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ABSTRACT: Aiming at the crosstalk problem between multiple coupled transmission lines in high-speed interconnection, a crosstalk
cancellation method based on the inverse matrix of the Coupled Transmission Lines-Transfer Function Matrix (CTL-TFM) is proposed.
The method first constructs the transfer function matrix of multiple coupled microstrip lines, and then designs the corresponding circuit
for the inverse matrix of the transfer function matrix at the output ports. This ensures that the transfer function matrix of the entire system
is reduced to a unit matrix, effectively reducing the crosstalk between transmission lines. Simulation results show that the quality of the
signal eye diagrams at the outputs of all three coupled microstrip lines is significantly improved after using this method, and the crosstalk
amplitude and jitter are substantially reduced.

1. INTRODUCTION

With the rapid development of the internet and informa-
tion technology, integrated circuit technology has con-

tinuously advanced, and electronic devices are evolving to-
ward lower power consumption, higher speeds, and miniatur-
ization [1]. As the distances between traces on circuit boards
become shorter and the rise times of digital signals become
faster, the interference between traces is becoming more se-
vere. To meet the market demand for high-performance elec-
tronic products and solve the crosstalk problem, ensuring that
signals are not disturbed during transmission on circuit boards
has become a key challenge in integrated circuit design.
Crosstalk is one of the four types of signal integrity issues.

In high-speed interconnection systems, transmission lines ex-
perience not only electric field coupling but also magnetic field
coupling. Under the combined effects of both types of coupling,
crosstalk occurs [2]. Microstrip lines, due to their simple man-
ufacturing process, cost-effectiveness, and ability to seamlessly
integrate with other planar circuits, are widely used in wireless
and microwave circuits, including filters, resonators, and phase
shifters for various microwave integrated circuits [3]. Further-
more, microstrip lines have excellent impedance control capa-
bilities and faster transmission speeds but are highly susceptible
to crosstalk. In recent years, researchers have tried various ap-
proaches to reduce crosstalk. Changing the routing structure of
microstrip lines can reduce crosstalk, designing patterns such
as serpentine or spiral routing, but these methods are limited
by layout space [4–7]. Circuit boards can also be analyzed in
terms of changing the boardmaterial to reduce crosstalk by cov-
ering the microstrip lines with a specific material. However,
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the use of additional overlay materials and processes increases
the cost and can be more complex to manufacture [8, 9]. A
crosstalk cancellation circuit is designed at the output of the
microstrip line, but its overall effectiveness is limited when be-
ing used for crosstalk cancellation between more transmission
lines [10]. In [11–13], crosstalk cancellation problem has been
explored from the point of view of coding or channel compen-
sation. These methods effectively reduce crosstalk but require
introducing circuits at both ends of the system, increasing its
complexity.
In addition, crosstalk cancellation can be approached from

the perspective of signal processing. By modeling the chan-
nels of coupled transmission lines and then processing the chan-
nel transfer matrix, crosstalk cancellation can be achieved.
Ref. [14] processes the channel transfer matrix of coupled
transmission lines using eigenvalue decomposition, construct-
ing a crosstalk cancellation circuit using two unitary matrices
and a diagonal matrix, effectively achieving crosstalk cancella-
tion for multiple microstrip transmission lines. However, this
method requires circuit construction at both the input and out-
put ends of the transmission lines, which increases complexity.
Ref. [15] constructs a channel transfer matrix model for cou-
pled microstrip lines and directly solves the inverse matrix of
this matrix. It only requires signal processing at the output,
achieving crosstalk cancellation, but this study was limited to
modeling and simulation of two coupled microstrip lines. As
the number of transmission lines increases, using the inverse
matrix of the channel transfer matrix for crosstalk cancellation
becomesmore challenging, because the elements in the channel
transfer matrix inverse matrix are frequency-dependent, com-
plicating the solution process and making circuit implementa-
tion difficult.
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This paper addresses the crosstalk problem between multi-
ple coupled microstrip lines. Based on the channel transfer ma-
trix, the Coupled Transmission Lines Transfer Function Matrix
(CTL-TFM) is optimized and constructed. The inverse matrix
of the transfer function matrix for three coupled transmission
lines is then solved. Based on the mathematical expression of
the inverse matrix, a corresponding circuit is designed. The
simulation results demonstrate that the proposedmethod can ef-
fectively reduce both crosstalk amplitude and jitter among three
coupled microstrip lines. This work successfully extends the
inverse CTL-TFM-based crosstalk cancellation approach from
two-line to three-line systems, thereby completing the theoret-
ical framework for crosstalk cancellation. The results not only
provide new validation for the universality of this methodology
but also establish essential technical verification for its further
extension to systems with more transmission lines.

2. THEORETICAL ANALYSIS OF CROSSTALK CAN-
CELLATION
As shown in Figure 1, for parallel coupled microstrip transmis-
sion lines, when high-speed signals are transmitted, the cou-
pling between transmission lines can be viewed as a distributed
parameter network composed of many small inductors and ca-
pacitors. When a signal changes on the attacking line, the volt-
age change across the mutual capacitance causes a current to
flow through it, generating voltage noise on the victim line.
This is capacitive coupling; when current flows through the at-
tacking line, it generates a changing magnetic field around it,
inducing voltage noise on the victim line through mutual induc-
tance. The combination of capacitive and inductive coupling
results in crosstalk.

FIGURE 1. Circuit model of two parallel coupled lossless transmission
lines.

Based on the theory of crosstalk, for the three parallel cou-
pled microstrip lines shown in Figure 2, the corresponding
transfer function matrix can be constructed. In the three cou-
pled microstrip lines, when an excitation signal is input at
port 1, due to electromagnetic coupling between transmission
lines, far-end crosstalk will occur at ports 5 and 6. When the
excitation signal is input at port 2, far-end crosstalk will occur
at ports 4 and 6. When the excitation signal is input at port 3,
far-end crosstalk will occur at ports 4 and 5. Therefore, the cor-
responding transfer function matrix model for the three coupled
microstrip lines can be established as shown in Figure 3.

FIGURE 2. Model of three parallel coupled microstrip lines.

FIGURE 3. Transfer function matrix model for three parallel coupled
microstrip lines.

The signal on the transmission line is transmitted in the same
direction, with the input signal represented in the frequency
domain, denoted as x = (x1, x2, x3)

T ; the output signal is
denoted as y = (y1, y2, y3)

T ; and the transfer function be-
tween the jth output port and the ith input port is denoted as
Gij(ω)(1 ≤ i ≤ 3, 1 ≤ j ≤ 3) ̸= 0. Due to the electro-
magnetic coupling between transmission lines, which causes
crosstalk, this can be written in matrix form as Equation (1),
defining it as CTL-TFM.

G(ω) =

 G11(ω) G12(ω) G13(ω)

G21(ω) G22(ω) G23(ω)

G31(ω) G32(ω) G33(ω)

 (1)

Thus, the output-input relationship of the signal on the cou-
pled microstrip lines can be expressed as:

y = G (ω) x (2)

Clearly, the crosstalk information is concentrated in the
transfer function matrix, and how to process this matrix deter-
mines the effectiveness of crosstalk cancellation. Since 75% of
crosstalk in coupled microstrip lines originates from adjacent
lines when the line width equals the line spacing, Equation (1)
can be simplified by considering only the crosstalk between ad-
jacent lines. The simplified transfer functionmatrix is given by:

G (ω) =

 G11 (ω) G12 (ω) 0

G21 (ω) G22 (ω) G23 (ω)

0 G32 (ω) G33 (ω)

 (3)

From the reciprocity of crosstalk: Gij(ω) =
Gji(ω) (1 ≤ i ≤ 3, 1 ≤ j ≤ 3, i ̸= j), and considering
that the parameters of the transmission lines are approximately
the same, Equation (3) can be further simplified to:

G(ω) =

 g(ω) c(ω) 0

c(ω) g(ω) c(ω)

0 c(ω) g(ω)

 (4)
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(a) (b) (c)

(d) (e)

FIGURE 4. Circuit design corresponding to the inverse matrix elements of CTL-TFM. (a) The circuit design corresponding toM1(ω). (b) The circuit
design corresponding to M2(ω). (c) The circuit design corresponding to M3(ω). (d) The circuit design corresponding to M4(ω). (e) The circuit
design corresponding toM5(ω).

where g(ω) represents the transfer function on an individual
microstrip line, and c(ω) is the far-end crosstalk transfer func-
tion between adjacent microstrip lines. Further, since c(ω) =
−jωτg(ω) [16] (τ is the crosstalk coupling coefficient), Equa-
tion (4) becomes:

G(ω) = g(ω)

 1 −jωτ 0

−jωτ 1 −jωτ
0 −jωτ 1

 (5)

Let G(ω) = g(ω)M(ω). Theoretically, if matrix M(ω) is a
unit matrix, the crosstalk between the coupled microstrip lines
will be eliminated. The most direct way to achieve this is to
multiply its inverse matrix,M(ω)M(ω)−1 = I . Based on this
idea, the solution can be expressed as Equation (6):

M (ω)
−1

=
1

1 + 2ω2τ2

 1 + ω2τ2 jωτ −ω2τ2

jωτ 1 jωτ
−ω2τ2 jωτ 1 + ω2τ2

 (6)

By constructing the corresponding circuit at the output of the
three microstrip lines according to the form of Equation (6),
the input signal passes through the three coupled transmission
lines and then through the inverse matrix circuit. This enables
crosstalk-free transmission or minimization of crosstalk at the
output.

3. CIRCUIT DESIGN FOR THE INVERSE MATRIX OF
THE TRANSFER FUNCTION MATRIX
Based on the formulation of Equation (6), this section devel-
ops the corresponding circuit implementation. Accounting for
design realizability and complexity constraints, we decompose
Equation (6) mathematically, leading to the realizable form pre-
sented in Equation (7).

M (ω)
−1

=
1(

1 +
√
2jωτ

)2
 1 + ω2τ2 jωτ −ω2τ2

jωτ 1 jωτ
−ω2τ2 jωτ 1 + ω2τ2



· 1 +
√
2jωτ

1−
√
2jωτ

(7)

In Equation (7), the term 1 +
√
2jωτ/1 −

√
2jωτ corre-

sponding to each element is designed separately, denoted as
M5(ω). The inverse matrix consists of four types of elements
M1(ω), M2(ω), M3(ω), M4(ω), each of which needs to be
designed into its corresponding circuit. For convenience, each
element is further decomposed, as shown in Equations (8)–(11):

M1 (ω) =
1(

1 +
√
2jωτ

)2 =
1

1 +
√
2jωτ

× 1

1 +
√
2jωτ

(8)

M2 (ω) =
−ω2τ2(

1 +
√
2jωτ

)2 =
jωτ

1 +
√
2jωτ

× jωτ
1 +

√
2jωτ

(9)

M3 (ω) =
jωτ(

1 +
√
2jωτ

)2 =
jωτ

1 +
√
2jωτ

× 1

1+
√
2jωτ

(10)

M4 (ω) =
1 + ω2τ2(

1 +
√
2jωτ

)2 =

(
1

1 +
√
2jωτ

+
jωτ

1 +
√
2jωτ

)

×
(

1

1 +
√
2jωτ

− jωτ
1 +

√
2jωτ

)
(11)

where 1/1 +
√
2jωτ can be implemented using a first-order

RC integrator circuit. Therefore, two first-order RC integra-
tor circuits are used for M1(ω); jωτ/1 +

√
2jωτ can be im-

plemented using a first-order RC differentiator circuit, so two
first-order RC differentiator circuits are used forM2(ω). Simi-
larly,M3(ω) is implemented for the first-order RC integral cir-
cuit and first-order RC differential circuit. Specifically, four
first-order RC circuits are used forM4(ω). The specific circuit
designs for each element are shown in Figures 4(a), 4(b), 4(c),
and 4(d). The circuit design equivalent to 1+

√
2jωτ/1−

√
2jωτ

in Equation (7) is shown in Figure 4(e), where the specific val-
ues of R, C, L are determined according to the value of τ .
Thus, according to Equations (5) and (7), it can be known

that the total system transfer function matrix composed of three
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FIGURE 5. Crosstalk cancellation method based on the inverse matrix of CTL-TFM.

FIGURE 6. Side view of three parallel coupled microstrip line structures.

coupled microstrip lines and the inverse matrix circuit is:

Q (ω) = G (ω)M (ω)
−1

=
g (ω)(

1 +
√
2jωτ

)2
 1 −jωτ 0

−jωτ 1 −jωτ
0 −jωτ 1


 1 + ω2τ2 jωτ −ω2τ2

jωτ 1 jωτ
−ω2τ2 jωτ 1 + ω2τ2


1 +

√
2jωτ

1−
√
2jωτ

= g (ω)

 1 0 0

0 1 0

0 0 1

 (12)

Equation (12) indicates that if the inverse matrix circuit is
placed at the output end of the coupled transmission line, then
the total system transfer function matrix achieves the predeter-
mined goal: Q(ω) = g(ω)I. Theoretically, crosstalk cancella-
tion is realized.
According to Equation (12), the crosstalk cancellation

scheme among three transmission lines based on the inverse
matrix of the transfer function matrix of the coupled trans-
mission line is constructed as shown in Figure 5. The circuit
modules M1, M2, M3, M4, M5 correspond to the circuits in
Figure 4, namelyM1(ω), M2(ω),M3(ω), M4(ω),M5(ω).

4. SIMULATION AND RESULT ANALYSIS
In this section, advanced design system software (ADS) is used
to simulate and verify the effectiveness of the proposedmethod.
The TLines-Microstrip module in ADS is used to create three
parallel microstrip transmission lines. As shown in Figure 6,

the microstrip line has a width of 1mm, a thickness of 70µm, a
line spacing of 1mm, a length of 10 cm, and a dielectric board
thickness of 0.56mm, with a relative permittivity εr = 4.6,
µr = 1. According to Figure 5, the CTL-TFM inverse matrix
circuit is constructed at the output ports of the coupled trans-
mission lines, with the values of R, C, L in the circuit are de-
termined by synthesizing them based on the value of τ . The
circuit is impedance-matched to 50Ω at each port.
A pseudo-random sequence with a rate of 5Gbit/s and a

length of 215-1 is fed into the input of three coupled microstrip
transmission lines. The amplitude of the signal is 1V; the rise
(fall) time is 20 ps; and the signal numbers are synchronized.
The quality of the signals at the outputs on the transmission
lines before and after using the proposed method is simulated.
The eye diagram of the signal at the output end can intuitively
reflect the jitter in time and the crosstalk in amplitude of the
signal, the simulation results of the eye diagram are shown in
Figure 7. After using the proposed method, the original closed
eye diagram opens up; the shape of the eye diagram is more
regular and clearer; the noise tolerance of the eye diagram is
significantly improved; and the jitter and distortion of the sig-
nal are effectively improved, which verifies the effectiveness
of the method.
In order to further verify the effectiveness of the proposed

method, the signal of the second transmission line (the interme-
diate transmission line) is delayed by half a codeword, while the
signals of the other two lines are kept at normal input, so as to
verify the effectiveness of the proposed method under the non-
synchronized signal. The other parameters set in the simulation
are the same as above, and the simulation results are shown in
Figure 8, which show that the proposed method is still effective
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(a)

(b)

(c)

FIGURE 7. Eye diagram comparison before and after crosstalk cancellation when excitation signals are synchronized. (a) First microstrip line
comparison. (b) Comparison of the second microstrip line (the middle microstrip line). (c) Third microstrip line comparison.

in suppressing crosstalk, and the crosstalk cancellation effect is
good.
The simulation results of the eye diagram show that the pro-

posed crosstalk cancellation method among three transmission
lines based on the inverse matrix of the transfer function matrix
works well under the input signal rate of 5Gbit/s. Crosstalk
cancellation is achieved by signal processing only once at the
output of the transmission line, which reduces the signal pro-
cessing at the input end of the transmission line, in the case

of not much difference in the effect of the crosstalk cancel-
lation method based on the decomposition of channel trans-
mission matrix. In terms of stability or reliability, the primary
processing of the inverse matrix method in this paper is better
than the secondary processing of the eigenvalue decomposition
method [14]. In addition, simulation has also verified that there
is no significant change in the eye diagramwhen the component
values in the inverse matrix circuit deviate within 5%.
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(a)

(b)

(c)

FIGURE 8. Comparison of eye diagrams before and after crosstalk cancellation when the excitation signal is not synchronized. (a) First microstrip
line comparison. (b) Comparison of the second microstrip line (the middle microstrip line). (c) Third microstrip line comparison.

5. CONCLUSION

This paper addresses the crosstalk problem between multiple
coupled microstrip lines. The transfer function matrix for three
coupled microstrip transmission lines is constructed. Based on
theoretical analysis, a crosstalk cancellation circuit is designed
using the inverse matrix of the coupled transmission line trans-
fer function matrix. By transforming the transfer function ma-
trix of overall system into a unit matrix, crosstalk cancellation
is achieved. This method only requires one signal processing
step at the output end to achieve crosstalk cancellation. The

effectiveness of the proposed method is verified through ADS
simulation. The method is successfully applied to a transition
from two transmission lines to three, providing new validation
for the universality of the crosstalk cancellation method based
on the inverse matrix of the coupled transmission line transfer
function matrix.
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