approximated by the δ-function, and the detectors’ sensitivities, 
a1 and a2 are balanced, we obtain 

 ,)()()( )(ττττ sj
s eAjQI Φ≅+  (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, τ, 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: 

 
[ ]

∫
∫

=

−=+ −Φ−Φ

ωωω

τδττ

ωτ

τ

deDA

dtettAjQI

j
s

ttj
S rs

)(~)(~

)()()()(

*

)()(

  (22) 

where  

)(~ ωsA  and )(~ ωD  are the Fourier transforms of )()( tj
s

setA Φ  and )()( ττδ −Φ− tj ret , respectively. 

In the spectral domain, we can see that the observed signal is proportional to the product of 
the spectral amplitudes of the data signal and sampling pulse, and disappears when their 
overlap is small. Therefore, in typical LOS implementations, the sampling laser must have 
tunable wavelength to obtain an efficient spectral overlap with the signal. Alternatively, a 
configuration that uses short optical pulses for a nonlinear-optics gate before making the 
mixing with a tunable CW LO has also been achieved [8].  

Since the optical gate is much faster than the following electronics, very high time-resolution 
for analyzing temporal waveforms can be achieved, even to the sub-ps level. Hence, an LOS 
implementation can be designed to have a measurement bandwidth in excess of the signal 
bandwidth, yielding a distortion-free measurement suitable for e.g. EVM-related analysis in 
component testing. It should be noted that the equivalent time sampling technique is not 
specific to optical sampling. It can be used for electrical sampling just as the optical sampling 
can be implemented as real-time sampling. 

A straightforward variation of the procedure for real-time sampling also allows construction of 
the constellation based on equivalent-time optical sampling [9]. Figure 7 compares the real-
time sampling scheme to the equivalent-time sampling scheme. For simplicity here, in both 
cases the sampling is shown synchronized to the symbol rate, so the samples are at the 
centre of the symbols. Let Tos be the under-sampling period, which is set at MTsymbol. M is an 
integer that shows the ratio of the sampling rate to the symbol rate. As seen in Figure 7, the 
equivalent-time sampling scheme (b) needs M times the observation time to collect the same 
number of samples, compared with real-time sampling Figure 7(a) for one sample per symbol. 
This means that equivalent-time sampling requires M times the coherence of both the data 
signal and the local (sampling) beam. However, with proper choice of sampling rate it has 
been shown that equivalent-time optical sampling schemes are compatible with typical laser 
linewidth used for coherent optical transmission, e.g. for DP-QPSK or DP-16QAM.  
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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 

Differential phase modulation can be detected by using a one-symbol delayed interferometer, 
without 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 

 
{ })(ˆ)( tttj ssse φφω ++

 (23) 

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

 { })(ˆ)(ˆ)()( symbolsymbolsymbol tTttTtTj ssejQI φφφφω −−+−−+−=+  (24) 

 
These signals are sampled and converted to digital traces. The differential phase is 
reconstructed by 

 symbolsymbolsymbolmes )(ˆ)(ˆ)()()arctan( TtTttTt
I
Q

sssss ωφφφφφ −−−+−−==∆  (25) 

where the last term is the offset to be removed by postprocessing. Equation (25) shows the 
observed differential modulation, φs(t-Tsymbol)-φs(t), and the phase noise contribution, 

)(ˆ)(ˆ
symbol tTt ss φφ −− , 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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Figure 7a – Real-time sampling 

Figure 7b – Equivalent-time sampling 

Tos = MTsymbol 

Tsymbol 
 

IEC   2447/12 

IEC   2448/12 

C
opyrighted m

aterial licensed to B
R

 D
em

o by T
hom

son R
euters (S

cientific), Inc., subscriptions.techstreet.com
, dow

nloaded on N
ov-27-2014 by Jam

es M
adison. N

o further reproduction or distribution is perm
itted. U

ncontrolled w
hen printed.



TR 61282-10 © IEC:2013(E) – 17 –

Optical
90-degree

hybrid

Data signal

0 0 π π

Digitizer
Raw data 
correction

Post-data 
processing

Baseband mixer

PD

PD

 

 As e jΦD(t) 

Optical 
90° hybrid Digitizer Raw data 

correction 
Post-data 
processing 

 Tsymbol  

 

Figure 8 – One-symbol delayed interferometer for detecting 
differential phase modulation 

5.2.4 Constellations of non-differential and differential phase modulation formats 

As was described in 5.2.1, the I-Q diagram of (absolute) phase modulation format is described 
by Equations (13) and (14). The comparable I-Q diagram for differential phase modulation, 
which is observed in the one-symbol delayed receiver, is described by 

 
( ) ( ) ( ) ( ) ( ){ }{ }tTtj

ss
ssetATtAatI φφ ––

symboldiff
symbol– ∗= 1Re   (26) 

 
( ) ( ) ( ) ( ) ( ){ }{ }tTtj

ss
ssetATtAatQ φφ ––

symboldiff
symbol– ∗= 2Im   (27) 

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

Figure 9 shows a simulation of a QPSK signal measured with a local oscillator reference (left) 
and with the one-symbol delay interferometer (right). The two IQ diagrams are fundamentally 
different since the constellation diagram (left) directly represents the amplitude and phase of 
the optical signal, while the differential constellation diagram (right) displays the phase 
difference of the optical signal when mixed with itself with a one-symbol relative delay. In 
addition, the amplitude shown in the differential constellation diagram represents the mixing of 
the two copies of the signal.  Some statistical values, such as the EVM, magnitude error, and 
phase error, can also be defined for differential phase modulation formats, by using Idiff(t) and 
Qdiff(t) as in Equations (26) and (27). However, comparing the statistical measures based on 
absolute phase with the measures based on differential phase is not straightforward. 
Figure 10 shows an example of a QPSK signal which is distorted by 10° of IQ quadrature 
error. The distortion affects the constellation diagram differently compared to the differential 
constellation diagram, which clearly illustrates the difference expected in e.g. a calculated 
EVM. In the differential phase modulation format, the quality of the signal or the bit error rate 
is more concerned with the phase error, rather than EVM. 
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 Idiff   I  

 Q  Qdiff 

 

Figure 9 – Simulation of an ideal (D)QPSK signal, represented as a constellation 
diagram displaying the absolute phase and amplitude of the optical field (left) 

With the one symbol delay interferometer technique, the corresponding differential 
constellation diagram displays the phase difference between two consecutive symbols. 

 

 Idiff   I  

 Q  Qdiff 

 

Figure 10 – Simulation of a (D)QPSK signal distorted with 10° IQ-quadrature error 

Note that the distortion affects the constellation diagram (left) differently than the differential 
constellation diagram (right). This effect will make EVM comparisons between the two 
approaches difficult. 

5.3 Digital postprocessing 

5.3.1 Impairment compensation 

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

• relative timing skew between the signal input S and the  Ix, Qx, Iy, Qy output; 

• phase angle deviation from 90° between Ix and Qx and between Iy and Qy; 

• 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 S 
of the receiver and the output of each digitizer channel with reference to one channel, 
typically Ix. 
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Figure 11 – Calculated influence of impairment 

Skew introduces distortion in the constellation position of detected signals and therefore 
increases EVM. 

5.3.3 IQ phase angle distortion 

For an ideal coherent detector the phase of the in-phase and the quadrature signal is exactly 
90°. Generally, however, this phase angle deviates somewhat from 90° and is also 
wavelength dependent. Figure 12 illustrates this distortion type for a single wavelength. 
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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 the angle φ might depend on the wavelength. 

 







×








−

=








m

m
)sin(/1)cot(

01
Q
I

Q
I

φφ  (28) 
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Figure 13 – Calculated influence of impairment 

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

5.3.4 Offset and relative gain distortion 

In the opto-electrical path of the detector with numerous components, the signal will not be 
processed with exactly the same gain in each path. In addition, the electrical components 
incorporate electrical offset to the signal, which will be reflected in the digitized raw data. The 
difference in the gain of these four paths must be corrected in the raw data together with the 
offsets incorporated by the electrical components. 

In order to correct the data one needs to either measure the unwanted DC offset with an 
independent measurement or one could simply assume that the baseband signal does not 
contain any DC part and subtract the DC component found in the measured signal. 

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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Figure 14 – Calculated influence of impairment 

IQ imbalance describes gain ratio between the I and Q paths of a coherent receiver from 
signal input to digitizer. 

5.3.5 Polarization alignment 

In general, the polarization axes of the incoming signal will not be aligned with the coherent 
detector, so that the signal from the data streams is mixed between the x and y outputs. This 
is also the case for a signal that is not multiplexed on both polarization axes. The signals from 
the four outputs must thus be transformed so that the Ix, Qx, Iy and Qy correspond to the 
original data from the transmitter. This transformation should be performed without improving 
or impairing the signal quality. If filtering in this step reduces the noise level, then an 
appropriate correction should be applied to the final EVMrms 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 traces Ix(kTs), Qx(kTs), Iy(kTs), Qy(kTs) with k describing the index of the equidistant time 
samples with an identical time reference. These data traces represent the signal in the way it 
would 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 

IEC   2455/12 

C
opyrighted m

aterial licensed to B
R

 D
em

o by T
hom

son R
euters (S

cientific), Inc., subscriptions.techstreet.com
, dow

nloaded on N
ov-27-2014 by Jam

es M
adison. N

o further reproduction or distribution is perm
itted. U

ncontrolled w
hen printed.



 – 22 – TR 61282-10 © IEC:2013(E) 

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 

 )()()
)(
)(

arctan()( symbolsymbol
symbol

symbol
symbolmeas nTnT

nTI
nTQ

nT rs Φ−Φ==φ   (29) 

where Tsymbol is the symbol interval and n is an integer. Substituting Equations (11) and (12) 
into Equation (29), we obtain 

 
,)(ˆ)(ˆ)(

)()()(

symbolsymbolsymbol

symbolsymbolsymbolmes

φωφφφ

φ

∆+∆+−+=

Φ−Φ=

Srss

rs

nTnTnTnT

nTnTnT   (30) 

where the first term )( symbolnTsφ  on the right hand side shows the phase modulation to be 
observed. The terms )(ˆ)(ˆ

symbolsymbol nTnT rs φφ −  show the random fluctuation of the phase noise of 
the lasers. symbolnTω∆  and φ∆  are the frequency and phase offsets, respectively. 

5.3.7.2 Equivalent time sampling 

The discussion 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 
pulse interval, Tos, in the optical equivalent-time sampling, whereas the real-time sampling 
rate should be two times the signal bandwidth (Nyquist criterion), which for the 28 GBd QPSK 
example 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 offset 
between the measured signal and sampling pulse, and/or their higher coherence, of the 
optical sampling. Since in the case of under-sampling with high time resolution there can be 
many samples during an individual symbol, samples falling into a certain percent of the bit slot 
corresponding to the decision time can be used to compute the RMS EVM. 

5.3.7.3 Delayed interferometer 

When observing differential 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, ωTsample, in Equation (24). This drift can be removed by signal processing to keep 
the constellation angle to be correct. This process almost covers the demodulation of the 
signal. 

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, Ix

d, Qx
d, Iy

d, and Qy
d, 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. 
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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 
EVMrms evaluation. 

6 Additional measurement parameters to characterize special details of the 
signal 

6.1 Time-resolved EVM 

Using the general definition of the EVM each measured sample of the signal under test can be 
associated with an EVM value. Furthermore, each measured sample can be time stamped and 
given 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-resolved 
EVM as 

 ( ) ( ) ( )2
err

2
err

,,EVM titii,t QI +=  (31) 

where 

 
( ) ( )

( ) ( ) r(i)
refmeaserr

r(i)
refmeaserr

,,                  

,,                  

Qtiti

Ititi

QQ
II

−=

−=
 (32) 

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

The definition of the reference vectors is the same as stated in 4.1. The normalization of the 
measured data follows the procedure 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 taken 
into account when determining the normalization factor α. When α is determined, the scaling 
applies to all samples in the measurement. 
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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 EVMrms 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. 

A majority of the signal distortions that may influence the quality of vector modulated optical 
signals will strongly affect the transition region of the signals and hence change the 
appearance 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 EVMrms) as well 
as reducing the opening in the time domain. The time-resolved EVM plot will give additional 
information compared to EVMrms by better indicating margins to test failure and revealing 
reasons for test failures. There is a clear parallel to conventional mask testing, where an 
intensity mask is defined for a specific modulation format, and areas of the eye-diagrams 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 that the 
design of proper compliance test masks for different vector modulated optical signals is 
beyond the scope of this technical report. The two plots illustrate the two alternative 
referencing approaches: reference to nearest constellation point (left) or reference to the 
known correct constellation point (right). An exemplary mask is shown for illustrative purposes. 
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Figure 16 – Measured time-resolved EVM plots of a 28 GBd QPSK 
signal affected 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 I and Q 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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Figure 17 – Noise-averaged IQ-diagrams and time-resolved EVM plots of a 28 GBd 
QPSK signal with 0 p skew (top) and 8 ps skew (bottom) 

The time-resolved EVM concept can also be extended to include noise averaging of the EVM 
waveform. For signals with repetitive symbol pattern behaviour, it is possible to compute the 
EVM vs. time relative to the symbol pattern. In this case, noise averaging or noise filtering can 
be applied to the EVM symbol pattern to remove the impact of nondeterministic effects on the 
signal. The averaged time-resolved EVM symbol pattern can then be folded to averaged time-
resolved EVM eye-diagram where every symbol is represented in a single symbol slot. 
Figure 17 shows the noise-averaged IQ-diagram (left) and noise-averaged time-resolved EVM 
plot (right) of a 28 GBd QPSK with 0 ps skew (top) and 8 ps skew (bottom). The noise 
averaging will enable more detailed analysis of the deterministic modulation impairments that 
may occur in a vector modulated optical signal transmitter. When compliance testing a vector 
modulated optical signal transmitter, the deterministic effects are of higher interest than the 
noise, and hence testing in a noise-free environment would be attractive. Compliance testing 
using masks could be adapted also to the noise-averaged time-resolved EVM environment 
with the advantage of enabling repeatable deterministic performance. 

6.2 EVM with reference filter 

The EVM reference, as described so far, either does not define the transition between 
symbols or implies steep transitions, 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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Figure 18 – Eye-diagram of reference with steep transitions; measured signal I-Q 
diagram with symbols at decision time; EVM at symbol decision time (red) 

and EVM for all sample points (blue) 

 

Figure 19 – Eye-diagram of reference with raised-cosine filtering; measured signal I-Q 
diagram with symbols at decision time; EVM at symbol decision time (red) 

and EVM for all sample points (blue) 

As can easily be seen from the two I-Q diagrams, the position of the symbols in the I-Q 
diagram is identical for raised-cosine 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 raised-cosine-filtered references. Therefore, such a filtered reference can be used to 
evaluate 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 planes with 
respective data independently. 
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  (33) 

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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6.5 I-Q gain imbalance 

The gain imbalance describes the error between the I and Q part of the signal. The formula 
applies separately to x and y polarization plane with respective data. 
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6.6 I-Q offset 

The IQoffset of the signal indicates a DC offset in the origin in the constellation diagram. This 
is displayed without offset as it is already removed by the reference receiver. 

This data can be extracted from the values calculated in Clause 4. 
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6.7 Quadrature error 

Quadrature error is caused by the I and Q channels not being determined precisely at 90° 
from each other. The quadrature error is referenced to the average vector of the demodulated 
symbols  
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where r =1-4 (for(D)QPSK) refers to the related symbol of the normalized measured I and Q 
component. 

Quadrature error can be calculated for any symbol. 
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Annex A  
(informative) 

 
Relationship between EVM and Q factor 

 

For two-level signals, the Q factor is defined in the following way in IEC 61280-2-8: 

 
21

21
σσ
µµ

+

−
=Q  (A.1) 

where 1µ are the mean values of the two levels, and 1σ the standard deviations of them. 

Using the above definition of Q factor and the definition of the EVM and assuming isotropic 
noise in the IQ plane the following relationship holds true for QPSK modulation, based on the 
normalized two-level I or Q-components: with |µ1-µ2|=√2 and σ1= σ2=EVMrms/√2. 
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=Q  (A.2) 

Generalizing this for multilevel formats like m-QAM (m=k2) leads to the following definition of 
Q-factor for k-level signals: 
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Again, assuming isotropic noise in the IQ plane the following relationship between EVM and 
Q-factor holds true: 
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Annex B  
(informative) 

 
Details and implementations of vector signal measurement 

 

The methods for measuring vector modulated optical signals are summarized in Table B.1. 

Table B.1 – Methods for measuring vector modulated optical signals 

 Real-time sampling 
(5.2.1) 

Optical equivalent-time 
sampling (5.2.1) 

One-symbol delayed 
interferometer (5.2.3) 

Local oscillator CW laser Pulsed laser Not used 

Measured parameters Amplitude and phase Amplitude and phase Phase 

Bandwidth limitation Electronics 

(several tens GHz) 

Sampling pulse width 
(hundreds GHz) 

Electronics (several tens 
GHz) 

Sensitivity limitation Shot noise Shot noise Thermal noise of 
electronics 

Suitability for 
polarization multiplexed 
signals 

Yes (with suitable post-
processing) 

Yes (with suitable post-
processing) 

Difficult 
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