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Abstract — Based on the theory of multi-conductor
transmission lines (MTL), this paper proposes a new
method for predicting and suppressing crosstalk of
twisted-wire pair (TWP). The per unit length (p.u.l)
RLCG parameters change caused by the inconsistent
cross-sectional shape of TWP, changes in parameters
make it difficult to solve the telegraph equation. In this
paper, the method of transmission lines cascade is
used. TWP is divided into several segments, and p.u.l
parameters of each segment are predicted. Compared
with before method, we propose a higher precision
algorithm—~beetle swarm optimization (BSO) to optimize
the weights of back-propagation (BP) neural network,
which predict p.u.l parameters at each segment. On this
basis, it is divided into two steps: 1) Use MTL frequency
domain method combined with lines’ terminal conditions
to solve crosstalk and compare with CST simulation
results; 2) Use the singular value decomposition (SVD)
method to add matrix modules at both ends of lines for
suppressing crosstalk. The results show that proposed
method in this paper is consistent with the simulation,
and the accuracy is higher than before.

Index Terms — Beetle swarm optimization, crosstalk,
multi-conductor transmission lines, singular value
decomposition.

I. INTRODUCTION

As people's requirements for electronic equipment
increase, the circuit system gradually becomes smaller
and more compact. The increase of the operating
frequency has caused various electromagnetic interference
(EMI) problems. Today, the effects of crosstalk between
TWP cannot be ignored [1-3], then influence the signal
integrity (SI). Unintentional coupling of energy between
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electro-magnetic fields will cause crosstalk in the line, in
other words, the energy in the signal line is coupled to
other lines. This part of the energy is useless [4]. The
traditional MTL usually refers to a group of n-parallel
conductor transmission line structures that propagate
electrical signals in two or more fixed points. The
crosstalk value can be achieved by directly solving the
telegraph equation. However, the cross-section position
in TWP is random and unknown, which brings different
p.ul RLCG parameters, so it is difficult to predict
crosstalk directly by the traditional method [5,6].

In the past thirty years of research on crosstalk,
many scholars have proposed a variety of TWP crosstalk
prediction methods. Cannas proposed to treat non-
uniformly TWP as cascade of several uniformly cross
sections, and use BP neural network to make prediction
[7]. In [8], Dai proposed to use the random displacement
spline interpolation [9] (RDSI) to generate a set of non-
uniformly TWP to provide training samples, and then
use the trained BP to predict the crosstalk, but ordinary
BP neural network have large errors, and its prediction
range is narrow. In [10], the ANSI parameter matrix was
proposed to predict the near-end crosstalk of unshielded
TWP.

Based on the theory of MTL [11], some novel
methods for suppressing crosstalk have been proposed.
The proper feeding and matching modules at the line
ends method was proposed in [12]. Increasing the effects
of the capacitive coupling to cancel that of the inductive
coupling along two parallel lines for reducing far end
crosstalk is reported in [13]. By adding coefficient
matrices at both ends of line, the unitization of
transmission matrix is realized to suppress crosstalk have
also been discussed [14]. However, these suppression
methods are mainly aimed at parallel transmission lines,
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and there is little research on TWP.

In fact, when the TWP is segmented, each fixed
section position will correspond to a defined p.u.l matrix.
This paper uses the cascade method [15] with BSO-BP
algorithm, which has strong nonlinear mapping ability
and is suitable for crosstalk prediction and suppression.

This paper is organized as follows. In Section I,
MTL's distributed parameter circuit diagram and chain
parameter theory will be given, the transmission lines
model will be established. Besides, the process of BSO
algorithm is introduced, the prediction errors of BSO,
beetle antennae search (BAS) [16] and BP are compared
in Section Ill. In Section 1V, MTL frequency domain
method will be used to solve the telegraph equation
and be compared with the CST simulation results; the
SVD method will be used to suppress crosstalk, and
comparison figure before and after crosstalk suppression
is given with PSPICE software. Conclusions are
eventually drawn in Section V.

Il. EQUIVALENT CIRCUIT AND CHAIN
PARAMETER

A. Equivalent circuit

In MTL theory, the telegraph equation regards the
transmission lines as having a distributed parameter
structure along the axis. The micro-element conduction
model of per unit length MTL is shown in Fig. 1. rj,
lij, cij and g represent the elements in resistance R,
inductance L, capacitance C, and conductance G
parameter matrices, where: i, j=1,2,...,n
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Fig. 1. The equivalent circuit model of micro-element.

The satisfied telegraph equations are expressed as:

6\’(2 YR t)+L(z)aI(Z Ly (1)
8'gzz't) +GV(2,1)+C(z )aV(Z Do, @

where, V(z,t) and I(z,t) are voltage and current vectors at
different positions and times on the transmission line.
R(2), L(2), C(2), and G(z) are variables about the position
z of transmission line, both of which are n-dimensional
symmetric matrices.

B. Chain parameter
In this section, the transmission line will be regarded
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as a 2n port, and we generally care about the voltage and
current at both ends of transmission line. First of all,
convert equations (1) and (2) into frequency domain
form:

i\?(z) =-Zi(z) 3
dz
%i(z) =-YV(2), 4

where Z=R+joL and Y=G+ joC. Next the
characteristic impedance matrix Z_ of line is needed:

TYZT, =92, (5)
Z,=ZTy 1, (6)
Y. =2¢. @)

From [17], the relationship between the voltage
and current at both ends of transmission line can be
expressed by the chain parameter matrix:

Vip)| . [V(0)
[iw)}@(‘”{i(oj

:ﬁnm by, (@H\?(o)l | ®
D, (@) Dyy(e) || 1(0)
Where the sub-matrix can be defined as follows:
b, (p)=cosh(Z¥ ). )
by, ()= Zcsinh(V Y 2g). (10)
@, (p)=—Y,sinh W2¥e). (11)
b, (¢p)=cosh(\YZg) (12)

When the signal source amplitude is 1V, near-end
crosstalk (NEXT) and far-end crosstalk (FEXT) are
expressed as follows, i is the victim line number:

NEXT, = 20*log,, (V;(0)) . (13)

FEXT, =20*log,, (V, (¢)) - (14

111. BSO ALGORITHM

A. Modeling of TWP and single line

In this paper, the TWP and single line model in [18]
are selected to verify the effectiveness of proposed
method.

@® 1m (TWP: 25 twists)

Fig. 2. Line configuration of a single line and TWP.

The model is shown in Fig. 2. Lines have a total
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diameter d = 1.7 mm and a 0.11-mm thick PVC coating
(relative permittivity of 2.7). The separation between
the single line and the center of the TWP is s = 2.55 mm,
so three lines are touching when they are lined up
horizontally, and they lie at a height h = 5 cm above a
perfect ground plane. Lines’ length I= 1 m and TWP has
N = 25 full twists (a lay length = 40 mm). Load at both
ends of the transmission line: Zs=Z,=50Q. The extracted
p.u.l RLCG parameters and crosstalk are all based on this
model.

B. BSO process introduction

Based on our previous research [19-21], we found
that the optimization effect of BAS algorithm for high-
dimensional data is not ideal, and its iterative results
are greatly affected by initial position of the beetle.
Therefore, inspired by the particle swarm algorithm, we
have made improvements to the BAS algorithm based on
expanded a single beetle into beetle group, which is the
beetle swarm optimization (BSO) algorithm.

In this algorithm, each beetle represents a potential
optimization solution. Similar to the particle swarm
algorithm, beetles can share information with each other.
However, the specific moving distance and direction of
each beetle depends on the odor intensity it senses, which
is the fitness function.

In this paper, we use BSO algorithm to optimize the
weights of BP neural network. And on this basis, predict
the p.u.l parameters at each segment position of TWP.
The schematic diagram is shown in Fig. 3.

nitialize the position
and speed of each beetle
Calculate initial fitness

|

|

|

|

Calculate the left I

r— and right antennae |
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Fig. 3. BSO algorithm to optimize BP weights.

The number of hidden layers ny is an empirical value
determined by the number of input layers and output
layers, which can be as follows:

n, = (inputlayer + outputlayer)“2 +a, (15)

where a is the empirical constant between [1,10]. The
hidden layer uses the sigmoid function f(x), and output
layer uses the linear function g(x). They are as follows:

1
f(x)=
(X)=rro (16)
9(x)=x. (17)
Then, the output of neural network is:
Y= (18)
DT L%

For M sets of training samples, the mean square
error E between the neural network output value y; and

the actual value vy, is:

M N 1/2
Z(y] - yj )2
E=| 22— | . 19
v (19)
Next, the specific steps of BSO algorithm to optimize
weights w;; and w; will be introduced. Here, the position
of each beetle is the BP weight, and the fitness function
is the BP neural network error E.
Step 1. Generate a group of n beetles:
B =(B,,B,,:--B,) inan S-dimensional search space, where

the i th beetle represents a vector: B, =(b,,b,,---bs),
this represents a potential solution to the optimization
problem. The speed of the i th is expressed as:
V, =(V,,,V,,,-+V,g) . In order to improve the calculation
speed, we have stipulated the threshold range for the
individual and the whole beetle: U, = (U,;,U,,,---U;s)
and U, =(U,,,U,,--Ug).

Step 2: Give the iterative formula of beetle position
B and speed V<™.

By =B + AV, +(1-2)S (20)
where s=1,2,...S; i=1,2,...n; k is the current number of
iterations. o is increase in beetle position movement. A
is a constant.

Vi = oV +on(Ug - By +c,n(Ug —Bg), (21)
where @ is inertia weight, c1, c2 are constants, r1 and rz

are two random functions in the range [0,1].
Step 3: Give the distance and direction of the beetle.

8, = *V *sign(f (B) - f (By)). (22)

In this step, & is step size. The search functions of

the left and right antennae of beetle are respectively
expressed as:

B =BX +V) *d/2, (23)

Bit =B -V *d/2, (24)

d represents the distance between two antennae. After

the iterative loop is over, return a minimum error value,
and the corresponding beetle position, that is, the weights.
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C. Error comparison
In this section, we use ANSY'S software to extract a
set of p.u.l parameters at fixed rotation degrees (0: 5: 175
degrees) as training samples first. Secondly, rotation
degrees ¢, are used as the neural network input, and
p.u.l RLCG parameters is combined into one column as
the output O.
O =[tri(R), tri(L), tri(C), tri(G)]" - (25)
Then use BP neural network optimized by BSO

and BAS to predict p.u.l. RLCG parameters. In Fig. 4,
iterative fitness (error) of BSO and BAS are compared.

3 T T T T T ; T 0.06

-10.05

BSO-Fitness
BAS-Fitness

I ! L L I L L L L “o.04
0 10 20 30 40 50 60 70 80 90 100

Iteration

28

Fig. 4. BSO and BAS iteration error comparison.

It can be inferred from Fig. 4 that compared to BAS,
the group optimization method used by BSO reduces the
iteration error by 187.5 times, and it is almost unaffected
by the initial position of beetle. We use trained neural
network to predict the original training samples again
and compare two samples’ error. Taking L parameter
matrix elements li; as example, the relative prediction
error under three algorithms of BSO-BP, BAS-BP and
BP are given.

ACES JOURNAL, Vol. 36, No. 4, April 2021

Parameter —

Fig. 5. BSO-BP, BAS-BP and BP prediction error
comparison (a) BSO-BP, (b) BAS-BP, and (c) BP.

It can be seen from Fig. 5 that compared with the
previous BAS and BP algorithms, the prediction accuracy
of BSO for parameters has been improved by more than
20 times.

IV. CROSSTALK PREDICTION AND
SUPPRESSION VERIFICATION

A. MTL frequency domain method to solve crosstalk

After the p.u.l parameters at each segment have been

obtained, the MTL frequency domain method combined

with terminal conditions is used to solve crosstalk. In

the Section I, we have derived the chain parameter

expression of transmission line. Then crosstalk solutions
based on the terminal condition are given.

From equation (8):
[q)lz _q)uzs - ZLq)zz + ZLq)leS]I (0)

= [ZLd)Zl _d)11]\7$ ’ (26)

I (‘/’) =0, 7 +[@,, -0, Z]l (0) ) (27)

where Z, and Z, are termination load matrix. V is the

power supply.
Combined with terminal conditions:

V(0) =V, -Z1(0), (28)
V(p)=2,i(p). (29)
The 2n terminal voltages V/(0) and V(gp) can be

obtained from equations (26-29).

Next, compare crosstalk obtained based on the three
parameter prediction methods with the CST simulation
software results, as shown in Fig. 5. The frequency range
of crosstalk result is 5MHz ~ 1GHz.

In Fig. 6, the optimized algorithm can maintain
good consistency with the results in CST. And compared
with BAS, it is obvious that BSO has better fit and high
accuracy. Next, we provide the relative error of predicting
crosstalk in three methods under sub-frequency band and
sub-port in Table 1.

Among them, the highest error is BP, and the
lowest is BSO-BP, which also reflects the necessity of
optimization algorithm. The FEXT prediction accuracy
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is better than NEXT. In the sub-frequency bands:
prediction accuracy for low frequency band is the highest,
and the accuracy is the lowest in the mid frequency band
due to large number of resonance points.
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Fig. 6. Comparison of crosstalk under three parameter
prediction algorithms (a) NEXT and (b) FEXT.

FEXT[dBV]

Table 1: Average error (%) of crosstalk prediction (N:
NEXT; F: FEXT)

Frequency

(MH2) 5~100 100~500 500~1000
N F N F N F

BSO-BP | 2.32 | 2.23 |19.19|15.76 | 21.94 | 8.35
BAS-BP | 5.71 | 5.47 |40.00|35.65|43.45|21.44
BP 13.53|13.72|92.75|88.93 | 95.31 | 67.96

B. SVD method to suppress crosstalk

Based on equations (8-12), we can obtain the
relationship between the far-end and near-end voltages
of the transmission line, defined as P:

V(p)=PV(0)
=[D,,(9) + D (P)( D1, () - Z, P (0))
(D1 (9) = Z, D (P)IV(0) - (30)
The non-diagonal elements in the matrix P
correspond to crosstalk. If the matrix P is transformed

into a unit matrix, the crosstalk is suppressed. We
can use singular value decomposition (SVD) in matrix

theory to achieve this goal. For the P matrix, since it is a
full rank (nxn) matrix, there are unitary matrices G and
F exist, such that:

G"PF =B, (31)
where B is the diagonal matrix, o is the singular value
of P, and then:

P =GBF", (32)
G"PFB™=E,. (33)
From (32), it can be seen that the transmission
matrix P become an identity matrix, which needs to
undergo three signal transformations:
1) The first signal transformation occurs at the
input of the transmission line: B,
2) The second signal transformation occurs after
the first transformation: F.
3) The third signal transformation occurs at the
output of the transmission line: G"'.
We define:
P,=FB™, (34)
P, =G". (35)
In other words, the crosstalk can be suppressed by
implementing two matrix operations at the transmission
line ends. The crosstalk suppression circuit P, on the
source end is shown in Fig. 7, and the load end P, is also
the same implementation circuit.

Fig. 7. Crosstalk suppression circuit.

We select operational amplifiers as the components
for matrix operation, and negative feedback circuits
formed by operational amplifier can meet requirements.
Then, simulations are performed before and after crosstalk
suppression in PSPICE. Because at high frequencies,
oL >>R and oC >> G, therefore in this part: R=G=0.

Due to the unidirectional conductivity of the
operational amplifier, NEXT will not exist. Next, we
give the FEXT suppression effect under 100MHz
sinusoidal signal.

It can be seen from Fig. 8 that suppress crosstalk
method proposed in this paper is effective, and its effect
partly depends on the accuracy of circuit components.
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Fig. 8. FEXT suppression effect comparison.

V. CONCLUSION

In this paper, a new algorithm for predicting the p.u.l
RLCG parameters of TWP is proposed: beetle swarm
optimization. Based on the transmission lines cascade
theory, the TWP is divided into several segments, each
segment is regarded as a parallel transmission line, and
crosstalk is solved and suppressed through the p.u.l
parameter.

In this paper, the newly proposed BSO algorithm is
compared with the previous BAS and BP algorithms,
which proves that BSO has smaller iteration errors and
better convergence, so that the accuracy of parameter
prediction is higher.

The verification in Section IV is divided into two
parts, namely solving and suppressing crosstalk. In the
first part, using the MTL frequency domain analysis
method to solve crosstalk is given, and three prediction
methods are compared with the CST results to prove
the improvement of BSO; the second part uses the
SVD method to add auxiliary circuit at both ends of
the transmission line, which composed of operational
amplifiers. Its purpose is to turn the transmission matrix
into a unit matrix. Finally, the comparison figure before
and after crosstalk suppression is given with the PSPICE
software.
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