Network Synthesis

E™X8| nTrRODUCTION

In the study of electrical networks, broadly there are two topics: ‘Network Analysis’ and ‘Network
Synthesis’. Any network consists of excitation, response and network function. In network analysis, network
and excitation are given, whereas the response has to be determined. In network synthesis, excitation and
response are given, and the network has to be determined. Thus, in network synthesis we are concerned with
the realisation of a network for a given excitation-response characteristic. Also, there is one major difference
between analysis and synthesis. In analysis, there is a unique solution to the problem. But in synthesis, the
solution is not unique and many networks can be realised.

The first step in synthesis procedure is to determine whether the network function can be realised as a
physical passive network. There are two main considerations; causality and stability. By causality we mean
that a voltage cannot appear at any port before a current is applied or vice-versa. In other words, the response
of the network must be zero for # < 0. For the network to be stable, the network function cannot have poles in
the right half of the s-plane. Similarly, a network function cannot have multiple poles on the j@ axis.

E™X3| HurwiTZ POLYNOMIALS

A polynomial P(s) is said to be Hurwitz if the following conditions are satisfied:
(a) P(s) is real when s is real.
(b) The roots of P(s) have real parts which are zero or negative.

Properties of Hurwitz Polynomials
1. All the coefficients in the polynomial
P(s) = aps" + ay18" " +-+ays+ag

are positive. A polynomial may not have any missing terms between the highest and the lowest order
unless all even or all odd terms are missing.

2. The roots of odd and even parts of the polynomial P(s) lie on the jw-axis only.

. If the polynomial P(s) is either even or odd, the roots of polynomial P(s) lie on the jw-axis only.

4. All the quotients are positive in the continued fraction expansion of the ratio of odd to even parts or
even to odd parts of the polynomial P(s).
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16.2 Network Analysis and Synthesis

5. If the polynomial P(s) is expressed as W (s) P,(s), then P(s) is Hurwitz if W (s) and P (s) are Hurwitz.
6. If the ratio of the polynomial P(s) and its derivative P’(s) gives a continued fraction expansion with all
positive coefficients then the polynomial P(s) is Hurwitz.

This property helps in checking a polynomial for Hurwitz if the polynomial is an even or odd function
because in such a case, it is not possible to obtain the continued fraction expansion.

" DECIN MMM Stare for each case, whether the polynomial is Hurwitz or not. Give reasons in each case.
(@) s* +45° +35+2
() % +55° +4s" =357 4257 +5+43

Solution (a) Inthe given polynomial, the term s? is missing and it is neither an even nor an odd polynomial.
Hence, it is not Hurwitz.
(b) Polynomial s® +5s° +4s* —3s° + 2% + s+ 3 is not Hurwitz as it has a term (—3s%) which has
a negative coefficient.

" E MW Test whether the polynomial P(s) = s*+5° +55% + 35+ 4 is Hurwitz.

Solution Even part of P(s)=m(s)=s*+5s>+4
Odd part of P(s)=n(s)=s" +3s

m(s)

S)=
O(s) n(s)
By continued fraction expansion,
s +3s)s4 +55°+4 (s

st 4357

1
252 +4) s +3s(5s

425

s) 252 +4 (2s

25?

Since all the quotient terms are positive, P(s) is Hurwitz.

" ENT MR  Test whether the polynomial P(s) = s® + 457 + 55+ 2 is Hurwitz.

Solution Even part of P(s)=m(s)=4s*+2
Odd part of P(s) n(s)=s" +5s
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The continued fraction expansion can be obtained by dividing n(s) by m(s) as n(s) is of higher order than
m(s).

n(s)

m(s)

O(s) =

1
452 +2)s3 +5S(ZS

S+2s

4

2s)4s2 +2(§s

2 9

452
2)2s gs

2 \4
9
=S
2
0

Since all the quotient terms are positive, P(s) is Hurwitz.

" SETNT W Test whether the polynomial P(s) = s* + s +3s7 + 25+ 12 is Hurwitz.

Solution  Even part of P(s)=m(s)=s* +3s* +12
0dd part of P(s)=n(s)=s" +2s

_m(s)
Q(s) =~ )

By continued fraction expansion,

s -i-2s)s4 +3s2+12 (s
s+ 257
s -i—l2)s3 + 2s (s
§+12s

—1os)s2+12(—ls
10

2
12)— IOS(—&S
12

s
—10s
0

Since two quotient terms are negative, P(s) is not Hurwitz.
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" SETNIWENW  Prove that polynomial P(s)= s*+57 +25° + 35+ 2 is not Hurwitz.

Solution  Even part of P(s)=m(s)=s"+2s> +2
Odd part of P(s)=n(s) = s° +3s

m(s)

n(s)

O(s)=

By continued fraction expansion,
s +3s)s4 +257 42 (s
st +3s7

5% +2)s° +3s(-s

s3 =25
SS)—SZ +2(—ls

5
2
-5

2) SS(ES
2
5s

Since two quotient terms are negative, P(s) is not Hurwitz.

" SEIN NN Prove that polynomial P(s)=2s" +5s5° +6s° +3s+1 is Hurwitz.

Solution  Even part of P(s)=m(s)=2s* +6s> +1
Odd part of P(s) = n(s)=5s" +3s

m(s)

n(s)

0(s) =
By continued fraction expansion,
3 4 2 2
Ss +3S)2S +657+1 (gs

25 + és2
5
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47 24 , 576
—s§|—s " +1| —s=
24 )5 235
24

)47 24
1|—s| —s
24 \ 47
47

_24
0

Since all the quotient terms are positive, the polynomial P(s) is Hurwitz.

" SENCREWA  Test whether the polynomial P(s)=s* +7s’ +6s° +21s+8 is Hurwitz.

Solution  Even part of P(s)=m(s)=s" +6s> +8
Odd part of P(s) = n(s) = 7s> +21s
m(s)
n(s)

By continued fraction expansion,

1
7s° +21s) st 657 +8(7s

O(s)=

st +35?

3s? -i—8)7s3 +21s(%s

7s3+ﬁs
-3
Zs)3s2 +8(2s
3 7
352
SJZS ls
3 \24
7
—s
_3
0

Since all the quotient terms are positive, the polynomial P(s) is Hurwitz.

" SENT WM Check whether P(s)=s + 557 +557 +4s+ 10 is Hurwitz.

Solution  Even part of P(s)=m(s)=s* +5s> +10
0dd part of P(s) = n(s) = 5s° +4s

16.5



16.6 Network Analysis and Synthesis

m(s)
n(s)

Q(s)=
By continued fraction expansion,

1
5s° +4s) st 4557 +10(§s

sl
5
2Sz-i-lO 55 +4s Es
5 21
553+@s
21
—@s 2s2+10 —ﬂs
21 5 830
21
o) 160,16
210 210
166
-——
21
0

Since the last two quotient terms are negative, the polynomial P(s) is not Hurwitz.

" SETNT WK Test whether the polynomial s” +3s° + 25 is Hurwitz.

Solution  Since the given polynomial contains odd functions only, it is not possible to perform a continued
fraction expansion.

d
P'(s) = gP(s) =55" +9s2 +2

P(s)
P'(s)

O(s) =
By continued fraction expansion,
4 2 523 ( 1
587 +9s"+2 15 +3s +2skgs

S+ s
5 5

§s3+§s 557 +952 +2 2s
5 5 6
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55+ =57
Zs2 2 gs3+§s(§s
3 5 5 \35
6 ; 36
e )
35
Qs ZS2+2 »
35 )3 12
72
=5
3
)20 10
o=
35 \35
20
—s
35
0

Since all the quotient terms are positive, the polynomial P(s) is Hurwitz.

" EN N WEWON  Test whether the polynomial P(s) is Hurwitz.

P(s) = S+ +s
Solution  Since the given polynomial contains odd functions only, it is not possible to perform continued
fraction expansion.
d
P'(s) = — P(s) = 55" +3s> +1
ds

_Pis)
2= 1)

By continued fraction expansion,
1
560 +357 + 1)55 + 84+ s(gs

RN
5 5
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26 24
s |-7s% 41 ——Ss
35 26

—7s?

]26 (26
1|—s] —s
35 \ 35

Since the third and fourth quotient terms are negative, P(s) is not Hurwitz.

” DEINI WM  Test the polynomial P(s) of Hurwitz property.

P(s)=s"+3s" +8s* +155° +175° +12s+4

Solution  Even part of P(s) = m(s)=s° +8s" +17s* +4
Odd part of P(s) =n(s) =35> +15s* +12s

- )

Q(s) 5)

By continued fraction expansion,
1
3s° +155° +125) s® +8s* +175% +4 (gs

$0 +55% +452

3s* +1352 +4) 35 +155° +12s [s
350 +13s° +4s

25 + SSJ 35t +13s7 +4(%s

35t +12s°
s +4) 257 +8s (2s
25> +8s
0

The division has terminated abruptly (i.e., the number of partial quotients (that is four) is not equal to the
order of polynomial (that is six) with common factor (s*+ 4).

P(s)=s"+35° +8s* +155° +17s> +12s+4 = (s* + 4)(s* +35° +4s? +3s5+1)
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If both the factors are Hurwitz, P(s) will be Hurwitz.
Let B(s)=s*+4

A(s)

Since it contains only even functions, we have to find the continued fraction expansion of m .
1S

R{(s)=2s
A(s) _s'+4_ s 4

s 1
B(s) 2s 2s 28 2 s
2
Since all the quotient terms are positive, P,(s) is Hurwitz.
Now, let Py{s)= st438° + 457 +3s+1
my{s) = st + 457 41
ny(s) = 3s° +3s

By continued fraction expansion,

2 1
35 + 3s) st a5t + l(gs

st 2

352 +1)3s° +3s (s

3s° +5
25) 357 +1 (Es
2
357
1)2s(2s
2s
0

Since all the quotient terms are positive, P,(s) is Hurwitz.

Hence, P(s)=(s* +4)(s* +3s° + 45> +35+1) is Hurwitz.

" SENNCCRYE  Test whether the polynomial P(s)=s +2s° +25° +s* +45° +8s° +8s+4 is

Hurwitz.

Solution Even part of P(s)=m(s)=2s"+s* +8s* +4
Odd part of P(s)=n(s)=s" +2s° +4s +8s
n(s)

O(s) = (s)
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By continued fraction expansion,
1
255 +5% +852 + 4)s7 +25° +45° +8s(5s

s7+%s5+4s3 +2s

gs5 +6s]2s6+s4+8s2+4(is
2 3
2s° +8s?
st +4)§SS+6S(§S
2 2
é55 +6s
2
0

Since the division has terminated abruptly it indicates a common factor s* + 4. The polynomial can be
written as

P(s) = (s* +4)(s* + 257 + 25 +1)

If both the factor are Hurwitz, P(s) will be Hurwitz.
In the polynomial (s*+ 4), the terms s3, s?> and s are missing. Hence, it is not Hurwitz.
Therefore, P(s) is not Hurwitz.

” SEINNCREMEN  Test whether the polynomial 2s° +5° +13s* +65° + 5657 + 255+ 25 is Hurwitz.
Solution Even part of P(s)=m(s)=2s®+13s* +56s% +25
0dd part of P(s)=n(s)=s" +6s" +25s

i)
n(s)

By continued fraction expansion,

O(s)=

§° +65° +255)25° +13s5* + 5657 +25(2s

25° +12s* + 5052

s*+6s7 + 25)55 +65° + 25s(s
s° +6s° +25s
0

The division has terminated abruptly.
P(s)=25"+5" +13s* +65° +565° +255+25=(s* +65” +25) (25* +5+1)

Let B(s)=s"+6s>+25



Since P (s) contains only even functions, we have to find the continued fraction expansion of

By continued fraction expansion,

16.2 Hurwitz Polynomials 16.11

B(s)
IHON

Bl(s)=4s> +12s

1
45 + IZS) st+6st+ ZS(ZS

st 4357

4
352 + 25) 45° + 12{55

100
4S3 + T S

—ﬁs 352 +25 —is
3 64

3s?

Since two of the quotient terms are negative, P,(s) is not Hurwitz.
We need not test the other factor (2s2+ s + 1) for being Hurwitz.

Hence, P(s) is not Hurwitz.

There is another method to test a Hurwitz polynomial. In this method, we construct the Routh—Hurwitz

array for the required polynomial.
Let

The Routh—Hurwitz array is given by,

P(S) = aps" + ayys" Hayo8" . as+ag

s" |G G2 Gpg
Sn_1 ap—  dp-3  dp-5
s" by byt by
Sn_3 Cn Cn

§

SO
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The coefficients of s” and 5"~ ! rows are directly written from the given equation.

_ Gp 4y —4pa,_3

where b,
Ay
b _ Gu-1dp—4 — dpdy-5
n—1 —
-1
b _ Ay—_1dy—6 — Andy—7
n-2 —
-1
_ bnan—3 _an—lbn—l
=
by
_ bnan—S _an—lbn—Z
Cp-1 =

by

Hence, for polynomial P(s) to be Hurwitz, there should not be any sign change in the first column of the
array.

" Example 16.14 BN s P(s)=s’ +75> +65° +21s+8 is Hurwitz.

Solution The Routh array is given by,

s 11 6 8
s 17 21
s> 13 8
4|2

30
s 18

Since all the elements in the first column are positive, the polynomial P(s) is Hurwitz.

" SEINNCREMER  Determine whether P(s) =s* +5° + 257 + 35+ 2 is Hurwitz.

Solution The Routh array is given by,

G120 2
Sl 103
21-1 2

g1 5 0

O] 2

Since there is a sign change in the first column of the array, the polynomial P(s) is not Hurwitz.

" ETNICRCRIEN  Test whether P(s)= s +2s? +45° + 657 + 25+ 5 is Hurwitz.
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Solution The Routh array is given by,

s 1 4 2
st 2 6 5
s 1 -0.5

s 7 5

st | -1.21

s° 5

Since there is a sign change in the first column of the array, the polynomial is not Hurwitz.

" SETNALRCMYA  Test whether the polynomial P(s) = s° + §° + s is Hurwitz.

Solution The given polynomial contains odd functions only.
P(s)=5s*+3s2+ 1
The Routh array is given by,

S

st 5 301
104 08
2 =7 1
st 0.86

0

K 1

Since there is a sign change in the first column of the array, the polynomial is not Hurwitz.

" SCITICRHCMER  Test whether the polynomial P(s) = 53 + 5s° + 2s* + 3s° + 1 is Hurwitz.

Solution The given polynomial contains even functions only.
P’(s) = 85"+ 305> + 85° + 65
The Routh array is given by,

=)

s 1 5 2 31
s’ 8 30 8 6 0
s 125 1 225 1
s | 236 -64 -04 0
st 133 2.27 1

s | -46.6 -18.14 0

s | 175 1

st | 849

s° 1

Since there is a sign change in the first column of the array, the polynomial is not Hurwitz.

" SENACREMER  Test whether P(s) = s° + 125 + 455° + 60s? + 44s + 48 is Hurwitz.

16.13
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Solution The Routh array is given by,

st 112 60 48

s 140 40
s? | 48 48
s 0 0

Notes: When all the elements in any one row is zero, the following steps are followed:
(1) Write an auxiliary equation with the help of the coefficients of the row just above the row of zeros.
(i) Differentiate the auxiliary equation and replace its coefficient in the row of zeros.
(iii) Proceed for the Routh test.
Auxiliary equation,

A(s) = 485> + 48

A’(s) =96s

S 1 45 44
s* 112 60 48
s> | 40 40

s* | 48 48

s 196 0

s* | 48

Since there is no sign change in the first column of the array, the polynomial P(s) is Hurwitz.

" SCI T RCWIN  Check whether P(s) = 255+ s° + 13s* + 65° + 5657 + 25s + 25 is Hurwitz.

Solution The Routh array is given by,

12 13 56 25
£ 11 6 25

st 11 6 25

$10 0 0

2

S

1

S

SO

A(s) = s* + 65> + 25
A'(s)=4s*+ 125
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Now, the Routh array will be given by,

s 2 13 56 25
s 1 6 25
st 1 6 25
s 4 12

s 3 25

st | 213

s° 25

Since there is a sign change in the first column of the array, the polynomial P(s) is not Hurwitz.

" SCI I WCWEN  Determine the range of values of ‘a’ so that P(s) = s* + s° + as? + 2s + 3 is Hurwitz.

Solution The Routh array is given by,

S4 1 a 3
¢ |1 2
52 a-2 3
1 2a—17
s
a-2
s? 3
For the polynomial to be Hurwitz, all the terms in the first column of the array should be positive,
ie., a-2>0
a>2
and 2a=7 >0
a-2
7
a>—
2

. . 7
Hence, P(s) will be Hurwitz when a > >

" SETAREWIR  Determine the range of values of k so that the polynomial P(s) = s* + 35> + 2s + k is

Hurwitz.

Solution The Routh array is given by,

©n
)

AW =

S =N

v ‘
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For the polynomial to be Hurwitz, all the terms in the first column of the array should be positive,

ie., ﬂ >0
3

6-k>0

e, k<6and k>0
Hence, P(s) will be Hurwitz for 0 < k£ < 6.

ETEN| PosiTIVE REAL FUNCTIONS

A function F{(s) is positive real if the following conditions are satisfied:
(a) F(s) is real for real s.
(b) The real part of F(s) is greater than or equal to zero when the real part of s is greater than or equal to
zero, i.€.,
Re F(s) =0 for Re(s) =2 0

16.3.1 Properties of Positive Real Functions

1. If F(s) is positive real then is also positive real.

F(s

2. The sum of two positive real functions is positive real.

3. The poles and zeros of a positive real function cannot have positive real parts, i.e., they cannot be in the
right half of the s plane.

4. Only simple poles with real positive residues can exist on the jw-axis.

5. The poles and zeros of a positive real function are real or occur in conjugate pairs.

6. The highest powers of the numerator and denominator polynomials may differ at most by unity. This
condition prevents the possibility of multiple poles and zeros at s = oo,

7. The lowest powers of the denominator and numerator polynomials may differ by at most unity. Hence,
a positive real function has neither multiple poles nor zeros at the origin.

16.3.2 Necessary and Sufficient Conditions for Positive Real Functions

The necessary and sufficient conditions for a function with real coefficients F(s) to be positive real are the
following:

1. F(s) must have no poles and zeros in the right half of the s-plane.

2. The poles of F(s) on the jw-axis must be simple and the residues evaluated at these poles must be real
and positive.

3. Re F (jw) = 0 for all w.

Testing of the Above Conditions Condition (1) requires that we test the numerator and denominator of
F(s) for roots in the right half of the s-plane, i.e., we must determine whether the numerator and denominator
of F(s) are Hurwitz. This is done through a continued fraction expansion of the odd to even or even to odd
parts of the numerator and denominator.

Condition (2) is tested by making a partial-fraction expansion of F(s) and checking whether the residues
of the poles on the ja-axis are positive and real. Thus, if F(s) has a pair of poles at s =+ j@),, a partial-fraction
expansion gives terms of the form
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K, K
S—jmy s+ jay

Since residues of complex conjugate poles are themselves conjugate, K; = K; and should be positive and
real.

Condition (3) requires that Re F(jw) must be positive and real for all @.

Now, to compute Re F(jw) from F(s), the numerator and denominator polynomials are separated into even
and odd parts.

m(s)+m(s) m+n

Flo= my(s)+ny(s) B my +ny

Multiplying N(s) and D(s) by m, — n,,

my+m ny—ny nymyp — mny Ny — Ny

2

F(s)= i _ 2 2 2
my ~ny ny —ny my; —ny m; —n;

But the product of two even functions or odd functions is itself an even function, while the product of an
even and odd function is odd.

mn —mny

Ev F(s)= R
m; —n

Od F(s) = M
my; —np

Now, substituting s = j@in the even polynomial gives the real part of F(s) and substituting s = j@ into the
odd polynomial gives imaginary part of F{(s).

Ev F(s)|szjw =Re F(jw)
0d F(s)|szjw = jIm F(jw)
We have to test Re F(jw) = 0 for all w.

The denominator of Re F(jw) is always a positive quantity because

2 2
ny —n

20

s=jo

Hence, the condition that Ev F(jw) should be positive requires

2
mny — nlnz‘ =A(w)

s=jo

should be positive and real for all @=> 0.

+3
| SCI T RCWER  Test whether F(s)= s_l is a positive real function.
s+

jo
Solution
N(s) s+3
(a) F(s)= ( )z
D(s) s+1
The function F(s) has pole at s = —1 and zero at s = —3 as shown in
Fig. 16.1. o—t >0
Thus, pole and zero are in the left half of the s-plane. -3 -2 1o

(b) There is no pole on the jw axis. Hence, the residue test is not carried
out. Fig. 16.1
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(¢) Evenpartof N (s)=
Odd part of N (5) =
Even part of D(s)=m, =

(

Odd part of D s)-nz =g

A(mz) = mymy —mny ]s:jcu: B)M)=(s)(s) ‘sz/mz 3-5° ‘s:jwz 3+ 0’

A(a?) is positive for all @> 0.

Since all the three conditions are satisfied, the function is positive real.

6
" SCT AN CWLN  Test whether F(s) = M

s°+9s+14
Solution

N(s) _ s> +65+5 _ (s+5)(s+1)
D(s) s*+9s+14 (s+7)(s+2)

(@) F(s)=

The function F (s) has poles at s =—7 and s = -2
and zeros at s =—5 an s =—1 as shown in Fig. 16.2.
Thus, all the poles and zeros are in the left half
of the s plane.
(b) Since there is no pole on the jw axis, the residue
test is not carried out.

(c) Even part of N(s)=my = s> +5
Odd part of N(s) =n = 6s
Even part of D(s) = m, = s> +14

Odd part of D(s) =n; =9s

is positive real function.

jo
—o—+— o
76 -5 -4-3-2 -1 [0
Fig. 16.2

A(@%) = mmy —mny |o= jo= (5> +5) (s* +14) = (65)(95) |s= jo=5* =355* +70 |, jo= 0 +350° + 70

A(a?) is positive for all @ 0.

Since all the three conditions are satisfied, the function is positive real.

” SCI I RCWIN  Test whether F(s)= Ss 3)(S +J)
(s+1)(s+4)

Solution

N(s) _ s(s+3)(s+5) _ s° +8s% +15s
D(s) (s+1D(s+4) s*+5s5+4

(@) F(s)=

is positive real function.
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The function F(s) has poles at s=—1 and s =—4 and jo
zeros at s =0, s =—3 and s = -5 as shown in Fig. 16.3.
Thus, all the poles and zeros are in the left half of

the s plane.

(b) There is no pole on the jwaxis, hence the residue test 2 = o
. . T
is not carried out. 5 4 -3 -2 4 0

(¢) Even part of N(s) = my = 8s*
Odd part of N(s) = = 5° +15s Fig. 16.3
Even part of D(s) = m, = st +4
Odd part of D(s) =ny =5s
A(wz) =mmy —mny |- jo= (8s2 )(s;l +4) —(S3 +158)(55) [s= jo = 35t — 4342 ls= jo= 30" + 43 0?

A(a?) is positive for all @= 0.
Since all the three conditions are satisfied, the function is positive real.

2

1
” SEARCWIN  Test whether F(s)= S3 +4 is positive real function.
s +4s
Solution
N(s) s*+1  (s+ jD)(s—jl) jo
(@) Fl)=—2=S 1= BT
D(s) s +4s s(s+/2)(s=j2) P
The function F(s) has poles at s = 0, s = —j2 and s =2 and zeros at s = —j1 L
and s =1 as shown in Fig. 16.4. 5 c
Thus, all the poles and zeros are on the jw axis. -
(b) The poles on the j@waxis are simple. Hence, residue test is carried out. ek
_12
2 2
s +1 s7+1
F(s)= = == .
s”+4s  s(s”+4) Fig. 16.4

By partial-fraction expansion,

K, K K5
F(s)=—"+—2_4 22
s s+j2 s—j2

The constants K, K, and K,* are called residues.

2

s7+1 1

K1=SF(S)‘S:()= > ==

sS4, 4

2

. s”+1 -4 +1 3
Ky =(s+ j2)F(8) 5= jo= ——= s
s(s=j2)|,__, iD-j2-j2) 8

Kz =K2=§

Thus, residues are real and positive.
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(¢c) Evenpartof N(s)=m = st +1
Odd part of N(s)=m =0
Even part of D(s)=my, =0
Odd part of D(s) = n, = s> +4s
A(0?) = mmy = mny | jo= (5> +1)(0) = (0)s” +45) |- joo=

A(@?) is zero for all @= 0.
Since all the three conditions are satisfied, the function is positive real.

257 +257 +35+2
" Example 16.27 Test whether F(s) = 25 TS TV s positive real function.

s?+1
Solution
N(s) 25" +25°+3s+2 25 +25° +3s+2
D(s) 57 +1 (s+ /(s = j1)

Since numerator polynomial cannot be easily factorized, we will prove whether N(s) is Hurwitz.

(@) F(s)=

Even part of N(s) = m(s) = 252 +2
Odd part of N(s) = n(s) = 25> +3s
By continued fraction expansion,
257 + 2) 25% +3s (s
257 +2s
s) 25% + 2s(2s

252

Since all the quotient terms are positive, N(s) is Hurwitz. This indicates that zeros are in the left half
of the s plane.
The function F(s) has poles at s =—j1 and s = /1.
Thus, all the poles and zeros are in the left half of the s plane.
(b) The poles on the jw axis are simple. Hence, residue test is carried out.

25% +252 +3s5+2
F(s)=——F———
s +1

As the degree of the numerator is greater than that of the denominator, division is first carried out
before partial-fraction expansion.
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s2+1)2s3+2s2+3s+2(23+2
2s° +2s
2s2 + s+2
2s? +2
S

N

F(s)=2s+2+ )
s°+1

By partial-fraction expansion,

K Ky
F(s)=2s+2+——+—1
s+j1 s—jl
. -1
Ky =(s+ jD)F(S) |s=— 1= ==
1 =(s+ jDF(S) |s=—pn 12
K =K==
2

Thus, residues are real and positive.
(¢) Even part of N(s) = my = 25> +2
Odd part of N(s) = n, = 25° +3s

Even part of D(s) =m, = s2+1
Odd part of D(s)=n, =0

A(@*) = mmy —mny |- jo= (25" +2)(s* +1) = (25° +35)(0) |s— jo= 25" +45% +2 |_ ;o= 2(0" =20 +1)
=2(w?-1)°

A(a?) 20 for all = 0.
Since all the three conditions are satisfied, the function is positive real.

3 2
6 75+3
” ET I CWEWEN  Test whether F(s)= Ci S Chik) is positive real function.

s+ 2s+1
Solution

N(s) 8 +65>+7s+3 s +65° +7s+3
D(s) 2+ 25+1 (s+1)(s+1)

Since a numerator polynomial cannot be easily factorized, we will test whether N(s) is Hurwitz.

(@) F(s)=

Even part of N (s) = m(s)=6s"+3
Odd part of N (s)=n(s)=s" +7s
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By continued fraction expansion,

1
65° +3] s +7s (—s
6
s> +0.5s
6.5sJ 6s° +3 (0.92s
65>
3] 6.5s (2.17s
6.5s
0

Since all the quotient terms are positive, N(s) is Hurwitz. This indicates that the zeros are in the left
half of the s plane.
The function F(s) has a double pole at s =—1.
Thus, all the poles and zeros are in the left half of the s plane.
(b) There is no pole on the jw axis. Hence, the residue test is not carried out.

(¢c) Evenpartof N(s)=m = 65> +3
Odd part of N(s)=m = s° +7s
Even part of D(s)=m, = 2 +1
Odd part of D(s)=n, =2s

N7

A(@°) = mmy —mny o= o= (65 +3)(s> +1) = (5” + Ts)29) |y jo= 45 =557 +3 | o= 40" +50” +3

A(a?) is positive for all @ 0.
Since all the three conditions are satisfied, the function is positive real.

2
s°+s+6

" SETNCWMCWER  Test whether F(s)= 2791 is a positive real function.
sT+s5+

Solution

S+ ——
N(s)_sz+s+6_( 277 27

D(S)_s2+s+1_ ( 1 \/5]( 1 \/§J
st—+j— | s+=——j—

2 2 2 2

1 ,\/23]( 1 ,\/23)
S+
(@) F(s)=

The function F(s) has zeros at s = —%i j% and poles at s = —%i ]%
(b) There is no pole on the jw axis. Hence, the residue test is not carried out.
(c) Even part of N(s)=my =s*+6
Odd part of N(s)=mn = s
Even part of D(s) = m, = s +1
Odd part of D(s)=n, = s
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A7) = mmy —mny |i= o= (s> +6)(s> +1) = (5)(5) |s= jo= 5" +65% +6 |, jp= 0" —60° +6

For w=2, A(&*)=16-24+6=-2
This condition is not satisfied.
Hence, the function F(s) is not positve real.

” SETNA WMV Test whether F(s) = is positive real function.

s+ 3s +3s+1
Solution

N SP+4 (s+/D(-)2)

F(s)= = =
) 6 D(s) s°+3s*+3s+1 (s+1)°

The function F(s) has two zeros at s = £ j2 and three poles at s = —1.
Thus, all the poles and zeros are in the left half of the s plane.
(b) There is no pole on the jw axis. Hence, the residue test is not carried out.
(c¢) Evenpartof N(s)=m = s +4
Odd part of N(s)=m =0
Even part of D(s) = m, = 3s” +1
Odd part of D(s) =y = s> +3s

A(@%) = mymy —=mny |o= jo= (5" +4)3s” +1) = (0)(s* +35) |s=jo= 35" +135" +4|,_;p=30" ~ 130" +4

For =1, A(wy*=3-13+4=-6
This condition is not satisfied.
Hence, the function F{(s) is not positive real.

” EN I WCEIN  Tesr whether F(s)=————— is positive real function.

st+2s7+1
Solution

N(s) _ s +5s _s(s2+5) _ s(s+ jV5)(s— jv/5)

e _ _
O e D T oo al (e GEED

The function F(s) has zeros at s=0, s = ij\/g and two poles at s =1 and two poles at s = —j1.

Thus, poles on the j@ axis are not simple.
Hence, the function F (s) not positive real.

4 3, 2
+35+s +s5+2
” ET I WY Test whether F(s) = o 3 : 5 i is positive real function.

S 4S5 +s+1

Solution

4 3, .0
F(s)=N(s)_s +357 4+ +s5+2

D(s) S +5*+s+1

Here, it is easier to prove that N(s) and D(s) are Hurwitz.
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By Routh array,

st 1 1 2

5 31
2

2

o132

s -8

s° 2

Since there is a sign change in the first column of the array, N(s) is not Hurwitz. Thus, all the zeros are not
in the left half of the s plane. The remaining two tests need not be carried out.
Hence, the function F{(s) is not positive real.

BE™XN| ELEMENTARY SYNTHESIS CONCEPTS

We know that impedances and admittances of passive networks are positive real functions. Hence, addition
of impedances of the two passive networks gives a function which is also a positive real function. Thus,
Z(s) = Z,(s) + Z(s) is a positive real function, if Z (s) and Z,s) are positive real functions. Similarly,
Y(s) = Y () + Y,(s) is a positive real function, if ¥, (s) and Y,(s) are positive real functions. There is a special

terminology for synthesis procedure. We have, Zy(s)
2(s) = 24(5) + 5(5) o— oo Bl R
Z5(s) = Z(s) = Zi(s) 49 | R B

Here, Z,(s) is said to have been removed from
Z(s) in forming the new function Z,(s) as shownin ~ O————
Fig. 16.5. If the removed network is associated Y:(S) ¥is) Yi(s) Ya(s)
with the pole or zero of the original network
impedance then that pole or zero is also said to
have been removed.

There are four important removal operations.

Fig. 16.5 Network interpretation of the removal of
impedance and admittance

16.4.1 Removal of a Pole at Infinity

Consider an impedance function Z(s) having a pole at infinity which means that the numerator polynomial is

one degree greater than the degree of the denominator polynomial.
n+l n n n—1

Ap1S" a,s"+.  +as+a Ccps" st s+

Z(S) — n+1 i — 1 0 = Hs+ n n—1 — 1 0

b,s" +b, 8" +...+bhs+h b,s" +b,_1s" +...+bhs+b

An+1
where H=2
n

Let Z\(s)= Hs

-1
s te,8t . taste

and Z5(s) = — =Z(s)—Hs
b,s" +b,_1s" " +...+hs+h
Z,(s) = Hs represents impedance of an inductor L
of value H. Hence, the removal of a pole at infinity O— T —— o——T—
corresponds to the removal of an inductor from the ~ 4(5) Zy(s) ¥(s) T° Zy(s)
network of Fig. 16.6(a). RO
If the given function is an admittance function (a) (b)

Y(s), then Y,(s) = Hs represents the admittance of
a capacitor Y (s) = Cs. The network for ¥/(s) isa Fig. 16.6 Network interpretation of the removal of
capacitor of value C = H as shown in Fig. 16.6(b). a pole at infinity
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16.4.2 Removal of a Pole at Origin

If Z(s) has a pole at the origin then it may be written as

1

+as+.. +a, s +va,s" Ky di+dys+..+d,s""
Z(s)=a0 s ay 1S aps” _ Ko  di+dps S = () + Za(s)

bis+bys* +...+ bys™ S b+bys+...+bys™

where Ky =

ag
by

K . . 1
Zi(s) = =L represents the impedance of a capacitor of value —.
s 0

. . . . K .
If the given function is an admittance function ¥(s) then removal of Y(s) = =0 corresponds to an inductor
s

1
of value —.
Ky ©
2s) © Zy(s) Yis) g1 Z(s)
Thus, removal of a pole from the impedance o

function Z(s) at the origin corresponds to the @ )
removal of a capacitor, and from admittance

function Y(s) corresponds to removal of an Fig. 16.7 Network interpretation of the removal of a
inductor as shown in Fig. 16.7. pole at origin

16.4.3 Removal of Conjugate Imaginary Poles

If Z(s) contains poles on the imaginary axis, i.e., at s =  j@, then Z(s) will have factors (s +j@,) (s — jw,) =
s?+ @? in the denominator polynomial

Zs)=—P
(s* + )i (s)
By partial-fraction expansion,
2=—2 K70

S+ jw;  Ss—jw

For a positive real function, j@ axis poles must themselves be conjugate and must have equal, positive and
real residues.

K, =K,

2K,
Hence, Z(s)=— 1S2+Zz(s)

Nl X O]

2K 1 1
Thus, Zi(s)= 5" = -

ST+ @ N + (O] Y.+ 7

2K, 2Kis

s . . . 1
where Y, = —— is the admittance of a capacitor of value C = oK.
1 1
2
;. . . 2K,
and Y, = L is the admittance of an inductor of value L = —21
2Ks ]
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If the given function is an admittance function Y(s) then

2K1S 1 1
s+ Zat 27y s (0]
2K| 2K|S
o . 1 o
where Z, = s the impedance of an inductor of value L =——and Z;, = is the impedance of
2K, 2K, 2K;s
2K
a capacitor of value C = —2'
(O] L
Thus, removal of conjugate imaginary poles o—m
from impedance function Z(s) corresponds to the Zs) c Z,(8) Y(s) %L Z,(s)
removal of the parallel combination of L — Cand | . —=C

from admittance function Y(s) corresponds to
removal of series combination of L — C as shown Fig. 16.8 Network interpretation of the removal of
in Fig. 16.8. conjugate imaginary poles

16.4.4 Removal of a Constant

If a real number R, is subtracted from Z (s) such that
Zy(8) = Z(s)— R,
Z(s)= R+ Z5(s)

then R, represents a resistor.

If the given function is an admittance function ¥(s), then removal of Y,(s) = R, represents a conductance
of value R,.

Thus, removal of a constant from impedance function Z(s) corresponds to the removal of a resistance, and
from admittance function Y(s) corresponds to removal of a conductance.

3
4
" SENTICWMEEER  Synthesize the impedance function Z(s) = S T4s

. S +2
Solution
By long division of Z(s),
st + 2) s° +4s (s
$°+2s
2s
2s
Z(s) =5+ = Z1(s)+ Z5(s)
sT+2
Z,(s) = s represents impedance of an inductor of value 1 H.
1 +2 57 2 1 1
Ya(s)= ——— =" "= T4 = 4= = Vy(s) + Y4 ()
Z5(s) 2s 2s 28 2 s
1 1
Y3(s) = —s represents the admittance of a capacitor of value —F. 1H
2 o——TT0
1
Y4 (s) = — represents the admittance of an inductor of value 1 H. 2 1
s (s) —1F 1H

The impedances are connected in the series branches whereas
the admittances are connected in the parallel branches. The network
is shown in Fig. 16.9. Fig. 16.9
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" SETNTCWEEEN  Realise the network having impedance function

s +2s+10

Z9)= s(s+35)

Solution
By long division of Z(s),

s2+5s)sz+2s+10(g
s

2s+10

2
N

2 2
Z(s)= 45— = T —— = Zy(s)+ Z,(s)
S s +5s s s+5

2 . . 1
Z(s) = S represents the impedance of capacitor of value EF

1 +5 5
Ya(s) = ———= > = 142 = Yy () + Y (s)
Z5(s) s K 1 .
Y (s) = 1 represents the admittance of a resistor of value 1 Q. o I I
5 . . 1
Y4 (s) = — represents the admittance of an inductor of value gH Z(s) 1Q
s

The impedances are connected in the series branches whereas the
admittances are connected in the parallel branches. The network
is shown in Fig. 16.10. Fig. 16.10

16.27

3 2
R +55° +6s+
" Example 16.35 ealise the network having impedance function Z(s)= 05 +35" +65+4 .

257 +2s
Solution By long division of Z(s),

25° + 2sJ 65° + 55> +65+4 (3

65° + 65
52 +4

552 +4

Z(s)=3+ T Zi(8)+ Zx(s)

Z,(s) = 3 represents the impedance of a resistor of value 3 €.

1 257+2s

hls) = Zy(s) 55> +4
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By long division of Y,(s),

253+
2
—S
5
2
— S
Vo(s) = 25+ —3— = V() + Y4(s)
2T s s

2 2
Y3(s) = 3 s represents the admittance of a capacitor of value 3 F.

1 56244 2552420 25 10
= = =—3s

Zs(s)= = +—=Zs(s)+ Zs(s
4(s) ACREEY 2 S s(s)+ Zs ()
25
25 . . 25 —H —=F
Zs(s) = —s represents the impedance of an inductor of value — H. 30 2 10
2 o—— U0 To— —
10 . . 1
Zy(s) = — represents the impedance of a capacitor of value 10 F. 2(s) 42
s T 5
The impedances are connected in the series branches, whereas the
admittances are connected in the parallel branches. The network is
shown in Fig. 16.11. Fig. 16.11
" SETNT MW  Realise the network having impedance function
4, 102
s +10s"+7
Z(s)=—F———
s”+2s

Solution By long division of Z(s),
s +25] st +10s% +7 (s

st 4262

8s> +7

2
+
Z(s)=s+8;v ’
s7+2s

=Z(s)+ Zy(s)

Z,(s) = s represents the impedance of an inductor of value 1 H.

1 $2+2s

L= S e
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By long division of Y,(s),
\
8s? +7J s +2s (%s

ST +—=9

1
Yo(s)=—s+ =Y3(5)+ Y4 (s
2(s) R 3(5)+Ya(s)

1 . . 1
Y3(s) = §S represents the admittance of a capacitor of value 3 F.

1 8°+7 64 56

Z4(8) = =—s+—="75(s)+Zs(s
4(s) ACEES 90, s(8)+ Zs(s)
8
64 . . 64 64, 9
Zs(s) = ?s represents the impedance of an inductor of value — H. 1H o 56F
—— I ———T0—] —
Zs(s) = 6 represents the impedance of a capacitor of value iF
6(8) =5 1ep p p 56 2(s) — %F
The impedances are connected in the series branches, whereas the
admittances are connected in the parallel branches. The network is
Fig. 16.12

shown in Fig. 16.12.

45 +6s

" ETNI WY  Realise the network having admittance function Y(s) = ;
s+

Solution By long division of ¥(s),

s+1] 45% + 65 (4s

45% + 45

2s
2s
Y(s)=4s+——=Y(s)+15(s)
s+1

Y,(s) = 4s represents the admittance of a capacitor of value 4 F.

1 s+1 1 1
Zy(8)=——=——=—+—=73(5)+ Z4(s
2(s) ho) o 25 272 3(8)+ Z4(s)
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1 1 Ll
Z5(s) =— represents the impedance of a resistor of value — Q. 22 oF
2 2 o AANA
1
Z4(s) = b represents the impedance of a capacitor of value 2 F. 2(s) L ,F
s —
The impedances are connected in the series branches, whereas the

admittances are connected in the parallel branches. The network is
shown in Fig. 16.13. Fig. 16.13

3+5:
" SETNTI I  Realise the admittance function Y (s) = i 2? .
s

Solution By long division,

4-4—23]3'—i—5s(E
4

3+—s

-8

Y(s) :%+ 2= h(©) 1)

3 . . 4
Hi(s)= 2 represents the admittance of a resistor of value 3 Q.

| _4+2s_8+4s_8 4
HLisy 7 p 7s 7s 7

Zy(s) = = Z3(s)+ Z4(s)

0|~
m
~| e
te}

8 . . 7
Z5(s) = P represents the impedance of a capacitor of value gF

4 . . 4
Z4(s) = 7 represents the impedance of a resistor of value Z Q.

c.o|4>
o]

The impedances are connected in the series branches, whereas the
admittances are connected in the parallel branches. The network is
shown in Fig. 16.14. Fig. 16.14

BTN REALISATION OF LC FUNCTIONS
LC driving point immitance functions have the following properties.

It is the ratio of odd to even or even to odd polynomials.

The poles and zeros are simple and lie on the j@-axis.

The poles and zeros interlace on the jw-axis.

. There must be either a zero or a pole at the origin and infinity.
. The difference between any two successive powers of numerator and denominator polynomials is at
most two. There cannot be any missing terms.

R N
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6. The highest powers of numerator and denominator polynomials must differ by unity; the lowest powers
also differ by unity.

There are anumber of methods of realising an LC function. But we will study only four basic forms—Foster 1,
Foster I1, Cauer I and Cauer II forms. The Foster forms are obtained by partial-fraction expansion of F(s), and
the Cauer forms are obtained by continued fraction expansion of F{(s).

16.5.1 Foster Realisation

Consider a general LC function F(s) given by

H(s* + o )(s* + @3)...
2, 2\ 2, 2

s(s” +@3)(s” + w1)...

F(s)=

where 0 < of < w3 < @3 ... and H is positive.

By partial-fraction expansion of F(s),

K, K K
F(s):—0+ 2 + 2 +..+K.s
s S+ jw, Ss—jin

Combining terms with conjugate poles,

Ko 2K
Ko | 2Kss

s s+

F(s)=

.+ K.s

where K, K, and K_ are the residues of F(s) at the origin, at j@, and at infinity respectively.
These residues are given by

Ko = sF(s)-0
(52 +o? ) F(s)
P=a?
K. - F(s)
S lsse

Foster | Form 1If F(s) represents an impedance function, it gives a series connection of impedances.

K 2K
:—0+ zs

5 R

F(s) =Z(s) s TP ral

+K..s=Zi(s)+Zy(s) + ... +Z,(s)

K . . 1
The first term —> represents the impedance of a capacitor of A farad.
s 0

The last term K_ s represents the impedance of an inductor of K_ henry.

The remaining terms, i.e., represent the impedance of a parallel combination of capacitor C; and

i
2+ of
inductor L. For parallel combination of L, and C,

1
1 (F]S 2K
i iS
Cs+— s+ ST
LZS LICI'
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1 .
Ci=—and L = 2K
2K; o}

Table 16.1 Realisation of Foster-1 form of LC network

Impedance function Element
Ko 1 © 1 o
T Cys 1
s Cpys Co=—
Ko
1 2K;
ZK,*S _ C,‘ ;
svof o, 1
LG,
1
Ci - -
2K;
K_s=Ls o 7000 0
L.=K.

Fig. 16.15 Foster-1 form of LC network

If Z(s) has no pole at the origin then capacitor C,; is not present in the network. Similarly, if there is no pole
at o, inductor L_ is not present in the network.

Foster Il Form If F(s) represents an admittance function, it gives the parallel combination of
admittances.

F(s)=7(s)= %122[2;2 o Kas =Y (s)+ T (s) 4.7, (s)
2

K . . 1
The first term —> represents the admittance of an inductor of A henry.
s 0

The last term K_s represents the admittance of a capacitor of K_ farad.

K;s

s*+of

The remaining terms, i.e., represent the admittance of a series combination of an inductor , and

a capacitor C..
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For series combination of L, and C,

12 2

Lis+— & st
CIS LiCl
2K;
L=— and C; = 2’
i a;

Table 16.2  Realisation of Foster-1I form of LC network

Admittance function Element
Ko _ T
s Los _ L
Ly X,
1
i Ky Ll = —
2Kis  \ L 2K;
2 2 .
sSHof 2 1 C,-:zK'
LG, : - o?
K_s=Cs O—_L
T C. = K.
O —-_
The network corresponding to the Foster II form is shown
in Fig. 16.16. Y(s)—> Lo L L =—c,
If Y (s) has no pole at the origin then inductor L is not —=C =G
present. Similarly, if there is no pole at infinity, capacitor C_ ©
is not present. Fig. 16.16 Foster-1I form of LC network

16.5.2 Caver Readlisation or Ladder Realisation

Caver | Form Since the numerator and denominator polynomials of an LC function always differ in
degrees by unity, there is always a zero or a pole at s = e, The Cauer I Form is obtained by successive
removal of a pole or a zero at infinity from the function.

Consider an impedance function Z(s) having a pole at infinity.

By removing the pole at infinity, we get

Zy (s)= Z(s) —Lis
Now, Z,(s) has a zero at s = e. If we invert Z,(s), Y,(s) will have a pole at s = co.
By removing this pole,
Y3(s)=Y2(s)—Css
Now Y,(s) has a zero at s = e, which we can invert and remove. This process continues until the remainder

is zero. Each time we remove a pole, we remove an inductor or a capacitor depending on whether the function
is an impedance or an admittance. The impedance Z(s) can be written as a continued fraction expansion.
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Z(s) =Lis+
Cys+

L3S+ 1

Cus+...

Thus, the final structure is a ladder network whose series arms are inductors and shunt arms are capacitors.
The Cauer I network is shown in Fig. 16.17.

L, Ly a %
Z2(s)—- I C 1 c, Zs)— Y, Y,
(e, T —‘7-- - O —_—
(a) (b)

Fig. 16.17 Cauer I form of LC network

If the impedance function has zero at infinity, i.e., if degree of numerator is less than that of its denominator
by unity, the function is first inverted and continued fraction expansion proceeds as usual. In this case, the
first element is a capacitor as shown in Fig. 16.18.

L L, Z Z
O—W‘I' -
Z(s)> —— C; Cs Cs  Zs)> Vs
S R A _
(a) (b)

Fig. 16.18 Cauer-I form of LC network

Caver Il Form  Since the lowest degrees of numerator and denominator polynomials of LC function must
differ by unity, there is always a zero or a pole at s = 0. The Cauer II form is obtained by successive removal
of a pole or a zero at s = 0 from the function.

In this method, continued fraction expansion of Z(s) is carried out in terms of poles at the origin by
removal of the pole at the origin, inverting the resultant function to create a pole at the origin which is
removed and this process is continued until the remainder is zero. To do this, we arrange both numerator and
denominator polynomials in ascending order and divide the lowest power of the denominator into the lowest
power of the numerator. Then we invert the remainder and divide again. The impedance Z (s) can be written
as a continued fraction expansion.

1 1
Z{(s)=—+
Gs L 1 c Cs
Ls' L, 1 o—] I
L N
Gs 1
Lys Z(S)—> L, Ly
Thus, the final structure is a ladder network whose first element o—

is a series capacitor and second element is a shunt inductor as

shown in Fig. 16.19. Fig. 16.19 Cauer Il form of LC network



If the impedance function has a zero at the origin then the first
element is a shunt inductor and the second element is a series
capacitor as shown in Fig. 16.20.

Thus, the LC function F(s) can be realised in four different
forms. All these forms have the same number of elements and
the number is equal to the number of poles and zeros of F(s)
includng any at infinity.
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2(s)— L

o—

Fig. 16.20 Cauer-II form of LC network

" EN IR State whether the following functions are driving point immittance of LC

networks are not:

ja)
Ss(s” +4 N G R 3 .
@ 29=—2ED g g A9 17
(57 +I)s" +3) s(s” +2) i
N3
Solution /
2 /!
+4
(a) Z(s)= M I — 5 -
(s”+1)(s" +3) -3 2 1 ’
-
The function Z(s) has polesat s =+ 1 and s == j\/§ and zeros F
at s =0 and s=2,2 as shown in Fig. 16.21. Since the poles N3
and zeros do not interlace on the jw axis, the function Z(s) is not O —f2
an LC impedance function. 4
/
2(s* +1)(s> +9
(b) Z(s)= 2D+ Fig. 16.21

s(s2 +2)

The function Z(s) has poles at s =0 and s = ij\/z and zeros at s =11 and s==;3 as shown in Fig.
16.22. The poles and zeros are simple and lie on the jw-axis. The poles and zeros interlace on the jwaxis.

Hence, the function Z(s) is an LC impedance function.
jo

A

& J3

+ 2

N2

o j1
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" SEI T RCW W Realise the Foster and Cauer forms of the following impedance function

4s° +1Xs° +9)

7(s) =
(<) s(s2 +4)

Solution The function Z(s) has poles at s = 0 and s = + ;2 and zeros
ats==;1 and s =+ ;3 as shown in Fig. 16.23.

From the pole-zero diagram, it is clear that poles and zeros are simple
and lie on the jw axis. Poles and zeros are interlaced. Hence, the given
function is an LC function.

Foster I Form The Foster I form is obtained by partial-fraction
expansion of the impedance function Z(s). But degree of numerator is
greater than degree of denominator. Hence, division is first carried out.

AP +I)(sP+9)  4st +40s57 +36

Z(s)
s(s* +4) s +4s
s° +4s) 45t + 405 +36 (45
4s* +165”
245 +36
245% +36 245 +36
Z(s) = ds+ 22 g 250
s” +4s s(s*+4)
By partial-fraction expansion,
Ky K Ky K, 2K
Z(s)=ds+20 4L 4 L g R0 2od
s s+j2 s—j2 s s2+4
4(1)(9
where Ko =sZ(s)| _, = (i( ) _ 9
K - (s> +4)Z(s) _HAHD(A+9) 15
2 ., 2(—4) 2
15:
Z(s)= s+ + 25‘
s s°+4

The first term represents the impedance of an inductor of 4 H. The second term represents the impedance

1
of a capacitor of — F. The third term represents the impedance of a parallel LC network.

For a parallel LC network,

Zic(s)=——1
2

By direct comparison,
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15

L=—H 4H
4 o T
The network is shown in Fig. 16.24.
Foster II Form The Foster II form is obtained by partial-
fraction expansion of the admittance function ¥(s).
_ s(s2 +4)
457 +1)(s*+9) ©
By partial-fraction expansion, Fig. 16.24

K K K K>  2Kis 2K
Y(s)= 1. + 1 4 2. i 2. _ 1S " 28
s+l s—j1 s+j3 s—j73 $£2+1 §*+9

2
where K = (S‘2—+1)Y(s) = w - i
s o, BC149) 64
POP i) P B G L B
T YL, 89 e
&) ()
— 1S — S
v - 32 (32

s+l 249

These two terms represent admittance of a series LC network. For a series LC network,

Yic(s)= 1
2
ST+ —
LC
By direct comparison,
32 3 ©
L=2ZH C=—F L. L 5.
3 32 32 288
32 5 32 32
L,=—H Cy=—— — H — H
P 7288 . 8 5
The network is shown in Fig. 16.25. Fig. 16.25

Cauer I Form The Cauer I form is obtained from continued fraction expansion about the pole at
infinity.
4s* + 405 +36
Z(s) = s 34us
s~ +4s

Since the degree of the numerator is greater than the degree of the denominator by one, it indicates the
presence of a pole at infinity.
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By continued fraction expansion,

S3+4s)4s4+40s2+36(4seZ
45* +165>
24s2+36)s3+4s is<—Y
24
3
S+2s
2
és 24s5% +36 ﬁseZ
2 5

2457

5 4 H 5 H
5 N © 00 00
0 — 22 F — % F
The impedances are connected in the series branches whereas
the admittances are connected in the parallel branches in a Cauer
or ladder realisation. The network is shown in Fig. 16.26. Fig. 16.26

Cauer Il Form The Cauer II form is obtained from partial-fraction expansion about pole at origin.
AT +9)  4st +405 +36

- S(s2 +4) - s° +4s

The function Z(s) has a pole at origin. Arranging the numerator and denominator polynomials in ascending
order of s,

Z(s)

36 +40s% + 4%

Z(s) =
ds+s°

By continued fraction expansion,

4S+S3)36+40S2 +45* (2 —7Z
s

36+ 9s2

31s2+4s4)4s+s3 (ieY
31s

4s+£s3
31
1—533 31s? +4s* EeZ
31 15s

31s?



4s4) Es3 15 «Y
31 \124s
15
31
0

16.5 Realisation of LC Functions 16.39

The impedances are connected in the series branches whereas the

admittances are connected in the parallel branches in a Cauer or °
ladder realisation. The network is shown in Fig. 16.27.

1 15
9 F 961 F
° 1 1
31 124
a1 15 1
Fig. 16.27

" Example 16.41 Realise Foster forms of the LC impedance function

Z(s)=

Solution

(2 + )(s? +3)
s(s?+2)

Foster I Form The Foster I form is obtained by partial-fraction expansion of the impedance function Z(s).
Since the degree of the numerator is greater than the degree of the denominator, division is first carried out.

(P+D)(s*+3) st +4s>+3

By partial-fraction expansion,

where

The first term represents the impedance of an inductor of 1 H. The second term represents the impedance

Z(s)=

s(s2 +2) s> +2s

S+ 25‘)5‘4 +4s% + 3(s
st 257
252 +3

257 +3 252 +3
Z(s)=s+ : =s S2

s~ +2s s(s”+2)

Z(s)=s+ﬁ+ K K Ko 2K
s s+j2 s—j2 s st 42
H3 _3
Ky = SZ(5)|eo= 22 ==
0 =8Z(8)|s=0 )
2 — —
PR +2)Z(S) _(2+1)(243) 1
2s s 2(-2) 4
2), 5
2) )
Z(s)=s+——+—"—
N 242

2
of a capacitor of 3 F. The third term represents the impedance of a parallel LC network.
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For a parallel LC network,

Zic(s) = 2k
2L 1H 8
. . LC o 7000 |
By direct comparison,
C=2F 1
1 2 H=—2F
=—H
4 o
The network is shown in Fig. 16.28. Fig. 16.28
Foster Il Form The Foster II form is obtained by partial-fraction expansion of the admittance function ¥(s).
2
+2
Y(s)= ;(S—v)
(87 +1)(s”+3)
By partial-fraction expansion,
Y(s)= K, L K.*‘ K, K, 2K.s . 22K25
st+jl s—] s+jf s— ]f s+l 5743
+1 -1+2 1
where K, = (s° )Y( ) _+y 1
2s oo 2(-1+3) 4
s°+3 —3+2 1
K, = ( ) Y(s) ==
2s s 2(=3+1) 4
L)
2)" \2)°
Y(s)=5"—+—5—
s +1 s*+3

These two terms represent admittance of a series LC network. For a series LC network,

()

N °)|_L

i

Yic(s) = I
2
e e
. . LC
By direct comparison,
O
1 L1
L| = 2H, C] = EF 2 F
1 2H
L2 = 2H, C2 = EF o
The network is shown in Fig. 16.29. Fig. 16.29

" SCIRCW:Y  Realise Foster forms of the following LC impedance function:
2 2

Z(s) = (s 2+ D(s 7+ 3)

s(s” +2)(s”+4)

Solution

Foster I Form The Foster I form is obtained by partial-fraction expansion of the impedance function Z (s).
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By partial-fraction expansion,

Z(s)=ﬁ+ LS ST Kzl + KZ. Ko, 22K‘S+22K2S
s s+ 2 s— N2 sHj2 s—j2 s 242 §P+4
(3 3
where Ko =sZ(s)| _, = O3 _3
=24 8
2 — —
PGP R £ 2 T
2s o A2+ 8
2
4 —4+1)(—4
KQ:“ +)ZO) _(AHD(A+3) 3
2s i, 24+ 16
3 (i] (; |
8
Z(s)=—+ +
) s 242 244

. . 8 .
The first term represents the impedance of a capacitor of — F. The other two terms represent the impedance
of a parallel LC network. 3
For a parallel LC network,

Zic(s) = 1
2
ST+ —
LC 8 1 H 3 H
. . SE 8 32
By direct comparison, 3
C =4F, L= lH
8 4F 8¢
8 3 3
C2 = —F, Lz = —H
3 32 ©
The network is shown in Fig. 16.30. Fig. 16.30

Foster Il Form The Foster II form is obtained by partial-fraction expansion of the admittance function Y(s).
S5 +2)(s7+4) 50 +65 +8s
(s2+1)(s*+3) sP+457+3

Y(s)

Since the degree of the numerator is greater than the degree of the denominator, division is first carried out.
s+ 452 +3)s° +65° +8s(s
s° +45° +3s
257 +5s

25> +5s + 25° +5s

Y(s)=s+ =s
st +457+3 (s> +1)(s* +3)

By partial-fraction expansion,

Y(S)=S+ K] " K1 K2 K2 _S+2K1S 2K2S

+ + =
s+l s—jl s+j\/§ s—j\/g s2+1 s2+3
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where PG o I i) G O
T s o 2-1+3) 4

2

P ) Yis) _(B+2)(3+4) 1
2s I 2(-3+1) 4

3 1
GF )
Y(s)=s+ +

s+l 743

The first term represents the admittance of capacitor of 1 F. The other two terms represent admittance of
a series LC network. For a series LC network,

Yie(s) = 1
2
ST+ —
. . LC
By direct comparison, ©
2 3 2H 2H
Li==H, G ==F L 3
| 3 l 2 T % 3 % 1
1 3F 1
L2:2H, C2=gF o T2 T6
The network is shown in Fig. 16.31. Fig. 16.31

" SETNAREREN  Realise Cauer forms of the following LC impedance function:
105" +125° +1
Z(8) = ————
257 +2s

Solution
Cauer I Form The Cauer | form is obtained from continued fraction expansion about the pole at infinity.
10s* +125” +1
25 +2s
Since the degree of the numerator is greater than the degree of the denominator by one, it indicates the

presence of a pole at infinity.
By continued fraction expansion,

25° +25)10s* +125% +1 (55 « Z

10s* +10s?

Z(s) =

257 +1)25° +25(s < ¥
25 +s
s)2s” +1(2s < Z
25

1)s(seY

N
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The impedances are connected in the series branches whereas the admittances are connected in the parallel
branches in a Cauer or ladder realisation. The network is shown in Fig. 16.32.

5H 2H
o 00 7000
—1F —1F
o,
Fig. 16.32

Cauer Il Form The Cauer Il form is obtained from continued fraction expansion about the pole at the
origin.
10s* +125” +1

25" +2s

The function Z(s) has a pole at the origin. Arranging the numerator and denominator polynomials in
ascending order of s,

Z(s) =

1+125* +10s*
25+25°
By continued fraction expansion of Z(s),

Z(s) =

) 1
2S+2s3)1+12s“ +10s4(— «7Z
S

1+ s°

2
lls2+10s4)2s+2s3(ﬁ<—y
S

2s-|—§s3
11

3s3 11s> +10s* E(—Z
11 2s

11s2

10s4\353 2 Y
J11° \10s

The impedances are connected in the series branches
whereas the admittances are connected in the parallel
branches in Cauer or ladder realisation. The network is
shown in Fig. 16.33. °

Fig. 16.33
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" SCI I REW W Realise the following network function in Cauer I form:

65t +425° +48

s>+ 1857 +48s

Solution The Cauer I form is obtained by continued fraction expansion of Z(s) about the pole at infinity.
In the above function, the degree of the numerator is less than the degree of the denominator which indicates
the presence of a zero at infinity. The admittance function Y(s) has a pole at infinity. Hence, the continued
fraction expansion of Y(s) is carried out.

Z(s)=

s +18s +48s

Y(s)=—— > —
() 6s* +425% +48

By continued fraction expansion
1
6s* +425% + 32)s5 +18s7 + 48s(gs «Y

S+ 183+ 8s

11s° + 40s)6s4 +4252 +48(%s 7

654+&s2
222 2130 |115° +40s| 2ok s - ¥
11 222
15+ 2508
222
3072 1222 5 (49284
222°) 11 33792
222 ,
-
11
)22 (128, Ly
222 "\ 444
3072
— S
222
0

The impedances are connected in the series branches whereas the admittances are connected in the parallel
branches in a Cauer or ladder realisation. The network is shown in Fig. 16.34.

6, 49284
E 33792
o OO0 00
11 Lorary L oaze
T 8" TomF T amf
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" SE T CHEN W Realise Cauer I form of the function:

4 2
s(s” +3s"+1
Zic(s) = %
35" +4s°+1
Solution The Cauer II form is obtained by continued fraction expansion about the pole at the origin. The

given function has a zero at the origin. The admittance function ¥(s) has a pole at origin. Hence, the continued
fraction expansion of Y(s) is carried out. Arranging the polynomials in ascending order of s,

35t +4s7 41 1+4s% +3s*
Yic(s)= =

5,43 - 23 5
s +35"+s s+3s7+s

By continued fraction expansion of Y(s), we have

s+3s3+s5)1+4s2+3s4(leY
s

1+3s>+ s*

s2-4-234Js+3s3+s5 (l<—Z

s+2s°

1H 1H 1H

The impedances are connected in the series branches whereas
the admittances are connected in the parallel branches in a Cauer
or ladder realisation. The network is shown in Fig. 16.35. Fig. 16.35

" SEICRCNW  Obtain the Cauer I form of realisation for the function
s +75> +10s

Zrc(s) =
st +55°+4

Solution  The Cauer I form is obtained by continued fraction expansion of Z, . (s) about pole at infinity.
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st 4557 +4)s5 +7s° +10S(S —Z
S +55+ 4s
3,14 2 1
2s +OS)S +5s +4(5s «Y
st 4352

2s? +4)233 +6s(s — 7

25° +4s
2s)252+4(seY
252
1
4|25 —s <« Z

2

2s

0

The impedances are connected in the series branches, whereas the admittances are connected in the parallel
branches in a Cauer or ladder realisation. The network is shown in Fig. 16.36.

1
1H 1H zH
o—000 7000
41 €
-3 F —_—1F
[e;
Fig. 16.36
" SEITJCRCN YR Synthesize the following LC impedance function in Cauer II form:
3
s7+2s
Z(s)=—F—F—
" +4s°+3

Solution The Cauer II form is obtained by continued fraction expansion about the pole at the origin.

s(s2+2)

2(s) =
(s +3)s*+1)
But Z(s) has a zero at the origin. Hence, the continued fraction expansion of Y (s) is carried out. Arranging
the polynomials in ascending order of s,

+4s% +5*
Y(s)=3 s 3s
2s+s
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By continued fraction expansion of ¥ (s),

2s+s3)3+4sz+s4(ieY
s

3+§s2
2
éS2 +5* |25+ 53 (iez
2 \ 55

4
25+ —5°
5

o~
N———
DN | —
hb)
—
i
T
N
Ao
M

—
w
Q

The impedances are connected in the series branches whereas
the admittances are connected in the parallel branches in a Cauer
or ladder realisation. The network is shown in Fig. 16.37. Fig. 16.37

BETX3A| REALISATION OF RC FUNCTIONS

RC driving point immittance functions have following properties:

The poles and zeros are simple and are located on the negative real axis of the s plane.
The poles and zeros are interlaced.

The lowest critical frequency nearest to the origin is a pole.

The highest critical frequency farthest to the origin is a zero.

Residues evaluated at the poles of Z, . (s) are real and positive.

M

d . .
6. The slope — Zy( is negative.
do

7. ZR(;(M) < ZRC (O)
RC functions can also be realised in four different ways. The impedance function of RC networks is given by,

_ H{s+o0y)(s+03)...
- s(s+03)...

Z(s)

16.6.1 Foster Realisation
Foster | Form The Foster I form is obtained by partial-fraction expansion of Z(s).
K K K
Z(s)= =0, 2L 22 L 4K
N st+0; s+0,
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where K, K|, K,, ... K_ are residues of Z(s).

K,= SZ(S)L:O
Ki = (S+O-1‘)Z(S)|S = —0;
o 2O

S PN

K . . 1
The first term —> represents the impedance of a capacitor of — farads.

N

o

The last term K_ represents the impedance of a resistor of K_ ohms.

The remaining terms, i.e., represent the impedance of

s+ O;
capacitor C,. For parallel combinaton of R and C,
1

R|—
¢

the parallel combination of resistor R, and

| &

Z(S) = li = p
R +— §TO;

iS
K; 1
R =— and C;=—
O; K;

Table 16.3 Realisation of Foster-I form of RC network

Impedance function Element
Ko _ 1 o
s Cpys 1
0 Cp=—
Ko
K.
Ri=—
1 %
R)| —
Ki _ ( ) ( CiS J
s+0; R+ 1 |_—{/v S
CZ‘S 1
Ci =—
K;
o AVAVAY; ‘o)
Ko =R R_=K_

The network corresponding to the Foster-I form is shown in
Fig. 16.38.

Fosterll Form  The Foster-II form is obtained by partial fraction

1 . .
expansion of ¥(s). Since Y(s) = % has negative residue at its
s

Y(s)

pole, Foster II form is obtained by expanding

n

>

i=1

() K,

K;

s s (s+01)

G, R, R
— 0
Z(s)— Cr Ci R.

O

Fig. 16.38 Foster-1 form of RC network

+ K.

oo
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Multiplying this equation by s,
5 Ks
Y(s)=K, + d
( ) z (S + Gi)

i=1

+K..s

. 1
The first term K represents the conductance of a resistor of — ohms.
o

The last term K_ s represents the admittance of a capacitor of K_ farads.

represent the admittance of series combination of resistor R, and capacitor

The remaining terms, i.e.,
s+ 0;

C.with R; = 1 ohms and C; = K farads.

Kl O;
Table 16.4 Realisation of Foster Il form of RC network
Admittance function Element
1

KQ = _ ]
i s R = L

K. \R K;
st o, 1 c =2

RiCi O;
K_s=C_s T C. =K.,

The network corresponding to the Foster II form is shown in Fig. 16.39.

- .
Z(s)— 2R, %ﬁ %R’ —cC.
C .
—|— 1 —|—CI

(e}

Fig. 16.39 Foster Il form of RC network

16.6.2 Caver Realisation

Caver | Form The Cauer I form is obtained by removal of the pole from the impedance function Z(s)
at s = co. This is the same as a continued fraction expansion of the impedance function about infinity. The
impedance Z(s) can be written as a continued fraction expansion.

1

Z(S) = Rl +
Cys+

The network is shown in Fig. 16.40.



16.50 Network Analysis and Synthesis

In the network shown in Fig. 16.40, if Z(s) has a zero at s = co, Ry Rs R,_1

the first element is the capacitor C,. If Z(s) is a constant at s = co, OTVVV vVVVITTTTTT M/\’l
the first element is R|. If Z(s) has a pole at s = 0, the last element P P
is C . If Z(s) is a constant at s = 0, the last element is R . () T2

C4 Cn
Caver Il Form The Cauer II form is obtained by removal o T --j
of the pole from the impedance function at the origin. This is
the same as a continued fraction expansion of an impedance
function about the origin.

If the given impedance function has a pole at the origin, it is removed as a capacitor C,. The reciprocal
of the remainder function has a minimum value at s = 0 which is removed as a constant of resistor R,. If the
original impedance has no pole at the origin, then the first capacitor is absent and the process is repeated with
the removal of the constant corresponding to the resistor R,.

The impedance Z(s) can be written as a continued fraction expansion.
1 1
Z(s)=—+ o Cs Cph_1
C|S

Fig. 16.40 Cauer-I form of RC network

(e}

The network is shown in Fig. 16.41.
In the network shown in Fig. 16.41, if Z (s) hasa pole ats =0, Fig. 16.41 Caver-1I form of RC network

the first element s C,. If Z (s) is a constant at s = 0, the first element

is R,. If Z (s) has a zero at s = oo, the last element is C . If Z (s) is constant at s = oo, the last element is R .

" SETNT MW S Determine whether following functions are RC impedance function or not.
3(s+2)(s+4) ) 2(s+1)(s+3)

@ Z8)=""2073) (5+2)(s+6)

Solution

(@) Z(s)= 3(s+2)s+4)

s(s+3)

The function Z(s) has poles at s =0 and s =-3 and zeros
at s = -2 and s = —4 as shown in Fig. 16.42. The poles
and zeros are simple and located on the negative real axis —o o— >0
of the s plane. The poles and zeros are interlaced. The 5 -4 3 2 -1 |0
lowest critical frequency nearest to the origin is a pole.
Hence, the function Z(s) is an RC impedance function. Fig. 16.42

s+ 1)(s+3)

) 2(s)= (s+2)(s+6)

The function Z(s) has poles at s = =2 and s = =6
and zeros at s = —1 and s = —3 as shown in Fig. 16.43.
The poles and zeros are simple and located on the
negative real axis of the s-plane. The poles and zeros B — o
are interlaced. But the lowest critical frequency nearest 6 5 43 2 - 0
to the origin is not a pole, but zero. Hence, the function
Z(s) is not an RC impedance function. Fig. 16.43
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" SEI I REW:CR  Realise the Foster and Cauer forms of the impedance function

(s+)(s+3)
s(s+2)

Solution The function Z(s) has poles at s = 0 and s = -2 and
zeros at s =—1 and s = -3 as shown in Fig. 16.44.

From the pole-zero diagram, it is clear that poles and zeros are
simple and lie on the negative real axis. The poles and zeros are
interlaced and the lowest critical frequency nearest to the origin is _3
a pole. Hence, the function Z(s) is an RC function.

Z(s)=

Jjo

b
Lo
)

Foster I Form The Foster I form is obtained by partial fraction
expansion of impedance function Z(s). Since the degree of the
numerator is greater than the degree of the denominator, division Fig. 16.44
is first carried out.

2
s°+4s+3
2=
s°+2s
s2+2s)s2+4s+3(1
s*+2s
25+3
Z(s)=1+ 22s+3 14 25+3
s°+2s s(s+2)
By partial-fraction expansion,
Z(s)=1+ﬁ+ K
s s+2
_ _MB) _3
where Ky =sZ(s)| _, = =5
(2+1)(-2+3) 1
Ky =(s+2)Z(s = =—
2= (4225, > :
301
Z(s):l+2+i
s s+2

The first term represents the impedance of a resistor of 1 Q. The second term represents the impedance of

. 2 . . o .
a capacitor of 3 F. The third term represents the impedance of parallel RC circuit for which
1

1 2;
G 1Q 3
Zre(s) = 1 ° 1
Stoo
i~
By direct comparison, % Qj— oF
1 % I
R=-Q
4 (e}
C=2F

The network is shown in Fig. 16.45. Fig. 16.45
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Foster Il Form The Foster Il form is obtained by the partial-fraction expansion of admittance function
Y(s)

S 1 s(s+2)

Z(s) (s+1)(s+3)
Y(s) s+2
s (s+1)(s+3)

Y(s)=

By partial-fraction expansion,
o) K | K
s s+1 s+3

where Ky =(s+1) LC] O Gl
s ey (143 2
K=+ B+ _1
s s (34D 2
1o

s s+1 s+3

Y6 _ 2 2

1 1

—S —S
Y(S) — 2_+2_

s+1 s+3

These two terms represent the admittance of a series RC circuit. For a series RC circuit.

(&

Yrels) =
s+——
RC;
By direct comparison,
1 O
R=2Q, (C==F
2 2Q 2Q
1
- - 1 1
Ry =2Q, C2—6F . _|_2F TGF
The network is shown in Fig. 16.46. Fig. 16.46
Cauer I Form The Cauer I form is obtained by continued fraction expansion about the pole at infinity.
2,
+4s+3
Z(s) = Szis
7+ 2s
By continued fraction expansion,
2 2
s +2s)s +4s+3(1 —Z

s2+2s

2s+3)s2 +25(ls «Y
\ 2
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I
2
1
ES)ZS-I—?)(4 — 7

2s

16.53

The impedances are connected in the series branches whereas admittances
are connected in the parallel branches. The network is shown in Fig. 16.47.

Fig. 16.47

Cauer Il Form The Cauer II form is obtained from continued fraction expansion about the pole at the
origin. Arranging the numerator and denominator polynomials of Z(s) in ascending order of s,

3+4ds+s>

Z(s)=
25+ 52

By continued fraction expansion,

2s+sz)3+4s+s2(iez
2s

25+—s8
1
—5° és+s2 E<—Z
5 2 2s
5
—s
2
1
sz)—s2 l(—Y
5 5
1>
—s
5
0

The impedances are connected in the series branches whereas
admittances are connected in the parallel branches. The network is shown

in Fig. 16.48.

2
2F 2= F
-
5
) Q 5Q
Fig. 16.48
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" SCI I HERIVN  Determine the Foster form of realisation of the RC impedance function.
Zs) = (s+1)s+3)
s(s+2)(s+4)

Solution

Foster I Form The Foster I form is obtained by the partial-fraction expansion of the impedance function
Z(s).
By partial-fraction expansion,

Z(s)=ﬁ+ KK

s s+2 s+4
M3 _3
h Ky=sZ = =—
where 0=S (s)|S:0 2@ "8

C(2+D)(=2+43) _ (=h() 1
(2244 (D) 4

_(HA4D(A+3) (3D 3
(44D (D) 8

Ky =(s+ 2)Z(s)|

Ky =(s+4)Z(s)|

1

31
Z(s)=3+-4
s s+2 s+4

3
8

. . 8 - .
The first term represents the impedance of a capacitor of — F. The remaining terms represent the impedance
of a parallel RC circuit for which 3

n
) C;
Zre(s) =
s+
RC;
1o 30
By direct comparison, % F 8 32
I o
R=-Q, C(C =4F
8 4F 8k
3 8 ®
R=—Q, C,=-F
32 3 o
The network is shown in Fig. 16.49. Fig. 16.49
Y
Foster Il Form The Foster II form is obtained by partial-fraction expansion of admittance function ﬂ
s
+2)(s+4
Yis) = L2+
(s+1D{(s+3)

Y(s) _(s+2)(s+4) _ s> +65+8
s (s+D(s+3) s +4ds+3
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Since the degree of the numerator is equal to the degree of the denominator, division is carried out first.

s +45+3) 57 +65+8(1

s +45+3
2s+5
Y(s):1+ 22s+5 1+ 2s+5
S s“+45+3 (s+1)(s+3)
By partial-fraction expansion,
Yo, K K
s s+1 s+3
where K- epYQ)  _CIEDEEY 00) 3
S ls=—1 (_1 + 3) 2 2
- - -D@ 1
K =+pt®) B3 +2E3+) D) 1
R (-3+1) (-2) 2
31
@ — 1+ L + 2
s s+1 s+3
3 1
=5 ==
Y(s)=s+2—t-2—
s+1 s+3

The first term represents the admittance of a capacitor of 1 F. The other two terms represent the admittance
of a series RC circuit. For a series RC circuit,

Yrels) = I
s+——
RC;
By direct comparison, °
2 3 2q 20
R1:§Q> C]ZEF —=1F 3 %
3 1
1 3F +LF
RzZZQ, CZZEF ° —|—2 —l_6
The network is shown in Fig. 16.50. Fig. 16.50

" SCIIRERIW  Realise Foster forms of the following RC impedance function

sy 20+ s+
(s+1)s+3)

Solution

Foster I Form The Foster I form is obtained by the partial-fraction expansion of the impedance function
Z(s). Since the degree of the numerator is equal to the degree of the denominator, division is carried out
first.
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25% +125+16
s +4s+3

52 —i—45>‘—i—3)2s2 +12s+16(2

257+ 8s+ 6
4s+10
Z(s)=2+ 24s+10 s 4s1+10
s +4s+3 (s+D(s+3)
By partial-fraction expansion,
Z(s)=2+ K + Ll
s+1 s+3
2{—1+2)-1+4
where K =(s+z(s) = 2D g
s==1 (-1+3)
Ky = (s+3)2(s)|__, = 22r 3+,
s== (-3+1)

Z(s)=2+i+L
s+1 s+3

The first term represents the impedance of a resistor of 2 Q. The remaining terms represent the impedance
of a parallel RC circuit for which

b
G
Zre(s) = 10
s+ 3Q 3
Rici 2Q
By direct comparison,
R =30, ClzéF 3F 1F
1
R2 = g Q, C2 =1F o
The network is shown in Fig. 16.51. Fig. 16.51
Foster Il Form The Foster II form is obtained by partial-fraction expansion of admittance function ﬂ
s
+1){(s+
O e
2(s+2)(s+4)

Y(s)  (s+1)s+3)
s 2s(s+2)(s+4)

By partial-fraction expansion,
Y
) Ko, K | K
s s s+2 s+4

T 03 3
s oo (2)4) 16
Y(s)|  _(22+D(2+3) _ (=) _1

K=(+2)—= e 2-2)(2+4)  2(-2)2) 8

where Ky =
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_(s+4 28 Y(s) _(HAADEA+Y)  (BHED 3
S |eg 2(-4)4+2)  2(-4H(-2) 16
33
Y(s)_16, 8 16
s s +2 s+4
L
Y(s)=—+-8_ 116
16 s+2 s+4

16.57

. . 16 )
The first term represents the admittance of a resistor of ey Q. The other two terms represent the admittance

of a series RC circuit. For a series RC circuit.

)

Yre(s) =
S+
RC;
By direct comparison,
1
= 8 Q, C] =—F
16
16
=—Q, = 3 F
3 64

The network is shown in Fig. 16.52.

C°|m

T%T

Fig. 16.52

" SEARERYN  Obtain the Cauer forms of the RC impedance function

J>|°° w|°’

2
Z(s)= (s+ ‘)(s+6)
2(s+1)s+3)
Solution
Cauer I Form The Cauer | form is obtained by continued fraction expansion about the pole at infinity.
(s+2)(s+6) s*+8s+12
2(s+1)(s+3) 25 +8s+6

By continued fraction expansion,
2 2 1
2s +8s+6)s +83+12(5 —Z
s’ +4s+ 3

1
4s+9)2s2+8s+6(§seY

2s2+2s
2

ZS+6)4S+9(§%Z
2 7

4s+ﬁ
7
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s
7)2
7
—s
2
15(°5
6) - (— —Z 1 8 5
7\ 14 > Q = Q 14 Q
15 o—VW\Vv
L 1 49
0 =7 F p— 30 F
The impedances are connected in the series branches whereas the

admittances are connected in the parallel branches. The network is
shown in Fig. 16.53. Fig. 16.53

Cauer II Form The Cauer II form is obtained by continued fraction expansion about the pole at the origin.
Arranging the polynomials in ascending order of s,

C12+8s+s”

Z(s)=
¢ 6+ 8s+ 25>

By continued fraction expansion,
6+8s+2s2)12+8s+s2 (2
12+16s+4s’
~8s—3s

Since negative term results, continued fraction expansion of Y(s) is carried out.

6+ 8s+ 25>

Y(s)=
(s) 12+8s + 52

By continued fraction expansion,

12+8s+s2)6+83+2s2(%eY

6+4s+ls2
2
4s+§szjlz+gs+s2(éez
2 K
12+2s
2

Zs+s2 4s+§+s2 §<—Y
2 2 7
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7
—s
2
5 5
212 2 2 1 5
s)ms (]4%)’ 3F 49F
X - I |
S
14 70 144
0 2Q B

The impedances are connected in the series branches,
whereas the admittances are connected in the parallel branches.

The network is shown in Fig. 16.54. Fig. 16.54
" Realise the RC impedance in Cauer I and Foster I forms
Solution

Caver | Form The Cauer I form is obtained by continued fraction expansion of Z(s) about the pole at
infinity. In the above function, the degree of the numerator is less than the degree of the denominator which
indicates presence of a zero at infinity. Hence, the admittance function Y(s) has a pole at infinity.

2 +8s+12

Yis)= s+4

By continued fraction expansion,
s+4)s2 +8s+12(s «Y
s +4s
1
4s+12 [s+4 2 —Z

s+3

1)4s+12(4s «Y
4s

ENP
o)
ol
o)

12) 1 (L «—Z o
12
1
0 —1F —4F
The impedances are connected in series branches, whereas the
admittances are connected in parallel branches. The network is shown
in Fig. 16.55. Fig. 16.55
Foster I Form The Foster I form is obtained by partial fraction expansion of Z(s).

Z(s) = &
(s+2)(s+6)

By partial-fraction expansion,
K K
IS
s+2 s+6

Z(s) =
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fi=orazol=E3-}
_(=6+4) l

K, = (S+6)Z(S)|s:—6 C(-6+2) 2

1
Z(S):L'FL
s+2 s5+6

These two terms represent the impedance of a parallel RC circuit for which
1

G
Zrc(s)=
S+—— 1
RC; 2 e

By direct comparison,

1

Rl:ZQ’ G =2F 2F 2F
1
R=—Q, C,=2F
2= 2 o
The network is shown in Fig. 16.56. Fig. 16.56
+ (s +
" EN I WCWTY W The RC driving-point impedance function is given as Z(s) = Hw
Realise the impedance function in the ladder form, given Z(-2)=1. s(s+3)
Solution  Putting s =— 2, )24
z(-y= g T2y
(-2)(-2+3)
H=1
1 4
Z(s) = (s+1)(s+4)
s(s+3)

Cauer I Form The Cauer I form is obtained by continued fraction expansion of Z(s) about the pole at
infinity.
By continued fraction expansion of Z(s),

s2+33)s2+53+4(1<—2

s* +3s
2s+4]s2 +35(%s «—Y
2425
s)2s+4(2 «—Z7Z
2s

4)s(ls «7Y
4

N

0



The impedances are connected in the series branches whereas
admittances are connected in the parallel branches. The network is

shown in Fig. 16.57.

Cauer Il Form The Cauer II form is obtained by continued fraction
expansion about the pole at the origin. Arranging the polynomials in

ascending order of s,

By continued fraction expansion,

3S+32)4+53+s2(;

4+is
3

Z(s)=

Es+s2 35+ 57 zeY
3 11

The impedances are connected in the series branches whereas the
admittances are connected in the parallel branches. The network is

shown in Fig. 16.58.

—S+s

16.6 Realisation of RC Functions 16.61

4+55+s°
3s5+s°

Z(EeZ

1Q 20
o— AN
11 11
__EF __ZF
Fig. 16.57
3 6
s 21"
| |
I |1
11 11
99 29
Fig. 16.58

" DEN I CRCREW  An impedance function has the pole-zero diagram as shown in Fig. 16.59. Find the

3
impedance function such that Z(—4) = 7 and realise in Cauer I and Foster II forms.

jo
A
X—D >
-2 -1 0

Fig. 16.59
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Solution The function Z(s) has poles at s = 0 and s = —2 and zeros at s =—1 and s = 3.

(s+D(s+3)

Z2s)=H s(s+2)

Putting s = -4,
(A4+DEA+Y) L, EHED 3,

Z(-4)=H =
(=4)(-4+2) (-4)(-2) 8
3 3y
4 8
H=2
2
Z(s)= 2s+1)(s+3) _ 257 +8s+6

s{s+2) s> +2s

Cauer I Form The Cauer I form is obtained by continued fraction expansion of Z(s) about the pole at
infinity.
By continued fraction expansion of Z(s),

s +25)2s2 +83+6(2 —Z
25% +4s
2 1
4s+6 |s” +2s ZseY
T+
1
—s|4s+6(8«Z
2
4s
6] ls is «Y
2 \12
—s
2
0
. . . 2Q 8Q
The impedances are (.Jonnected in the series branches .whereas Y
admittances are connected in the parallel branches. The network is shown
in Fig. 16.60. L % F 11_2 E
Foster Il Form The Foster II form is obtained by partial fraction T
Y(s) °

ion of 189
expansion o S Fig. 16.60
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Y(s) s+2
s 2(s+1)(s+3)

By partial fraction expansion,

Yes)_ K K
s s+1 s+3

where Ky =(s+1) Y(s) = M — l
s |y 2-1+3) 4
% :(S+3)Y(s)| _ (B34 -1 1
: s s 23+D) 2-2) 4
1
Ys)__4 . 4

Two terms represent the admittance of a series RC circuit. For a series RC circuit,

Yre(s) =
S+——
RC;
O
By direct comparison, 40 4Q
1
R] = 4 Q, C] = — F 1 1
4 zF 5F
. o T I
R2 = 4 Q, Cz =—F
12 Fig. 16.61

The network is shown in Fig. 16.61.

BTEA| REALISATION OF RL FUNCTIONS

RL driving point immittance functions have following properties:

The poles and zeros are simple and are located on the negative real axis of the s plane.
The poles and zeros are interlaced.

The lowest critical frequency is a zero which may be at s = 0.

The highest critical frequency is a pole which may be at infinity.

Residues evaluated at the poles of Z, (s) are real and negative while that of
positive.

Nk W=

Zri(s)
s

are real and

d . ..
6. The slope — Zp; is positive.
do

7. Zrr {0) < Zpp (o).
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The admittance of an inductor is similar to the impedance of a capacitor. Hence, properties of an RL
admittance are identical to those of an RC impedance and vice-versa, i.e.,

Zrc (5) =Yz (s)
ZrL (s) =Yrce (s)

An RL admittance can be considered as the dual of an RC impedance and vice-versa.

" SCINICRERTN  [ndicate which of the following functions are either RL, RC or LC impedance functions.

_HstD(s+3) _s(s+4)(s+8)
(a) Z(s)= W6+2) (b) Z(s) T 01D
_ s+ D(s+9) _ 206+ D(s+3)
(c) Z(s)= 5+ 2) (d) Z(s) ST
Solution (a) Z(s)= HSFDE*3)
s(s+2)

This is an RC impedance function since (i) poles and zeros are on the negative real axis, (ii) they are
interlaced, and (iii) critical frequency nearest to the origin is a pole.
_ s{s+4)(s+8)

(s+1D(s+6)

This is an RL impedance function as (i) poles and zeros are on the negative real axis, (ii) they are interlaced,
and (iii) critical frequency nearest to the origin is a zero.

(s+1D(s+4)
s(s+2)

This is an RC impedance function since (i) poles and zeros are on the negative real axis, (ii) they are
interlaced, and (iii) critical frequency nearest to the origin is a pole.

_2(s+1)(s+3)
T (s+2)(s+6)

This is an RL impedance function as (i) poles and zeros are on the negative real axis, (ii) they are interlaced,
and (iii) critical frequency nearest to the origin is a zero.

(b) Z(s)

(©) Z(s)=

(d) Z(s)

" SETNTI YA  Realise following RL impedance function in Foster-I and Foster-II form.

_ 2As+I)(s+3)

2= s 8)

Solution
Foster I Form The Foster I form is obtained by partial-fraction expansion of the impedance function Z(s).
By partial-fraction expansion,

K K
1, B

Z(s)=
(s) s+2 s+6
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C2(=2+1)(=2+3) _ 1

16.65

h Ki=(s+2)Z(s =
where 1=( )Z( )L:,z (—2+6) 2
2(-6+1)}(-6+3 15
Ky =(s+6)Z(s)]_ = 20xDC0rd) I
§ (-6+2) 2
. . . . . . Z(s) . .
Since residues of Z (s) are negative, partial fraction expansion of ——= is carried out.
s
Z(s)  2(s+1)(s+3)
s s(s+2)(s+6)
By partial fraction expansion,
Z(s):ﬁ+ K N K,
s s s+2 s5+6
where Ko=s Z(s)| _203) _1
sl @(6) 2
Ky =(s+2) Z(s) _ 2(-2+1)-2+3) _ 1
I A (2)(—2+6) 4
Ky = (5+6) Z(s) _ 2(-6+1)(—6+3) _ 5
R (—6)(—6+2) 4
rr s
Z(s) _2, 4 4
s s s+2 s+6
1 5
1 25 5
Z(s)=—+2—+4
2 s+2 s5+6

1
The first term represents the impedance of the resistor of — Q. The other two terms represent the impedance
of the parallel RL circuit for which 2

R;s 1 5
Zpe(s) = ) 1 79 79
s+— 7 ¢
L;
By direct comparison,

1 1

R=-Q, L =—-H
4 8
5 5

R==0Q, L,=—H

2T Ty Fig. 16.62

The network is shown in Fig. 16.62.

Foster Il Form The Foster II form is obtained by partial fraction expansion of ¥ (s). Since the degree of the
numerator is equal to the degree of the denominator, division is first carried out.

_ (s+2)(s+6) P +8s+12
2s+1)(s+3) 25> +85+6

Y(s)
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1
257 -i—8s+6)s2 +8s+12(5

s* +4s+3
4s+9
1 1
Y(s)= L+ 24s-+—9 1, 4s‘+9
2 25" +8s+6 2 2(s+i)s+3)
By partial-fraction expansion,
B TY Ko Ki
2s+D(s+3) s+1 s+3
(—4+9) 5
h Ko =(s+1Y (s == 7 -
where 0 )1()|$:_1 2A-1+3) 4
_(-12+9) 3

K, = (S‘+3)Y1 (S)|S:_3 - 2(_3 +1) Z
5 3

1
Y(s):—+i+i
2 s+1 s+3

The first term represents the admittance of a resistor of 2 . The other two terms represent the admittance
of a series RL circuit. For a series RL circuit,

1

L.
Y, =—
rLAS) R
s+
Li O
By direct comparison, 4
y p 4 4 5 O 40
R1 = g Q, L] = g H 2Q 4
4 5" aH
Rz = 4 Q, L2 = 5 H o
The network is shown in Fig. 16.63. Fig. 16.63

" SEITCRCRY: W Find the Foster forms of the RL impedance function:
Z(s) = (s+D)(s+4)
(s+5)(s+3)

Solution Z(s)

Foster I Form The Foster I form is obtained by partial-fraction expansion of impedance function —=.
s

Z(s) _ (s+1)(s+4)
s s(s+5)(s+3)

By partial-faction expansion,
Z
) _K K K
s s s+3 s+5
Z(s)) _ ()4 _ 4

where Ky=s = =
s g B3 15
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K = (s+3) Zs)|  _(BHDE3+4) (2 1
S ez (3+5) 0 (32 3
Ky = (s+5) Z(s) _(SHDE5+Y)  (AHED 2
s=s  (IN5+3) (5)(=2) 5
4 1 2
Z6) 15, 3 5
Ky s s+3 s+5
1 2
§ 5°

. . 4
The first term represents the impedance of the resistor of 5 Q. The other two terms represent the

impedance of a parallel RL circuit for which

R:s
Z =
rL(S) R
s+—
L
By direct comparison,
R| = l Q, L] = l H
3 9
2 2
R=-Q, L,=—H
*7s *7 s
The network is shown in Fig. 16.64. Fig. 16.64

Foster Il Form The Foster II form is obtained by partial fraction expansion of ¥ (s). Since the degree of the
numerator is equal to the degree of the denominator, division is first carried out.

+5)(s+ 24 8s+
Y(s):(s s 3):s2 s+15
(s+1)s+4) s“+5s+4
5%+ 55+ 4)s> +8s+15(1

s°+5s5+4
3s+11
s+11
Y(s)= 1+3$71
(s+1)(s+4)
By partial-fraction expansion,
Ko | K
Yi(s)=—"+
()= s+1 s+4
=3+11) 8
where Ko=(S+1)Y1(S)|, 1:g=_
= (-1+4) 3
(-12+11) l

Ki=(s+4)Y, (S)|v*74 (-4+1) 3

8 1
3 3
Yi(s)=—+
1) s+1 s+4
8 1
Y(s)—1+3+i
s+1 s+4



16.68 Network Analysis and Synthesis

The first term represents the admittance of a resistor of 1 Q. The other two terms represent the admittance
of a series RL circuit.
For a series RL circuit,

i
L
Y; =—
rL(S) R
s+— o
. : L 3
By direct comparison, 50 12Q
1Q
3 3
R=-Q, L=—H 3 3H
1 1 3 8 H
R, =12Q, [,=3H ©
The network is shown in Fig. 16.65. Fig. 16.65

Example WY Find the Cauer forms of the RL impedance function:
2(s+1
Z(s)= (s+1)s+3)
(s+2)s+6)
Solution
Cauer I Form The Cauer I form is obtained by a continued fraction expansion of Z(s) about the pole at
infinity.
C 2s+1)(s+3) 25 +85+6
(s+2)(s+6) 5" +8s+12

Z(s)
By continued fraction expansion,
2 +85+12)2s> +85+6(2 «— Z

25 +165+24
—8s—18
Since a negative term results, continued fraction expansion of Y (s) is carried out.
2 5
s +8s+12
25" +8s+6
By continued fraction expansion,

252 +8s-i—6)s2 +8s+12(%<— Y
s*+ds+ 3
4s+9]232+8s+6(%s+Z
2s2+2s
2
\

Zs+6J4s+9(§<—Y
2 7

4s+ﬁ
7
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13 zs +6 ﬁs —Z
7)2 3
7
—s
2
) 15 ( 15
7\ a0 1 49
7 \42 > H e H
15 o 000
s
0 20 la Za
The impedances are connected in the series branches whereas
the admittances are connected in the parallel branches. The ©
network is shown in Fig. 16.66. Fig. 16.66

Cauer Il Form The Cauer II form is obtained from a continued fraction expansion about the pole at the
origin. Arranging the numerator and denominator polynomials of Z(s) in ascending order of s,

By continued fraction expansion,
1
12+8s+s2)6+8s+2s2 (5 —Z

6-1—4s+ls2

4s+%s2)12+83+52(§<—Y
N

12+2s
2

zs+s2 4s+§s2 §+Z
2 2 7

4s+§s2
-7
is2 Zs+s2 8 <Y
14 )2 10s
7
=s
2

sz]is2 i «— 7
14 14

5

—s

14
0
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The impedances are connected in the series branches whereas the admittances are connected in the parallel
branches. The network is shown in Fig. 16.67.

8 5
Q =¥} = Q
7

14

Fig. 16.67

" SEIJCRICNIR  Obtain the Foster I and Cauer I forms of the RL impedance function.
Z(s)= s(s+4)(s+38)
(s+D)(s+6)
Solution
Z(s)

Foster I Form The Foster I form is obtained by partial fraction expansion of ——
s

Z{s) (s+4)s+8)
s (s+1)(s+6)

Since the degree of the numerator is equal to the degree of the denominator, division is first carried out.

s*+7s+6)s> +125+32(1
2 +7s+6
5s+26
Z(S)_1+ 5s+26 _1 5s+26
s s*+7s+6 (s+1)(s+6)
By partial-fraction expansion,
z
£:1+ﬁ+£
s s+1 s+6
55426 -5+26 21
where Ky = S | _2*5_ 2
s+6 [_, -1+6 5
_5s+26]  _-30+26 4
YosHl |, —6+1 5
21 24
7 s A
28 1,5 .5
s s+1 s+6
21 4
—s —=

Z(s) = 5+ 2—+-2
s+1 s+6
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The first term represents the impedance of the inductor of 1 H. The other two terms represent the impedance
of a parallel RL circuit for which

21 4
R;s 5 gﬂ
Zpi(s)=—
R {S) R,
s+—
L;
By direct comparison,
21 21
Rlz—Q, le—H
5 5
4 4
R=—Q., L,=— Fig. 16.68
2= =g g

The network is shown in Fig. 16.68.

Cauer I Form The Cauer I form is obtained by continued fraction expansion of Z(s) about the pole at
infinity.

S +125% +32s

Z(s)=
s +75+6

By continued fraction expansion,

s -i—7s+6)s3 +1252 +32s(s «—7
s> +7s% +6s
1
52 +26s)s2 +7s+6(§<— Y

2 +§s
5

2s+ 6)55‘2 +26s (év — 7
5 9

5s2+ﬂs
3
§s 2s+6 ﬂe)’
3 )5 40
9
—s
5
6]§s §s Z
3 18
28
—s
3
0

The impedances are connected in the series branches, whereas the admittances are connected in the parallel
branches. The network is shown in Fig. 16.69.
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28
1H 9 H 18 1
o—00 000
140
5Q EQ
O
Fig. 16.69
Exercises
16.1 Test the following polynomials for Hurwitz 24l
property: (vi) -
() s +s2+25+2 s"+4s+4
() s*+s2+s+1 S 4257 +3s5+1
(i) s*+4s2+5s+2 (vii) T Y
(iv) s*+7s*+6s2+21s+8 3 5
V) st+sP+s+1 (viii) w
(vi) 74350+ 855+ 155% + 1757 + 1252 + 4s s s+l
(vil) s7+25°+255+s*+45° + 85+ 8s + 4 (ix) s+4
(viil) s74+3s54+2s3+5 2+ 25+1
(ix) s+2s°+s 14543
x) $+252+4s5+2 x) 5
(xi) s*+s3+4s2+25+3 s2+6s+8
(xil) s+ 8s*+ 2453 + 2852+ 235+ 6 (xi) s +1
(xiii) 7 —2s%+25°+9s+8s+4 $ +4g
(xiv) s7+3s°+2s3+3 G128 1382 41
xv) $+8+s (xil) —— >
(xvi) s0+7s*+553+s>+s S;S +3s7+2s+1
(xvii) s*+s*+2s2+35+2 (xiii) s +2s+4
16.2 Determine whether the following functions (s+1)(s+3)
are positive real: 25+4
5 (xiv)
. s”+35s s+5
® st 257 +1 s*+2s
)
(ii) s(s+3)(s+95) s°+1
(s+1)(s+4) (xvi) s’ +4
252 +2s5+1 s°+3s% +3s5+1
(iif) JERD YRR 16.3 Determine whether the following functions
TR 5 are LC, RC or RL function:
(v TIE L EIE O P 20HD6+Y)
3s +s2 +s5+1 (s+2)(s+6)
25" +25" +3s+2
y) 2SS rosve . 3(s+2)(s +4)
© (i) z(s= 220D

s(s+3)
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_ (s+D)(s+8) .. st +2s+2
W 20= a) Vi) Z(5)=———
(v) Z(s)= Ks(s2 +4) 16.5 Realise the following functions in Foster II
(P )(sP +3) form:
. 3(s+2)(s+4)
2s” +1)(s> +9) () Z(s)=—oT
w) Z(s)= W :v(s + 3)?
, _A(s+1)(s+3) () z(s)=2LHDE"+9)
() Z0=" Eed)
y (P57 +3) _A(s+1)(s+3)
(i) - Zs)= (s> +2) (i) 2= s+ 6)
_(s+1)(s+2) . 4(5 +4)(s? +25)
F(s)= —2—2_—2 =
(viil)  F(s) S5+3) (iv) Y(s)= P +10)
. ~ (s+1)(s+3)
) 2= 2+ a) ) Z(s) = —;(SS i?)((s;sé))
x) Z(s)= (s +(2)(S1 )"‘ 4) 16.6 ?ealise the following functions in Cauer I
s+ orm:
. 4(s+3) b
Y(s)=——— . _ 2(s+1)(s+3)
(xi) Y(s) GtDG+5) (i) F(s)= T
.. _ 2(s+1)(s+3) 2 2
(Xll) Y(s)= _(S +2)(s+ 6) (ii) Z(s)= W
i) Z{s= s(s2 +4)(s* +16) ss™+2)
i w w022
s s
(xiv) Z(s)= (*+1(s" +8) .
S(S2 +4) (IV) Z(s): Z(S— +i)(s;+9)
16.4 Realise the following functions in Foster I s
form: ) F(s)= (s+1)(s+3)
G Zs)= 3(s+2)(s+4) s(s+2)
s(s+3) s+4
Nz St4
) Z(s)= 2(s” +1)(s” +9) ) Zs) (s+2)(s+6)
S(s* +4) ) 6(s+2)(s +4)
(i) F(s)= St s+ W 29="6+3)
T (s+2)(s+6) -
s+4 (ill) Z(s)= ——25
: - 4 2
(iv) Z(S)—(S+2)(s+6) s ':45‘ +f
_ (s+1)(s+4) (x) Z(s)= w
(v) Z(s)= Tt (s> +1)(s? +3)
(vi) Y(s)= w X)) Z(s)= M

s(s+4)(s+6) s +s+1
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16.7 Realise the following function in Cauer II

jo

form: T
2 v 2 o
(1) F(S) — (S +12)(S +3) —5 -4 —3 -2 -1 ‘0
s(s*+2)
) z(y= DG Fig. 16.70
(s+2)(s+4) 16.9 An impedance function has the pole-zero
diagram as shown in Fig. 16.71. Find the
2(s* +1)(s* +9) 8
(i) Z(s)=——— impedance function such that Z(—4)=— and
s(s*+4) . 3
realise in Cauer forms.
(iv) Z(s)= (s+D(s+3) o
s(s+2) T
© ) & +1252 +32¢ A ‘o ?
s> +7s+6
& 2= 2s+1)(s+3) Fig. 16.71
B (s+2)(s+6) 16.10 For the realisation of a given function F(s).
2 2
.. s(s°+2)(s” +95) F(s ——+ +sK.,
(vii) Z(s):—(2 ‘)2 (s) ;( _,_a,l)
(s"+D)(s" +3)
where K, K, (i =1, 2, 3, ... n) and K_ are
s*+25+2 constants.
(viii) ~ Z(s)= I (i) Mention the type of function (RC, RL or
LC)

16.8 An impedance function has the pole-zero (i) Giventhat K =6,K, =38, », =4,K, =
diagram as shown in Fig. 16.70 below. If Z 10, w, = 8, K_=5, find the component
(—=2) = 3, synthesise the impedance function values of realised network for F(s) = Z(s)
in Foster and Cauer forms. and F(s) = Y(s). Draw neat diagrams.

Objective-Type Questions

16.1 The necessary and sufficient condition for a (a) zero (b) one
rational function F(s) to be the driving-point (c) two (d) three
impedance of an RC network is that all poles

16.3 The first and the last critical frequencies of a

and zeros should be

(a) simple and lie on the negative real axis
in the s-plane

(b) complex and lie in the left half of s-plane

(c) complex and lie in the right-half of s-plane

(d) simple and lie on the positive real axis of
the s-plane

16.2 The number of roots of s> + 55>+ 7s +3=01n
the left half of s-plane is

driving-point impedance function of a passive
network having two kinds of elements, are
a pole and a zero respectively. The above
property will be satisfied by

(a) RL network only

(b) RC network only
(c) LC network only
(d) RC as well as RL network



16.8 The driving-point impedance Z{(s)=

16.4 The pole-zero pattern of a particular network

is shown in Fig. 16.72. It is that of an
jo
J

O jo
il

_]1
O -2

Fig. 16.72

(a) LC network
(c) RL network

(b) RC network

(d) none of these

16.5 The first critical frequency nearest to the

origin of the complex frequency plane for an
RL driving-point impedance function will be

(a) a zero in the left-half plane
(b) a zero in the right-half plane
(c) apole in the left-half plane
(d) apole in the right-half plane

16.6 Consider the following polynomials:

P, =58+ 2% + 45

P,=s%=3s7+ 25+ 1
P,=s"+3s+ 357+ 25 + 1
P,=s"+25°+ 25" + 45’ + 85 + 8s + 4

which one of these polymials is not Hurwitz?

@) P, (b) P,
(c) P, @ P,
16.7 For very high frequencies, the driving-point
4(s+1
admittance function, Y{(s)= As+D(s+3)
behaves as s(s+2)(s+4)

. 3
(a) aresistance of > Q
(b) a capacitance of 4 F
1
(c) an inductance of 7 H

(d)

an inductance of 4 H

s+3
s+4

behaves as

16.9

16.10

16.11

16.12

16.13

Objective-Type Questions 16.75

(a) aresistance of 0.75 Q at low frequencies
(b) aresistance of 1 Q at high frequencies
(c) Dboth (a) and (b) above

(d) none of the above

An RC driving-point impedance function has
zeros at s = =2 and s = —5. The admissible
poles for the functions would be

(a) s=0,5=-6 (b) s=—-1,s=-3
(c) s=0,s=-1 (d) s=-3,s=—4
Consider the following from the point of

view of possible realisation as driving-point
impedances using passive elements:

ot _s+3
' S(S+5) ’ 52(3+5)
243 s+5
P (s> +5) ©os(s+5)
Of these, the realisable are
(a) 1,2 and 4 (b) 1,2 and 3
(c) 3and 4 (d) none of these

The poles and zeros of a driving-point function
of a network are simple and interlace on the
negative real axis with a pole closest to the
origin. It can be realised

(a) by an LC network

(b) asan RC driving point impedance

(c) asan RC driving point admittance

(d) only by an RLC network

If F,(s) and F,(s) are two positive real
functions then the function which is always
positive real, is

Fi(s)
(@) F\(s) Fy(s) (b) F(s)
F($)F(5) _

(©) F(5)+ Fals) (d) Fi(s) = Fys)

The circuit shown in Fig. 16.73 is

o

(e

Fig. 16.73

(a) Cauer I form
(c) Cauer II form

(b) Foster I form
(d) Foster II form
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16.14 For an RC driving-point impedance function, (c) should alternate on the imaginary axis
the poles and zeros (d) can lie anywhere on the left half-plane

(a) should alternate on the real axis
(b) should alternate only on the negative real
axis

Answers to Objective-Type Questions

16.1 (a) 16.2 (a) 16.3 (b) 16.4 (a) 16.5 (a) 16.6 (b) 16.7 (c)
16.8 (c) 16.9 (b) 16.10 (a) 1611 (b) 1612 (¢) 1613 (b)  16.14 (b)



Appendix:

Active Filters

XN inTrRODUCTION

Filters are frequency-selective networks that pass a specified band of frequencies and block or attenuate
signals of frequencies outside this band. There are various advantages of active filters.

@) Gain and frequency adjustment flexibility

(ii))  No loading problem

(iii) More economical than passive filters
There are five types of filters.

(i)  Low-Pass Filter (LPF)

(ii))  High-Pass Filter (HPF)

(iii) Band-Pass Filter (BPF)

(iv) Band-Stop Filter (BSF)

(v)  All Pass Filter

IE®Y| FIRST-ORDER LOW-PASS BUTTERWORTH FILTERS

Figure A.1 shows a first-order low-pass Butterworth filter.

Ry
NV Gain
A -
A
| Vo — 1 o, !
= y 0.707 Afl oo 2D —20 dB/decade
: .
° + :
At S A .
v, C Pass band i Stop band

Fig. A1
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Analysis
R

Vin (e} O V1

1

I°

Fig. A.2

b

h=—S—v,

R+—

Cs

1

="

RCs+1

For low-pass filter
VO = A/Vl

Ar

RCs+1 "

W_ 4

Via RCs+1

Putting s =j,
ﬁ _ Af _ Af

Vio 14+ joRC 1+ j2nfRC

1

Let =—

Ji = 5ere

W _ A

=

! 1+ ](fj

Su

where — is the transfer gain of the filter as a function of frequency
4,1s the pass-band gain of the filter
[1s the frequency of the input signal

fu= is the higher cut-off frequency of the filter.
2nRC
Nl 4

Vi

The phase angle ¢ = —tan”' (L]
Su

Vo

At low frequency, f < fy, = Ay

in



A.3 Second Order Low-Pass Butterworth Filters A.3

Vo|_ Ar
At f = fy,|—|=—~==0.707 4
S=Tu V. \/5 f
Forf>fH,ﬁ<Af
Vin

The low-pass filter has a constant gain 4 [, from 0 Hz to f,. At f,, the gain is 0.707 4 > thereafter the gain
decreases at a constant rate with an increase in frequency. The gain rolls off by 20 dB/decade or 6 dB/
octave. The frequency f, is called the higher cut-off frequency, —3 dB frequency, break frequency, or corner
frequency.

" EN NN Design an LPF at a cutoff frequency of 1 kHz with a pass-band gain of 2.

Solution: f;=1kHz
A/.:2
1
Ji = 2xke
Let C=0.01 pF
R=159kQ
Ry
A =1+ —
7 R,
Let R =10kQ
R/= 10 kQ

I¥EN| sEcOND ORDER LOW-PASS BUTTERWORTH FILTERS

A stop-band response having 40 dB/decade roll-off is obtained with a second-order low-pass filter. A first-
order low-pass filter can be converted into a second-order type by adding an additional RC network as shown
in Fig. A.3.

Ry
24%% Gain

'q1
f’VVV - Af
) VO

V.
R, = R, ‘: 0.707 Afl oo :—40 dB/decade
I 2h |
v, Co Ics Pass band Stop band .
— fH

Fig. A3

The gain of second-order filter is set by R, and R fwhile the higher cut-off frequency is determined by R,, C,,
R, and C..
3 3
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Analysis
R, Vj R, v,
Vin o—AA\ AN o
L, 1,
Cos Icas
Vo .
Fig. A.4
Vil Va=to Va=Vi _,
R 1 R
C;_S
(i+—+ Czs)VA -——V,= ﬁ+ Cys 'V
R, R 3 Ry
1
Also, n=—G5 p
1
—+ R3
C3S
1
= v,
R}C}S +1
V,=R,Cs+1) T,
Substituting ¥, in Equation (1),
1 1 1 -
—+—+C2S (R3C3S+l) V| — V] = &+C2S V()
R, Ry Ry R,
[(R + RyRy RsCos)(RsC3sH) = R2] Vi RiVin + RyRsCosVy
RyR; RyR;
V= RiVin + R3RyCosVy
: (R3C3S+I)(R2 +R3 +R3R2C2S)—R2
o=A,11
Vo= Ar[RVin + B3Ry CrSV ]
O T (RC3S+1)(Ry + Ry + RyR,C,S) - Ry
Simplifying the above equation, Yo A
. RyC5 + RyC3 + RyCy — A Ry C
v Sz+(33 hC3 + R, G j22)S+ 1
RyRy GGy RyR3 GG
For any second-order system,
" A

Vo 2 +2j0,s+ 0}

(D



For a second-order filter,

2
n

A.4 First-Order High-Pass Butterworth Filters A.5
,

1
Ry R;C,C
1
Oy =

VR R GGy

1

f =
27Z'\/ R2R3C2C3

Yo Ar
v

Except for having twice the roll of rate in the stop band, the frequency response of the second-order low-pass
filter is identical to that of first-order type and the voltage gain magnitude equation is

4
1+ (fJ
Su

Y| FIRST-ORDER HIGH-PASS BUTTERWORTH FILTERS

Ry

A4

High-pass filters are obtained from low-pass filters by interchanging the frequency-determining resistors and
interchanging R and C as shown in Fig. A.5.

capacitors in low-pass filters. The first-order high-pass filter is obtained from a first-order low-pass filter by

Gain
W \ A, | 20 dB/decade
L V2 —o v,
= C Vv,
> § R, ;
Stop band | Pass band
Vin R p f
L
Fig. A.5
Analysis
1
s
Vin O I I O V1
R
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V=V
R+—
Cs
_ _RGs
RCs+1 "
For a high-pass filter,
Vo=A 11
_ A/RCs
T RCs+1 "
Vo  ArRCs
Vi, RCs+1
Putting s =j o,
Vo AijORC
Ve JjORC+1

(f

_ A j2mRC a7
j2nRC+1 7 1+j[i]
i

Vo . . .
where —~ is the transfer gain of the filter as a function of frequency.
in

Afis the pass-band gain of the filter
f1s the frequency of the input signal

is the lower cut-off frequency of the filter

Je=5Re

The phase angle ¢ =90°— tan ™! (i)

fr
At low frequency, f < fL, <Ay
Vm
Atf=f A 07074
Lo\ (=75~ Y A
7

For f > ,—nzA
S fLV

in

The high-pass filter has a constant gain A from f, to . At fL the gain is 0.707 AP there after the gain
decreases at a constant rate with an decrease in frequency. The gain rolls of by 20 dB/decade or 6 dB/octave.
The frequency f; is called the cut-off frequency, —3 dB frequency, break frequency or corner frequency.



A.6 Band-Pass Filters A.7

" Example A.2 Design an HPF at a cut-off frequency of 1 kHz with a pass-band gain of 2.

Solution f,=1kHz
1
Jo=30ke
Let C=0.01 uF
R=15.9kQ
R
A, =1+-L
. R
Let R, = 10 kQ
R=10kQ

¥} sECOND-ORDER HIGH-PASS BUTTERWORTH FILTERS

High-pass filters are obtained from low-pass filters by interchanging the frequency determining resistors and
capacitors in low-pass filters. The second-order high-pass filter is obtained from second-order low-pass filter
by interchanging R and C as shown in Fig. A.7.

NV Gain
Rt
R
MV - A; | 40 dB/decade
L V2 oV,
= G Gy,
. <n
Stop band | Pass band
Vin R, Ry p > f
A

Fig. A.7

The voltage gain magnitude equation of the second-order high-pass filter is given by,

Y| BAND-PASS FILTERS

A band-pass filter has a pass band between two cut-off frequencies f,, and f, such that f,, > f,. Any frequency
outside this pass-band is rejected by the filter. There are two types of bandpass filters :

1. Wide band-pass filter

2. Narrow band-pass filter



A.8 Network Analysis and Synthesis

This classification is based on the value of O, i.e. Fig. A.8 of merit or quality factor. If O < 10 then it is a wide
band-pass filter. If O > 10, it is called narrow band-pass filter. Since Q is a measure of selectivity, larger the
value of O, more selective the filter is and the bandwidth decreases. The relationship between Q, the 3 dB
bandwidth and the centre frequency f; is given by

Jo __ [
BW  fu—/1

For a wide band-pass filter, the centre frequency f; can be defined as f. =/ fy f1
In a narrow band-pass filter, the output voltage peaks at the centre frequency.

0=

Wide Band-Pass Filters

A wide band-pass filter can be formed by cascading high-pass and low-pass sections as shown. To obtain
a 120 dB/decade band-pass, first order high-pass and first-order low-pass sections are cascaded. To obtain
a +40 dB/decade band-pass, second-order high-pass and second order low-pass section are cascaded. The
circuit diagram of first-order wide band-pass filter is shown in Fig. A.8.

Ry
| NV
R !
Aa%Y, | R{
1 L AVAAY -
R1 i p— V2 —° VO
rw Vo : AN
= c | "
- V. : R
o, : ; R,
! =
Vin R ! l —
(a) First-order high-pass filter (b) First-order low-pass filter
Fig. 6.8
Gain
A
20 dB/decade
Agr
0.707 Agr| | A \ —20 dB/decade
Stop band Pass band Stop band
fi fu ~

Fig. A.9



A.7 Band-Stop Filters A.9

The voltage-gain magnitude of band-pass filter is equal to the product of the voltage-gain magnitudes of the
high-pass and the low-pass filters.

S
fu

() ()]

where 4, is the total pass-band gain
fis the frequency of the input signal
/,;1s higher cut off frequency

J; is lower cut off frequency

" SCI NI  Design a wide band-pass filter with J, =200 Hz, f,,= 1 kHz and a pass-band gain = 4.

Solution For a low-pass filter,

Jy=1kHz
1
J1 = S2ke
Let C’'=0.01 uF
R =159kQ
For a high-pass filter,
J; =200 kHz
Let C=0.05uF
R= L__ 15.9 kQ
ZﬂfLC

Since the pass-band gain is 4, the gain of the high-pass as well as the low-pass filter can be set at 2.

4,=2
Ar :1+R7lf

Let R,=R/=10kQ
R,: R/ =10 kQ

XA BAND-sTOP FILTERS

In a band-stop filter, frequencies are attenuated in the stop band. Fig. A.10 shows a wideband reject filter. A
band-stop filter can be constructed by connecting a high-pass filter and low-pass filter in parallel and then
connecting this output to the adder circuit.
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Ry
—

Ry
NN
Ag 2V
R
§ Rowm
Gai
Pass band
A <—/ -« Stop band —-< Pass band
f
0.707 A, e

Ty

fc

Fig. A.10
frequency response of a band-stop filter is shown in Fig. A.10.
XD ALL-pass FILTERS

To realise the band-stop response, the lower cut-off frequency f, of high-pass filter must be larger than the
high cut-off frequency f,, of the low-pass filter. Also, the pass-band gain of both the filters must be equal. The
shows an all-pass filter.

Fl'f=R1

NV

R;
AVAVAY,
R
AYAAY,

An all-pass filter passes all signal frequencies without attenuation but with varying phase shifts. Figure. A.11

1|
|||}—| = &

Fig. A.11
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With Terminal 1 grounded and voltage ¥, applied to Terminal 2,
R
Vi =-—L",
R
—~ 7, (R=R)

With Terminal 2 grounded and voltage ¥, applied to Terminal 1,

” Ry
V 0= 1+—= Vl
R

= 2V1 (Rf: Rl)
b
v, = Cs1 v,
R+—
Cs
-y
RCs+1 "
7”7 2
0= in
RCs+1
By superposition principle,
Vy=V,+V",
2
=—Vint———Vin
RCs+1
2
Vo =V (—l+
R\ RCs+1)
Vo _1-RCs
Vio 1+ RCs
Putting s =jw
Vo _ l—ijC
Vi 14+ joRC
ol _y
Vin

The phase angle ¢=—-2 tan™' @wRC
Figure A.12 shows a phase shift of 30° between the input V, and output V. For fixed values of R and C,
the phase angle ¢ changes from 0 to —180° as the frequency f'is varied from 0 to co.
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4
Vo v,

: /XN .
0 90°W & \
Fig. A.12

When R and C are interchanged, the phase shift between input and output becomes positive. Thus, the output
V, leads the input V, .
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Active and Passive Elements 1.16

Active and Passive Networks
1.16

Active Element 1.16

Admittance 4.81

Admittance Triangle 4.82

Amplitude 4.2

Attenuation Band 15.1

Attenuation Constant 15.9

Average Value 4.4

Average Value of a Periodic
Complex Wave 14.33

Average Value of a Sinusoidal
Waveform 4.4

B

Balanced Load 8.2

Balanced Y/A and A/Y
Conversions 8.8

Bandwidth 5.3

Band-Pass Filter 15.1, 15.18

Band-stop Filter 15.1, 15.22

Behaviour of a Pure Inductor in
an ac Circuit 4.36

Behaviour of a Pure Resistor in
an ac Circuit 4.34

Behaviour of a Pure Capacitor in
an ac Circuit 4.38

Bisection Theorem 15.42

Branch 2.1

Branch Admittance Matrix. 9.27

C

Capacitance 1.7
Cauer I Form 16.33
Cauer II Form 16.34
Cauer Realisation or Ladder
Realisation 16.33
Characteristic of Filters 15.6
Characteristic Impedance 15.2,
15.9
Coefficient of Coupling (k) 7.2
Coefficient of Mutual
Inductance 7.2
Coefficient of Self-inductance 7.1
Comparison Between Star and
Delta Connections 8.9
Comparison of Series and
Parallel Resonant
Circuits 5.21
Compensation
Theorem 3.126, 6.76
Complete Incidence
Matrix (A)) 9.6
Complex Fourier Spectrum 14.2
Composite Filter 15.37
Constant-k Half Sections 15.34
Constant-k high-pass filter 15.14
Constant-k Low Pass Filter 15.7
Condition for Reciprocity 13.2
Condition for Symmetry 13.3
Conductance 4.81
Conductively Coupled Equivalent
Circuits 7.41
Connected Graph 9.3

Constant Function 14.41

Convolution Theorem 11.34

Cosine Function 14.45

Co-tree 9.4

Coupled Circuits 7.15

Crest or Peak or Amplitude
Factor 4.4

Critically Damped Response 10.67

Cut-off Frequency 15.1

Cumulative Coupling 7.3

Current Division and Power in a
Parallel Circuit 1.17

Current Transfer Function 12.2

Current-Controlled Current
Source (CCCS) 1.15

Current-Controlled Voltage
Source (CCVS) 1.15

Current—Voltage Relationships in
a Capacitor 1.8

Current—Voltage Relationships in
an Inductor 1.3

Cutset Matrix 9.10

Cycle 4.2

D

Degree of a node 9.1

Delta, or Mesh, Connection 8.4
Dependent Sources 1.14
Differential Coupling 7.4
Directed or Oriented Graph 9.1
Dot Convention 7.9
Double-Tuned Circuit 7.47
Driving Point 12.1



1.2 Index

Driving-Point Admittance
Function 12.2

Driving-Point Functions 12.1

Driving-Point Impedance at Input
Port 13.87

Driving-Point Impedance at
Output Port 13.89

Driving-Point Impedance
Function 12.2

Duality 9.52

Dynamic Impedance of a Parallel
Circuit 5.19

E

Elementary Synthesis Concepts
16.24
Energy Density Spectrum 14.58
Energy Stored in a Capacitor 1.8
Energy Stored in an Inductor 1.3
Even Symmetry 14.9
Exponential Fourier Series 14.25
Exponential Function 14.46

F

Final Conditions 10.1

Forced Response 10.28

Form Factor 4.5

Foster I Form 16.31

Foster II Form 16.32

Foster Realisation 16.31

Fourier Transform 14.1, 14.37

Fourier Transform of Periodic
Function 14.47

Fourier-Series Representation 14.1

Frequency 4.2

Frequency-Domain
Representation 14.1

Fundamental Circuit (Tieset) 9.8

Fundamental Circuit Matrix 9.8

Fundamental Cutset 9.11

Fundamental Cutset Matrix 9.11

G

Gate Function 14.40
Generation of Alternating
Voltages 4.1

Graphical Method for
Determination of Residue
12.42

Half-Wave Symmetry 14.11

High-Pass Filter 15.1

Hurwitz Polynomials 16.1

Hybrid Parameters (4 Parameters)
13.28

I

Image Parameters 13.97
Impedance 4.42
Impedance Triangle 4.42
Impulse Function 14.41
Incidence Matrix 9.6
Independent Sources 1.14
Independent Voltage Source 1.14
Inductance 1.2
Inductances in Parallel 7.4
Inductances in Series 7.3
Initial Conditions 10.1
Initial Conditions for the
Capacitor 10.2
Initial Conditions for the
Inductor 10.2
Initial Conditions for
the Resistor 10.1
Input Port 12.1, 13.1
Interconnection of Three
Phases 8.2
Interconnection of Two-Port
Networks 13.63
Inter-relationships Between the
Parameters 13.37
Inverse Hybrid Parameters (g
Parameters) 13.33
Inverse Laplace Transform 11.30
Inverse Transmission Parameters

(A’B’C’D’ Parameters)
13.24

K

Kirchhoff’s Current Law (KCL)
2.1,9.24

Kirchhoff’s Laws 2.1
Kirchhoft’s Voltage Law (KVL)
2.1,9.24

L

Ladder Networks 12.5

Ladder-Type Attenuator 15.47

Lattice Attenuator 15.41

Laplace Transform of Periodic
Functions 11.15

Laplace Transformation 11.1

Laplace Transforms of Some
Important Functions 11.2

Lattice Networks 13.84

Lenz’s law 7.1

Line Current 8.2

Line Voltage 8.2

Linear and Non-linear Elements 1.16

Linear Graph 9.1

Locus Diagram 4.100

Locus Diagram of a Series RC
Circuit 4.102

Locus Diagram of a Series RL
Circuit 4.100

Loop 2.1

Loop Impedance Matrix 9.27

Loop Matrix or Circuit Matrix 9.8

Loop or Circuit 9.3

Low-Pass Filter 15.1

Lumped and Distributed
Elements 1.16

M

m-Derived Filters 15.25
m-Derived Half Sections 15.35
m-Derived High-Pass Filter 15.31
m-Derived Low-Pass Filter 15.28
Magnitude Spectrum 14.1
Mathematical Representations of
Phasors 4.27
Maximum Power Transfer
Theorem 3.91, 6.51
Measurement of Power by Two-
Wattmeter Method 8.39
Measurement of Power Factor by
Two-Wattmeter Method
8.40



Measurement of Three-Phase
Power 8.38

Mesh 2.1

Mesh Analysis 2.20, 6.1

Millman’s Theorem 3.116, 6.68

Mutual Inductance 7.2

N

Natural Response 10.28
Necessary and Sufficient
Conditions for Positive
Real Functions 16.16
Nepers 15.40
Nominal Impedance 15.8
Network and Circuit 1.15
Network Topology 9.1
Neutral Point 8.3
Node 2.1
Node Analysis 2.43, 6.9
Non-Ladder Networks 12.15
Non-planar Graph 9.2
Norton’s Theorem 3.64, 6.41
Number of Possible Trees of a
Graph 9.7

o

Odd Symmetry 14.10

One-Port Network 12.1

One-sided Exponential Function
14.38

One-Wattmeter Method 8.39

Open-Circuit Impedance
Parameters (Z Parameters)
13.2

Output Port 12.1

Output Port 13.1

Overdamped Response 10.67

P

Parallel ac Circuits 4.81

Parallel Resonance 5.18

Partial Fraction Expansion 11.31
Passive Elements 1.16

Pass Band 15.1

Phase Constant 15.9

7z Network 15.4

Path 9.3

Phase 4.2

Phase Current 8.2

Phase Difference 4.2

Phase Order 8.2

Phase Sequence 8.2

Phase Spectrum 14.1

Phase Voltage 8.2

Phasor 4.23

Phasor Representations of
Alternating Quantities 4.23

PI (7)-Network 13.79

Planar Graph 9.2

Poles and Zeros of Network
Functions 12.20

Polyphase System 8.1

Port 12.1

Positive Real Functions 16.16

Power Dissipated in a Resistor 1.2

Power Factor 4.37

Power Supplied by Complex
Wave 14.34

Power Triangle 4.43

Propagation Constant 15.2

Properties of Fourier Transform
14.50

Properties of Hurwitz
Polynomials 16.1

Properties of Laplace
Transform 11.4

Properties of Positive Real
Functions 16.16

7-Type Attenuator 15.45

Q

Quality Factor 5.5
Quarter-Wave Symmetry 14.12

R

Rank of a Graph 9.3

Realisation of LC Functions 16.30
Realisation of RC Functions 16.47
Realisation of RL Functions 16.63
Reciprocity Theorem 3.112, 6.64
Reduced Incidence Matrix (A) 9.6
Relation Between Power in Delta

and Star Systems 8.8

Index 1.3

Relationship between Image
Parameters and the Open-
Circuit and Short-Circuit
Impedances 13.99

Removal of a Constant 16.26

Removal of a Pole at Infinity 16.24

Removal of a Pole at Origin 16.25

Removal of Conjugate Imaginary
Poles 16.25

Resistance 1.1

Resistivity 1.1

Resistor—Capacitor
Circuit 10.49, 11.49

Resistor-Inductor
Circuit 10.27, 11.43

Resistor—Inductor—Capacitor
Circuit 10.66, 11.54

Response of RC Circuit to
Various Functions 11.68

Response of RL Circuit to
Various Functions 11.60

rms Value of a Sinusoidal
Waveform 4.4

rms Value of Periodic Complex
Wave 14.33

Root Mean Square (rms) or
Effective Value 4.3

S

Self-Inductance 7.1

Series and Parallel Combination
of Capacitors 1.28

Series and parallel combination
of Inductors 1.26

Series and Parallel Combinations
of Resistors 1.16

Series RC Circuit 4.61

Series Resonance 5.1

Series RL Circuit 4.41

Series RLC Circuit 4.68

Short-Circuit Admittance
Parameters (Y Parameters)
13.8

Significance of Operator j 4.27

Signum Function 14.42

Sine Function 14.43

Single-Tuned Circuit 7.45



1.4 Index

Solution of a System of
Simultaneous Differential
Equations 11.39

Solution of Differential
Equations With Constant
Coefficients 11.36

Source Shifting 1.58

Source Transformation 1.51

Sources 1.14

Specific Resistance 1.1

Stability of the Network 12.42

Star, or WYE, Connection 8.3

Star-Delta Transformation 1.32

Steady-State Response 10.1

Stop Band 15.1

Sub-graph 9.2

Substitution Theorem 3.124, 6.73

Supermesh Analysis 2.35, 2.63

Superposition Theorem 3.1, 6.14

Susceptance 4.81

Symmetrical or Balanced
System 8.2

T

Tellegen’s Theorem 3.121, 6.72

Terminal Pair 12.1

Terminating Half sections 15.34

Terminated Two-Port Networks
13.87

The transformed circuit 11.42

Thevenin’s Theorem 3.30, 6.27

Three-Phase Unbalanced Circuits
8.28

Three-Wattmeter Method 8.38

Time Constant 10.28

Time Period 4.2

Time-Domain Behaviour from
the Pole-Zero Plot 12.39

Time-invariant and Time-variant
Networks 1.16

T-Network 13.79, 15.1

T-type Attenuator 15.42

Transfer Admittance Function 12.3

Transfer Function 12.1

Transfer Functions 12.2

Transfer Impedance Function 12.3

Transient Period 10.1

Transient Response 10.1

Transients 10.1

Transmission Parameters (ABCD
Parameters) 13.18

Tree 9.4

Trigonometric Fourier Series 14.1

Tuned circuits 7.44

Two-Port Network 12.1

Two-sided Exponential Function
14.39

Two-Wattmeter Method 8.39

U

Unbalanced Delta-Connected
Load 8.28

Unbalanced Four-wire Star-
connected Load 8.29

Unbalanced Three-wire Star-
connected Load 8.29

Underdamped Response 10.67

Unilateral and Bilateral Elements
1.16

Unit Step Function 14.43

\Y%

Voltage Division and Power in a
Series Circuit 1.17

Voltage Division in a Series
Circuit 1.28

Voltage Transfer Function 12.2

Voltage-Controlled Current
Source (VCCS) 1.15

Voltage-Controlled Voltage
Source (VCVS) 1.14

W

Waveform 4.2
Waveform Symmetry 14.9
Waveform Synthesis 11.21

Z

Zero Input Response 10.28
Zero State Response 10.28



