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This data stream can be coded into a 4 symbol alphabet

Each symbol contains two bits of information (similar to PAM4)

But rather than use four discrete amplitudes, coherent system encode 

information in the phase of the carrier

00  a sin(ωt +  p/4)

01  a sin(ωt + 3p/4) 

10  a sin(ωt + 5p/4) 

11  a sin(ωt + 7p/4) 

0  0    1  0    1  1   1  0    0  1     0  1    0  0     1  0    1  1     1  1    0  0    1  0 

A DB B C C A B D D A B

Original 

Binary data stream

Possible 

symbol alphabet

for coding at 2 bits per 

symbol

Coding increases the transmission capacity without increasing the symbol rate
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I (in-phase or real part)

Q (quadrature, 

imaginary part)

I

Q

Transmitted signal

Data clock

Sample points

- - - - - - -

Transition between 

sampling points

Switch to 

next vector

1

0

Vectors defined by amplitude and phase are transmitted

with a clock that is at the symbol rate.  Both phase and 

amplitude change when transitioning from one vector 

state to another
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I (in-phase or real part)

Q (quadrature, 

imaginary part)

This is the region of 

transition between 

symbols

This is the region where the 

symbol/vector state should be 

stable and where communications 

quality is assessed

QPSK constellation map
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1) Amplitude is relevant

2) Phase is relevant and might be relative to

the preceding symbol

I (in-phase or real part)

Q (quadrature, imaginary part)

Phase φ

Q value

I value
10

S =Signal

R=Reference for phase detection

I (in-phase or real part)

1) Amplitude is relevant

Q (quadrature, imaginary part)

Phase is arbitrary !

1 0



Quality metrics for phase modulated data signals

Measured

constellation 

point
I (in-phase or real part)

Q (quadrature, imaginary part)

Phase φ

Reference 

constellation 

pointError vector

The Error Vector connects the measured vector and the reference 

vector! An Error Vector = 0 means we have an ideal signal!



Quality measure for complexly modulated data 

signals

𝐸𝑉𝑀 𝑛 = 𝐼𝑒𝑟𝑟 𝑛 2 + 𝑄𝑒𝑟𝑟 𝑛 2

where n = symbol index

𝐼𝑒𝑟𝑟 = 𝐼𝑚𝑒𝑎𝑠 − 𝐼𝑟𝑒𝑓
𝑄𝑒𝑟𝑟 = 𝑄𝑚𝑒𝑎𝑠 − 𝑄𝑟𝑒𝑓

𝐸𝑉𝑀𝑟𝑚𝑠 =

1
𝑁
σ𝑛=1
𝑁 𝐸𝑉𝑀 𝑛 2

𝑝𝑒𝑎𝑘 𝑟𝑒𝑓. 𝑣𝑒𝑐𝑡𝑜𝑟

where N is the number of EVM points

Key issue:  Gauging the impact of EVM on Symbol Error Ratio to 

create a metric that can be used as part of a link budget
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• See Pete Anslow ad hoc contribution:  

http://grouper.ieee.org/groups/802/3/cn/public/adhoc/18_1025/anslow_3cn_01_181025.pdf

• What is the effective power penalty of EVM?

http://grouper.ieee.org/groups/802/3/cn/public/adhoc/18_1025/anslow_3cn_01_181025.pdf
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• A local oscillator (similar frequency as the carrier signal) is split with one leg shifted 90 

degrees

• The test signal ‘S’ is split

• One leg of the test signal is combined with the LO, the other with the phase shifted LO

• Each signal is sent to a balanced photodetector, producing I and Q, combined to yield 

magnitude and phase

I (in-phase or 

real part)

Q (quadrature or

imaginary part)
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• Orthogonal 

polarization states are 

typically independently 

modulated

• Polarization diversity 

built into the receiver

• One IQ demodulator 

per input polarization 

state

A D D I N G  P O L A R I Z AT I O N  D I V E R S I T Y
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• Any frequency difference between the LO and the test signal results in a changing phase in 

the output of the IQ demodulator

• This can be ‘tracked’ by the test system, but requires a ‘real-time’ acquisition system 

(oscilloscope or ADC)

• The equivalent time sampling oscilloscopes (‘DCA’s’) commonly used for optical waveform 

analysis do not meet this requirement.  

• Exceptions:  

• Homodyne detection (Local oscillator laser phase locked to the carrier laser)

• Using periodic signals and accepting really long acquisitions times which requires stable 
polarization and very low phase noise lasers



From digitized signal to EVM

What the ADC/digitizer/scope receives What is needed to evaluate EVM

Need defined 

processing blocks 

for consistent 

results

Need defined 

reference 

receiver 

characteristics 

for consistent 

results



What the 

ADC/digitizer/scope

receives

Should be 

calibrated over 

wavelength for

- Frequency 

response

- Channel 

imbalances

- IQ phase angle 

errors

- Timing skew

From digitized signal to EVM

Optical front-end

ADC / Digitizer / Oscilloscope

Polarization alignment

Frequency offset estimation

Carrier phase estimation

Clock frequency and phase recovery

EVM evaluation



After Polarization alignment

This step should 

neither improve 

(devices could later 

fail in field) nor 

impair (lowers the 

yield) the signal 

quality.

From digitized signal to EVM

Optical front-end

ADC / Digitizer / Oscilloscope

Polarization alignment

Frequency offset estimation

Carrier phase estimation

Clock frequency and phase recovery

EVM evaluation



After carrier frequency 

offset estimation

Assume constant 

frequency offset 

(linear phase over 

time) for given 

block length.

From digitized signal to EVM

Optical front-end

ADC / Digitizer / Oscilloscope

Polarization alignment

Frequency offset estimation

Carrier phase estimation

Clock frequency and phase recovery

EVM evaluation



After carrier phase 

estimation

From digitized signal to EVM

Optical front-end

ADC / Digitizer / Oscilloscope

Polarization alignment

Frequency offset estimation

Carrier phase estimation

Clock frequency and phase recovery

EVM evaluation



After resampling and 

retiming
Optical front-end

ADC / Digitizer / Oscilloscope

Polarization alignment

Frequency offset estimation

Carrier phase estimation

Clock frequency and phase recovery

From digitized signal to EVM

EVM evaluation



19

• EVM measurement uses blocks of data.  
• Too small block size results in higher standard deviation of results

• Too big block size will overemphasize laser phase noise and increase measurement time

• Optimum is in the range between 1k and 4k symbols

• No restriction on data pattern lengths when real-time acquisition is used

• Processing algorithms are complicated and currently in development in the ITU and OIF.  Consider 

reuse rather than reinvention
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• OIF-400ZR 0.10-Draft Annex B includes text describing EVM and the corresponding reference 

receiver

• ITU G.698.2 contains an EVM spec for 100G DP-DQPSK signals and a detailed description of the 

processing steps

• IEC TR 61282 -10, Edition 1.0, 2013 contains basic descriptions of EVM and discusses some 

measurement techniques
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• An excellent white paper tutorial on coherent 

technology:

• “Everything You Need to Know About Complex 

Optical Modulation”

• http://literature.cdn.keysight.com/litweb/pdf/5992-

2888EN.pdf 

• IEEE PHOTONICS TECHNOLOGY LETTERS, 

VOL. 24, NO. 1, JANUARY 1, 2012 61 “Error Vector 

Magnitude as a Performance Measure for Advanced 

Modulation Formats” Rene Schmogrow,  

• (EVM data can be used to reliably estimate BER)
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