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Chapter 2
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2.2 x(t)=cos 10xt,— 1 <t <1 has 10 cycles of sinusoid.
x1(f) = x(2f), range: — 0.5<¢<0.5
Xx(t) = x(0.5¢), range: —2 <t <2
Since the time-compressed x;(f) = cos 207 ¢, it also has 10 cycles in the compressed time
interval —0.5 <7< 0.5. Similarly, x(f) = x(0.5¢) = cos 5 ¢, has 10 cycles in the expanded
interval — 2 < ¢ < 2. In general, if the time scale (compression/expansion) ratio is an

integer, it results in scaled (compressed/expanded) period for each cycle and the same
number of cycles appears in the scaled (compressed/expanded) interval.
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2.7 x3(8) = x1(0) x2(0); x1() = x1(= 0); x2(— 1) = — x2(0)
X3(= 1) = x1(= 1) X2(= 1) = x1(8) (= x2(2)) = — x1 (1) x2(2)
= — x3(f) = x3(¢) is an odd signal
2.8 (a) x(©)=2sin (107t - 30°) = periodic
07T =27k = T= %s

(b) x(r)=2cos Vri= periodic = T = V2s
(irrational value for T')
(c) periodic=>T= Wrs (irrational)
(d x(»= sin”! (1071) = aperiodic
(e) x(f)=2cos (t+60°)=2cos ((t+T)+60°) = T=2rxs (irrational)
() x(r) =2 cos (671 + 60°) +j sin (67 ¢ + 30°) = 2¢ /7" /%
x(t+T) =27+ /% = x(1) for 67T = 2k

orT= % s; periodic
(g) 3e™e?=T= %s; (irrational)

(h) 361'(20;:1 + 73) = periodic, T= %S
(i) 3cosmt=T,=2s;2cost=T,=2xs

. T; .
3 cos zt+ 2 cos t : No rational value for T_l = aperiodic
2

. 1 . 1
(G) cos100zt=T = —s;sin200rt =T, = —=
50 100

L 2=T= Ls for cos 100z ¢ + sin 2007 ¢
T, 50
29 (a) x[n]=2cosnm=x[n+N]=2cos ((n+ N)r)
periodic, N=2
(b) 3ncosnzm#3(n+ N)cos ((n+ N)x) for any integer N.
.. nonperiodic
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(¢) 2cos 10n #2 cos (10(n + N)) for any integer N.
.. nonperiodic
(d) 3sin 0.2nzr = periodic, N = 10
(e) 3sin 1.2nzr = periodic, N = % = N =5 (smallest)

(f) 4e’"=4e/"* M = periodic, N =2

nw . V4
i Jj(n+N)—
e 2

(& e¢?=
(h) 4e Jnm + 60°) _ 4ej((n + N7 +60°) = periodic, N=2

= periodic, N =4

2.10 (a) 2 cos (t + 60°): periodic, power signal, T=27x
P= [ 4cos’ (1+609di = ~ [ [1 +cos (2t + 60°)]di
27 90 770
pP=2

(b) x(f) =3¢’ = periodic; T = %s

P= 2" ) x*(di =10 ji 9dt
T ‘0 0

P=9
(c) Energy signal
E=2 js Fdr=20
0 3
x(0)
5..
-5 0 5 —t

(d) x(t)=cos zt,1t1<0.2, repeats every 0.4s
period = 0.2s = power signal

p= 02 cos 7t dt= L .[0'2 (1 +cos2rxt)dt
0 04 Jo

x(?)

AWAWA
/_o.z\/lu \/0.2\ —1(s)

(e) x[n]=5,n=0,2,5,7 = Energy signal
E=4x5=100
(f) x[n] = cos n &= periodic; period N =2

1 1
P=-% cos’nr=1
2;1:0
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2.11 (a) j:; t8(t+3)dt=-3
® [ (@+2) Sa+2) u@da=0; a=-2=u-2)=0
© Jiw Ot +2)cos (100D u(ndt=0; t=—2=u(-2)=0
@ [ cos 5t 8(+2)dr=0
&) [ cos 5t 8(+2)dr= cos (- 10)
() [ St—4)yte “udr=4e*

, 1, <0
, 1,>0

(& _[:, e u(- o) &a - tydo= {e‘;"

2.12 Jm Oat — to) f(H)dt = Jm Xo) If_l (a+1ty/a)dausing at — fh =
—o° - a

=1 (b
" al f[aj
(a) j: e u(r) 8t — 4)dt = %eZ“

5
(b) J e “cosbt 8Q2t—S)di= e 2“ cos %b

- 1r 4\ 6
© [ rGn6@t-4ydt= 7(3X5J=E -3

213) Y Sln+2le=¢

n=

(b) i S[n - 3] cos [%) = Cos %

oo

) Y 3(n-2)dn-51=9

n=0

@ 3 f2n-31snl= 3 e+

_ |=—oo

},usingl=2n—3
- xH — undefined
2.14 y[n] = % [x[n] + x[n — 1] + x{n — 2]]
yin-1]= % [x[1 = 1] + x[n - 2] + x[n = 3]]

yInl = yln—1]= % [x[n] — x{n - 3]]

x(t), x()=0
215 (@) y(» = { 0. x(r)<0
(1) memoryless (ii) noninvertible (iii) nonlinear (iv) time-invariant (v) causal
(vi) BIBO-stable.
(iii) x1(?) = y1(#) = x,(8) for x,(1) = 0
=2x1(6) > ¥ () =0 #=2y(H) if x1(1) 20
Av) xi1(®) = yi(0) = x1(0), if x,(£) 2 0
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(1) = x1(t = d) = yo(t) = x2(8) = x,(t = d) = y,(t — d)
(®) ¥(®) = sin (ax(n)
(i) memoryless (ii) noninvertible (iii) nonlinear (iv) time-invariant (v) causal (vi)
stable
(vii) x1(t) = y1(2) = sin (ax; (7))
Let x,() = bx{(t) — y,(f) = sin (ax; () = sin (abx; (1))
# b sin (ax (1))
() y(@®) =x(f)sin (t+ 1)
(i) memoryless = sin (¢ + 1) calculated
Y1

(i1) noninvertible = x(- 1) =
sin (0)

, indeterminate

(iii) linear
(iv) time-varying: x;(f) = y;(¢) = x;(¢) sin (z + 1)
X)) =x1(t—d) > y(H) =x(f) sin (t+ 1) =x(t —d) sin (t + 1)
#y(t-d)y=x(t-d)ysin(t+1-4d)
(v) causal
(vi) stable
(d) y() =x(at),a>0
(i) memoryless (ii) noninvertible (iii) linear (iv) time-varying:
x1(5) = y1(0) = xi(an); xx(1) = x,(t — d) — ya(1) = xp(ar) = x,(at - d)
# yi(t — d) = x,(a(t - d))
(v) causal (vi) stable
(e) yln]=x[1-n]
(i) has memory (ii) invertible (iii) linear
(iv) time-varying: xi[n] — y([n] = x[1 — n]
Xo[n] = xi[n — k] = yo[n] = x5[1 —n] =x, [1 —n — k]
#Zyn—-kl=x[1 -n+k]
(v) causal (vi) stable
() yln] =x[2n]
(1) memoryless (ii) noninvertible (iii) linear (iv) time-varying
(v) causal (vi) stable

n

() ylnl= ), xlkl

k=—oo
(i) has memory (ii) invertible (iii) linear

n

(iv)xi[n] = yi[n] = Y, xi[k]

k=—oo

vl =xnln-N = ylnl= Y xkl= Y xlk-N

k=—oo k=—oo
n-N

yiln=Nl= Y, xi[k]# y,[n] = time-varying
k=—oo

(v) causal (vi) stable
n+2

() ylnl= Y x[k]

k=n-2
(i) has memory (ii) noninvertible (iii) linear
(iv) time-invariant:

n+2

xi[n] = yiln] = z x1[k]

k=n-2
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n+2 n+2

Xa[n] = xi[n — N] = y[n] = Z Xok] = 2 X[k — N]

k=n-2 k=n-2
n—-N+2
yiln—=Nl= Y  xi[kl=yln] . time invariant
k=n-N-2

(v) noncausal (vi) stable
2.16 y,[n] = Q{x[n]} is nonlinear
Consider a 4-bit quantizer with the following ranges and their quantized outputs.
x[n] < 0.5 = y,[n] =0000; 0.5 < x[n] < 1.5 = 0001;
1.5<x[n] <2.5;..13.5<x[n] <145 = 1110
x[n] =2 14.5 = yy[n] = 1111.
For xi[n] = 3.4, y,[n] = 0011, and for
xXp[n] =94, ydz[n] = 1001. But, for
xi[n] + xa[n] = 12.8, yaln] = 1101 # yg [n] + ya,[n]
The same is true for a 16-bit quantizer.

2.17 Let x,(¢) — y,(¢) and x,(f) — y,(?), each satisfying the model.

For x3(¢) = a;1x,(f) + axx,(t) — y3(t), assume y5(7) = ayy(t) + ayy.(¢). Then, from the model
d d
a2 +bys(0) = a-[aryi(0) + axys0) + blar yi(0) + aay(0)]

=a {a% + by, (t)} +a, {a% + by, (I)}
= a; x,(1) + ay xx(1)
=x3(0)
Hence, a linear system.
2.18 For x3[n] = a; x,[n] + a xz[n] = y3[n] = a; yi[n] + a2 y,[n]
From the model, y;[n] + ay; [n — 1] = a, y|[n] + a; y2[n] + aa, yi[n — 1] + aa, y,[n — 1]
= ai[yiln] + ayi[n — 111 + aalya[n] + ay:[n - 1]]

=a,xi[n] + ax x,[n]
Hence, the system is linear.

2.19 System is nonlinear, e.g., v; (1) = =3 = v () == 3; vi () =7 = v, (1) = 5; vi,() = v; (1) +

vi(t) =4 = vo (1) =4 # v (1) + vo (1)

Time-invariant: vi(t; — d) — vo(ty = d) = vo(t)l;, ¢ —a

Causal: vy(t;) depends only on v,(t;), not on v(t; + t) for any .
2.20 vo(r) =— 10v(r) + 0.05, - 0.5V <y; <05V

Nonlinear due to offset voltage.

e.g,Vi()=02V >y @H=-2+005=-195V

vi() =04V
=2v; (1) > vo,() =—=4+0.05=-3.95V 2, (1)

2.21 y(t) = x(t) cos w, t

linear; causal; BIBO-stable
2.22 y(1t) = x*(7) = nonlinear, causal, BIBO-stable.
2.23 y(1) = x*()

Linear: x,(?) = a,(?) + jbi() = y1(t) = a\(t) — jb\(1)

15
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Xo(1) = ax(?) + jba(t) — yo(t) = ax(t) — jba(1)
Xy + Xy = c1ay(f) + je1bi(1) + c2ax(0) + jerby(t) — c1ai(t) + crax(t) — jle1bi(2) + crby(1)]
= cyi(t) + co(2), for real ¢; and c,.
Time-invariant: x;(f) = x;(t — d) — y3(¢t) = y,(t — d)
2.24 x(t) = u(t) — y(t) = g(?)
f(@® =3u(®)—4u(-2)
.. Response = 3g(f) — 4g(t — 2)

2.25 a% + by(t) = x(1); x(t) = Ae” — y(t) = Be”
Let x,(t) = A, " — y,(t) = B, " so that
i + by () =aB, s, " + bB, " = A, &
and xz(t) A, e — y,(f) = B, € so that
=2 4+ by,(f)=aB, s, e + bB, e = A, "

Then x3(f) = ¢ x1(f) + coxx(f) = ¢ Ay €™ + ¢, A, € satisfies
y3(1) = c1y1(0) + c2 (1), for y3(1) = ¢ By €' + 3 By €,
a% +bys(h=ac By s +ac,B,s,¢” +bc By e +bc, By ™
=cilaBisie""+bB e +cylaB,s,e +b B, e
= ciyi(®) + cayalt)
2.26 y[n] = Real (x[n])
For xi[n] = a\[n] + jbi[n] — yi[n] = a,[n]
Similarly, for x,[n] = a;[n] + jby[n] — y,[n] = ay[n]
Then, for x3[n] = ci1xi[n] + coxa[n] = ciai[n] + jeibi[n] + coas[n] + jeabonl,
vs3ln] = Re (x3[n]) = ci1a1[n] + cLa;[n], for real ¢, and ¢,
= ciyi[n] + coya[n]
Hence, the system is linear.
For x3[n] = xi[n - dl, y;[n] = Re (x; [n - d])
=Re (a) [n—d] +jbiln-d])
=a[n-d]
=yi[n-d]
Hence, the system is time-invariant.
2.27 y[n] =x[n] + by[n - 1]; y[0] = 0; x[n] = K, 0 < K < o0
y11=K;y[2] =K+ bK; y[31=K [1 + b+ b*; ...
yinl=KA +b+b*+...+b" "
Forb> 1, y[n] > e asn—> o
.. BIBO-unstable.
5, a=0.2; N = 20;
l+a;
K*ones (N, 1) ;
0 = 0;
= zeros(s
(1) x(1)
for n = 2:N

y(n) = x(n) + b*y(n - 1);
end

=~

ize(x));

NN YWD

h
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2.28 For inputs xi[n] = z' and x,[n] = Z5, let the outputs be x,[n] — y([n] =Y, z/' and
X2[n] = waln] =Y, 23 . Then, for x;3[n] = ayx[n] + a,x;[n], assume
yilnl = aiyin] + axya[nl.
From the model, the left-hand side gives
ayi[n] + 1.4a,y[n — 11+ 0.48 ayy[n — 2] + axy; [n] + 1.4ayy,[n— 1] + 0.48a,y, [n — 2]
= axi[n] + ayxy[n] = x;3[n]
Hence, the model is linear.

2.29 Let the current in the circuit be i(r). Writing the KVL, we have

Ri(r) + % [lidr =vi@)=RiH) + vo(0)

Since i(r) = M, and v(7) = %J{;z dt
dvy 1 [ (@) = v ()]
d ~ C R

or

vo(®) +RC 20 =y )
dt

Discretization: vo[nT] + % [vo[nT 1 = vol(n — DT 1] = v{[nT ]
or

voln — 1]

vin] +
T + RC T + RC

vo[n] =

$Input--10 u(t)

$RCy’ (t) + y(t) = x(t)
$ y[n] = bl*x[n] + al*y[n-1], bl = T/(a+T), al = a/(a+T)
$DT-recursive solution

C = 1E-6; R = 1E4; Vi = 10; a = R*C;

T = 1E-3;
Ln = 100;
bl =

ntime = n/10;

17
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x = Vi*ones(size(n)) ;
y = zeros(size(x));
y(1l) = 0; % Initial voltage
for k = 2: In
vi(k) = bl*x(k) + al*y(k-1); % Response
end
% closed form CT solution
Tc = 1E-4;
Nc = 0:999;
tau = R*C;
yc = Vi*(l-exp(-Nc*Tc/tau)) ;
Values at t = [0.5 1 5 100] ms are
CT: [0.4877 0.9516 3.9347 9.9995]
DT at T = 1lms: [------ 0.9091 3.7908 9.9993]
DT at T = 10ms: [------ === - 9.9902]

Vo) L T=1ms

esetiaiy
gL
61
4l
2
5 I
0 20 40 60 80 100

—>Time (ms)

2}

50 100 150 Time (ms)
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2.30 DT Model; 2 +21=2vIntlityinl, 5
T T
or, replacing n +2 by n

(v[n + 1] = y[n]) + 6y[n] = x[n]

y[n] - (%_T%] yln—1]+ (6—%+%j yln —2] =x[n-2]

. 1 1 1
Exact solution: y(f) = i Ee_Zt + ge‘” ,120

o\

Second order diff. eq.--discretized to DT model
Input--u(t)

y''(t) + 5y’ (t) + 6y(t) = x(t) = u(t)

y[n]l = T"2*u[n-2] - (5*T-2)*y[n-1] - (6*T"2+1-5*T)*y[n-2]
a = 5*T-2; b = 6*T"2+1-5*T

o® o o

o\°

o\°

DT-recursive solution

Tl = 1E-3;
al = 5*T1-2; bl = 6*T1A2+1—5*Tl;
Lnl = 5000;
nl = 0:Lnl-1;
x1 = ones(size(nl));
vyl = zeros(size(xl));
% initial voltage
y1l0 = 0;
y1l(l) = 0;
y1l(2) = T1"2;
for k = 3: Lnl
y1(k) = T1"2*x1(k)-al*yl(k-1)-bl*yl(k-2); % Response
end
T2 = 50E-3;
a2 = 5*T2-2; b2 = 6*T2"2+1-5*T2;
ILn2 = 5000;
n2 = 0:Ln2-1;
x2 = ones(size (n2));
y2 = zeros(size(x2));
% initial voltage
y20 = 0;
y2(1) = 0;
y2(2) = T2"2;
for k = 3: Ln2
v2 (k) = T2"2*x2 (k) -a2*y2(k-1) -b2*y2(k-2); % Response
end

% closed form CT solution
Tc = 5E-4;

Nc = 0:9999;

LNc = length(Nc) ;

model = 0.5*exp(-2*Tc*Nc) ;
mode2 = (1/3)*exp(-3*Tc*Nc) ;
yc = (1/6)*ones (size (model)) -model + mode2;

19
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2.31 DT Model: (L/T) (y[n] - yln—11) + (T12C) 'Y, (yIk] + ylk + 1)] + Ry[n] = x[n]

k=0

For n—1
n-2

(LIT) (In—1]=y[n = 2D) +(T72C) Y, (k1 +ylk+ 1)+ Ry[n - 1] =x[n - 1]

k=0
Using the above

n-2
(T2C) Y, (VK] + ylk + 1]) = x[n— 1] = (L/T) (y[n — 1] = y[n - 2]) = Ry[n — 1]
k=0

Hence, the model equation becomes

W) (ylnl = yln = 11) + (T72C) (y[n — 11 + y[n]) + Ry[n] + x[n — 11— (L/T ) (y[n — 1]
—yln=2]) = Ryln — 1] x[n]

Or

(LT +TRC+R)y[n] =x[n] —x[n— 11+ (R+2L/T-T/2C) y[n — 1] - (LIT) y[n — 2]

Integro-diff. eq. discretized to DT model
Input--u(t)

$ Ly'(t) + Ry(t) + (1/C)integ(y(t)) = x(t) = u(t)
%$ y[nl = (1/a)*[x[n]l-x[n-1]+b*y[n-1]-c*y[n-2]]

$ a=L/T + (T/(2*C) + R;

$b =R - T/(2*C) + 2*L/T;

$ ¢ = L/T

R=4; L = 0.4; C = 0.001;

% DT-recursive solution

Tl = 0.5E-3;

al = (T1/(2*C) + L/T1 + R);
bl = R - T1/(2*C) + 2*L/T1;
cl = L/T1;

Lnl = 5000;

nl = 1:ILnl-1;

x1 = ones(size(nl)) ;

vyl = zeros(size(x1));

% initial conditions—unused
ylml = 0; ylm2 = 0;
y1l0 = 1/al;
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v1(1l) = yl0*bl/al;
y1(2) = y1(1)*bl/al-yl0*cl/al;
for k = 3: Lnl-1
y1l(k) = y1(k-1)*bl/al - y1l(k-2)*cl/al;
end

[}

% Response
respl = [ylO0yl]l; time 1 = [0 nl]*T1;
% Change time sample

T2 = 15E-3;

a2 = (T2/(2*C) + L/T2 + R);
b2 = R-T2/(2*C) + 2*L/T2;
c2 = L/T2;

Ln2 = 500;

n2 = 1:ILn2-1;

X2 = ones(size(n2)) ;

y2 = zeros(size(x2));

%$initial conditions--unused
y2ml = 0; y2m2 = 0;
v20 = 1/a2;

vy2(1) = y20%b2/a2;
v2(2) = y2(1)*b2/a2 - y20*c2/a2;
for m = 3:Ln2-1
y2(m) = y2(m-1)*b2/a2 - y2(m-2)*c2/a2;
end

% Response
resp2 = [y20 y2]; time2 = [0 n2]*T2;

% closed form CT solution
Tc = 1E-4;

Nc = 0:99999;

ILNc = length(Nc);

yc = 0.0502*exp (-5*Tc*Nc) .*sin(49.7494*Tc*Nc) ;

005 T T T T T T T T T
T=0.5ms
ok
7005 1 1 1 1 1 L L L L
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
004 T T T T T T T T T
0.02 T=15ms .
0 -
7002 1 1 1 1 1 L L L L
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
005 T T T T T T T T T
Exact
ok

~0.05 I I I I I I ! !
. . 0.8 1 1.2 1.4 1.6 1.8 2

t(ms)

o
(=)
o
o
~
S
(o)

232i.= Ige" ,Iy=1E— 15 A, and V; =25 mV
(a) At Ve =0.73 V, I- =4.8017 mA. Hence, the Q-point is (0.73 V, 4.8017 mA)
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(b) For v varying about the bias point by a small amount
VBE Vi + Vbe Vor Voo Yoe

=L +i,=Ie"n =le V1 =Ie"m " =1 "

VeE
Expanding i.=1.+i.=1l.e Vi< ]c[l + \‘)/ﬂ], for | vy, | << V7.
T

Hence, the incremental current is related to the incremental voltage by
1
iC = < Vbes for | Vie << VT.
T
©v)=15—iR. > V. +v.=15- (. + )R,

. I . L
Hence, v.=i.R. = V_C vpe R., and the incremental gain is given by
T

we _ L R.=— 960.35
Ve Vr
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