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SUMMARY

We consider a multipurpose n-step network with cross resistors that is a profound problem that has not been
resolved before. This network contains a number of different types of resistor network model. This problem
is resolved by three steps: First of all, we simplify a complex graphics into a simple equivalent model; next,
we use Kirchhoff’s laws to analyse the network and establish a nonlinear difference equation; and finally, we
construct the method of equivalent transformation to obtain the general solution of the nonlinear difference
equation. In this paper, we created a new concept of negative resistance for the needs of the equivalent
conversion and obtain two general resistance formulae of a multipurpose ladder network of cross resistors.
As applications, several interesting specific results are produced. In particular, an n-step impedance LC
network is discussed. Our method and the results are suitable for the research of complex impedance
network as well. Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Resistor network is an important and useful model in applications of the modern natural science. The
computation of the two-point resistance in networks is a classical problem in circuit theory and graph
theory, which has been researched for more than 170 years [1-4]. The computation of resistances is
relevant to a wide range of problems ranging from science and technology to engineering [5-38].
However, it is usually very difficult to obtain the exact resistance in complex resistor networks [7-29];
the construction of and research on the models of complex networks therefore make sense for theories
and applications.

The main progress of research methods in resistor networks basically has several different
approaches, such as Kirchhoff’s laws [1], the lattice Green’s function technique [7-12, 35], the
Laplacian approach [13—-18], the recursion-transform method [25-28], the equivalent transformation
methods [4] and a method of nodal potentials [29]. Thus, many resistor networks have been
resolved by these methods.

However, there are still some complex resistor networks unresolved because of the complexity of
the structure conditions of the network in real life. Figure 1 is called a multipurpose n-step network
of cross resistors, which has seven different resistors, and the right boundary is a single resistor R.
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Figure 1. A multipurpose n-step network of cross resistors, which has seven different resistors, and the right
boundary is a load resistor R.

This is a profound problem which has not been resolved before. Because the seven resistors are
arbitrary, the network contains a number of different types of resistor network model, such as the
regular ladder network [4] and the triangle ladder network. As is known to all, the two-port network
is well studied and the transfer matrix approach is frequently applied for such problems [39, 40].

In this paper, we focus on the computation of resistance between two arbitrary nodes Ay and By by
means of the equivalent transformation methods [4] as shown in Figure 1. This problem is resolved by
three steps. The equivalent transformation methods split the derivation into three parts. The first part
simplifies a complex graphics into a simple equivalent model. The second part creates a nonlinear
difference equation model by using Kirchhoff’s laws. The third part constructs the method of
equivalent transformation to obtain the general solution of the nonlinear difference equation. In
addition, we created a new concept of negative resistance for the needs of the equivalent conversion,
and two general resistance formulae are derived. Because the multipurpose n-step network has seven
arbitrary resistors, when we consider the particular values of the different resistors, several different
types of resistor network model are produced automatically. Thus, we obtain several interesting new
results by means of reducing the general formula. At the same time, the resistance results are
applied to the complex impedance network. As is well known, the research of complex impedance
network is more difficult than that of the resistor network because the equivalent impedance has
many different properties from equivalent resistance. From previous studies of the equivalent
impedance, we find that the results of the equivalent complex impedance are always curious and
nonlinear [14,21,30,37]. Thus, complex impedance is an important problem worthy of study. In the
lower part of the paper, we study the characteristics of the equivalent impedance of the LC network
by the equivalent resistance formula.

The organization of this paper is as follows: In section 2, we present two exact formulae of
resistance between two nodes in a multipurpose n-step network of cross resistors. In section 3, we
set up an equivalent model by the Kirchhoff’s laws. In section 4, we prove the resistance formulae
by solving the nonlinear difference equation. In section 5, we deduce several specific results by the
general formula. In section 6, we study the characteristics of the equivalent impedance of the LC
network. Section 7 gives a summary and discussion of the method and results.

2. TWO GENERAL RESULTS

We call Figure 1 a general n-step network with cross resistors. This network has seven different
resistors, and the right boundary is a load resistor R, which is different from other resistors (we
simply call it as an arbitrary boundary because it is located at the right edge). Assuming that A, is
the kth node at the edge of ApA, and By is the kth node at the edge of ByB,, we have two main
results as follows:

Case 1.
The equivalent resistance between two nodes A,, and B,, in the n-step network with cross resistors with
anarbitrary right boundary can be written as
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aﬂ B bc — ad o — 7o (r+r3+r2 + r4+ry +f5)
- d2 0= o + r2(r+r3) + rs(ri+rg)
0 r+r3+r ra+ri+rs
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)
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A3)

1 1
o =— <c + bro + \/(c — bro)2 + 4adro) B = > (c + bro — \/(c — bro)2 + 4adr0> 4)

2d
with
raor r3r
a=rir+ (—2 4+ 22 )+ ),
rht+rs ri3t+ry
b ro(r+r3)(r + ratrs) + rs(ratr) (r +r3 + 12)
(r+7rs)(r3 +r4) ’
ra(r 4 rs)(r4+rtre) +ra(r+r)(r 13+ rs)
c=a+ry
(r+7rs)(r3 +r4)
d=5b +ro(r4+r1 trs)rdrs 4 rz).
(ra+7s)(rs +r4)
Case 2.

(&)

The equivalent resistance between any two nodes A; and B, in the n-step network of cross resistors

with an arbitrary right boundary can be written as

O R ——
AeBe Ryign (k) ~ Rigp(n — k) ro) '
or

roRr (k)Rl (l’l — k)

RAkBk =

where

F- — )F i
Rleft(n—k):l—aﬁ( nk + (1o VE ok 1>7

Fo iy + (7"0 _A)Fn—k

Regna(k) = 1. — o (F i+ (Ro - i)Fk_l)_

Frp1r+ (Ro — A)Fy

3. EQUIVALENT MODEL AND RECURSIVE EQUATION

ro[Ry(k) + Ry(n — k)] = R.(k)R,(n — k)

(6)

)

®)

9

According to the structure characteristics of Figure 1, assuming that the equivalent resistance between
two nodes A, and B,, in the n-step network is R, the resistance in the (n — 1)-step network corresponds
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to the resistance R, ;. Thus, from Figure 1, we obtain an equivalent circuit model as shown in
Figure 2.

Next, we use Kirchhoff’s law to find the recursive relation between R,, and R, _ ;. Assuming that the
electric current / is constant and goes from the input node A,, to the output node B,, we denote the
branch currents in all segments of the network as shown in Figure 2. Using Kirchhoff’s laws [1,4]
to analyse the resistor network, the nodes’ current equations and the meshes’ voltage equations can
be achieved from Figure 2.

In Figure 2, by Kirchhoff’s law, the meshes’ voltage equations can be written as

Isry + I7rs — I3rg = 0,
Iir+1grs — Isry = 0,

10)
lery +Igry — LR, =0,
Lyr+ 1R, + 14ry — I3r9 = 0.
By Kirchhoff’s law, the nodes’ current equations can be written as
I1+1s+1s=TIand I} = I, + e,
1+ 43+ 15 1 =12+ 1¢ (a1

]3 —|—]4 —|—I7 :Iand12 —|—[8 214.

Solving the eight equations mentioned in the preceding texts, we finally obtain after some algebra
and reduce the relation

I'% a-+ bRnfl
D _ 2t el 12
1 c+ an—l ’ ( )
where a,b,c,d are given by (5). Because R, = U/l=I3ry/1, substituting in (12) gives
a+ bRnfl
n=—""7"" . 13
T dR, ro (13)

Formula ((13)) is a key recurrence formula we are looking for, which belongs to the nonlinear
difference equation. Next, we will study its general solution.

4. EQUIVALENT TRANSFORMATION AND SOLUTION

4.1. Derivation of result 1

We adopt the method of variable substitution to solve the nonlinear difference equation (13), assuming
that there is sequence {x,} and it satisfies the following relation:

Figure 2. Equivalent circuit model of a two-terminal network with the current parameters.
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_ Xpt1 €

R, = ——. 14
x d (14)
We appoint the initial term xy=1; from (14), we have
c
xo=1,x1 =Rp+~. (15)
d
Substituting (14) and its recursive formula R,, _ into (13), we obtain
b bc — ad
Xn+1 = <c +d r0>xn _( < d2a )roxnfl (16)

Supposing that o and /5 are the roots of the characteristic equation for x;, solving Eqn (16), we obtain
(4). Thus, from (16), we obtain

Xn+1 = (OC +,B)xn - aﬁxnfb (17)
Solving Eqn (17), we obtain the general solution (one may refer to [4])

1
a—p

[(x1 = Bxo)o" — (x1 — axo)p"]. (18)

Xy —

Considering the initial term conditions in (15), we have

1 c c
=— [(Ry+==RB)a" — (Ry+=—a)p"]. 1
Xn (Z*ﬂ|:( 0+d ,B)OC (O+d 0(),8:| (9)
From Eqns (16) and (17), we obtain
c c+brg ¢ b

_Z = L == 20
R N L (20)

Then, substituting Eqn (20) into Eqn (19) yields

1

Sy [(Ro+a—A)d" — (Ro+ B — A)"]. 2n

Substituting Eqn (21) and its recursive formula x,,, | into Eqn (14) gives

 (Rot+a—2a" = (Ry+B -2 ¢
o= Reva—na = Ro+ - d’ 22

From Eqn (20), we have c/d=a+f — A; substituting to Eqn (22) yields

(Ro+ o= 2™ — (Ry+ — A)ﬁ’”) | o)

where Eqn (4) is used. From Eqns (16) and (17), we have a8 = ro(bc — ad)/d?; thus, substituting Eqn (5)
to af, Eqn (3) is derived. When we define F,=(a" — f")/(a. — /), Eqn (23) reduces to Eqn (1). At this
point, formula (1) is proved.

4.2. Derivation of result 2
4.2.1. Research ideas and methods. We created a new concept of negative resistance elements for the

needs of the equivalent conversion, namely, we convert rq to be three resistors in parallel, which are
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two ry and an —r( as shown in Figure 3. According to the calculation method of parallel resistors, we
have ;- 4 -+ L = L, obviously, the introduction of —r is a very good method.

When we compute the resistance between two arbitrary nodes A, and B, making use of Figure 3, we
can convert Figure 1 into Figure 4.

According to the equivalent model of Figure 4, we obtain equivalent resistance between any two

nodes A, and B, by means of the calculation of the parallel resistors,

1 1 1 1
- + - (24)
Ra,B, Rright(k) Rzeﬁ(n —k) o

where R,;q(k) and R;.;(n — k) are given by (8) and (9) in terms of formula (1). Thus, (6) is proved.
Next, from (6), we immediately obtain (7) after the simple calculation.

Note that the idea of negative resistance elements is a great creation, which, resolving a profound
resistance problem, is very interesting. In particular, when k=n, from (8), we have R;;=rp; thus,
from (6), we have Ry 5 = Ro(n) which shows Eqn (1) included in Eqn (6).

5. SPECIAL CASES AND COMPARISONS

Case 1.
In Figure 1, when r3=r4=rs=r,, from Eqn (5), we have
3 rr
a:r1r+r2(r+r1),b:r2+z(r1 +r)+?,
2
(25)
2
c:a+rob,d=b+ro<1 +—r2(r+4r§) +m>.
73

Then, from Eqn (4), we have

o= % (c—l— bro + /a? +4adro),[)’ = % (c—i— bro — \/a? —|—4adro>, (26)

T
[—

]-ro []ro

ro[] |:> ro[

Figure 3. A resistor is equivalent to three resistors in parallel.

Ak

Rea(n-)[] (3 []-r0 =) [] Reigne (6)

Br

Figure 4. Equivalent conversion model of resistor network.
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and

[47’% +3(r 4+ 1)+ 2r1r] 7270
7 [47’% +3(r + 1)+ 2r1r] +ro(ry +2m)(r + 2r2)

Thus, from Eqn (1), we have

l”o(bC — ad) <F}1 + (R() — A)Fn—l)
R = . 27
ApBn d2 F”+] + (RO — /I)Fn 27
where F,,=(a" — f")/(o. — p) defined in Eqn (2).
Case 2.
In Figure 1, when ry=r,=ry=ry=rs=r, from Eqn (5), we have
) 3
a=3r",b=3r,c=3r(r+ry),d = Z(r—|—3ro) (28)
and from Eqn (4), we have
a= 2r <r+2 + /12 + (4r + 3r9) )
45 + 31 0 rt3ro)r
2 (29)
B = P (r+2r0+\/r2 (4r + 3ro)r, )

Thus, from Eqn (1), we have

2rr \° Fn"‘(RO_’l)F"—l)
. _ 30
A,B, <4r T 3ro> (Fn+1 + (Ry — A)F, (30

where F), is defined in Eqn (2) and A =4ryr/(4r+3r) is deduced from Eqn (2).

Case 3.
When r; — «, the cross network degrades into a three-triangular resistor network as shown in Figure 5.

When r; — 0, from Eqn (5), we have

ror ror
a=ryr+ 25 +ry ) (r+r),b=(ratr)) + 25
ry+71s ry+rs a1
ri+rs)(r+mr+r ra(r+r ratry +r
c:a+r0(1+ s)(r+ry +rg) + 4(+2)’d:b+ro 471 + 7
ry +rs ry +rs
eeeereneeens : 4 Ao
2
7o Ro
V4
71 BO

Figure 5. A multipurpose n-step network with three-triangle resistors, which has seven different resistors,
and the right boundary is a load resistor Ry.
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Substituting Eqn (31) into Eqn (1), we obtain the resistance formula Ry, 5, (Eqn (1)).
In particular, when 73 — <, ri=r,=r,=rs=r, from Eqn (5), we have

5 1
,b:fr,c:4F(F+r0),d:§(5r+3r0)- (32)

=4
a ' 3

From Eqn (4), we have

o= 2(5rr—|—3r)<8r + 13rg + \/(8)’ + ?ar())2 +32(5r+ 3r0)r0>,
r 0 (33)
B = m(&’ + 13ry — \/(8r + 3r0)2 +32(5r + 3r0)r0).

Thus, from Eqn (1), we have

4]”}”0 2 Fn + (RQ — /1)an1
Rpp, = A — . 34
o <5’” + 3’”0) (Fn+1 + (Ro — A)F G

where A=5rgr/(5r+3ry) and F,, is defined in Eqn (2).
Case 4.
When 73,75 — = and 4, =0, the cross network degrades into a two-triangular ladder resistor network as

shown in Figure 6. In the following, we reduce (1) to be a simple result.

When r,=0 and r3=r5=-°, from Eqn (5), we obtain

a=rir+nrnE+r),b=ri+r,c=1+r)r+r)+rm,d=ro+r +r. (35)
Thus,
b ry+nr
A=—=rg=—ro, 36
d"’ (Vo+r1+1’2>0 (36)
and
ro(ra + 7)) +c+ \/[ro(rz +r)+ c]z — 4r3r3
o=
2rg+ 1+ 7 ’
(ro+r2+711) 37)
ro(ra+71) +c— \/[ro(rz +r) +c — 4r3r3
a 2(1”0 +r + I"])
A 5 . - R— 5 Ao
7o ro ¥ f
[J r 1) 0 ro J r Ry
B, 71 71 r By
Figure 6. Ann-step triangular ladder network with arbitrary right boundary.
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where ¢ is given by Eqn (35) and 4 is given by Eqn (36). Thus, formula (1) reduces to

2
F, Ry — A)F,_
RAnB,,—/l—< ror )( + (Ro — 2) 1)’ (38)

ro+ri+r) \Fup+ (Ro—A)F,

Case 5.
When r,— «© (k=2,3,4,5), the n-step network of cross resistors degrades into a rectangular n-step

ladder network as shown in Figure 7. Taking limits 7, — = to Eqns (36)—(38), we have

. r+nr
A= lim ———ry =1, 39
L Smermrnet Ck (39)

and

2rg+r+r++/(r+r)@dro+r+r) 2rg+r+r —/(r+r){@dro+r+r)
a= ) B= > - (40)

Thus,

Ry = ro— 2 (Ent Ro —ro)Fir), @1)
Fuy1+ (Ro — ro)Fy

The network in Figure 7 has been resolved by [4]; comparing (41) with the result in [4], we find that
the two results are completely the same, but their methods are different.

Case 6.
In Figure 1, when Ry=bry/d, from (1) and (2), we have
2
T (m+722)\ A )
A B \N) = —=rp) — .
o 2(rt73) (ri+r4)
a7 \ro 2B EEE ] B
where b and d are defined in Eqn (5).
Case 7.
When n— <, from (4), we have 0 < f/a < 1; thus,
n
n ¢+ brg — \/(c - bro)2 + 4adr
lim <_) ~ lim 0, 3)
RN "\ e+ bry + \/(c - bro)2 + 4adry
A» — S — Ao
ro 7o rH o 7o [J R
B, 7 7 7 By
Figure 7. Ann-step ladder resistor network with arbitrary right boundary.
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From Eqn (1), we have

RANBN(w) =2 —ﬂ. (44)

Substituting Eqn (4) into (44) yields

1
RAMBM("O) g(bl"oC‘i’ \/(cbr0)2+4adr0>. (45)

Result (45) shows that formula (1) is bounded in the case of n— «.

Case 8.
When Ry=1—f, from Eqn (22), we immediately obtain

RAan (I’l) =1- ,b) (46)

Notice that we find that Eqn (46) is the same as Eqn (44), but their meanings are different from each
other. Equation (46) is the characteristic resistance of the network, but Eqn (44) is the limiting
resistance. When the load resistance satisfies the characteristic value, the equivalent resistance is a
constant that equals limiting resistance.

6. EQUIVALENT IMPEDANCE OF THE N-STEP LC NETWORK

The research method and conclusion of this article are also applicable to the complex impedance
network; we can obtain the equivalent impedance formula of the complex impedance network if we
use the variable substitution method. We assume that the elements of r(k=0,1,2,3,4,5) are
composed of inductor, capacitor and resistor, then we can obtain the equivalent complex impedance
by making use formula (1). In the following, we will study the LC network.

In Figure 1, consider an n-step impedance LC network; from formula (1), we can obtain the
equivalent impedance of an n-step LC network. Assuming that the impedance elements in the
network are ry=r=iwL,r3 =ry =rs =r; = 2= and ro = Ry = iwng as shown in Figure 8, where o
is the alternating current frequency, the equivalent complex impedance from (1) is given by

L

Co — — Co

11

L

Figure 8. Ann-step impedance LC subnetwork.
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Zag, 2hi(h+1) B ( 2h )2
o Chi+Dh+2(h+1)  \(2h + Dh+2(h +1) @
[(2h1 + 1) +2(hy + D] (8" = p") + (h+2) ("' = p"1)
[(2hy + Dh+2(hy 4+ D](8"" = prt1) + (h +2)(8" — p)
where
2 _n_n_G
h_rz_ o°LC, hl_rO_Ro_C’ (48)
, 2 (hhl +h+ 14 \/hz(hl +1)* 4 2h(h; + 1))
d=— =
ro 2(1+h)hy + 2+ h) ’ @)
p 20y (hhl +h+1— \/hZ(hl +1)% + 2h(hy + 1))
P o 2(1+ W)y + (2 + h)
Substituting Eqn (48) into Eqn (49), we obtain
, 2(1 — @?LC)  4Cy g(d" —p") + C(2 — &*LC) (9" " — p"1)
g, = = T X L (50)
wg wg? g("! — prth) + C(2 — 2LC)(5" — p)
where
g = C[(2hy + 1)h +2(hy +1)] = 2(Co + C) — (2Cy + C)w*LC,
2C, <1 — @*L(Co+ C) + \/[1 — w?L(Cy+ C))* — 1)
d o=
an 2(Co + C) — (2Cy + C)’LC ’ (51)

2C, (1 — w?L(Cy+C) — \/[1 — ?L(Cy+ C))* — 1)
2(Co + C) — (2Cy + C)?LC

p:

It is clear that there are three parameters in the complex impedance; from Eqn (41), we should
discuss three cases. By Eqn (48), we have

W2 (hy+ 1>+ 2h(h; + 1) = 0*L(Co+ O)[@*L(Cy+ C) — 2.

When ? > 2/[L(Cy+ C)], there are §,p € R; the complex impedance is Eqn (50). There are five
parameters (such as Cy,C,L,®,n) in the complex impedance. In Eqn (50), the 3D graphic of the
complex impedance changes with @ and » as shown in Figure 9. Figure 9 shows that the complex
impedance of Eqn (50) is gradually decreasing with the increase of @ and n when w?* > 2/[L(Cy+ C)].
These situations do not appear oscillation phenomenon; they only gradually change.

When w? = m, there are hh+h+1= — w’L(C+Cy)+ 1= — 1, then 6=p=—(Cy+ C)/Cy and

S — ot
lim~—”

_ nfl' 2
P no (52)

Thus, from (50) and (52), we have

= C0+C<1 20 (C0+C)n—C(n—1)> )
RYer Cot+C (Co+C)nt1)—Cn)
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1.4

i Z- axis

Figure 9. A 3D graph showing the impedance changes with @ (w€[8.2,30]) and 7 in the case of Cy = 0.2,
C=0.1and L=0.1.

20
15 [[llllll
g
S 10 27
l\ll 4 ’%’;’4’{ ” 17
5
0
6

50

30

20
10 n- axis

Figure 10. A 3D graph showing the impedance changes with @ and 7 in the case of Cy = 0.2 and C = 0.1.

i Z- axis

Figure 11. A 3D graph showing the impedance changes with w and 7 in the case of Cy = 0.2, C =0.1 and
L=0.1.
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There are four parameters (such as Cy, C,w,n) in the complex impedance; the 3D graphic of the
complex impedance changes with @ and » as shown in Figure 10. Figure 10 shows that the complex
impedance of Eqn (53) is gradually changing with the increase of @ when w”=2/[L(Cy+C)]. But
the case is different from the cases of Figure 9.

When w? < 2/[L(Cy+ C)], there are J, p € Z; applying Eqn (48) to Eqn (49), we have

5 2h
C2(1+ R+ (2+h)

2h
(1+h)hy + (2 + 1)

(cosf +isind),p = 3 (cosf — isind) 34

where 0=arccos(hh, +h+ 1)=arccos[l1 — w*L(Cy+ C)]. Applying Eqn (54) to Eqn (47), we have

7 o 2]’!]7”0 h+ 1 _2h1 sm(n@) —|—(l’l+2) Sil’l(l’l— 1)0
AB T 2k 4+ )b+ 2(hy + 1) 2hy sin(n + 1)0 + (h + 2)sin(nf) )’

(55)
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Figure 12. The impedance oscillatorily (with resonance) varying with o, with setting Cy = 0.2, C = 0.1,
L =0.1 and n = 10. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 13. Magnified graph from Figure 13, showing the obvious oscillation features, with C=0.2, C=0.1,
L =0.1 and n = 10. [Colour figure can be viewed at wileyonlinelibrary.com]
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Substituting Eqn (48) into Eqn (55), we obtain

(56)

iZap, = 2 <1 ~ W?LC — 2Cy sin(nf) + C(2 — w*LC) sin(n — 1)9)’
g

2Cysin(n+ 1)0 4+ C(2 — w>LC) sin(n0)

where g=w[2(Cy+ C) — 0*LC(2Cy+ O)].

We set Cp=0.2,C=0.1 and L=0.1; the 3D graphic of the complex impedance changes with w and
n as shown in Figure 11. Figure 11 shows that impedance has resonance and oscillation. For clearly
seeing the characteristics, we draw the 2D graphs. For example, settingCy=0.2,C=0.1,L=0.1 and
n = 10 and n = 20, the complex impedance changes with the alternating current frequency w as
shown in Figures 12—15.
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Figure 14. The impedance oscillatorily (with resonance) varying with @, with setting Cy = 0.2, C = 0.1,
L =0.1 and n = 20. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 15. Magnified graph from Figure 15, showing the obvious oscillation features, with C, =0.2, C=0.1,
L =0.1 and n = 20. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 16. A 5 x 7 resistor network model in which a two-cross resistor is embedded in the rectangular
network.

7. SUMMARY AND DISCUSSION

Complex resistor network with multiple parameters is a difficult problem, which is difficult to compute
its resistance if there is no approach of innovation. Transform methods established in this paper solve
an n-step complex network of cross resistors, which has never been solved before. The method of
solving this problem mainly includes three steps. The first is to establish an equivalent network
model; the second is the application of Kirchhoff’s theorem to find the equivalent resistance of
recursive relations; and finally, the third is adopting the transform method to give the general
solution of differential equation. We obtain a concise conclusion of (1), although the network
contains eight independent parameters. Further, we created a new concept of negative resistance
elements for the needs of the equivalent conversion as shown in Figure 3. The negative resistance is
a new concept which can be efficiently to solve some complex problems of resistor network. So, we
obtained formula (6). As applications, a number of interesting results are deduced by the general
formula when we take some parameters into special values. In particular, the research method and
conclusion of this article are also applicable to the complex impedance network; we can obtain the
equivalent impedance formula of the complex impedance network if we use variable substitution
method. Meanwhile, the resonance behaviour is an interesting finding. For example, we consider an
LC impedance network; the characteristics of resonance and oscillatory are discovered. Clearly, the
complex impedance network is different from the resistor network. This somewhat curious result
suggests the possibility of practical applications of our formulae to resonant circuits.

At the end of this paper, we propose a profound problem based on the previous research in the
article [13-28, 37, 38]: how to derive the resistance of an m x n network of cross resistors as shown in
Figure 16. We look forward to the solution of the problem.
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