
Distortion and masking 

Low pass High pass

THD

THD before and after 
connection of the

f
Low pass High pass connection of the 

second high-pass filter

Level

f

Reaction to multitone 
stimulus  before connection 
of the second high-pass filter 
It reveal difference-frequency

Low pass High pass

f It reveal difference frequency 
IM products invisible to THD

Level

f

Reaction to multitone 
stimulus  after 
connection of the 
second high-pass filter

Low pass High pass
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Distortion and masking 

f

300 Hz crossover 
y

f

Distortion 

x
Musical excerpt from The Beatles 

“Come Together”,  CD “Love”, 
Capitol/Apple Records 2006

f

300 Hz low pass

Capitol/Apple Records, 2006  

300 Hz crossover 300 Hz low-pass

f x
y

f
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Distortion and masking

● Nonlinear products that fall outside the spectrum of the signal 
are very noticeable and irritating.

● Masking plays significant role in mitigating irritating effect of● Masking plays significant role in mitigating irritating effect of 
nonlinear distortion. 

The same nonlinearity produces the following effect on 440 Hz tone:

THD = 15%

33
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Low and high-order nonlinearity

Low-order nonlinearity
P 

“Good” speaker 

f 

f

U 
Harmonics

f 

Input signal High-order nonlinearity

“B d” k

P 

f 
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“Bad” speaker 
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Low and high-order nonlinearity

P
Low-order nonlinearity“Good” speaker 

P 

f Snapshot of 
input signal U 

Distortion MaskingSignalf 

High-order nonlinearity
P U 

f 

“Bad” speaker

t 

P ibl
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Bad  speaker Possible 
problems
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Low and high-order nonlinearity

2nd order nonlinearity, 
THD = 15%

Nonlinear function Tone waveforms Tone spectrum

Distorted musical signal

Original musical signal

Musical excerpt from Janis Ian “His 

36

Distortion signal only
p

Hands”,  CD “Breaking Silence”, 
Morgan Creek Records, 1993  
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Low and high-order nonlinearity

4th order nonlinearity, 
THD = 15%

Nonlinear function Tone waveforms Tone spectrum

Distorted musical signal

Original musical signal

Musical excerpt from Janis Ian “His 
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Distortion signal only
p

Hands”,  CD “Breaking Silence”, 
Morgan Creek Records, 1993  
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Three approaches to assessment of 
nonlinearity in audioy

Identification Distortion 
measurement

Perceptual 
methodsmeasurement methods

Obtaining enough 
information to 

predict reaction to 

Obtaining certain 
symptoms of 
nonlinearity

Simulation of 
psychoacoustical 

effects responsible 
for perception ofan arbitrary signal nonlinearity for perception of 

sound quality

Klippel analyzer 
IMD, THD, 

harmonics, 
ltit h PEAQ, PESQ

38

multitone, coherence 
function

Q, Q
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History - measurement

Non-coherence and broadband stimuli. S. Temme and P. 
Brunet, 2006.
The authors introduced a Non-Coherent Distortion (NCD) measure. The measure is 
based on consideration of weakly nonlinear systems and the assumption that the output 
signal is a superposition of the linear component, nonlinear component and noise. They 
d t t d th t th h [1 (i )] li d t th ll t t i l’demonstrated that the non-coherence [1-γ2 (iω)] applied to the overall output signal’s 
autospectrum Gyy(ω) is the autospectrumGNN(ω) of the uncorrelated  (distortion+noise) 
signal. Based on this, the NCD was introduced as:

∑
=

ωωη )()(2 NNG
a b

∑
ω

ω
ωη

)(
)(

YYG c
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Example of testing 6” x 9” car loudspeaker: a – Normalized 
THD, b – Difference Frequency IM distortion, c - NCD
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Classification of “semi-perceptual”  
and perceptual methodsp p

Semi-
perceptual

Perceptual 
methodsperceptual methods

Harmonics weighting. 
Gedd-Lee metric. 

“Pass-band” noise 

Codecs 
measurement

Transducers 
measurement

weighting 

Psychoacoustics- Hearing system 

Better correlation 
with sound quality 

than harmonics and 

Psychoacoustics
based

g y
physiology-based
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t a a o cs a d
2-tone IM , but 

limited application 
Significantly better correlation with 

perceived quality
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Semi-perceptual methods

Gedd-Lee metric. E. Geddes, L. Lee, 2003

This metric stays between objective and perceptual methods because the metric does 
t li itl d l f dit t b t i b d th f ll i

● High-order nonlinearity T(x) produces wide 

not use explicitly models of auditory system, but is based on the following 
psychoacoustical assumptions:

spectrum of distortion products that are 
poorly masked

● Nonlinearity that affects signal at low levels 
(e.g. zero crossing) is worse than nonlinearity 
that affects only high level signal (e.g. hard 
clipping) because low-level signals are poor 
maskers
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⎠⎝⎠⎝ ⎠⎝1

T(x) – static nonlinearity
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Semi-perceptual methods
Measurement of distortion using musical signal, V. Wolf, 1953

Output signal and distortion

Device under 

Output signal and distortion

tt
Input signal

Stop-band filter

test
Input signal

ω1 ω2

Band-pass filter
Band pass filter

t

Band-pass filtered 

ω2ω1

Band-pass filter
ω1 ω2

Distortion only in 
f

t
UD(ω)US(ω)
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ω
ω
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U
UkR
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Comparisonp
input signal frequency band 

ω1 – ω2

Comparison
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Semi-perceptual methods

Alternative semi- perceptual methods using weighting functions, 
Voishvillo, 2007

I t
K(ω12)

Weighting functions
WH1(ω)WL1(ω)

t

Nin

Band-pass filtered 
input signal

Device

Output signal and 
distortion

t

NoutInput 
noise

ω12

H1( )

ωHωL

L1( )

Band-pass 
filter

ω2ω1

Device 
under test SH1(ω)SL1(ω)

out

ω2ω1

Comparison
Repeat for different 

frequencies and 
different levels

∫=
H

L
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ω

ω ωdkK(ω12 ) WL1(ω) )(ω+ SH1 WH1 ω )([ ]**ωSL1

R(ω12)

R(ω12) =K(ω12) / Nin(ω12)
R(ω) N1

N
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Perceptual methods

Noise-to-mask Internal 
ratio representations

Explicit simulation 
of masking 
processes

Simulation of 
physiological and 
psychoacoustical 
effects in hearingprocesses effects in hearing 

system 

Energy  of error signal 
is compared with 

masking threshold in 
h iti l b d d

Distorted and original  
audio signals are 

mapped on reaction of 

44

each critical band and 
time frame

pp
basilar membrane 
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Perceptual methods

Perceptual models based on noise-to-mask ratio

Audio signal

Time frameTime frame

x(t) x(t)

Explicit simulation of 
masking process

DelayCodec under 
test

e(t)
y(t)

x(t-τ)

Temporal 
difference

[FFT]2[FFT]2

x(f)e(f)
Spectral 

difference

( )

R. Beaton et. al. “Objective Measurement of 
Audio Quality”, Collected Papers on Audio 
Bit-Rate Reduction, AES, 1996

Perceptual 
d l

Noise to Mask 
R ti

Critical bandsCritical bands
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modelRatio

Output
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