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Abstract

In this paper, based on the mode analysis of four-conductor lines, the extended mixed-mode chain-parameters and S-parameters of four-

conductor lines are estimated using current division factors. The extended mixed-mode chain-parameters of cascaded four-conductor

lines are then obtained with mode conversion. And, the extended mixed-mode § -parameters of cascaded four-conductor lines can be

predicted from the transformation of the extended chain-parameters. Compared to the extended mixed-mode S-parameters of four-

conductor lines, the cross-mode S-parameters are induced in the extended mixed-mode § -parameters of cascaded four-conductor lines,

due to the imbalanced current division factors of cascaded two sections. The generated cross-mode S-parameters make the equivalent

different- and common-mode conductors not independent from each other again. In addition, a new mode conversion, which applies the

imbalanced current division factors, between the extended mixed-mode S-parameters and standard S-parameters is also proposed in this

paper. Finally, the validity of the proposed extended mixed-mode S-parameters and mode conversion is confirmed by a comparison of the

simulated and estimated results of shielded cable.
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[. INTRODUCTION

Four-conductor lines are widely used in power electronics,
such as three-phase power supply circuits. The signals on the
multi-conductor lines are conventionally divided into differ-
rential- and common-mode signals, which are used to measure
the signal transmission performance of the established circuit.
Conventional mixed-mode S-parameters are commonly used to
interpret the characteristics of the existing mode signals [1].
The conventional mixed-mode S-parameters include the di-
fterential-mode S-parameters, common-mode S-parameters and
differrential-common cross-mode S-parameters. The differen-
tial-common cross-mode S-parameters are induced due to the

asymmetry of the signal lines.

The four-conductor lines model used in this paper has three
modes: differential-mode-1 (DM1), differential-mode-2 (DM2)
and common-mode (CM) [2]. In [2], extended mixed-mode S-
parameters are proposed to characterize the three mode signals
of four-conductor lines. The extended mixed-mode S-para-
meters are estimated from the equivalent independent mode
transmission line parameters, which are obtained based on the
mode analysis with current division factors [2]. Compared with
the conventional mixed-mode S-parameters, there are no cross-
mode S-parameters existing in the proposed extended mixed-
mode S-parameters, regardless of whether the four- conductor
lines are symmetrical or asymmetrical.

In this paper, extended mixed-mode S-parameters are further
applied to a cascaded four-conductor lines model. In general,
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the two parts of the cascaded four-conductor lines have different
current division factors. In other words, the cascaded four-
conductor lines are imbalanced. However, these different cu-
rrent division factors will induce cross-mode S-parameters in
the extended mixed-mode S-parameters, which are different
from the extended mixed-mode S-parameters of four-conductor
lines. We note that, unlike the conventional mixed-mode S§-
parameters in which the cross-mode S-parameters occur due to
the asymmetry of the conductor lines, the cross-mode S-para-
meters of the cascaded four-conductor lines occur due to the
different current division factors of the cascaded two parts. In
the following sections, this paper will introduce extended mix-
ed-mode S-parameters of the cascaded four-conductor lines
based on mode analysis in detail.

II. MODE ANALYSIS OF FOUR-CONDCUTOR LINES

Shown in Fig. 1, a general structure of four-conductor lines is
composed of three signal conductors and one ground conductor.
The currents on the signal conductors can be decomposed into
three mode currents: DM1 (41), DM2 (42) and CM (¢) [2]. As
shown in Fig. 1, a current division factor /1 is used to divide the
same direction currents of DM1. And the other two current
division factors /1, and hzare used for the currents of CM. With
the current division factors, the mode transformations of the
voltage and current on the four-conductor lines are given by the

following collections:
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O T T — LT T LT LT, Ee—— LL L LI LLL LT > 1
: Vo
E Ia'l hj]c I i
#CON2 [ i rmamr e e > 0
i +V,
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#Con3 [ - P — » )
i +V;
| -7 |
GND < —_
1z=0 =11

DML1 (d1) DM2 (d2) CM (c)

Fig. 1. Three modes definition of the four-conductor lines: M1 (41),
DM2 (42), and CM (o).
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Fig. 2. Equivalent circuits of the three separate modes: (a) DM1, (b)
DM2, and CM ().
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Il(z) h 1 h, Idl(z)
L(z)|=| -1 0 hy I,,(z)
13(2) 1-h -1 1-h,—h, _IC(Z) (1.1)
Vl(z) hy 1-h, —hh, 1] le(z)
VZ(Z) =\h=1 h—h,—hhy 1 de(z)
Vo(2) h, —h,—hh, 1] V.(2) (1.2)

For the lossless lines, the current division factors can be
decided by the line capacitances [2].

_ Cp (Cll +Cp + C33) + GGy
(Cm + C23)(C11 +Cy + C33)+ Cy (Cn + C33)
_ Cy _ Cy,
Ciy +Cpp +Cyg 7 ’ Ciy +Cpy +Cyg

h 2.1)

X (2.2)
where, C; and Cj are the self- and mutual-capacitances of the
four-conductor lines. For the symmetrical four-conductor lines,
the above current division factors become: h; = 1/2, and
h, = h; =1/3.

The line voltage and current of the four-conductor lines, as is
well known, satisfy the equations from the per-unit-length line
inductances and capacitances [3]. We take the equations of
mode transformation in Eq. (1) and the expression of current
division factors in Eq. (2) into the line voltage and current
equations, each mode can be considered as an independent two-
conductor lines with the equivalent mode capacitance, induc-
tance and characteristic impedance. They are obtained as:

Cu = _h@sz +C, +Cy,y + Gy
, _HE

1 Zen :1fi G
Ca Ca

Cpr= (1_h1)C12 +Cyy +(1_ h, — hlh3)c11
(3.2)

HE Ly
Lyy=——, Zegr =
Co C

23 L,
Lc =F ' ZCc :\/g (33)

where, 1 and ¢ are the effective permeability and permittivity of

C=C+Cy+Cy,

the four-conductor lines, respectively. They can be estimated
through the inductances and capacitances of the four-conductor
lines, i.e. LC = pel.

With the above mode transmission line parameters, the ter-
minal voltage and current of each mode can be related through
the mode chain-parameters shown in the following.

D, {Vm (O)}, (m=d1,d2,c)

(4.1)
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where, the general expression of chain-parameters for two-con-
ductor lines is shown as:

m m

cos( LC l) —jZCmsin( Lmle)
D= _ g
—Jsm( meml) cos( LmCmZ)
Ze, (4.2)

Extended mixed-mode chain-parameters of four-conductor
lines can be decided by collecting each mode chain-parameters.
The collection is shown as follows.

V(1) V,.(0)
]dl (Zl) ¢dldl 0 0 Idl ((()J)
?2 (l) = 0 D s 0 Il/dz (O)
52((;)) 0 0 e ;2(<0)>
_1:(1)_ e _1:(0)_ 5)

As shown in the equation, the extended mixed-mode chain-
parameters do not contain the cross-mode chain-parameters,
due to the separate mode transmission line parameters. The-
refore, each mode chain-parameters are independent from the
others, and can be converted to the corresponding mode §-
parameters.

The extended mixed-mode S-parameters of the four-con-
ductor lines are generated by combining each mode S-para-
meters, are given in Eq. (6) below [2].

by Ay
b a
bdl—Z S, 0 0 d1-2
a
21| _| g S,, 0 d2-1
byry 0 0 s Ay22
b'i cc ac7
c-1 Sem 1
L bC72 _ L aC*Z _
Aem bom, (6)

where, @,-; and &,.;, as shown in Fig. 3, are the normalized port
waves of the 7 (m=dl, d2, ¢) mode equivalent circuits. They
are normalized by the port terminal voltage, current, and port
reference impedance. For port-1 of the 7 mode, the nor-
malizations are:

V,(9)+1,(9)Z,

a,  =—————r—" (7.1)
2\Z,,

b = Ve (0) —1, (O)ZOm

m-1 2\/@

Due to the current direction, the definitions of 7 mode at

(7.2)
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Fig. 3. The extended mixed-mode §-parameters for the separate mode
conductors described in Fig. 2.

port-2 are:
2Z,,
V(I)+I (1)Z
R AULAUL (7.4)

m-2 2@

In the above equations, Zo, is the port reference impedance.
Based on the mode analysis in Fig. 1, the port reference im-
pedances are equal to

Z
ZOdlz?O"'Zo’ ZOdZZZZO’ Ly =— (8)

and the conversion from the mode chain-parameters to the
mode S-parameters can be derived by plugging Eq. (7) into
Eq. (5):

_ ¢mm—1lzo + ¢mm—12 B ¢mm—21202 - ¢mm—2220 (9 1)
mm-11 — °
_¢mm71120 + ¢mrn712 + ¢mM72lZOZ - ¢mmfZZZO
¢ -27,
mm=12 ~ 2
_¢mm—1lZO + ¢mm—12 + ¢mm—ZlZO _¢mm—2220

S _ 2(¢mm—21 mm-12 ¢mm—1l mm—ZZ)ZO (9 3)
e _¢mm—llZO + P2t ¢mm—ZlZOZ _¢mm—ZZZO '

2
_ _¢mm—1120 + ¢mm-12 B ¢mm—ZIZO + ¢mm—2220 (9 4)
mm-22 2 K
_¢mm71120 + ¢mm712 + ¢mm72lZO - ¢mm72220

9.2)

where, Z, is the port reference impedance, commonly Z =50 Q.

As shown in Eq. (6), the new extended mixed-mode §-
parameters do not contain the cross-mode S-parameters, the
same with the extended mixed-mode chain-parameters. The
new extended mixed-mode S-parameters are completely di-
fferent from the conventional mixed-mode §-parameters in [1].
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In the conventional mixed-mode S-parameters, the cross-mode
parameters will be induced when the conductors are asy-
mmetrical. In the following section, the extended mixed-mode
S-parameters for the cascaded four-conductor lines are further
described in detail.

III. CASCADED FOUR-CONDCUTOR LINES

1. The Extended Mixed-Mode S-Parameters

General cascaded four-conductor lines, in which the cascaded
two parts have different current division factors, are shown in
Fig. 4. The line voltage and current are continuous on the
cascaded four-conductor lines. The mode voltage and current,
however, are discontinuous due to the different current division
factors. As shown in Fig. 5, the equivalent mode conductors of
the cascaded two parts can be obtained by processes similar to
those described in Section II. Then, the extended mixed-mode
chain-parameters of the connected equivalent mode conductors

are given as:
(la) _Va—dl (Za :O)—
a la Ia— Za = 0
dl((l )) L 0 0 y 41((2 :O))
a d?2 (la) — 0 ¢a7‘12‘12 0 Iade (Za _ 0)
I;11'2( a) 0 0 ¢a7“‘ I;de( a O)
a—c a ! / a—c Za =
1.(0) ] Paem 1,.(s=0)| (0)
V/Hil (lb) _V;Hﬂ (Zb :0)_
I (1 I, .(z =0
AT e
b-a2\bp ) | _ 0 @, .. 0 b-a2\Zp
I, 4 (lh) 0 0 P 1, 4 (Zb = O)
wa(lb) b—cc | Vb, (szo)
1) ] e h(z=0)] (D

In addition, note that the mode conversion occurs at the
connection of the two equivalent mode circuits. The voltage or
current sources from the mode conversion are induced at the

connection points [4]. The mode conversions at z, =/, (z;=0)

(B> hons Bis) - (Pors Py )

#Con.ll—— —> [{#Con.4
Vi1, Vi1,

#Con2[ —— —> ||#Con.5
V.1 Vs, I

#Con3[ —— —> [l#Con.6
V-" ? [3 V;S d [6

Zaz() Za=]aZb=0 Zb:jb

Fig. 4. The structure of the cascaded four-conductor lines.
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Fig. 5. The equivalent mode circuits of the cascaded four-conductor
lines in Fig. 4.

are expressed as:

Viear(2,=0)| [ 1 Ay OV, (L)

v, dZ(Zb O) =l 0 1 0 Va—dz(la)

Vie(2,=0) | [0y My+hgihy 1)V, (1) | (12.1)
]b—dl(zb :0) 10 Ah, 1 [a—dl(la)
[b—dZ(Zb = O) =Mk 1 —Ah,—hyAh, Iaﬂxz(la)
(=0 L0 0 1o )] (122

where, A h is the difference of the current division factors, i.e.,
Ah; = hy; — hg;, (i = 1,2,3). For the balanced cascaded four-
conductor lines, (i.e., Ah; = 0), the above voltage and current
conversion matrices become the unit matrix.

Combining the extended mixed-mode chain-parameters in
Eq. (10), Eq. (11) and the mode conversion equations in Eq.
(12), the extended mixed-mode chain-parameters of the equi-
valent mode circuits in Fig. 5, which are the multiplication of
each connected part, are denoted as in Eq. (13). It is worth
noting that the cross-mode chain-parameters are induced due to
the imbalanced current division factors of the cascaded two
four-conductor lines. The extended mixed-mode S-parameters
of the cascaded four-conductor lines can also be transformed
from the extended mixed-mode chain-parameters. The trans-
formation between the extended mixed-mode chain-parameters
and §-parameters, however, cannot be done as in Eq. (9), where
that the extended chain-parameters were separated into three
independent two-port mode chain-parameters. That is because
each mode parameters in Eq. (13) are associated with each other
by the cross-mode parameters. Because of the space limitation,
the transformation between them is not shown in here. It can be
performed by emulating the method of two-port transformation
in Eq. (9). The ports of each mode are denoted in Fig. 6, and
the definition of the extended mixed-mode S-parameters is sh-
own as follows.
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Similarity, 4,,; and 4, are the mode normalized port waves.
Their normalizations are:

oy Ven(2,=0) 0 (2,20)Z, (15.1)
m-1 2 ’Z()m
y Venl220)-1,,(2,=0)2, (15.2)
m-1 2 ’Z()m
L Ol b G A (15.3)
m-2 2@
- (2 =0)+1,0(2=1) 2 (15.4)

22,

The extended mixed-mode S-parameters shown in Eq. (14)
are composed of the self-mode S-parameters and the cross-
mode S-parameters. The self-mode §- parameters describe the
mode current flowing on the cascaded four-conductor lines,
while the cross-mode S-parameters are used to describe the
mode conversions occurring at the connection of the cascaded
structures. Besides, the cascaded four-conductor lines shown in
Fig. 4 can also be labelled with the normalized standard port
waves, shown in Fig. 7. Then, the six-port standard S-pa-
rameters are induced to present the signal transmission on the
cascaded four-conductor lines. The mode conversion between
the standard S-parameters and the extended mixed-mode §-
parameters is derived in the following section.

00 0 i Vo a(z,=0)
00 Ah, I, 4(z,=0)
00 0 B V, 42(z,=0)
1 0 —Ah,—h,Ah, I, 4(z,=0)
01 o /o (2 =0)
00 1 | - (z,=0) | 13)

2. The New Mode Conversion between the Extended Mixed-
Mode S-Parameters and Standard S-Parameters

The six-port standard S-parameters of the cascaded four-
conductor lines are defined as:

b Si S S S S Si || @
b, Su Su Su Su Sk Sy |la
b, _ Su S S Sy S S || 4
b, S S Si Su Si S || a
by S S Ses Ssy Ses Sss || 9s
b S, S, S, S, S, S, a,
L% | a1 Pe 63 64 65 66 JL% | ( 1 6)
b S a
#Con.l& :)_r e # Con4&6
Port- aﬂ_ﬂ:l DM1 ] DM1 R Port-
DMI-1 Pa1-1# 9> DMI1-2
—] H K
# Con.2 # Con.5
# Con.1 —c s # Con.4
i ross-H_|
Port- cg)d':_l DM2 DM2 »D,, 5 Port-
DM2-1 Y21 Mode ;2 5 DM2-2
ﬁéon,; :]- -C ;:{fﬁ
# Con.182& - = £ Con 4&5&6
Port- a._, ™M 1 cm b, Port-
CM-1 b_j— | | 4._, CM-2
GND ~ ~/ GND

Fig. 6. Definition of the port variables for the extended mixed-mode §-
parameters of equivalent mode circuits in Fig. 5.
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Port-3 -
o 53_ \ ag Port-6
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Fig. 7. Definition of six-port standard S-parameters for Fig. 3.
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In the equation, 4; and 4; are the normalized standard waves
atporti(i=1,2,...,6). Their definitions are:

V(z=0)+1(z=0)Z

a =- 0 (i=12, 7.
l T, (i=123)  (17.1)
_V(z=9-1(z=0% . _ 7
b= A (i=123) (17.2)
aizl/"(zzzlh)z:/%zfl”)z‘) (i=456)  (17.3)
b,:V"(ZZZZ”)”"(ZZZI”)Z" (i=456)  (17.4)

i 2\/70

In order to obtain the mode conversion between the extended
mixed-mode S-parameters and the standard S-parameters, we
substitute the voltages and current mode transformation in Eq.
(1) into the definition equations of port waves in Eq. (15) and
Eq. (17). Then, a conversion between the normalized standard
port waves (a;, 4;) and the mode port waves (a,.-;, &) is obtained
as:

a, =M, a+M,k b

em em,2

(18.1)

b,=M, a+M, b

em em,l

(18.2)

where, M,,,; and M., are the new mode conversion matrices
shown below. Compared to the mode conversion matrix in [5],
the new conversion matrices proposed in Eq.(18) contain the
different current division factors, which consider the divided
mode current on the asymmetrical signal lines.

Finally, given Eq.(14), Eq.(16), and Eq.(18), the conversion
between the extended mixed-mode S-parameters and the stan-
dard S-parameters is:

S = (Mem,l - SemMem,Z )71 (SemMem,l - Mem,Z ) (19)

Moreover, if both of the cascaded two four-conductor lines
are symmetrical (i.e. ha=hun=1/2 and ho=hs =hp = hg =
1/3), the mode conversion matrices listed above become:

_ 0]
1

0
1
1 0 0
Mo =5 0 NCRNE
0 0
0 V2 V2| (o)
M, ,=0 (20.2)
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Then, the mode conversion in Eq.(19) simplifies to:

S=M ’:LS@mMm1 (21)

em,1

With the above mode conversion, the extended mixed-mode
S-parameters can also be directly converted from standard §-
parameters using the current division factors. To confirm the
validity of the new proposal in this paper, the estimated standard
S-parameters and extended mixed-mode S-parameters of the
shielded cable, used as an example of cascaded four-conductor
lines, were compared with the simulated results.

IV. VERICATION OF THE EXTENDED MIXED-MODE
S-PARAMETERS FOR THE CASCADED
FOUR-CONDCUTOR LINES

A shielded cable is shown in Fig. 8, in which three cascaded
inner conductors are used as the signal lines and the outside
shield is the ground. In this model, the inner conductors and
the outside shield are perfect conductors. A dielectric material
with a permittivity of 2 is fills in the shield. The cascaded two
parts are simulated by Ansoft Q3D to separately estimate the
inductances and capacitances. As shown in Fig. 8, the radius of
the cascaded signal lines, though of different sizes, are all sy-
mmetrical with the outside shield. The current division factors
of the two cascade two parts are balanced. They are: i, = hy =
1/2 and hp = hs = hi = hi = 1/3. Therefore, there are no
cross-mode S-parameters in the extended mixed-mode §-pa-
rameters of the shielded cable.

By using the simulated inductances and capacitances, the
extended mixed-mode S-parameters of the shielded cable were
first estimated by following the above processes. The extended
mixed-mode §-parameters can also be simulated by 3D EM
software (CST Microwave Studio) in the frequency range of 1
GHz to 10 GHz.

Based on the mode analysis of four-conductor lines, the
simulation schematics of each mode §-parameters, composing
the extended mixed-mode S-parameters, are shown in Fig. 9.
Note that because there are no cross-mode S-parameters, each
mode S-parameters are independent and can be simulated

[, =60cm

l, =40cm

Shield

Shield
Dimension (unit —rnm): n=r=r=05 r=r=r,=038
. —_2 - —
Vaicteeric =22 Tonield = 32

Fig. 8. Shielded cable with balanced current division factors.
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Fig. 9. Simulation schematics of self-mode S-parameters. (a) DM1, (b) 60 2 4 6 “"Elmulatlonw
DM2, and (c) CM. Frequency (Hz) <107

separately. The simulated and estimated extended mixed-mode
S-parameters are compared in Fig. 10.

Fig. 10 shows a good consistency between the estimated and
simulated results, which verified the validity of the proposed
extended mixed-mode S-parameters. Moreover, as shown in
Fig. 10, the S-parameters of DM1 are the same as the §-
parameters of DM2. That is due to the symmetrical signal lines

Fig. 10. The comparison of simulated and estimated extended mixed-
mode S-parameters for the shielded cable in Fig. 8.

of the shielded cable. For the symmetrical four-conductor lines,
the characteristic impedances of DM1 and DM2 in Eq. (3)
have a relationship that: Z.4, = (4/3)Zcq1. And the mode
port reference impedances in Eq.(8) have the same relationship,
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-100
Frequency (Hz) x 10°
Fig. 11. The comparison of standard S-parameters for the shielded

cable in Fig. 8.

Shield
Dimension (unit —mm): 7 = 0.5,
r=1,=1,=08, 1 =3, Tyew =32

Fig. 12. Shielded cable with imbalanced current division factors.

dielectric

ie., Zogz = (4/3)Zyq4,1. Besides, the standard S-parameters of
the shielded cable were also simulated by the Microwave Studio
and were also estimated by the simplified conversion equation in
Eq. (21). The good match shown in Fig. 11 confirmed the
validity of the mode conversions between the extended mixed-
mode S-parameters and the standard S-parameters.
Furthermore, a shielded cable with imbalanced current di-
vision factors was also analyzed. As shown in Fig. 12, the signal
lines in the second part of the shielded cable are still sy-
mmetrical, but the signal lines in the first part change to
asymmetrical. With the simulated inductances and capacitances,
the current division factors of the first part become: /4,4 = 0.2838,
ho = 0.182 and A,z = 0.3156. Therefore, the cross-mode S-
parameters were induced due to the imbalanced current division
factors. It is worth noting that the self-mode S-parameters of
the imbalanced shielded cable cannot be simulated by the
schematics in Fig. 9. That is because the self-mode S-pa-
rameters are not independent of each other, due to the existence
of the cross-mode S-parameters. Therefore, only the estimated
extended mixed-mode S-parameters of the shielded cable are
just shown in Fig. 13. Unlike the self-mode S-parameters of the
balanced shielded cable in Fig. 10, the self-mode §-parameters
shown in Fig. 12(a) are completely different due to the
asymmetrical parts in the shielded cable. And, as shown in
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Fig. 13. The estimated extended mixed-mode §-parameters for the
imbalanced shielded cable in Fig. 12. (a) The self-mode §-
parameters and (b) the cross-mode S-parameters.
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Fig. 14. The estimated and simulated standard S-parameters of shi-
elded cables in Fig. 12.

Fig. 12(b), the mode conversion occurring between DM1 and
CM is the lowest. Finally, the standard S-parameters of the
imbalanced shielded cable were estimated and compared with
the simulated results in Fig. 14. The completely identical results,
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once again, confirmed the effectiveness of the proposed ex-
tended mixed-mode S-parameters and the mode conversion for
the cascaded four-conductor lines.

V. CONCLUSION

This paper proposed the novel extended mixed-mode S§-
parameters of cascaded four-conductor lines, based on the in-
dependent mode analysis of the general four-conductor lines
with current division factors. Compared to the extended mixed-
mode S-parameters of four-conductor lines, the cross-mode §-
parameters are generated by the different current division factors
of the cascaded two four-conductor lines. In addition, two new
conversion matrices, containing the different current division
factors, were also proposed in this paper. The validity of the
extended mixed-mode S-parameters and the conversion ma-
trices was verified by a comparison of the estimated and simu-

lated results of a balanced shielded cable and an imbalanced
shielded cable.
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