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Elcaywyn

Ta ¢iktpa IR (Infinite Impulse Response) eivat dpiAtpa
TWV OTMOoLlWV 1N KPOUuoTwKN amokpwon ©6gv  elval
TEMEPAOLEVN.

2uvnOwce xpnoluomoloUvTal oL TIOPOKATW TPELC TUTOL
avaAoyLKwv xapnAomnepatwyv GiAtpwv:

»  OiAtpa Butterworth
»  OiAtpa Chebyshev
»  EM\euttika pidtpa
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DiAtpa Butterworth

Eva xapnAomepato ¢idtpo Butterworth eival eva diktpo
ou €XeL povo moAouc (all pole) kat To TeETPpAywWvVo TOU
NMAATOUC TNC amtokpLong Sivetal amno Tn oxeon:
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H mapapetpoc N avtiotowel otn taén tou diAtpou (eival o
apLOUOC TWV MOAWV TNC ouvaptnonc LETadopac).

To ¢Pidtpo emutpemel tn OLEAEUON OUXVOTNTWV HEXPL TN
ouxvotnta oamokomne Q, (n ouvxvotntaa otnv omoia n
etaoBevion eival -3db).
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DiAtpa Butterworth

Eva pidtpo Butterworth kaBopiletal mAnpwc amo tnv taén N
KOlL TN ouxvotnTta arokormng Q..

Auvéavovtac to N (tnv taén tou ¢PpiAtpou) BeATwveTal n
arnodoon Tou w¢ GIATPO XapUNAWV CUXVOTATWV CE OXEON ME
TO LOAVLIKO. @)
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Koataokeun ¢piltpwyv Butterworth

H avamtuén tnc OBewpntikAc umodounc vywa Ttnv
kotaokeun dpidtpwv Butterworth ywpiletal o dVo pepn:

» Anuoupyla Twv eELOWOEWV YLOL TOV UTTOAOYLOUO
twv N kat Q..

»  YmoAoylopocg tng cuvaptnong petadopac H(s) tou
avaAoytkou ¢piAtpou.
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Kataokeun ¢piltpwyv Butterworth

O ntpodilaypadec tou pidtpou divovtal cuvnOwe oe popdn
ouvxvotNtwyv Kot e€acBevnong onuatoc oe decibel (db) wc
€4NG:

« Zwvn OLEAevonc (passband): Qpass
« Zwvn amokorn¢ (stopband): Qstop
« Méeylotn e€aoBevion (oe db) otn Lwvn dteAevonc :Apass
« EAdyLotn e€acBbevion (oe db) otn (wvn ammokomnG: Astop

AdpoU kabBoplotovv ta N kat Q n cuvaptnon HeTAPOPAC
uropet va Bpebel pe paopatikni napayovronoinon (spectral
factorization).
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YrtoAoyLouoc o€ Python

2tnVv Python n cuvaptnon nou pac divel tnv taén (N) tou
diATpou Kol TN ouvxvotnta amokomne (Q,) amo TIC
npodlaypadec eival n buttord, tnv omola pmopoupe va
TNV XPNOLUOTIOL OOV E WG €€NC:

N, Wo=signal.buttord(Wpass, Wstop, Apass, Astop, analog=False, fs=None)
Adpou urmnoloyicouvpe taa N Kat Q, XpNOLUOTOLOULE TN
ouvaptnon butter, n omola pog Sivel TouC CUVTEAEOTEQ
tou apOuntn (b) kat tou moapovouaotny (a) 1TINC
ouvaptnong petadopac tou YopnAomepatol PilAtpou
TTou BEAOUE VA KOTOLOKEUALOOULLE.

b, a=signal.butter (N, Wo, btype='low', analog=False, output='ba’, fs=None)
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Napadeypa 1

Na KATALOKEUAOETE VOl AWVOAOYLKO XapnAomepato GiAtpo
Butterworth mou va emnitpenel tTn SLEAEUCN CUXVOTNTWV
nexpt 4KHz pe peyotn €€aobevion 1db otn (wvn avn,
evw amo 8KHz kal mavw va €xeL e€aoBevion TouAdyLotov
40db.

OLtpodLaypadec tou piATpou eiva:

Qpass (Zwvn StéAevonc) = 4000Hz = 2*t*4000rad/sec

Qstop (Zwvn amokorrc) = 8000Hz = 2*nt*8000rad/sec

Apass (MEyilotn e€aoBevion otn Lwvn SteAsuvonc) = 1db

Astop (EAGxLoTN €atcO€vion otn {wvn amokoriig) = 40db
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MNapadeypa 1

O kwoLkoc Ba eival o €Nc:
from scipy import signal

import matplotlib.pyplot as plt

import numpy as np

Ap=1

As =40 01
Wp = 4000

Ws = 8000 =20 1
omega_p = 2*np.pi*(Wp)

omega_s = 2*np.pi*(Ws) 40
N, Wn = signal.buttord(omega_p, 0
omega_s, Ap, As, analog=True) .

b, a = signal.butter(N, Wn, 'low’, True)
w, h = signal.fregs(b,a)

plt.plot(w/(2*np.pi), 20*np.log10(abs(h)))

plt.grid()
plt.show()
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MNapatnpnon A

H etaoBevnon oe db otn ocuyxvotnta Q tou ¢iAtpou
Butterworth pmopel vo umoAoylotel pe TOUC TIAPOAKATW
TPOTIOUC:

A(Q) =10log,,|H, (jQ)| db

A(Q)=20log, |H,(jQ)|db

EmMopéVwe n evioAn yla tov oxedlaopo tou ¢piAtpou pmopsl
va ypadel LE TOUC TTOPAKATW TPOTIOUC:

plot(W/(2*pi), 10*log10(abs(H)**2))
plot(W/(2*pi), 20*log10(abs(H)));
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Moapatpnon B

[MooolL mepLlueEVoOUpE OTL Ba elval ol moAoL tou ¢iAtpou mou
oXEOLAOOUE;

[lol VoL avamopaloTOOUE YpadLKA TOUuC TTOAoUC Tou PpiATpou
nou oxedblaocope Oa TMPEMEL v CUUTTANPWOOUUE TOV

TIOPOLKATW KWOLKAL: o Pole / Zero Plot
® Zeros ~
20000 | Poles "
10000 - |

z, p, ¢ = scipy.signal.tf2zpk(b,a) >
plot_z_plane(z,p,show_roc=0) % 0
N =10000 -
=20000 - -
-30000 "
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def plot_z_plane(zeros, poles, show_roc=1):
fig, ax = plt.subplots(figsize=(7, 7), facecolor='white')
# Maximum pole for ROC calculation and axis limits
max_p = np.max(np.abs(poles)) if len(poles) >0 else 0
# ROC Plotting (Only if show_roc ==1)
if show_roc==1:
roc_limit = max(2.5, max_p + 1.0)
# Green area
roc_area = plt.Circle((0, 0), roc_limit, color='lightgreen’, alpha=0.2, label=f'ROC: S| z|
> {max_p:.2f}S', zorder=1)
ax.add_artist(roc_area)
# White "hole" (on top of ROC, below the X markers)
white_center = plt.Circle((0, 0), max_p, color='white', zorder=2)
ax.add_artist(white_center)
# Unit Circle
theta = np.linspace(0, 2*np.pi, 200)
ax.plot(np.cos(theta), np.sin(theta), color="'black’, linestyle="'--',
linewidth=1, label='Unit Circle', zorder=3)
# Poles and Zeros
ax.scatter(np.real(zeros), np.imag(zeros), s=150, marker='o',
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facecolors='none', edgecolors='blue’, linewidth=2,
label="Zeros', zorder=4)

ax.scatter(np.real(poles), np.imag(poles), s=150, marker="x',
color='red’, linewidth=2, label="'Poles’, zorder=4)

# Automatic axis adjustment

all_coords = np.concatenate(([1.2], np.abs(poles), np.abs(zeros)))
limit = np.max(all_coords) + 0.3

ax.set_xlim([-limit, limit])

ax.set_ylim([-limit, limit])

ax.axhline(0, color='black’, Iw=1, zorder=3)

ax.axvline(0, color='black’, Iw=1, zorder=3)
ax.set_aspect('equal’)

ax.legend(loc='upper right', frameon=True).set_zorder(5)
ax.grid(True, linestyle=":', alpha=0.5, zorder=0)

plt.show()



Digital Signal Processing Laboratory S
Department of Electrical & Computer Engineering §7 %

Napadelypo 2

Na KOTOOKEUQOETE €va OVOAOYLKO YapnAomepato ¢iAtpo
Butterworth mou va emitpenel tn SLEAELON CUXVOTATWYV HEXPL
200KHz pe peyiwotn e€aocbevion 3db otn (wvn autn, Evw amo
400KHz kot mavw va €xeL e€aoBevion touAayitotov 60db.

AOon

OLtpodLaypadec tou piATtpou eiva:

Qpass (Zwvn StEAevoncg) = 200KHz = 2*rt*200*1000 rad/sec
Qstop (Zwvn amokornrc) = 400KHz = 2*rt*400*1000 rad/sec
Apass (MEyilotn e€aoBevion otn {wvn SteAsuvonc) = 3db
Astop (EAGxLOTN €acO€vion otn {wvn amokoric) = 60db



Digital Signal Processing Laboratory
Department of Electrical & Computer Engineering

MNapadeypa 2

Ap=3
As =60

Wp = 200000
Ws = 400000
omega_p = 2*np.pi*(Wp)
omega_s = 2*np.pi*(Ws)

N, Wn = signal.buttord(omega_p, omega_s,
Ap, As, analog=True)

b, a = signal.butter(N, Wn, 'low', True)
w, h = signal.freqs(b,a)

plt.plot(w/(2*np.pi), 20*np.log10(abs(h)))

plt.grid()
plt.show()

-75 4

=100 1

-125 1

=150 1

=175 1

0.0

0.2

D4

0.6

0.8

10

12

14

16
let



Digital Signal Processing Laboratory
Department of Electrical & Computer Engineering

DiAtpa Chebyshev

To ¢piAtpo Chebyshev eivatl €vac tumoc avaloywkoU 1 Pnolakou ¢piAtpou mou
XPNOLUOTIOLE(TAL VLA TO SLOXWPLOHO pLag {wvng CUXVOTATWY amo pa aAAn. Eivol
YVWOTO yLaL TNV TILO QITOTON OITOKALON O€ cUYKpLon Ue AAAoug TtUTtouC piATtpwy
onw¢ ta ¢piAtpa Butterworth. Ta ¢pidtpa Chebyshev katnyoplomolouvtal og dvo
Tumouc: Tumog | kot Tumog Il. Ta ¢iktpa Chebyshev tumou | mapoucialouv
kupatwon otn {wvn OlEAevong, evw ta ¢idtpa tumou Il, yvwotd Kat wg
avtiotpoda didtpa Chebyshev, €xouv kupdtwon otn {wvn ATOKOTIAC.
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YrtoAoylopoc o€ Python

Avtiotolya pe tnv buttord ota ¢iAtpa chebyshev €xoupe tnv cheblord tnv
orola UropoULE VoL TNV XPNOLULOTIOL|COUE WC €ENC:

scipy.signal.cheblord(wp, ws, gpass, gstop, analog=False, fs=None) #returns order of the filter

Kot pog Sivel tnv xapunAotepn taén yia éva ¢idtpo Chebyshev tumou | mou
nAnpot ti¢ mpodlaypadEc.

Parameters:
wp, ws: Passband and stopband edge frequencies. For digital filters, these are in the same units as fs. By
default, fs 1s 2 half-cycles/sample, so these are normalized from 0 to 1, where 1 is the Nyquist frequency. (wp
and ws are thus in half-cycles / sample.)

Gpass: The maximum loss in the passband (dB).
Gstop: The minimum attenuation in the stopband (dB).
Analog:bool, optional: When True, return an analog filter, otherwise a digital filter is returned.

Fs:float, optional. The sampling frequency of the digital system.
Returns:

Ord:int. The lowest order for a Chebyshev type I filter that meets specs.
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Adolu umoloyicoupe TV TAEn TOU  IATpOU  pTMOpPOUME v =
xpnotpornowocoupe tnv chebyl wg g&§ng:

B,a = scipy.signal.chebyl(N, rp, Wn, btype="low', analog=False, output="ba’, fs=None)

Parameters:

N:int. The order of the filter.
Rp: float. The maximum ripple allowed below unity gain in the passband. Specified in decibels, as a positive number.

Wh: array_like. A scalar or length-2 sequence giving the critical frequencies. For Type I filters, this is the point in the transition
band at which the gain first drops below -rp.

btype{‘lowpass’, ‘highpass’, ‘bandpass’, ‘bandstop’}, optional
analog: bool, optional
output{‘ba’, ‘zpk’, ‘sos’}, optional

Returns:
b, a: ndarray, ndarray

Numerator (b) and denominator (a) polynomials of the IIR filter. Only returned if output="ba".
Z, p, k ndarray, ndarray, float

Zeros, poles, and system gain of the IIR filter transfer function. Only returned if output="zpk".
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Napadeypa 1

Kataokevdote €va avaloykd ¢idtpo Chebysev (tumou 1) to omoio €XeL HEYLOTN
Stakupavon 10 dB otn {wvn dtédevonc €we ta 4500 Hz kat eAdylotn e€acbévnon 100 dB
otn {wvn amokonn¢ amnod ta 10000 Hz kot avw.

import numpy as np
from scipy.signal import cheblord, chebyl, freqs
import matplotlib.pyplot as plt

rp =10 # maximum ripple in the passband (dB)

rs = 100 # minimum attenuation in the stopband (dB)
wp = 4500 # passband edge frequency (Hz)

ws = 10000 # stopband edge frequency (Hz)

# Since it's an analog filter, we directly use the angular frequencies (rad/s).
wp =2 * np.pi * wp
ws =2 * np.pi * ws

# Calculate the minimum order of the filter and the critical frequency
N, Wn = cheblord(wp, ws, rp, rs, analog=True)
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# Design the Chebyshev Type I filter
b, a = chebyl1(N, rp, Wn, btype='low', analog=True)

# Print filter parameters
print(f"Filter order: {N}") # Output: Filter order: 8
print(f"Critical frequency: {Wn /(2 * np.pi)} Hz")

# Frequency response
w, h = freqs(b, a, worN=np.logspace(1, 5, 1000))

# Plot the magnitude response

plt.figure()

plt.semilogx(w / (2 * np.pi), 20 * np.log10(abs(h)))
plt.title('Chebyshev Type | frequency response')
plt.xlabel('Frequency [Hz]')

plt.ylabel('Amplitude [dB]')

plt.grid(which='both', axis='both')
plt.axvline(4500, color='green') # passband edge
plt.axvline(10000, color="'red') # stopband edge
plt.axhline(-100, color='red') # stopband attenuation
plt.axhline(-10, color="green') # passband ripple
plt.show()

Amplitude [dB]

Chebyshev Type | frequency response
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EA\euttika Qidtpa

Eva e AAewttiko didtpo elval eva didtpo enetepyaocia onpaTog Le eELCOPPOTINUEVN CUUTEPLPOPA
Kupatwonc (equiripple) tooo otn {wvn StEAeuong 600 Kat otn {wvn OIOKOTAC.

YrtoAoyiopocg o€ Python

Avtiotowya pe tnv buttord ota elliptic pidtpa €xoupe tnv ellipord tnv omoila UMOPOUUE va TNV
XPNOLULOTIOLNOOUE WG €ENC:

scipy.signal.ellipord(wp, ws, gpass, gstop, analog=False, fs=None)

Eriotpedel tnv xapunAotepne taénc Yndlakdo . avaAoylkd eAAemTkO diAtpo mou dev Yavel

TIEPLOCOTEPO amo gpass o€ dB otn {wvn SLEAsUoNG Kal £xel ToUAAxLoTov gstop dB e€aoBévnon otn
{wvn OTTOKOTINC.
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AdoU urmoAoyiocou e TNV Taén Tou PIATpoU UTopoUE va xpnotpomotoou e Tty ellip we e€nc:
B,a = signal.ellip(N, rp, rs, Wn, btype="low', analog=False, output="ba’, fs=None)

Parameters:

N: int (The order of the filter.)

Rp: float (The maximum ripple allowed below unity gain in the passband. Specified in decibels, as a
positive number.)

Rs: float (The minimum attenuation required in the stop band. Specified in decibels, as a positive
number.)

Whn: array_like (A scalar or length-2 sequence giving the critical frequencies. For elliptic filters, this is
the point in the transition band at which the gain first drops below -rp.)

btype{‘lowpass’, ‘highpass’, ‘bandpass’, ‘bandstop’}, optional: The type of filter.Default is ‘lowpass’.
Analog: bool, optional (When True, return an analog filter, otherwise a digital filter is returned.)

output{‘ba’, ‘zpk’, ‘sos’}, optional. (Type of output: numerator/denominator (‘ba’), pole-zero
(‘zpk’), or second-order sections (‘sos’). Default is ‘ba’ for backwards compatibility, but ‘sos’ should
be used for general-purpose filtering.)

Fs: float, optional. The sampling frequency of the digital system.
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b, a:ndarray. Numerator (b) and denominator (a) polynomials of the IIR filter. Only returned if
output='ba'.

z, p, k : ndarray. Zeros, poles, and system gain of the IR filter transfer function. Only returned if
output="zpk'.

sos: ndarray Second-order sections representation of the IIR filter. Only returned if output='sos'.
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Napadeypo 1

Ixeblaote €va avaAoylko eAAELTTIKO diAtpo pe péylotn amokAlon 1 dB otn {wvn SLEAevonc,
gehaxwotn e€acBévnon 30 dB otn lwvn amokormrg, ouxvotnta lwvng OtéAevong 4000 Hz kot
ouyvotnta {wvng anokomnng 1 8000 Hz, 6edopévng ouxvotntag SetypotoAnyiog 20000 Hz.

import numpy as np
from scipy.signal import ellipord, ellip, freqs
import matplotlib.pyplot as plt

# Define the filter specifications

fp = 4000 # Passband frequency in Hz
fs = 8000 # Stopband frequency in Hz
Rp=1 # Passband ripple in dB

Rs =30 # Stopband attenuation in dB

# Normalize frequencies for an analog filter (frequencies are in radians per second)
Wp =2 *np.pi *fp
Ws =2 * np.pi *fs

# Calculate the minimum filter order and the critical frequencies
N, Wn = ellipord(Wp, Ws, Rp, Rs, analog=True)
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# Design the elliptic filter
b, a = ellip(N, Rp, Rs, Wn, btype='low', analog=True)

# Frequency response
w, h = freqs(b, a, worN=20000)

# Plot the frequency response

plt.figure()

plt.semilogx(w / (2 * np.pi), 20 * np.log10(abs(h)))
plt.title('Elliptic Lowpass Filter Frequency Response')
plt.xlabel('Frequency [Hz]')

plt.ylabel('Amplitude [dB]')

plt.grid(which='both', axis='both')

# Add lines for passband edge, stopband edge, passband ripple, and stopband attenuation
plt.axvline(4500, color='green’, linestyle='--', label='Passband Edge (4500 Hz)")
plt.axvline(10000, color="red', linestyle='--', label='Stopband Edge (10000 Hz)')
plt.axhline(-100, color='red’, linestyle="'--', label='Stopband Attenuation (-100 dB)')
plt.axhline(-10, color='green’, linestyle='--', label='Passband Ripple (-10 dB)')

# Add legend
plt.legend()
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# Show plot
plt.show()

# Print filter order and critical frequency

print(f"Filter order: {N}")
print(f"Critical frequency: {Wn /(2 * np.pi)} Hz")

Elliptic Lowpass Filter Frequency Response
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