Butterworth order-M LPF with cutoff frequency w.: |H(jw)|? = W = H(s)H(-s) = W
1+(2 1+(=
wc Jwc
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Normalized (w, = 1) LPF transformations: !
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Order-M FIR filter introduces % delay for desired freq response:, Hy(e/) = H(e/")e™/™/2 & hy[n].
Then, hgg[n] = hy[n]. wy[n], where wy,[n] is order-M window to truncate beyond M + 1 impulses.
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z+1) w=rtan ¢ 2 )

analog design prewarp: wy== tan(wT) bilinear: S—T(

IR filter: H(jw) H(s) Hy(s) H(2).

. . N . 1 1
T chosen using Nyquist criterion; so if max freq of interest is wy = 21 f,, then T < 7= W = wl
0 E 0

Feedback system: forward-gain G(s), open loop-gain L(s) (= product of forward and feedback gains) =

AT
G(s)

1 1
TG ; Model sensitivity, - %G = ; Noise sen5|t|V|ty, N( ) |X(S) =0 =

1+L(s)"

closed-loop gain, T(s) = ek
Routh-Hurwitz: Analyze char. poly., y(s) = den(T(s)) = num(L(s)) + den(L(s)) & ¥7_, ais*;

s™-row, k" coeff: a(n) G _ok; ST 1-row, k™ coeff: ak ) g A(n-1)-2k (0 <k< l"“J)

(1+1) (+2) (1+2) (J+1)

s/-row, kt" coeff: oc(]) = ak“(;u? Skt (n —22j20,0<sk=< I%D’
O

#unstable poles = #sign-changes in 1°* column of RH; row before a zero-row called auxiliary polynomial
row; aux. poly. a factor of characteristic polynomial; 2™ degree aux. poly. = roots on imaginary-axis.

N(s)
D(s)
#branches = max(deg(N), deg(D)); starts: poles of L(s); ends: zeros of L(s); symmetric wrt real-axis;

Root-locus: For loop-gain L(s) = , plot of roots of y(s) & KN(s) + D(s), as K € [0, »].

odd multiples of © . . sum of poles—sum of zeros
—— , meeting-point = ;

#asymptotes = |deg(N) — deg(D)|, angles = #asymptotes

candidate breakaway points: (% (){(s)) = 0) (ds (L(s)) = 0) ( (L(ls)) 0);

angle criterion: (sum of pole-vector angles) — (sum of zero-vector angles) = odd multiple of m;
magnitude criterion: gain K = (product of pole-vector lengths)/(product of zero-vector lengths);
Use RHon y(s) & KN(s) + D(s) to find gain K at which roots are on imaginary-axis.

#asymptotes

Nyquist-plot: Polar plot of loop-gain freq resp, L(jw) for w € [—, o] or of L(e/?) for Q € [m, —7];
#unstable poles of T = #unstable poles of L + #clockwise encirclements of ( 1,0) point by Nyquist-plot;

phase-margin = ||LL(ja)g)| - 7'r|,when |L(ja)g)| = 1; gain-margin = (o )|dB when LL(]a)p) =T.



z-Transforms

Signal Transform
= _]_'__ r=1 - e .}
x[n] = zﬂ_ffX(z)z dz X[z] = ,.-me[n]z ABE
3(n] 1 Allz
1
uln] e [z| >1
1
a"uln) = lof > |
neuln] _Ei_,i lff > o] ® E.1.1 BILATERAL TRANSFORMS FOR SIGNALS
(1-ac™) THAT ARE NONZERO FOR 1 < 0
— i
[cos( Q) Juln) I —lz‘lzzcogﬁlq; pre 2] > 1 Signal Bilateral Transform ROC
e ﬂ1 _ _ 1
(sin Q) ] TrreaTs | M1 Ml T d<1
. 1 —z'rcos O, — e[ =T 1 ]
(" cos( Q) uf] 1 —zR2rcos Q, + 'z 2l > [ ) 1-az! Il < laf
. z'rsin O, I S az”! -
(7 sin(Qyn) Ju[n] T FBmt. TR i >r - j ul-n - 1] 0= el | < laf
z-Transform Properties
Unilateral Transform Bilateral Transform ROC
x[n] == X(2) x[n] —— X(z) zeR,
Signal y[n] <= ¥(2) y[n) —— Y(z) zeR,
ax[n] + by[n] aX(z) + bY(z) aX(z) + bY(z) Atleast R,NR,
x[n ~ k] See below X (z) R,, except possibly |z| = 0, o0
a'x(n] X(g—c) X(i) lalR,
1 1
x[~n] — X(;) R
¥ X(2)Y(z)
x[”] y{n] ifx[n] - y[”} =0 forn<0 X(Z)Y(z) At least R,HR),
d d R,, except possibly addition
nx[n] -‘zEX(z] ‘ZE;X(Z) or deletion of z = 0
m E.2.1 UNILATERAL Z-TRANSFORM TIME-SHIFT PROPERTY
x[n — k] x[—k] + x[~k + 1] + -+ + x[-1]7**1 + 77%X(2) fork >0
x[n + k] ——— —x[0]z% — x[1]z8"1 — -+ — x[k — 1]z + 2kX(z) fork >0
Simulation Diagram: Partial fraction corresponding to
" " b kth pole d}, havi;:g(r;nultiplicity;'
Z S i} 5 = Z) ~r kj
a;ylk :Zb-xk = H(z n : in expansion of Y
Z }}[ —l—j] 7 [ +}] ( ) 2. +ag P A(Z) ]—1(1_dkz—1)j
= = Then,— % o
" (1-dgz1)
(n+1)..(n+j—1) )
Ayg; = (di)"u[n], ROC:|z| > d
(n+1)..(n+j—1)
Ay —1).(d Yu[—n — 1], ROC: |z| < d
! 71 I 1 a[Ee —1\T
(He— -% ) where, Ai; = g7 [am (1 — %z )

s=dp
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Signal Transform
1 [rr.—jcr: [.oo )
x(t) = — X(s)e* ds X(s) = x(t)e™ dt o
LT IR L Jos ROC
1
u(t) .y Re{s} >0
. 1 TR W,
tuit) ‘s‘g ne{sy = U
m D.1.1 BiLATERAL LAPLACE TRANSFORMS FOR SIGNALS
é(t—7), T=0 e for ail s THAT ARE NONZERO FOR t < 0
i
e™u(t) e Re{s} > —a Signal Bilateral Transform ROC
teotu(d) ____l___z_ Rafeh S ° ft—7)7 <0 e forall s
(s +a) 1
‘ s —u(—t) = Re{s} <0
[cos(w,t)Ju(z) m Re{s} =0 s
1
p @ —tu(—t = Re{s} <0
[sin(wyt) Ju(t) e Re{s} > 0 (=2) 7
- + _ 1 _
[ cos(w; ) Ju(t) — T Re(s} > —a () ry ¥ Ref) <~
kb T u) T owny
[ sin(w, ) Ju(z) —_— Re{s} > —a —te™"u(—t) - Re{s} < —a
! (s + a)* + o} (s + a)?

Unilateral Transform Bifatem!g'ransform ROC Partial fraction corresponding to
)+ Xls) Al &= =2 Xd) 1=k kth pole dy, having multiplicity r
Signal y(£) <= Y(s) y(t) «— Y(s) seR, B'(s) Ak
ax(t) + by(t) g}((s} + bY(s) aX(s) + bY(ﬂ At least R_._ﬂR,, In expanSIC‘.\n Gf A( ) Ej' 1 (S dk]}
STV LY Ak i
= B e X(s Ry Then —_
M e — ute) = (e = e = 7) ¥l ' =)
Ferd Ve — R R+ Refs}) tj_l
ex(t) Xis =) (s~ ) Renel) | (A (douln, ROC:Re(s) > dy
1 (s 1.5 R B
- ) o7 i) "" A S (d)"u[-n— 1], ROC:Re(s) < d
R, | SE— kj i G- k ' . k
x(2) = 3(6) X(s)¥(s) X(s)Y(s) Atleast R, MR, r—i or
dad ifx(r) =y(t) =0 fort <0 i d’™1 B (S)
: where, Aj; = —|-——=— —d)"
BT AN ixfg\ ixf;\ R, (T' j) e (S) 5= dk
it} ds* v ds”
%x{t] sX(s) — x(07) sX(s) At least R,
t ] 0~ X
[ L wtrrae + X2 2 Atleast R, (Re(s} > 0}
m D.2.1 INITIAL-VALUE THEOREM
lim sX(s) = x(0%)
This result does not apply to ratlonal funcnons X(s) in which the order of the numerator
polynomial is equal to or greater than the order of the denominator polynomial. In that case,
X(s) would contain terms of the form cs*, k = 0. Such terms correspond to the impulses
and their derivatives located at time z = 0, Simulation Diagram:
m D.2.2 FINAL-VALUE THEOREM b, s™4 . .4b,

Iirré sX(s)

= Jo. ()

This result requires that all the poles of sX(s) be in the left half of the s-plane.

m D.2.3 UNILATERAL DIFFERENTIATION PROPERTY, GENERAL FORM

df!
dt"

—x(1)

B . a !
s"X(s) = x(t) .
dn-l
d!n—-l

|
*(1)|
r=0"

=0

o — G 24 I(t)l

dJ dlx
Yo o= 2=Y" bt e
j=0 J'dt} J=0%T q¢i
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