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AvaAuon NXA ZuoTnuATWYV %\

* 'Eva IN'XA cuoTnpa kaBopiletal TTARPWG ATrd

« KpouoTik atmrokpion (impulse response)
y[n] = x[#] * Aln] = Z x[k)h[n — k]

k==—o0

« ATokpion Zuxvortntag (frequency response)

Y(e/™) = H(e’*) X(e'”)

« AmoKpion 2uoTriNaTog (system response)

Y(z) = H(z) X(2).
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AvaAuon NXA ZuoTnuATWYV %K

« ATTOKpIon ZuxvoTnTtag (frequency response)
* 2XEO0N METACU METAOXNMATIOMWY Fourier

Y(e™™) = He™)X(e*) Y() = |H() - 1X ()]  <Y(e') = <H(e/) + aX(e)

* To amoTtéAeoua TNG aAAayAG TOU TTAATOUG KAl TNG ¢AONG WTTOPEi va
gival BeTIKO (11.X. evioxuon) ) apvnTIKO (TT.X. TTAPAMOPPWON
(distortion))

* [lapdadeiyua

« [davikd XaunAotrepaTtd (low pass) DiATpo

Hlp(ejw) — { 1, |w| < ., o i i
0, @ <lw<x * [davika @iATpa £xouv @acon 0
hpln] = Sin wert —~00 < 1 < 00 A . :
—— e ATTEIPN KPOUOTIKI ATTOKPION
* h[n]#0 yIa -o< N < +
* |1daviké Yyitrepato (high pass) QiATpo « Mn-aimiato

0. || < @, » AEv UTTOPEI VO EQAPUOOTEI

Hyp(e*) = {1, we < |w| <
* AITIOTEC TTIPOCEYYIOEIC UTTOPEI
Va €XOUV TTAPAUOPPWOEIC

opln] = 8[n] — ipln] = 8[n] — S” paong

Tn
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AvaAuon NXA ZuoTnuATWYV %\

« ATToTEAEOHATA THG TTAPANOPPWONG paong (phase distortion)
» 1davikdé ouoTtnua kaBuoTépnong (ideal delay system)

* [pappikn @aon
* H tmmapaudpwaon dev gival Kal TOOO GNUAVTIKN
» MrtTopEi va avTioTaBuIoTEI OTO OUCTNUO
«  @iATpo pe KOBuoTEPNON
oy J €T ol < « Avn Kaeunépnon gival ’
Hpe™)=1 ¢ SIAPOPETIKI] VIO SIAPOPETIKEC W

we < |lwl <m . .
- dlaoTropa (dispersion)
sinw.(n — ng)

el = =)

; —00 <« N <0

« Kal maAi dev gival aimiaro!
« Opadikiy KaBuoTépnon (group delay)
* METPO TNG YPAUMIKOTATAG TNG PACNG

(@) = grd{ H(e'*)] = — - {arg[ (&™)

« O 6pog arg[H(elw)] eival n ouvexig @daong Tou H(elw)

Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

« 2UVEXNGS @aon (continuous phase)
« Kuopia 1iun (principal value) 1ng ¢dong
« ARG[H(ew)]
—n <« ARG[H{(e/)] < =

< H(e'®) = ARG[H(e'*)) + 2nr ()

e 2UVEXNG paon
> arg[H(e)]
« Omwcg kal n ARG[H(e*)] aAAG xwpig
OQOUVEXEIEG £TT

Figure 5.7 (a) Continuous-phase
curve for a system function evaluated on
the unit circle. (b) Principal value of the
phase curve in part (a). (c) Integer
multiples of 27 to be added to
ARG[H (e/#)] to obtain arg[H (e/*)].
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AvaAuon NXA ZuoTnuATWYV

* Mapadeiypa E¢acOévnong kai Opa&xng KaBuoTtépnong

Frequency Response Magnitude
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yln] = |H(e!*°)Is[n — ng) cos(won — ¢p — wona)

w=0.85m 0,251 0,5071T
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AvaAuon NXA ZuoTnuATWYV %\

* ATTOKpION ZUOTAMATOG (System Response)

o [papuikEéc EClowoelc Alagopwy Pe 2TaBepoUC ZUuvTeAEOTEG (Linear
Constant-Coefficient Difference Equations r} LCCDE)

N M
Z ayyln — k] = Z byx[n — k]
k=0 k=0

N M
Y_ar V(=) bz *X(2)
k=0 k=0

N M
(Z akz'*) Y() = (Z bkz_k) X(z)
k=0

k=0

bz 7" 5 . 1

o Y(2) ; % o bo) kl}(l k)
Xz X 9= (_ N

7% _ 1

; k [0 -dez™")
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AvaAuon NXA ZuoTnuATWYV

* ATTOKpIOoN ZUOTAMATOG (System Response)

[‘paupikéC EClowoelc Ala@opwy Pe 21aBgpouUC 2uvTeAEOTEC (Linear

Constant-Coefficient Difference Equations r} LCCDE)

Example 5.2 Second-Order System

Suppose that the system function of a linear time-invariant system is
(14 z71)?

(L-3z7t) (1+327)

Tofind the difference cquation that issatisfied by the inputand output of this system, we

express H(z} in the form of Eq. (5.18) by multiplying the numerator and denominator

factors to obtain the ratio of polynomials
1+2z7'+27%2  Y(2)
1+4z-1 3227 X(2)'

H(z) =

(5.20)

H{2) = (5.21)
Thus,
(1+4z7' =327 ) Y@ =0+227"+ 279 X(2),
and the difference equation is
y[a)l+ yln = 1] = 33[n — 21 = x[n] + 2x[n — 1] + x[r - 2]. (5.22)

Note that once the correspondence is well understood, it is possible to proceed directly
from Eq. (5.21) 10 Eq. (5.22) without the intervening algebra (and vice versa).

Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

« 2Ta0epOTNTA (Stability) ko ArmiaréTnTa (causality)
e 2700€pOTNTO

o0

> Ihfn) < oo

n=—0co

o0

z |A[r)z™"] < oo

n=—00

» Mepioxn ouykAiong (ROC) mrepihauBavel 1o [z|=1
« AmartotnTa
* h[n] = “deCId” ouvapTtnon
» [leploxn ouykAionc (ROC) £&€w atrd TOV TTI0 EEWTEPIKO TTOAO

Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

« 2Ta0epOTNTA (Stability) ko ArmiaréTnTa (causality)
Example 5.3 Determining the ROC

Consider the LTI system with input and output related through the difference equation

ylnl = 3yln = 11+ yln - 2] = x[n]. (5.25)
From the previous discussions, H{(z) is given by
H(2) = ! ! {5.26)

1-3z0+22  (1-1z-0)(1-2z1)

« |z| > 2
 AImTatd, 6x1 oTalepod

« Y%2<|z| <2
« 2T100EPO, OXI AITIATO

o |z| <72
 Ovute oT0BEPO, OUTE AITIOTO

10 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* AvtioTpo@a Zuotiuara (Inverse Systems)

i<} = M N
G(z) = H(z)Hi(2) =1 i 1[0 -z [0 - die™
gln) = Afn] » ky[n] = 3[n] H(z) = (a—z) ";’ ' Hi() = (f’_z) k=1
1 I I(l —dyz Y I I(l — ez )
2 e — k=1 k1
H;(2) = 2D

« O1 1601 Tou H gival undevika Tou H; kal avtioTpopa

*  O1 TTEPIOXEC OUYKANONG TTPETTEI VA ETTIKAAUTITOVTAI (VIO VA UTTAPXEI N
ouvéAiEn G)

* [a va gival aimartd 1o avtioTpo@o cuoTnua

* [a va gival Kal otaBepd TO avTioTPOPO CUCTAUA

11 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

* AvtioTpo@a ZuoThpaTa (Inverse Systems)

Example 5.5 [Inverse for System with a Zero in the ROC

Suppose that H(z) is S
-1
7' -05
H(z) = 1—09:z1" [z] > 0.9. f
& 1 g
The mverse system function is
1-09z7'  -241827!

Hid =505 = T2

As before, there are two possible regions of convergence: |z| < 2 and (2] > 2.
In this case, however, both regions overlap with [z] > 0.9, so both are valid inverse
systems. The corresponding impulse response for an ROC [2| < 21is

hi[r) = 22 u{—n — 1] — 1.8(2)" 'u[—n])
and, for an ROC |z| > 2,1s
hia[n] = =2(2) uln] + 1.8(2)" " ujn - 1].

We see that 4;[#] is stable and noncausal, while k;3[n] is unstable and causal.

12 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* ZUOTAMOTO ME ATTEIPN KPOUOTIKE atrokpion (infinite impulse
response)

H(z) = B, 77" + —~
r=0 k—| 1- de

r=0

M-—N N
hin)= Y~ Bs[ln—r]+ > Acdfuln]
k=1

* IR = 'Exouv TouAdxioTov £va TTOAO EKTOC ATTO TO PNOEV
* Mn-aimiaté
« Agv PTTOPEI VA EQAPUOOTEI
* AITIOTEG TTIPOCEYYIOEIG

13 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

* ZUOTAMOTO ME ATTEIPN KPOUOTIKE atrokpion (infinite impulse

response) Example 5.6 A First-Order IIR System

Consider a causal system whose input and output satisfy the difference equation

y[n) = ayln — 1] = x{n]. {5.36)
The system function is (by inspection)
1
= — 37
HE) = T—— (537)
$m z-plane

Unit circle

Re

1
N

Figure 5.5 Pale-zero plot for Example 5.6.

Figure 5.5 shows the pole-zero plot of H(z). The region of convergence is |z} > |a|,
and the condition for stability is |a| < 1. The inverse z-transform of H(z) is

h[n] = a"u[n). {5.38)
Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

e 2UCTHHATA ME TTETTEPACHEVN KPOUOTIKA atrékpion (finite impulse

response)
M-N N A, M—N N
H(2) = B,z + ——— hln) = B, 8[n—rl+ Agdiuln
(2) g gl_dkz,l ) 2 [n—r] g xu[n]

* FIR - 'Exouv 11OAOUC ubvo OTO INOEV
M
H(Z) = z ka—k
k=0

M
bnq O S n s M
h[n] = gbk 8n — k] = {0, otherwise.

M
i) = bux(n — k]
k=0

15 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* ZUOTAMOTA HJE TTETTEPOACHMEV KPOUOTIKN ATTOKPION
(finite Impulse response)

Example 5.7 A Simple FIR System

Consider an impulse response that is a truncation of the impulse response of Exam-
ple 5.6:

a’, 0<n< M,
hln) = {0 olherwise,

Then the system funclion is

1 — gM+1,~M-1

M
Hzy=) a"7"= (5.42)
)

1 -az-1

16 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* ATTOKpION ZUXVOTNTAS ATTO ATTOKPION ZUOTAMATOG

M M M
Zbgz_k Zbge_fwk H(l — cxe™1*)

Y - - - .
X(2) . ok ap/ N .
Z axZ Zake ¢ H(l — dye %)
) k=0 =0 k=1
« [IAGTOC
 ddaon

M N
aH(e') = « [?] + Z [l - e %) - qul — dre 7],
L k=1

* Opadikiy KaBuoTtépnon
. N od _ N
grd[ H(e’ )]=k=1 —(arg[l — die™ ])-Jt= —

(arg[1 — cxe™ "))

.

W
l
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AvaAuon NXA ZuoTnuATWYV %\

* ATTOKpPION ZUXVOTNTAG ATTO ATTOKPION ZUCTAMATOG
« [1AaTOC
* Ta undevikd 1o “TpaBouv’ oT1o UNdEV
* O1 1méAo1 TO “Tpaouv’ oTo ATTEIPO
» Ooo 1o Kovtd oTo |z|=1 1600 TT0I0 TTOAU “TPpaouV”
« ddon
* O1 ywviec atrd 1a undeVIKA TTPOCTIBevVTAl
* O1 ywvieg atrd Toug TTOAOUG agalpouvTal
« Opadikn KabuoTtépnon
* Mapaywyog Tng eaong

z-plane

L6

18 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

X\

* ATTOKpPION ZUXVOTNTAG ATTO ATTOKPION ZUCTAMATOG

Z-plane

Figure 5.8 Frequency response for a single zero, with r = 0.9 and the three
values of & shown. (a) Log magnitude. (b) Phase. (c) Group delay.

19
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AvaAuon NXA ZuoTnuATWYV

* ATTOKpION ZUXVOTNTAS ATTO ATTOKPION ZUOTAMATOG

10

@

!
0 ks T 3_7' 2
2 Radian frequency (w)
®)
2
QT s B T A e
Wy
2 WA
8 i
| sl
Figure 5.11 Frequency response for a single zero, with e = =, r =1, 0.9, 0.7, % L
and 0.5. (a) Log magnitude. (b) Phase. (c) Group delay for r = 0.9, 0.7, and 0.5.
8
10 1 | |
] kS - 3n 2m
2

Radian frequency {w)



AvaAuon NXA ZuoTnuATWYV

* ATTOKpION ZUXVOTNTAS ATTO ATTOKPION ZUOTAMATOG

—p = 1/0.9
——me-— )= l_ﬁ
—— =20

$m z-plane

Unit circle

Figure 5.13 Frequency response for a single real zero outside the unit circle,
withe = =, r =1/0.9, 1.25, 2. (a) Log magnitude. (b) Phase (principal value).
(c) Group delay.

21 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

* ATTOKpION ZUXVOTNTAS ATTO ATTOKPION ZUOTAMATOG

$m z-plane

Unit circle

A

_o RNe

Figure 5.16 Frequency response for a complex-conjugate pair of poles as in
Example 5.8, with r = 0.9, =/4. (a) Log magnitude. (b) Phase. (c) Group delay.

22
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AvaAuon NXA ZuoTnuATWYV %\

« 2xéon NAdroug Paong yia uotiuarta LCCDE

|H(e'™)? = H(el®)H*(e!*) C(z) = H()H*(1/2")
M
Bhi i [T -1 - <)

M _ (fﬁ)z k=
[T —az™ an/ XN

[ - dia™)(1 - dg2)

bo\ i
HE = (2) & | e
[Ta-daz)
=1
M . * [10Aor:
y (LY _ (B E(I_C‘Z) ¢ MndevIKa:
) \a) ¥ |
[T -4tz

* Av 10 oUOTNMA gival AITIATO KAl

« Av ptropoUpe a1ro To TTAATOG va BpoUpe Gmegf)o ’ ’ ’
TNV ATTOKPICT CUCTANATOC TOTE PTTOPOUE ) ITl'j)K)\)f)OI Heoa aTTo TO povadiaio
va Bpoupe kal TN pAaon . MnBeviK:

23 Optical Diagnostics Laboratory
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AvaAuon NXA ZuoTnuATWYV

« 2xéon NAdroug Paong yia uotiuarta LCCDE

C(2) = H(2)H*(1/77)

AN

X\

Optical Diagnostics Laboratory
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AvaAuon NXA ZuoTnuATWYV

« 2uoTipata AiEAeuong (All-pass Systems)

. e—iw —a*
Hap(e’w) =

1 —age je

e Zeuyn TTOAWYV KAl PNOEVIKWYV

« [evikr) Mopon

M, 1 Mo (-l er)(z™!
) -l —d, (z'— i)z — )
Hoel2) = A£Il 1 —dyz-! !':[1 (1 —exz=')( —efz™!)

X\

Optical Diagnostics Laboratory
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AvaAuon NXA ZuoTnuATWYV

Figure 5.22 Frequency response for all-pass filters with real poles at z = 0.9
(solid line) and z = —0.9 (dashed line). (a) Log magnitude. (b) Phase {principal
value). () Group delay.

Mavra +

Figure 5.23 Frequency response of second-order all-pass system with poles at
Z=0.9¢%/7/4, (3} Log magnitude. (b) Phase (principal value). (c) Group delay.



AvaAuon NXA ZuoTnuATWYV %\

« 2Zuothuata EAdaxiotng ®aong (Minimum Phase System)
* ‘Eva I'XA dev ptropei va kaBopioTei udévo atrd 1o TTAATOC

* Av gival otaBepd Kal aImiatd TOTE 01 TTOAOI €ival y€oa oTO Povadiaio
KUKAO OAAG TO PINOEVIKAQ,;

* Av gival Kal Ta uNOEVIKA OTO PJOVadIaio KUKAO TOTE £XOUME Eva ouaTnua
TOU OTTOIOU TO AVTIOTPOYO gival TTioNG oTABEPO Kal AITIaTd = MOAU
xpnoiuol!!!

« Ovopadletal Zuotnua EAaxiotng ddong

« KdaBe opa utropei va avaAuBei wg

* [l.x. av 1o H(Z) £xel éva TTOAO €KTOC TOU povadiaiou KUKAOU OTO

H(z) = H(z)(z™' - ¢")

H(z) = H()(1 —cz7")

N A
Y

Minimum Phase All-Pass

z—l —c*

1 - cz—b

27 Optical Diagnostics Laboratory
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AvaAuon NXA ZuoTnuATWYV

X\

H(z) = H{(z)(z"' - ¢")

-1 _ .=
H@ = H((1 - er) 5

N A J
Y Y

Minimum Phase All-Pass

Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* AvtioTaOuion (compensation) Tng ATTOKPIONG CUXVOTNTAG

* A@aipeon aAAoiwong G(2)
T |
: Distorting Compensating I
o ; ——d  system > system L
Otav 10 ouoTnua Hy(z) dev sl | H)  |sl| G 0]
| I

gival avTIoTPEWIUO;

«  XpnoIhoTIoIoUPE GUCTNHA EAAXIOTNS PAONC H,(2)
« ATtrokaraoTaon Tou TTAGTOUG
« ®don aAAolwpévn KATd To avTioToIXo

ouoTnua diEAsuong HiD) = Haigin(2)Han(2)
d = {1dmin apiss

G(z) = Hy(2)H(2) = Hap(2)

29 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* 18016TNTEG ZuoTnUATWY EAdYIoTNG Ddong (Minimum Phase
System)

« EA&xioTn uoTépnon edaong (minimum phase lag)
* Tpoobnkn H,, 2 mpdoBeTn apvnTikA @don Osw <

arg| H(e'™)] = arg{ Hmin(e’)] + arg| Hap(e’*)].

« EAaxiotn opadiki kaBuoTtépnon (minimum group delay)
* lpoobnkn H,, 2 mpdoBeTn BeTikAG (TTavTa) GD

grd{ H(e’”)] = grd{ Hmin(e’)] + grd{ Hyp(e’?)]

« EAaxiotn kaBuoTtépnon evépyelag (minimum energy delay)

30 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV

* F'PAUMIKG CUCTAMATA ME YEVIKA YPOAUMIKA @don (generalized linear phase)
* [ pappIKn @Aan = atrAr) YETATOTTION OTO XPOVO

* 1davikd BaButrepatd (lowpass) @iATpo PE YPAUMPIKA QAo
Hy(e™) = e~ 1ve, lw| < 1,
|Hig(e™)| = 1.
aHy(e') = —wa,
grd[ Hia(e'*)] = a.

sinz(n - a)
a{n —a)

hid[n] = 8(" -_ nd]

yln] = x[n] x 8[n — n4] = x[n — na).

—00 < 1T < O0.

hig[n] =

. Fsvn(r] YPAMNUIKA ¢aon
a Kal B oTaBepég

A(elw) Trpayuatiké
H(e'*) = A(el®)e 12wt P

1(w) = grd[H(e'*)) = —%{arg[H(ejw)]} =a
arg[ H(e')] = 8 — wa, D<w<nm

31 Optical Diagnostics Laboratory



AvaAuon NXA ZuoTnuATWYV %\

* FPAMMIKA CUCTAMOTA JE YEVIKN YPOMMIKA @Aon (generalized linear
p h a.S e) | Center of
, p <~ symmetry
* Amarta ZuoTnuaTa

4
—
ol e

e
e

I
L J
L J

hln) =0, n<0 T 0 M=4 n
(a)
_ h[M - n]. 0<n< M, | Center of
hln] = {0, otherwise, T symmetry
1 |
ERHER
A.(e’?) is a real, even, periodic function of w, S0 % M=5 ~  n
(b)
Center of
T R e 1y symmeny
=70 otherwise,

H(ejw) = jAa(e;'w)e—jwaZ — Ao(ejw)e—jwﬁf,r‘2+ju/2

A (e’*} is a real, odd, periodic function of w.

Center of

le—"" symmetry
|
lM=1

32 -1 (d)



AvaAuon NXA ZuoTnuATWYV

* FPAMMIKA CUCTAMOTA JE YEVIKN YPOMMIKA @Aon (generalized linear
phase)
Type | FIR Linear-Phase Systems

* h[n] = h[M-n] (symmetric)
* M even, M/2 integer

as shown in Figure 5.36(a), the system satisfies the condition of Eq. (5.148). The fre-

quency response is
1— e-jws

4
jwy = ~jon _
H(e ”)-Zf‘ Tl ~e-iw
n=t) (5.156)
 jw2 sin(Sw/2)
sin(w/2)
The magnitude, phase, and group delay of the system are shown in Figure 5.37. Since

M = 4is even, the group delay is an integer. i.e..a =2

| Center of
<~ symmetry
1111
- o M Y4 * * - N
2
Flgure 5.37  Frequency response of type | system of Example 5.17. (a) Magnitude
Optical Diagnostics Laboratory

b} Phase. (c) Group delay.
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AvaAuon NXA ZuoTnuATWYV

* FPAMMIKA CUCTAMOTA JE YEVIKN YPOMMIKA @Aon (generalized linear
phase)
 Type Il FIR Linear-Phase Systems
* h[n] = h[M-n] (symmetric)
* M odd, M/2 not an integer

Example 5.18 Type Il Linear-Phase System

If the length of the impulse response of the previous example is extended by one sam-
ple, we obtain the impulse response of Figure 5.36(b), which has frequency response

—jw52 Sin(sﬂ))
sin{w/2)’

The frequency-response functions for this system are shown in Figure 5.38. Note that
the group delay in this case is constant with ¢ = 5/2.

H(e/*y=¢ (5.157)

| Center of
[+ symmetry 5
I )
1 |
|
. ! -
0 M M=5 n
2

Flgure 5.38 Frequency response of type |l system of Example 5.18.
(a) Magnitude. (k) Phase. (c) Group delay.
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AvaAuon NXA ZuoTnuATWYV

* FPAMMIKA CUCTAMOTA JE YEVIKN YPOMMIKA @Aon (generalized linear
phase)
 Type Il FIR Linear-Phase Systems
* h[n] = -h[M-n], anti-symmetric
M even, M/2 integer

Example 5.19 Type lll Linear-Phase System
If the impulse response is
h[n] = 8[n] - 8[n - 2], (5.158)
as in Figure 5.36(c), then

H(el®)y =1 —e 120

5.159
= j[2sin(w)]e~/*. ( )

The frequency-response plots for this example are given in Figure 5.39. Note
that the group delay in this case is constant witha = 1.

Center of
1 |A’/ symmetry

Flgure 5.39 Frequency response of type |11 system of Example 5.19. (a) Magni-
tude. (b) Phase. (c) Group delay.
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AvaAuon NXA ZuoTnuATWYV

* FPAMMIKA CUCTAMOTA JE YEVIKN YPOMMIKA @Aon (generalized linear
phase)
« Type IV FIR Linear-Phase Systems
* h[n] = -h[M-n], anti-symmetric
* M odd, M/2 not an integer

Example 5.20 Type IV LinearPhase System
In this case (Figure 5.36(d)), the impulse response is
A[n] = 8[n) - 8[n - 1], (5.160)
for which the frequency response is

H(el®)y =1—efv

= j[2sin{w/2))e~ /e, (5.161)

The frequency response for this system is shown in Figure 5.40. Note that the group
delay is equal to 3 for all w.

Center of

1 " symmetry
|

laf=1

-1

Figure 5.40 Frequency response of type IV system of Example 5.20.
(a) Magnitude. (b) Phase. (c) Group delay.
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