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Linear Filter Design

0 Used to be an art

= Now, lots of tools to design optimal filters

0 For DSP there are two common classes
= Infinite impulse response IIR

= Finite impulse response FIR

0 Both classes use finite order of parameters
for design

0 Today we will focus on FIR designs
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What is a Linear Filter?

0 Attenuates certain frequencies
0 Passes certain frequencies

0 Affects both phase and magnitude

a 1IR

= Mostly non-linear phase response

= Could be linear over a range of frequencies
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Filter Specitications
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CT Filters

0 Butterworth

= Monotonic in pass and stop bands

0 Chebyshev, Type I

= Equiripple in pass band and monotonic in stop band

a Chebyshev, Type 11

= Monotonic in pass band and equiripple in stop band
0 Elliptic
= Equiripple in pass and stop bands

a0 Appendix B in textbook
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Design Comparison

0 Design specifications
= passband edge frequency o, = 0.5
= stopband edge frequency w, = 0.67
= maximum passband gain = 0 dB
= minimum passband gain = -0.3dB

= maximum stopband gain =-30dB

0 Use bilinear transformation to design DT low pass

filter for each type

Penn ESE 531 Spring 2021 - Khanna



Butterworth

0 Butterworth

= Monotonic in pass and stop bands
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Chebyshev

o Typel

= Equiripple in pass band and
monotonic in stop band
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Chebyshev

o Typel o Type 11

= Equiripple in pass band and = Monotonic in pass band and
monotonic in stop band equiripple in stop band
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Elliptic

0 Elliptic
= Equiripple in pass and stop bands
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Comparisons
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What is a Linear Filter?

0 Attenuates certain frequencies
0 Passes certain frequencies

0 Affects both phase and magnitude

o FIR

= Much easier to control the phase

= Both non-linear and linear phase
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FIR Design by Windowing

0 Given desired frequency response, H,(e/*) , find an
impulse response

1 [™ . .
hd[n] — %/ Hd(fiw)ejwndw

—> ideal

0 Obtain the M™ order causal FIR filter by
truncating/windowing it

hlin] = { hafnlw[n] 0<n<M }

10 otherwise
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Example: Moving Average

w[n] “window”

sin ((N +1/ 2)a))

sin(a)/Z)

wln]< W(e’”) =

1 jor o~ JoM/2 sin((M/2+1/2)a))
M+1W[n_M/2] Wie™)- M +1 sin(a)/Z)
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Example: Moving Average

[H ()]
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FIR Design by Windowing

0 With multiplication in time property,

H(e?%) = Hy(e’¥) « W (e?¥)
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FIR Design by Windowing

0 With multiplication in time property,
H(e?%) = Hg(e?¥) * W ()
0 For Boxcar (rectangular) window

oy _ —jwMd sin(w(M +1)/2)
Wi(e™) =e sin(w/2)

Hy(e?*) W (e3)| |H()]

%k

LW(ej“)kliN j j 1 d t
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FIR Design by Windowing
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FIR Design by Windowing

pass-band ripple
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Tapered Windows
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Tradeoft — Ripple vs. Transition Width
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Commonly Used Windows
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Figure 7.29 Commonly used windows.
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Kaiser Window

0 Near optimal window quantified as the window
maximally concentrated around w=0

LB — [(n — a)/a]?)!/?]
win] = Io(B) ’

0, otherwise,

O<n<M,

0 Two parameters — M and 3

a «=M/2

0 I,(x) — zero™ order Bessel function of the first kind
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Kaiser Window
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Kaiser Window
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Kaiser Window
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Approximation Error

Approximation error vs. Transition width [* = fixed windows, 0 = Kaiser (8 = integer)]
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FIR Filter Design

0 Choose a desired frequency response H(e®)
= non causal (zero-delay), and infinite imp. response

s If derived from C. T, choose T and use:

Ha(e) = H(j )

0 Window:
» Length M+1 & affects transition width
s Type of window & transition-width/ ripple

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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FIR Filter Design

0 Choose a desired frequency response H(e®)
= non causal (zero-delay), and infinite imp. response

s If derived from C. T, choose T and use:

Ha(e) = H(j )

0 Window:
» Length M+1 & affects transition width
s Type of window & transition-width/ ripple

= Modulate to shift impulse response
= Force causality
. o M
Hg(e!*)e 7%

Penn ESE 531 Spring 2021 — Khanna
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FIR Filter Design

0 Determine truncated impulse response h,[n]

% [ Hd(ej“’)e_jw%ejw" 0<n<M
hiln| = w - .
0 otherwise

a0 Apply window

hw(n] = w{n|hi[n]
0 Check:

s Compute H (¢)), if does not meet specs increase M or
change window
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Example: FIR Low-Pass Filter Design

1 |w| < we

Jwy __
Hq(e™) = 0 otherwise

Choose M = Window length and set
M

Hl(ej“’) — Hd(ejw)e_ij

sin(we(n—M/2))
hiln| = { 0 m(n—M/2) 0 Sﬂ? < M
\ Ootnerwise
“esinc(“(n — M/2)
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Example: FIR Low-Pass Filter Design

0 The result 1s 2 winc

hy (10

0 High Pass Design:

= Design low pass

owed sinc function

= w|n]hy 1]

N

e sinc( =2 (n — M/2))

s s

= Transform to hy[n](-1)"

0 General bandpass

= Transform to 2h[n]cos(wyn) or 2h[n]sin(wyn)

Penn ESE 531 Spring 2021 — Khanna
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Characterization of Filter Shape

Time-Bandwidth Product, a unitless measure
T(BW) = (M+1)w/2n = also, total # of zero crossings

JAWANN

TBW=2 TBW=4 TBW=8 TBW=12

Larger TBW = More of the “sinc” function
hence, frequency response looks more like a rect function

Penn ESE 531 Spring 2021 — Khanna
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Time Bandwidth Product

impulse response Amplitude Response
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Design through FFT

0 To design order M filter:

0 Over-Sample/discretize the frequency response at P
points where P >> M (P=15M is good)

. - s M
0 Sampled at:  w;, = k%r k=10,---,P —1]

a0 Compute h[n] = IDFT,(H,[k])
a0 Apply M+1 length windowr:

hw[n] = wln]ha[n]
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Example

- signal.firwin2(M+1,0mega_vec/pi, amp_Vvec)

- taps1 = signal.firwin2(30, [0.0,0.2,0.21,0.5, 0.6,
1.0],[1.0, 1.0, 0.0,0.0,1.0,0.0])

impulse response
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Example

0 For M+1=14
= P=16and P = 1026

magnitude frequency response
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04 \\ a
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0.2 . =
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. \ _—
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. Z

— P=16
— P=1026

0.0 05 10 15 20
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Admin

a HW 6
s Due Monday 3/22

a Projectl out now
s Due Monday 4/5
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