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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
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Review Article on Equalizers

JR </plied woe *  Areview paper about

e audio equalizers

All About Audio Equalization: Solutions published in Applied

and Frontiers Sciences in 2016

Vesa Vilimiki ** and Joshua D. Reiss *

: wunw = Joint work with Prof.
i Josh Reiss (Queen
Re ted: 19 April 2016; Published: 6 May 2016 Mary UnIV. London, UK)

lization is a vast and ac research area. The

tify the preferred technique for a particular

s. Finally, we discuss current

arted frontiers in this field. The sot

e for methods discussed in this

paper is made available at https:/ /code soundsoftware.ac.uk / projects/ allaboutaudioeq
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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 DEQ?7 (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

Magnitude (dB¥)
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Derivation of 1st-Order Low Shelf

+ First define the gain at 3 points: H(0) = G, H(1) = 1,
and geometric mean gain (g/2 in dB) at crossover:
(/)| = VG
* When w, = 11/2, we get the prototype filter:

z+p . G- vG
H =vG with the poleat p = ————
p(2) z—p P P G++/G

» The crossover point is shifted using the lowpass-to-
lowpass transformation (see, e.g. Reiss & McPherson, 2015):

z—p B — 1 —tan(w./2)

1Bz 1+ tan(w./2)
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Derivation of 1st-Order Low Shelf (2

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

-1
b'\+b', z

' [
a0+alz

All coefficients

/ divided by a’

Hs(z) =

?—> ¥(n)

Aalto University March 4, 2019 ©2001-2019 Vesa Valimaki  ELEC-E5620 Audio Signal Processing
School of Electrical 9 Lecture #2: Digital Filters
B Engineering @2016-2019 Vesa Valimaki

Magnitude Response of Low Shelf

* 1st-order shelf
filter

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

Magnitude (dB)
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Magnitude Response of High Shelf

« 1storder shelf 12r ' ' | ,__
filter '

* Notice that the
gain at the
crossover point
is 0.5 times the
max gain at dc
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High Shelf Filter

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

» They can be made complementary (mirror images)

Cascaded . r . . : ;

= R Al =0 ]
T LI —

Low shelf

Magnitude (dB)

High shelf
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Higher-Order Shelf Filters

(=

» Higher-order shelfs
have a steeper

.- 8
transition 6
* The 2™-order shelf z *
can be derived by ¢ |
digitizing an analog & -
shelf filter using the =
e il
bilinear transform <
(Valimaki & Reiss, 2016) 10!
n— ;
T30 100 300 1000 3000 10000
Frequency (Hz)
A Aalto University March 4, 2019 © 2010 Vesa Valimaki, $-89.3540 Audio Signal Processing
School of Electrical 13 Heidi-Maria Lehtonen and Lecture #5:
W Engineering @2016-2019 Vesa Valimaki Sami Oksanen Audio Filter Design

Special Structure for Shelving and EQ Filters

» Aclever 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

172

+

Allpass
In —e—P P Out
filter

+

K2
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Special Structure for Shelving and EQ Filters

* 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

1/2

\

N
UV
A
Allpass
Out
filter
Y-
A
i
+
K72
A Aalto University March 4, 2019
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Equalizing Filter Structure

* 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

1/2

— _ +
4(2) = z?+b(l+a)z" +a D
1+b(1+a)z" +az™ _— A+
| Allpass
n > lter Out
Y-
L
D
L
K2
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Bass Shelving Filter Design

» Parameter a depends on cutoff frequency f, (in Hz) and
gain G (in dB) (Regalia & Mitra 1987; Zolzer 1997)

_ 271
fan(Q/2) -1 ,when K >1 where Q = 21,
| tan(Q/2) +1 A
) tan(Q/2)-K =109
—( ) ,when K <1 and K =10
tan(QQ/2)+ K Lon
w1
L N
A+
o | Allpass
» In /V filter Out
z +a Y-
A(z) = - 5 D
1+az +
K72
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Bass Control With Shelving Filter
Original E(EI-
+10 dB (E]é
10 dB (E]’g
e Arttu Siukola, Antti Kelloniemi, TKK, 2004
AI Sohool of Elexivical "
- Engmennng @2016-2019 Vesa Valimaki

3/5/2019



Practical Example of Tone Control

+ Sony D-345 portable CD player has 3 optlons

= norm
—— bass boost mid
= hass boost max

Magnitude (dB)

A2 I L Bhd A P A Banaes
10 10 10
Frequency (Hz)
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Arttu Siukola, Antti Kelloniemi, TKK, 2004

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)

* Now widely used in audio production for
| CHANNEL V_\fnmm METERS || REVERE

spectral coloration (bumpy — not flat)
@ ‘II @Qﬂ

||| & I @

}lE

3
(www.universal-radio.com/

Frequency (Hz) used/u023knob.jpg)
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Magnitude Response of Parametric EQ

A peak (bOOSt) ora 1l
valley (cut)

— Adjust gain, center 6
frequency, and —~ 4f
bandwidth 2 2
— Elsewhere the gainis = *
about 0 dB 22
= 41
-6}
-3
-10+
-12
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Frequency (Hz)
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Digital Equalizing Filter

« 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 (Valimaki & Reiss 2016)

 This leads the following 2"-order transfer function:

~ VG+Gtan(B/2) — [2v/Geos (we)]z !t + [/(G) — Gtan (B/2)]z~
Hpn(z) =

VG +tan (B/2) — [2¢/G cos (w.)]z! + [\/G —tan (B/2)]z 2
 This filter is symmetric for G and 1/G.
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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

Im

@4
o 1
L

Re =P
E

o 2,
A s
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Special Structure for Shelving and EQ Filters

* Closed form formulas are available for a and b
(Regalia & Mitra 1987; Zdlzer 1997)

l—tan(%)

- K—tan(%)

,when K >1

,where Q is normalized — 3 dB bandwidth and KX is gain

,when K <1
K+ tan‘fy '
2
b = —cos(w, ), where @, is the center frequency in rad Loom;
¢
-2 -1 -
z +b 1+a z +a Allpass
s S I
1+b(1+a)z" +az Y-
K2
—
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Continuous Control of Center Frequency

T

K=7,BW =100 Hz

White noise:

Gain / dB

fy =300 Hz...6.5 kHz

...300 Hz:
O0 1 2 3 4 5
Frequency / kHz o
Markus Lehtonen, Martti Viljainen, TKK, 2003
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Graphic Equalizer

» Aset 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

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

» Cascade structure
Gl GZ GM»I GM

v v v v

In — Hi(2) | Hy(z) - B Hy(2) = Hy(z) 9 Out

» Parallel structure

Aalto University March 4, 2019
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Cascade Graphic Equalizer

G G, G Gy

v v v v

In — H(2) - Hy(z) > B Hy(z) — 9 Hy(z) 9 Out

+ Each subfilter is an equalizing filter with fixed f, and Q:
Gain G at peak, 0 dB elsewhere

* Problem: interaction between bands...

Aalto University March 4, 2019
School of Electrical 28
B Engineerin a @2016-2019 Vesa Valimaki
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Cascade Graphic Equalizer, Ex. #1

« Two EQ filters with |,
at 1 kHz and 2 kHz:

)
)
2z
3 0
+10dB and -10dB £
1]
=
-5
-10+
0.1 1 10
Frequency (kHz)
Aalto University March 4, 2019
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Cascade Graphic Equalizer, Ex. #1

- Responses interact ,,, ==
so the overall
response is biased: s

+9.6dB and -7.1dB

Magnitude (dB)

-10}

0.1 o 7 ”IV - V”l;)
Frequency (kHz)
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Cascade Graphic Equalizer, Ex. #1

* Interaction problem:

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

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

Magnitude (dB)

0.1 | Ii)
Frequency (kHz)
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Cascade Graphic EQ for Octave Bands

» Naive design leads to severe approximation problems
— Filter gains = command gains

Magnitude (dB)

e
30 100 300 1000 3000 10000
Frequency (Hz)
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High-Order Cascade Graphic EQ

» Bark-band
graphic EQ

(dB)

(a)16th-order EQ

filters (total order:

Magnitude

384) L

20r ) (‘lrh‘ﬂjmmmnn
22 V ' I

Magnitude (dB)

* No interaction
* Anew problem: »

(b) 28th-order EQ 100 300 1k 3k 10k
between band
Ripple at band 100 300 1k 3k 10k

filters (672)
,IR. _..............._.....
. 20t J 11 Py Py |
filters! - v 'H‘H'"'""llrfl
edges (b)

Aalto University March 4, 2019
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Optimizing High-Order Graphic EQ

* Ripple between bands is reduced, if the neighboring
filters are symmetric (Ramé & Valiméki 2014)

* lteratively choose the best orders P, e.g. P<5
— In this case, P = 3 gives the smallest ripple

0 ! —P=2
| —P=3
i
_5| 3 i
o |
= ol i
3z 2 !
! 37
g
2 &
- | 1
i
|
-2 :
| —P=35 ol f /
200 300 400 240 260 280 300 320 340 360
Frequency (Hz) Frequency (Hz)
Aalto University March 4, 2019
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Optimized High-Order Cascade GEQ

+ 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

|
o0

|
2
(5]

Magnitude (dB)
to
S

|
2
=

100 300 1k Xl\ 10k
Frequency (Hz)

(R&mo &Valiméaki 2014)
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Novel Cascade Graphic EQ Design

G, G, Gy
* |tis desirable to use 2nd )

Ge ¥ Y L
order band filters tn —>—l 11 ] 1) [ | o) O
» The most accurate cascade
design uses different peak
filter shapes than previously f

]

o

v e L. In — » O
(Valimaki & Liski 2017) ol C
* The magnitude response is
optimized at center - >
frequencies and intermediate / ‘
frequencies
(b)
Ref: Valimaki & Liski, IEEE SPL, 2017 Second-order cell H,(z)
A' ga_:‘lo I.Ilnlversl.ly ) March 4, 2019
chool of Electrical 36
B Engineerin a @2016-2019 Vesa Valimaki
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Cascade GEQ Based on 2M-Order Filters

 lItis 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

(080 023 002 0 0 0 0 0O
019 1 021 004 001 0 0 O
004 021 1 020 004 001 0 O
001 004 020 1 020 004 001 O
Filter g | 0 001 004 020 1 020 004 001 0

oo oo
[=J= == == R ]

0 0 001 004 020 1 020 004 001
0 0 0 001 004 020 1 020 003 0
0 0 0 0 0.01 004 021 1 018 001
0 0 0 0 0 001 006 025 1 010
v L 0 0 0 V] 0 Q 0 001 014 094 |
Al soimm,, wesss Frequency band
B Engineering @2016-2019 Vesa Vélimaki

Cascade GEQ Based on 2M-Order Filters

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

Bopt = B_lg

 After optimization: filter gains # command gains

Gy G, G Gy

v v v v

In —| H\z) 9 Hz) - | Hyi(2) Hy(z) | Out

A

Aalto University March 4, 2019
School of Electrical 38
B Engineering @2016-2019 Vesa Valimaki
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Octave Equalizer: Trivial Design

20
18 |
16 |
a4t

ra

Magnitude (d
© S

30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Oliver & Jot, 2015

Oliver-Jot design, AES 2015

Magnitude (dB)

30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Oliver & Jot, 2015

Oliver-Jot design, AES 2015

Magnitude (dB)

R I

30 100 300 1000 3000 10000
Frequency (Hz)
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Cascade GEQ with Variable-Q Band Filters

 Itis possible to force the response "proportional” at its
f. and the 2 neighboring f_'s (valimaki & Liski 2017)

—_
T

e
(%)
T

Magnitude (dB)
o
[e))

0 i I 1 1 L
125 250 500 1000 2000 4000 8000
Frequency (Hz)
Al i, e
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Orfanidis Peak Filter

*  We use the following peak filter
H(z) = 1+GB—2cos(we)zt + (1 —GpB)z2
T B —2cos(we )zt + (1 —3)=72

where G is the peak gain, w, is the center frequency,

tan (B/2), when G =1
3= 2
' % tan (?) . otherwise

* You can choose the bandwidth definition: Gz is the gain at bandwidth B
+ Original design by Orfanidis (2010)

Aalto University March 4, 2019
School of Electrical 43
B Engineerin a @2016-2019 Vesa Valimaki

Parametric Filters for Octave Design
(Valimaki and Liski, IEEE SPL 2017)

* Inspired by designs by Abel and Berners (ICMC 2004) and by
Oliver and Jot (AES 2015)

* We set G = c¢G, where ¢ = 0.3 and B = difference of center
fregs. on each side

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

!
2
S
=2
o6
£
%043 r
=
0 . . . n
125 250 500 1k 2k 4k 8k
Frequency (Hz)
Aalto University Orfanidis, Introduction to Signal Processing, 2010. @2016-2019 Vesa Valimaki
A School of Electrical March 4, 2019
Engineering
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Octave-Band Filters
with Gain Normalized to 1 dB

Magnitude (dB)

63 125 250 500 1k 2k 4k
Frequency (Hz)

+ Filters with different gains (3 dB, 17 dB, 24 dB) are self-similar
meeting at 3 points: own center freq & 2 adjacent center freqs

@2016-2019 Vesa Valimaki
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Octave Equalizer: Oliver & Jot, 2015

B Oliver-.lqg_q_gsign. AES 2015

Magnitude (dB)

30 100 300 1000 3000 10000
Frequency (Hz)

@2016-2019 Vesa Valimaki

Aalto University
School of Electrical March 4, 2019
Engineering 46

3/5/2019

23



Octave Equalizer: Oliver & Jot, 2015

Oliver-Jot design, AES 2015

12
1
[as]
=
3
S10¢
g
2
=
Q-
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30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Valimaki & Liski, 2017
Viilimiiki & Liski, 2017: 10 frequencies
12 ¢
)
=
L+
=
=
5
2
=
30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Valimaki & Liski, 2017

Viilimiiki & Liski, 2017: 10 frequencies

)
=
3
S10¢
g
2
=
Q-
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30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Valimaki & Liski, 2017
Viilimiiki & Liski, 2017: 19 frequencies
12 ¢
)
=
L+
=
=
5
2
=
30 100 300 1000 3000 10000
Frequency (Hz)
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Octave Equalizer: Valimaki & Liski, 2017

Viilimiiki & Liski, 2017: 19 frequencies

10}

Magnitude (dB)
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Graphic Equalizer Design Using
Interaction Matrix

Interaction matrix B

Optimize dB gains in
least-squares sense
using pseudoinverse:

g = (BTB)"1BTt,
where

t, = target gains (dB)
B = interaction matrix
g = filter gains (dB)

School of Electrical March 4, 2019

A Aalto University @2016-2019 Vesa Valimaki
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Asymmetry at High Center Frequency

* Aremaining (minor) problem in graphlc equallzers at

high frequencies -
10

(S I - - =

=Y

- 2

Magnitude (dB)

™~

-8
-10¢
12
30 100 300 1000 3000 10000
Frequency (Hz)
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Parallel Graphic EQ Structure

» Use the parallel lIR filter structure, with fixed poles,
proposed by B. Bank (2008)

» Use extra band filters between command points
Out

o[ oo ok
= o P D

R

ll>d° Second-order block H,(z)
Parallel Structure Ref: Ramé et al. IEEE Tr. ASL, 2014
Aalto University March 4, 2019
“ School of Electrical 54
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Parallel Graphic EQ Design

» Poles can be set first (log freq. distribution)
« Least squares design of coefficients b, and by

In Out In

A 4

TR &

R

ll>d° Second-order block H,(z)
Parallel Structure Ref: Ramo et al. IEEE Tr. ASL, 2014
Aalto University March 4, 2019
“ School of Electrical 55
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Graphic EQ Response Example #1

+ Constant +12 dB command gain at all bands — surprisingly hard!

30 30
. V“V“V‘N\'\MP’UJVWV‘M £
¥ Zm
4 ]
E“ L1 § n
- - P

Analog Digital (2"d-order blocks)
v 100 1k 10k " o0 1k 10k
Frequency (Hz) Frequency (Hz)
() by

30 30
=) =
2w o
4 =
£ hhnnooononnnnnononnannananavvl =
;f‘ i U E‘ 0]

Digital (4"-order blocks) Parallel EQ
v 100 1k 10k " 100 1k 10k
Frequency (Hz) Frequency (Hz)
i) oy
Aalto University March 4, 2019
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Graphic EQ Response Example #2

» Every 3rd gain at +12 dB, others at 0 dB — known to be difficult

15| 15
] &
= 10) = 10
4 ¥
H £ s
K 2
- - (9 il
Analog Digital (2"-order blocks) |
- 100 1k 10k - 100 1k 10
Froquency (Hz) Frequency (He)
(3) by
15| 15
) )
Z 10 = 10
4 %
£ s £ s
K 2
- Lol = (s
Digital 4!™-order blocks Parallel EQ |
- 100 Ik 10k - 1060 1k 10
Frequency (Hz) Frequency (Hz)
) h
Aalto University March 4, 2019
School of Electrical 57
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Conclusion

» 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 (R&mo &

Valimaki 2014)

— New parallel graphic equalizer (R&md, Bank, Valimaki 2014)
— New cascade graphic equalizer (Valimaki & Liski 2017)

Aalto University March 4, 2019
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