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Audio Signal Processing Research at 
Aalto Acoustics Lab

• Headphone/headset audio
– Virtual/augmented reality audio

– Enhanced listening in noise

• Audio effects processing 
– Virtual analog modeling, now with 

deep learning 

– Artificial reverberation algorithms

• Digital filters for audio
– Equalization, delay filters, filter design

• Sound synthesis
– Modeling of sound/noise sources

March 4, 2019
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Review Article on Equalizers

• A review paper about 
audio equalizers
published in Applied 
Sciences in 2016

• Joint work with Prof. 
Josh Reiss (Queen 
Mary Univ. London, UK)
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• Brief history

• Shelving filters

• Parametric equalizers

• Graphic equalizers

• Parallel graphic equalizers

• Cascade graphic equalizers

Outline

March 4, 2019
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Brief History of Audio Equalization

• 1870s: telegraph line signals were selected with 

vibrating electromechanical reeds

• 1930s: telephone line equalizers boosting of high 
frequencies to compensate for distance loss 
– “Equalize” the frequency response 

• 1940s: Equalizing filter for gramophone players 

• 1950s: RIAA correction for LP records

• 1950s: First graphic equalizer, Cinema Engineering 7080

• 1970s: Parametric equalizer (Massenburg, 1972)

• 1980s: Digital equalizer, Yamaha DEQ7 (1987)
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Shelving Filter

• Shelving filter is a bass or treble tone control 

• Amplifies or attenuates low (high) frequencies without 
affecting the high (low) ones

March 4, 2019

@2016-2019 Vesa Välimäki

7

© 2001-2019 Vesa Välimäki ELEC-E5620 Audio Signal Processing
Lecture #2: Digital Filters

• First define the gain at 3 points: H(0) = G, H(1) = 1, 
and geometric mean gain (g/2 in dB) at crossover:

• When ωc = π/2, we get the prototype filter:

with the pole at

• The crossover point is shifted using the lowpass-to-
lowpass transformation (see, e.g. Reiss & McPherson, 2015):
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© 2001-2019 Vesa Välimäki ELEC-E5620 Audio Signal Processing
Lecture #2: Digital Filters

All coefficients 
divided by a’0

• The 1st-order shelf filter has the transfer function 
(Välimäki & Reiss, 2016):

where
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Derivation of 1st-Order Low Shelf (2)
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© 2001-2019 Vesa Välimäki ELEC-E5620 Audio Signal Processing
Lecture #2: Digital Filters

• 1st-order shelf 
filter

• Notice that the 
gain at the 
crossover point 
is 0.5 times the 
max gain at dc

March 4, 2019
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© 2001-2019 Vesa Välimäki ELEC-E5620 Audio Signal Processing
Lecture #2: Digital Filters

• 1st-order shelf 
filter

• Notice that the 
gain at the 
crossover point 
is 0.5 times the 
max gain at dc
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© 2001-2019 Vesa Välimäki ELEC-E5620 Audio Signal Processing
Lecture #2: Digital Filters

• The 1st-order high shelf filter can be derived by 
modifying the 1st-order low shelf (Välimäki & Reiss, 2016)

• They can be made complementary (mirror images)
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Low shelf 

High shelf 

Cascaded
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© 2010 Vesa Välimäki, 
Heidi-Maria Lehtonen and 
Sami Oksanen

S-89.3540 Audio Signal Processing
Lecture #5: 
Audio Filter Design

Higher-Order Shelf Filters

• Higher-order shelfs 
have a steeper 
transition 

• The 2nd-order shelf 
can be derived by 
digitizing an analog 
shelf filter using the 
bilinear transform 
(Välimäki & Reiss, 2016)
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Allpass
filter

Out

1/2

K/2

+

+
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• A clever structure proposed by Regalia & Mitra (1987)

• Suitable for both shelving and equalizing filters
– Probably common in commercial audio equipment

• Mainly useful in the time-varying case

Special Structure for Shelving and EQ Filters
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• When A(z) is a first-order allpass filter, a shelving filter 
is obtained
– Transition frequency is determined by the phase response 

of the allpass filter

– Gain of the shelf is controlled by parameter K

Special Structure for Shelving and EQ Filters
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• When A(z) is a second-order allpass filter, a peak or 
notch filter is obtained
– Parameter a controls bandwidth, b controls center frequency

– Gain of the peak/notch is controlled by parameter K

Equalizing Filter Structure
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• Parameter a depends on cutoff frequency f0 (in Hz) and 
gain G (in dB) (Regalia & Mitra 1987; Zölzer 1997)

Bass Shelving Filter Design
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Bass Control With Shelving Filter

f0 = 100 Hz Original

+10 dB

-10 dB

Arttu Siukola, Antti Kelloniemi, TKK, 2004
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• Sony D-345 portable CD player has 3 options

Practical Example of Tone Control
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Equalizers

• An equalizer modifies the magnitude response

• Originally used for flattening the response (in telephone systems)

• Often used for flattening the magnitude response of loudspeakers 
(in an anechoic or listening room)

March 4, 2019
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(www.universal-radio.com/ 
used/u023knob.jpg)

• Now widely used in audio production for 
spectral coloration (bumpy – not flat)
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• A peak (boost) or a 
valley (cut) 
– Adjust gain, center 

frequency, and 
bandwidth

– Elsewhere the gain is 
about 0 dB

Magnitude Response of Parametric EQ

March 4, 2019
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• EQ filter can be designed from gain constraints at 5 
points: 0, Nyquist, peak, left and right bandwidth points

• One way is to use the prototype shelf and the lowpass-
to-bandpass transformation (Välimäki & Reiss 2016)

• This leads the following 2nd-order transfer function:

• This filter is symmetric for G and 1/G.

March 4, 2019
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Poles & Zeros of an EQ Filter

• The pole and the zero are close to each other to cancel the gain 
far away from the pole
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• Closed form formulas are available for a and b 
(Regalia & Mitra 1987; Zölzer 1997)

Special Structure for Shelving and EQ Filters
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Continuous Control of Center Frequency
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f0 = 300 Hz…6.5 kHz            
…300 Hz:

K = 7, BW = 100 Hz

Markus Lehtonen, Martti Viljainen, TKK, 2003
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• A set of equalizers with fixed center freq. and Q value
– One equalizing filter per band for each channel

– Octave graphic EQ: 10 bands per channel

– 1/3-oct graphic EQ: ~30 bands per channel

Graphic Equalizer

(Picture taken from http://www.bssaudio.com/)

March 4, 2019

@2016-2019 Vesa Välimäki
26



3/5/2019

14

• Cascade structure

• Parallel structure

Graphic Equalizer Types

March 4, 2019

Out

H1(z) z-1H2(z) HM(z)

In

G1 G2 GMG0

OutH1(z) z-1H2(z) HM-1(z) HM(z)In

G1 G2 GM-1 GM
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• Each subfilter is an equalizing filter with fixed fc and Q: 
Gain G at peak, 0 dB elsewhere

• Problem: interaction between bands…

Cascade Graphic Equalizer

March 4, 2019

OutH1(z) z-1H2(z) HM-1(z) HM(z)In
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• Two EQ filters with 
at 1 kHz and 2 kHz:

+10dB and -10dB

Cascade Graphic Equalizer, Ex. #1

March 4, 2019
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• Responses interact 
so the overall 
response is biased:

+9.6dB and -7.1dB

Cascade Graphic Equalizer, Ex. #1
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• Interaction problem: 

1. Gain of EQ1 at 
center freq. of EQ2 
> 0 dB

2. Gain of EQ2 at 
center freq. of EQ1 
< 0 dB

Cascade Graphic Equalizer, Ex. #1

March 4, 2019

@2016-2019 Vesa Välimäki
31

• Naïve design leads to severe approximation problems
– Filter gains = command gains
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Cascade Graphic EQ for Octave Bands
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• Bark-band
graphic EQ
(a)16th-order EQ 
filters (total order: 
384)
(b) 28th-order EQ 
filters (672)

• No interaction 
between band 
filters!

• A new problem: 
Ripple at band 
edges

High-Order Cascade Graphic EQ

March 4, 2019
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• Ripple between bands is reduced, if the neighboring 
filters are symmetric (Rämö & Välimäki 2014)

• Iteratively choose the best orders P, e.g. P < 5
– In this case, P = 3 gives the smallest ripple

Optimizing High-Order Graphic EQ

March 4, 2019
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• Different filter order P selected for each band: 

28, 20, 16, 12, 12, 12, …, 12, 16, 20 

(24 bands, total order 328)

• Ripple reduced to < 2 dB

Optimized High-Order Cascade GEQ

March 4, 2019
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(Rämö &Välimäki 2014)
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• It is desirable to use 2nd

order band filters

• The most accurate cascade 
design uses different peak 
filter shapes than previously 
(Välimäki & Liski 2017)

• The magnitude response is 
optimized at center 
frequencies and intermediate 
frequencies

Novel Cascade Graphic EQ Design

March 4, 2019

Second-order cell Hk(z)Ref: Välimäki & Liski, IEEE SPL, 2017
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• It is possible to measure the interaction and form an 
interaction matrix (Abel & Berners 2004; Oliver & Jot 2015)

• Interaction matrix B shows how much each band filter 
leaks to neighboring bands:
– Normalized so it shows how much 1 dB of gain affects other bands

March 4, 2019

Cascade GEQ Based on 2nd-Order Filters
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Frequency band
37

• Use inverse matrix of B to solve the optimal dB gains 
in the least squares (LS) sense:

• After optimization: filter gains ≠ command gains

March 4, 2019

Cascade GEQ Based on 2nd-Order Filters

OutH1(z) z-1H2(z) HM-1(z) HM(z)In

G1 G2 GM-1 GM
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Octave Equalizer: Trivial Design

March 4, 2019
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Octave Equalizer: Oliver & Jot, 2015
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Octave Equalizer: Oliver & Jot, 2015

March 4, 2019

@2016-2019 Vesa Välimäki

41

• It is possible to force the response ”proportional” at its 
fc and the 2 neighboring fc’s (Välimäki & Liski 2017)

March 4, 2019
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• We use the following peak filter

• You can choose the bandwidth definition: GB is the gain at bandwidth B
• Original design by Orfanidis (2010)

March 4, 2019

Orfanidis Peak Filter
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Parametric Filters for Octave Design 
(Välimäki and Liski, IEEE SPL 2017)
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• Inspired by designs by Abel and Berners (ICMC 2004) and by 
Oliver and Jot (AES 2015)

• We set GB = cG, where c = 0.3 and B = difference of center 
freqs. on each side 

(e.g.,  500 Hz and 2 kHz)

Orfanidis, Introduction to Signal Processing, 2010. 
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Octave-Band Filters 
with Gain Normalized to 1 dB
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• Filters with different gains (3 dB, 17 dB, 24 dB) are self-similar 
meeting at 3 points: own center freq & 2 adjacent center freqs
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Octave Equalizer: Oliver & Jot, 2015
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Octave Equalizer: Oliver & Jot, 2015
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Octave Equalizer: Välimäki & Liski, 2017
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Octave Equalizer: Välimäki & Liski, 2017
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Octave Equalizer: Välimäki & Liski, 2017
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Octave Equalizer: Välimäki & Liski, 2017
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Interaction	matrix	
Optimize	dB	gains	in	
least‐squares	sense	
using	pseudoinverse:

Graphic Equalizer Design Using 
Interaction Matrix

where
t1 	target	gains	 dB
B 	interaction	matrix
g 	filter	gains	 dB

Filter
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Asymmetry at High Center Frequency

• A remaining (minor) problem in graphic equalizers at 
high frequencies

@2016-2019 Vesa Välimäki
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• Use the parallel IIR filter structure, with fixed poles, 
proposed by B. Bank (2008) 

• Use extra band filters between command points

Parallel Graphic EQ Structure

March 4, 2019

Parallel Structure

Second-order block Hk(z)

Ref: Rämö et al. IEEE Tr. ASL, 2014
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• Poles can be set first (log freq. distribution)

• Least squares design of coefficients bk,0 and bk,1

Parallel Graphic EQ Design

March 4, 2019
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Parallel Structure

Second-order block Hk(z)

Ref: Rämö et al. IEEE Tr. ASL, 2014
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• Constant +12 dB command gain at all bands – surprisingly hard!

Graphic EQ Response Example #1

March 4, 2019

Analog Digital (2nd-order blocks)

Digital (4th-order blocks) Parallel EQ

@2016-2019 Vesa Välimäki
56



3/5/2019

29

• Every 3rd gain at +12 dB, others at 0 dB – known to be difficult

Graphic EQ Response Example #2

March 4, 2019

Analog Digital (2nd-order blocks)

Digital 4th-order blocks Parallel EQ
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• Basic building blocks of equalizers: shelving filters and 
parametric equalizing filters (peak/notch) 

• Graphic equalizer design is more difficult than it seems
– Bias caused by band interactions

– Ripple in the magnitude response

• Several graphic equalizer designs are available
– Optimized high-order cascade graphic equalizer (Rämö & 

Välimäki 2014)

– New parallel graphic equalizer (Rämö, Bank, Välimäki 2014)

– New cascade graphic equalizer (Välimäki & Liski 2017)

Conclusion

March 4, 2019
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