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(n + 2)-Node Resistive n-Port Realhability 
of Y-M&r&s 

M. G. GOVINDARAJULU NAIDU, P. SUBBARAMI REDDY, AND K. THULASIRAMAN, MEMBER, IEEE 

, 
Aktracr-Sufficient conditions for the realizatibn of a real symmetric 

matrix as the short-circuit conductance matrix of an (n +2)-node resistive 
n-port network are established. 

The properties of networks of departure and padding n-port o&vo+s 
are used to arrive at these results. It is shown that any (nXn) real 
symmetric matrix realizable by an (n + I)-node n-port network can also be 
realii by an (n+2)-node n-port network containing at most n(n+ 1)/2 
conductances if all the -.o conductances of the corresponding (n + l)- 
node realization N; form part of a fundamental cut-set in N with respect to 
the port tree of N. 

I. INTRODUCTION 

A ,CLASSIC UNSOLVED PROBLEM in network 
theory is the synthesis of resistive n-p,ort networks 

having a specified short-circuit conductance matrix. 
Methods are known to test the realizability (and also to 
obtain the realization when it exists) of an (n x n) real 
symmetric matrix Y as the short-circuit conductanct 
matrix of a resistive n-port network with (n+ I)-nodes [l], 
[2]. As regards the synthesis of n-port networks with more 
than (n + 1) nodes, the only general approach available is 
due to Guillemin [3]. Guillemin’s approach is very useful 
when the port configuration .is also specified. This ap- 
proach reqtiires, as a first step, the determination of the 
network of departure [4] Nd with respect to the given 
matrix Y and the specified port configuration T. Then a 
padding n-port netwoi-k [4] Np has to be generated so that 
the parallel combination N of Nd and Np contains no 
negative conductances. The network N will realize the 
matrix Y. It can be shown [4] that the conductances of Nd 
can be obtained as simple linear combinations of the 
entries of Y. Reddy et al. have shown thal the conduc- 
tances of Np can be expressed in terms of potential factors 
and certain parameters which can be directly related to 
the required network [4] N. In view of these relationships, 
it seemed that a study of Nd in conjunction with N,, would 
yield more insight into the properties of a realizabile 
matrix Y. Frisch and Swaminathan [5] were the first to 
work along these lines and obtained the supremacy condi- 
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-Fig. 1. Linear 2-tree port configuration. 

tion. Pursuing further, Reddy and Thulasiiaman obtained 
several conditions for ‘(n + 2)-node resistive n-port 
networks [6]. 

In addition, Jambotkar and Tokad [7] have given an 
interesting formulation of the (n +2)-node n-port prob- 
lem. They have shown that the conductances of an (n + 2)- 
node n-port network N realizing a givtn Y-matrix can be 
expressed in terms of the (n + 1) conductances connected 
to any ofie node in N and also the entries of the matrix Y. 
The formulations given in [4] and [7] enable generation qf 
continuously equivalent realizations for a given Y-matrix 
and minimal realizations in special cases. 

In this paper we first establish, based ori:.the results- of 
[$I, two sufficient conditions for (n +2)-node realizability 
of Y-matrices. The condition proved in Section II is stated 
in terms of the entries of the matrix Y. in Section III, the 
realizability of uniformly tapered matrices by (n +2)-node 
n-port networks is established. This result leads to 
Corollary 1, i.e., a matrix realizable by an (n + I)-node 
n-port neiwork with all conductancei nonnegative can 
also be realized by an (n +2)-node n-port network. 

II. A SUFFICIENT CONDITION FOR (n+2)-NODE 
REALIZABILITY OF A Y-MATRIX 

Consider an (n +2)-node n-port network N. Let the two 
connected parts T, and T, of the port configuration T of 
N be I&ear trees. Let To be a linear tree of .N such that 
T c .T,. Let the set of vertices in T, be denoted by i/, and 
the set of vertices in T2 by V2. Let the first (m + 1) vertices 
be in V, and the remaining (n - m + 1) vertices in V2. That 
is, the first m-ports will be in T, and the last (n - m)-ports 
will be in T2. Thus the port configuration T of N will be 
as shown in Fig. 1, with the vertices numbered consecuti- 
vely starting from.one end vertex. We shall refer by g,, 
( Qd and ( gij)p the conductances connecting the vertices i 
and j in N, Nd, and Np, respectively, where Nd and Np are 
the network of departure and padding network of N, 
respectively. The conductances of Np can be expressed as 
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follows [4]: where the yii’s are the entries of the Y-matrix of N and the 

sisj 
(m + 1)th row and column correspond to the nonport 

(t&=-s ij E v, ( Y2 ), i#j branch between the nodes (m + 1) and (m + 2) of To. The 
edge conductances (gij)d’s of Nd are then as follows: 

Sisj 
(gij)p=~’ iEl/,(~2),jEV,(V,),i#j (1) (k$)d=[(Yi,j-l+Yi-Lj)-(Yi-Ij-l+Yu)ly 

where 
l< ij< m,i#j (4a) 

(gi,m+I)d=(Yi,m-Yi-1.m)’ l<i<m (4b) 
si=j~vz(&j)p= jFvz gij7 iE vb (gi,m+2)d=(Yi-*,m+;-Yi,m+l)y 1 <i< m (4c) 

iE v2, 
(gi,j)d= [(YiJ-2+Yi-Ij-I)-(Yi-Ij-2+Yij-I)], 

l<i<m,(m+3)$j<(n+2) (4d) 

s= x si= x sj. (2) bl+l,m+2)d=Ym,m+l (de) 
iE V, je V2 

C&z+ l:j)d= (Ym,j- 1 -Ym,j-213 (m+3)< jC(n+2) 
Let for all i E V,( V,) and j E V,( V,) (49 

‘iO= I: I(gij)dl (g*+2j)d=(Ym+lj-2-Ym+l,j-l)~ (WI+3)<j<(tI+2) 

j ’ (4g) 
for all j’s for which ( gij)d < 0; 

(~~)~=[(Yi-l,j-2+Yi-2,j-i)-(Yi-2,j-2+Yi-lj-l)]~ 

‘so= x s,= x sjo _ * (m+3)<ij<(n+2),i#j. (4h) 
iE V, 

t (3) 
jeV2 

Before we state’ the theorem of this section, we need the 
Following are the two main steps in the realization of a following definitions. Let 

real symmetric matrix Y, as the short-circuit conductance 
matrix of an (n +2)-node network having a specified port v,(E2) denote the subset of V,(V2) such that for all 

configuration T. i E V,( F2), S,,#O; 

1) Determination of Nd. x(y) denote, the number of vertices in v,( v2); 

2) Choice of nonnegative values of Si’s so that the D,=xmin{(gti)d}, i,jE V,; 

conductances of NP as given by (1) satisfy the property: D2=y2/x min{(gij)d}, i,i_E v2; 
D, =y max { I( gg)d)}, i E V,, j E v2 provided ( gii)d < 0 

(g,i),+(&Jp>O* and L( D,, D,) denote the smaller of D, and D,. 

The second step is the crucial one and it forms the basis Theorem 1 
of the results of this paper. 

As regards the first step, the conductances of Nd can A real symmetric matrix Y of order n can be realized as 
easily be obtained using Guillemin’s approach [3] in terms the short-circuit conductance matrix of an (n +2)-node 
of the entries of Y as outlined below. resistive n-port network, containing no negative con- 

Let Y, be the cutset admittance matrix of the network ductances and having a specified 2-tree port configuration 
of departure Nd of N obtained by augmenting Y with a 
row and column of zeros corresponding to the nonpoit tree branch of I”, connecting T, and T2 . 

t 
Yl, *** Yl,, 0 Yl,m+l *** Yl,, 

. . . . . * 
m rows . . . . . . 

4 * 

Y ( 

m+l)th 

= row 
Y;” ‘*’ Yy ; Ym,;+l ‘*’ ‘;A 

. . . . . . 
d 

Ym+l,l *** Ym+l,m 0 Ym+l,m+l *** Ym+l,n 

t m columns+ 
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T, if 

i) for all i,jE V,( V,) 
a> (gu)d)o 

b) Si, or 4, or both are equal to zero if (gij)d = 0, and 
ii) L(D,, D2) > D,. 

Proof We prove the theorem by establishing a proce- 
dure for the synthesis of the required n-port network N. 

We note that conditions i)-a) and i)-b) of the theorem 
imply properties l-3) and 3-l), respectively, of [6]. Let for 
the required network N 

si = s, > 0, iE FI. (5a) 

sj=s,>o, jET2. (5b) 

si= $=O, iJ#( V, U F2). PC) 

Then we have from (2) and (5) 

s = xs, =ys,. (6) 

Since N should contain no negative conductances, we 
have 

Sisj 
I(&)pI = 7 %ij)d’ i,jE V, (,V2),i#j. (7) 

For any i, j 4( v, u p2) we have by (5~) that Si = 5 =O. 
Hence inequality (7) will always be satisfied if 

ieF,(F,) or Jew’, or i,jGF,(V,). 

Further, in view of condition i)-b) of the Theorem 1, we 
get ( gii),>O for all i,j E V,( v2). Thus inequality (7) is 
equivalent to the following: 

sisj 
7 s(g&, i,jE F, (V,),i#j. 

Using equations (5a) and (5b), we get from (8) the follow- 
ing: . 

i,jE V, and i,jE V2 

(9) 
the latter following from the fact that sIx=s2y (vide 
equation (6)). 

Using the definitions of D,, D,, and D,, we conclude 
from (9), that 

1 ‘s, < L(D,,D,). (10) 

Values of Si’s obtained using (5) and value of S ob- 
tained in accordance with (10) will satisfy the inequality 
(7). 

For N to contain no negative conductances, we also 
require that 

\ 
wp 

SiSJ 
= 7 a bj),l~ i E V,,j E V2 provided ( gij)d< 0. 

,w 

l&t I-I-Port f-4 I+ Port 3--L-Port APort 5-J 
Fig. 2. Port configuration of network for Example 2.1. 

We note that if ( gij)d < 0, for any i E V, and j E V2, then it 
follows from (3) that S,,#O and S,#O. Thus (11) is 
equivalent to the following: 

sisj 
s ’ Ib$dl~ iE Frlj~ F2 provided (gv),<O. (12) 

Using (5a), (5b), and (6) ,we then obtain from (12) 

$ ’ I( g&,1’ iE vr,jE v2 provided (gv)d<O. (13) 

We then conclude from (13) that 

s, > D,. (14) 

Values of Si’s obtained using (5) and any value of S 
obtained in accordance with (6) and (14) will satisfy 
inequality (11). Then from (10) and (14) we get that 

D, < s, < L(D,,D,). (15) 

Since by condition ii) of the theorem L(D,, D2) > D,, it is 
always possible to choose a value for st lying in the range 
given by (15). Based on these discussions, we now state 
the following procedure to obtain the required network N 
realizing the matrix Y. 

Step 1: Obtain the unique network of departure Nd 
with respect to the matrix Y and having the specified port 
configuration T. 

Step 2: Choose s, so that D, < s, < L(D,, D2). 
Step 3: Obtain Si’s using equations (5). 
Step 4: Obtain the edge conductances of the padding 

network NP using equations (1). 
Step 5: The parallel combination of Nd and NP realizes 

the given matrix Y. 
Hence the theorem. 

Example 2.1 

Let it be required to realize,the matrix 

r 
50 50 -4 18 20 
50 78 -4 18 20 

Y= -4 -4 80 45 .33 
18 18 45 105 48 
20 20 33 48 60 

as the short-circuit conductance matrix of a resistive 5- 
port network having the port configuration shown in Fig. 
2. We make use of the procedure given in Theorem 1. The 
conductances of the network of departure Nd with respect 
to Y and having the prescribed port configuration as 
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shown in Fig. 2 are (all. in mhos) as follows: 

Gd = diag { g12 g13 g14 gl5 gl6 g17 g23 g24 g25 g26 g27 

g34 g35 g36 g37 g45 g46 g47 g56 g57 g67)d 

(0 50 4 -22 -2 20 28 0 0 0 0 =diag 
-4 22 2 -20 35 12 33 45 15 12). 

We observe that conditions i)-a) and i)-b) of Theorem 1 
are satisfied by Nd. We note that x = 2 and y = 4. We next 
obtain D, and L(D,,D,) as follows: 

Letting 

‘i , 

si= 7F 
12x (4)2 

Dl=50x2= 100, D,= ‘7 =96, and D3=22x4=88. (1) of section 2 can be written as follows: 
,G 

Since -96 = L(D,, D,,) > D, = 88, condition ii) of Theorem 
1 is also satisfied. 

(g,i), = - ‘isjt I’JE v, ( V2),iZj (lea) 

( Sij), = sisj? in V,(V2)$~ Vz(v,),iZj (16b) 
We must choose a value of s, in the range 88 < s, < 96. 

Choose si =90. Then, we get Si’s using (5). They are as 
s= x si = 2 sj. (16c) 

iE V, jE V2 

follows (all in mhos): 

S,=90, s,=o, s,=90, s,=45, 
S,=45, S,=45, and S,=45. 

As mentioned in Section II, the crucial step in realizing 
the matrix Y is to make a suitable choice of nonnegative 
values for si’s so that the conductances (gii)P obtained by 

Using (6), we get S= 180. The conductances of the required padding network having .the above values of Si’s are 
obtained using (1) and they are (all in mhos) as follows: 

Gp=diag { gl, gl3 gl4 815 gl6 gl7 g23 g24 “g:: g;; g27 

g34 g35 g36 g37 g45 g46 g47 g56 P 

P -45 22.5 22.5 22.5 22.5 0 0 0 0 

= diag 22.5 22.5 22.5 22.5 - $ - F - 4 - F - 7 - 7 

The parallel combination N of Nd and Np is a 5-port network realizing the given matrix Y. The conductances of N are 
given as (all in mhos): 

G=diag {‘g,, gl3 gl4 gl5 gl6 gl7 g23 ‘&4 ;:; it”, g27 

g34 g35 g36 g37 g45 g46 g47 g56 

5 26.5 0.5 20.5 42.5 0 =dlag P 28 0 0 0 
18.5 44.5 24.5 2.5 23.75 0.75 21.75 33.75 3.75 0.75). 

III. (n +2)-NODE REALIZABILITY OF UNIFORMLY 

TAPERED Y-MATRICES 

In this section we establish that an (n X n) real symmet- 
ric uniformly tapered matrix Y can be realized as the 
short-circuit conductance matrix of an (n +2)-node resis- 
tive n-port network N. 

Let the ports and vertices of T, and T2 be numbered as 
in Fig. 1. 

The edge conductances of the network of departure Nd 
with respect to the matrix Y and the port configuration T 
(Fig. 1) can be obtained using (4). 

(16a) and (16b) will be such that ( gij)d+ (.gJp > 0 for all i 
and j, i#j. 

Let us choose si’s so that the following are ‘satisfied: 

gij=(gii)d+(gij)p=O, i=1,2,3;-.,mandj=(m+2), 
. 

(17) - 

and 

gij=(g,i),+(gii)p=O, i=(m+l) and 

j=(m+3),(m+4);**,(n+2). (18) 
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On an examination of (4c), (4f), and (16b) it is clear that 
the conductances of Nd appearing in (17) and (18) are all 

The conductances of Group II can be expressed using 

negative and those of Np nonnegative. Hence (17) and (18) 
(4b), (4g), (16a), (19), (20), and (21) as 

may be rewritten as &,*+ 1 = [(Vi,, +Yi- l,m+l)-(yi-l,m+yi,m+I)l~ 

gij= -l(g,)dl+(gii)p=O, i=1,2,3;*.,mandj=(m+2) i= 1,2,3;. . ,m -(22) 

go= -I(g,),J+(,gu)p=O, i=(m+ 1) and g m+2j= [(Ym+lj-i+Ymj-lHYm,j-2+Ym+l,j-1)17 

j=(m+3),(m+4j,...,(n+2j. 
j=(m+3),(m+4);*.,‘(n+2). (23) 

Using (4c), (4f), and (16b) in the above, we get 
The right-hand side of the above equations are nonnega- 
tive because of the uniformly tapered property [l] of ,Y. 

(Yi- l,m+*-Yi,m+l)+siSm+2=0~ i= 1,2,3; * * ,m Hence the conductances of Group II are also nonnega- 
tive. 

and 

(Y,,~-l-Y,j-2)+~,+1~=0~ ’ 

j=(m+3),(m+4);**,(n+2). 

On simplification of these, the following are obtained: 

S,- cu. r,m+l-Yi-l,m+l ) 
, 

(%+2) ’ 
i= 1,2,3; *. ,m 

The nonnegativeness of the conductances of Group III 
yields the following inequalities: 

so = ( &), + ( g(j), 2 03 i,j=1,2,3;**,m,i.#j (24) 

s~=(gJd+(bgpa 

iJ=(m+3), (m+4);*.,(n+2),i#j. (25) 

Using (4a), (19), and (21) in (24) we obtain the following: 

j=(m+3),(m+4);.-,(n+2). 

(20) ij= 1,2,3; *. ,m,i#j. (26) 

It may be noted that the numerator and the denomina- 
Similarly using (4h), (20), and (21) in inequality (25), we --+ 

tor of the quantities appearing on the right-hand side of gcL 
(19) and (20) are nonnegative because of the uniformly (Ym,i-2-Ym,i- l)(Ym,j-2-Ymj- I) 1 

tapered property [l] of the given matrix Y. hlI+J2> m .\-(I?. -. ,+v. . .-,) 1 

In view of (17) and (18), we get 
(Yi-,,j-2+.&J--r, \-‘I-‘J--L ,l--I,J .I , 

= D,, 

%I+,= ‘%I+2=&+l m+2 , /fi. (21) i,j=(m+3), (m+4);.-,(n+2),i#j. (27) 

It may be verified that the values of s;‘s obtained using It may be noted that the numerator and the denominator 

(19), (20), and (21) satisfy the relation (16c), i.e., of the right-hand side of the inequalities (26) and (27) are 
nonnegative because of the uniformly tapered property of 

s= c si = 2 sj. Y. 
iE VI je V2 

Letting 

It remains to check whether the above choice for si’s 
results in nonnegative values for all the edge conductances 
of N. The conductances (other than those set to zero in 
(17) and (18)) that have to be tested for nonnegativeness 
can be classified into three groups as follows. 

Group I: a) gV,i=1,2,3;.*,m and j=(m+3), (m+ 
4), * * * ,(n+2). 

b) &+1,m+2. 

Group II: a) gV,i=1,2,3;*.,m andj=(m+l). 
b) gU,i=(m+2); j=(m+3) (m+4);..,(n+ 

2). 
’ Group ZZZ:a) gg, ij=1,2,3;**,m, i#j. 

b) g,,ij=(m+3), (m+4);*.,(n+2), i#j. 
The conductances of Group I can be shown to be 

nonnegative using (4d), (4e), and (16b) and the uniformly 
tapered property cl] of Y. 

C=max{ Cii}, i,j= 1,2,3; * * ,m,i#j 

D=max.{DV}, i,j=(m+3),(m+4);**,(n+2),i#j 

we get from (26) and (27) 

(s,,,+,)2>/max{C,D}. (28) 

Once a choice of (s,+ ,) ’ is made using (28), all other si’s 
can be obtained using (19), (20), and (21). Such a choice 
of si’s will result in nonnegative values for the con- 
ductances of the required network N. 

It can be seen that there will be in general, n(n + 1) + 2/ 
2 nonzero conductances in N. When (s,+~)~ is chosen to 
be equal to max {C, D}, then, N will contain n(n + 1)/2 
conductances. 

Further when (s,+ ,)2 tends to infinity, all other ii’s will 
tend to zero and g,,,+l,m+2 will tend to infinity. Thus the 



NAIDU t?t cd. : n-PORT REALIZABlLIlY OF Y-MATRICES 259 

nodes (m + 1) and (m + 2) will merge into one and the 
network N will be the same as the (n + 1)-node realization 
of Y. 

It may be noted that if any one (gij)d=O, for ij 
= 1,2,3,-e . ,m,i#j or iJ=(m+3), (m+4;**,(n+2),i 
#j, then the denominator of (26) or (27) will be zero. 
Hence (s,+ 1)2 tends to infinity in which case the resulting 
realization is only an (n + 1)-node n-port. In this situation 
if one is interested only in an (n + 2)-node n-port realiza- 
tion, one can always choose m such that there is no zero 
edge conductance connecting two vertices in the same 
connected part T, or T2 of the port configuration T of the 
network of departure Nd. If, for a chosen m, there 
happens to be more number of zero edge conductances on 
the vertices of T, or T2 of the port configuration T of the 
network of, departure Nd, a suitable value for m can be 
selected such that the realization results in an (n +2)-node 
n-port, provided all such edges of zero conductances form 
part of a single cut-set, with respect to the port tree of the 
(n + 1)-node realization. 

Thus we have the following theorem on resistive n-port 
realizability of Y-matrices on two-tree port structures: 

Theorem 2 

i) An (n x n) real symmetric uniformly. tapered matrix 
can be realized as the short-circuit conductance matrix of 

Fig. 3. Port configuration of network for Example 3.1 

single fundamental cut-set with respect to the port tree of 
Nl. 

Example 3.1 

Let it be required to realize the uniformly tapered 
matrix 

48 32 24 16 8 
32 60 36 24 12 

Y= 24 36 56 28 14 
16 24 28 46 16 
8 12 14 16 32 

as the short-circuit conductance matrix of a resistive 5- 
port network having the port configuration shown in Fig. 
3. 

We see that. m = 3 for the port configuration given in . Fig. 3. ‘Using (4), we calculate the edge conductances in 
the network of departure with respect to Y and the 
prescribed port configuration given in Fig. 3. They are (all _ 
in mhos) as follows: 

Gd=diag { gl2 g13 ‘gl4 gl5 gl6 

, g34 g35 g36 g37 g45 

(16 8 24 -16 8, =diag 
2. -4 2 2 28 

an (n +2)-node resistive n-port network N containing at 
most n(n + 1)/2 conductances, provided its (n + 1)-node 
n-port realization contains no zero conductances. 

ii) If the (n + 1)-node realization N of the given matrix 
contains some zero conductances, then also .an (n +2)- 
node realization containing at most n(n + 1)/2 con- 
ductances is possible provided all such zero conductances 
form part of a single fundamental cut-set with respect to 
the port tree of N. 

The above theorem leads to the following Corollary 
which can easily be proved. 

Corollary .I 

i) An (n x n) real symmetric matrix realizable by an 
(n + 1)-node resistive n-port network N, containing no 
zero conductances can be realized -by an (n +2)-node 
n-port network N, containing at most n(n+ 1)/2 con- 
ductances. 

ii) If the (n + 1)-node realization N, contains some zero 
conductances, then an equivalent (n +2)-node realization 
N, containing at most n(n + 1)/2 conductances is possi- 
ble, provided all such zero conductances form part of a 

g17 g23 g24 g25 g26 g27 

g46 g47 g56 g57 g67)d 

8 16 12 -8 4 4 
- 14 -14 30 16 16). 

In accordance with (17) and (18), we make the following 
edge conductances in the final network N to be equal to 
zero, i.e., 

g,, = g,, = g,, = g,, = g,, = O. 

The edge conductances that belong to Group III are 

g12, g13, g23, and g,,. 

The condition that these edge cbnductances are to be 
nonnegative yields from (26) and (27), respectively, the 
following: 

s42 > 8, ~,~4 > 8, s42 > 2, and s42 > 49 . 4 

It is seen that 

C=max{8,8,2} and D=max $ 
( I 

and therefore, s42 > max{ (C, D)} = 49/4. Let us choose 
s42= 16, which gives s,=4. We now make use of (19), (20), 
and (21) and calculate the values of all the si’s. They are 
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as follows: 
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s,=4, s2=2, s,=l, s,=s,=4, 
7 sg=--, 2 and .,=I 2’ 

The conductances of the required padding network having the above values of si’s are obtained using (16) as 

The parallel combination N of Nd and N, is a 5-port network realizing the given uniformly tapered matrix Y. 
The conductances of N are given (all in mhos) as follows: 

G = diag i g12 g13 g14 g15 gl6 g17 g23 g24 g25 g26 g27 

g34 g35 g36 g37 g45, g46 g47 g56 g57 g67) 

=diag{8 4 ’ O 22 22 
16 0 5.5 5.5 44 0 

14 4 0 11 11 
0 16 2 3.75). 

IV. CONCLUSIONS 

In this paper, realizability of an (n x n) real symmetric 
matrix as the short-circuit conductance matrix of an (n + 
2)-node resistive n-port network is investigated. Two 
sufficient conditions are established in Sections II and III. 
Guillemin’s approach [3] and the formulas developed in 
[6] for the conductances of an (n +2)-node padding n-port 
network are used in arriving at the results. 

The (n +2)-node realizability of uniformly tapered Y- 
matrices, established in Section III leads to Corollary 1, 
namely, that any Y-matrix realizable by an (n + 1)-node 
n-port network containing n(n + 1)/2 conductances, can 
be realized by an (n +2)-node network containing n(n + 
1)/2 conductances. This result means that if an (n + 2)- 
node n-port network N, has more than n(n.+ 1)/2 con- 
ductances, and if its Y-matrix is’also realizable by an 
(n + I)-node network containing n(n + 1)/2 conductances, 
then an equivalent network N,, containing n(n + 1)/2 
conductances can be obtained. 
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L,-and I,-Stability of Interconnected Systems’ 
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Abstruct-Sufficient conditions for the L,- and I,-boundedness of 
nonlinear interconnected systems are established. Systems which may be 
viewed as an interconnection of single-loop feedback systems are consid- 
ered. Overall boundedness conditions are phrased in terms of the margins 
by which each subsystem satisfies a certain boundedness condition. The 
existence of similar results for the L,- and /,-continuity of nonlinear 
interconnected systems is noted. 
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I. INTRODUCTION 

N EW RESULTS FOR L,- and I,-stability of a large 
class of interconnected feedback systems (also called 

composite or large-scale systems) -are established. Specifi- 
cally, systems are considered which may be viewed as an 
interconnection of single-loop feedback systems (with sin- 
gle inputs and single outputs). Each such single loop, 
regarded as an input-output system in its own right, shall 
be termed an “isolated subsystem,” while the remaining 
system elements comprise the “interconnecting structure.” 
In the present approach, the objective is to analyze com- 
posite systems in terms of their lower order and simpler 
subsystems and in terms of their interconnecting struc- 
ture. 


