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Abstract 
High frequency signals on printed circuit board traces can couple to input/output (I/O) nets that 

carry the coupled energy away from the board and result in significant radiated emissions. A modeling 
technique is proposed to speed up the analysis of printed circuit boards (PCBs) with coupled microstrip 
lines that induce common-mode currents on attached cables. Based on the concept of imbalance 
difference, differential-mode sources are converted to equivalent common-mode sources that drive the 
attached cable and the PCB reference plane. A closed-form expression based on the imbalance 
difference model is developed to estimate the maximum radiated emissions due to I/O line coupling in 
PCBs.  

1. Introduction 
Crosstalk is a major concern for PCB designers. Coupling between signal lines can cause 

electromagnetic interference (EMI) issues as well as signal integrity (SI) problems. Crosstalk between 
signal traces and traces that connect to wires that bring signals or power onto the board (I/O lines) can 
be particularly troublesome.  Although crosstalk can be minimized by careful rooting of signal and I/O 
traces, there are times when a designer has no alternative but to allow some amount of crosstalk in 
their design. Calculating levels of crosstalk is particularly challenging when one of traces is an I/O 
trace, because the termination impedance of the trace may be unknown.  

One approach for analyzing the radiated emissions due to coupling between signal and I/O lines in a 
PCB is through simulation of the interconnect system using a 3D full-wave electromagnetic modeling 
(EM) simulator. Full-wave models can provide accurate solutions to well-defined problems, but they 
require significant computational resources and they cannot predict how small changes in the structure 
will affect the results without repeating the analysis with these changes made. Full-wave models are 
not practical option for providing fast estimates of worst-case radiated emissions during the initial 
design and routing processes. An alternative approach is to divide the entire I/O coupling problem into 
three essential components:  

1. Calculating the voltages coupled to the I/O line circuit;  
2. Modeling the wire/board structure as an antenna;  
3. Determining the maximum radiated emissions from this source/antenna structure.  

Extensive research has been devoted to developing fast and accurate techniques for crosstalk 
analysis [1]-[4], the first component of this problem. Less research has been done on the antenna 
model and the radiated emission estimation, but simple equations were derived by assuming the 
attached cable was an isotropic radiator in [5]. A maximum radiated field estimate based on a dipole 
antenna model was presented in [6]-[9]. In this model, a common-mode voltage source was applied 
between the cable and the PCB reference plane at the connector; but the input impedance of the 
antenna was required to determine the magnitude of the common-mode voltage. In the previous papers, 
either simulations [7]or measurements [8]were used to obtain the impedance of the antenna. In [9], a 
worst-case estimate of the antenna impedance, based on a resonant half-wave dipole, was used. This 
method did not require simulation or measurement of the input impedance of the antenna and provided 
a reasonable estimate of the worst-case radiated emissions. However, it did not calculate the field 
strength at frequencies between the resonances. Finally, the effects of eliminating the coupled lines and 
the dielectric layer from the antenna model were also unclear. An equivalent model which includes the 
I/O line and part of the dielectric layer was proposed in [10]. However, these details significantly 
increased the simulation time.  
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In Section 2, the Thevenin equivalent source coupled to the I/O circuit is determined. Section 3 
introduces a model for calculating the radiated emissions due to I/O coupling on PCBs that 
significantly reduces simulation times without sacrificing the accuracy of the results. The model is 
derived based on the concept of imbalance difference [11]-[15]. The differential-mode signals on the 
signal traces are converted to equivalent common-mode sources quantitatively using a parameter called 
the imbalance factor. In the imbalance difference model, the lines carrying differential signals on the 
PCB are replaced by equivalent common-mode sources. This model separates the radiation problem 
from the PCB coupling problem and provides a fast way to estimate the radiated fields from the PCB 
due to coupling between signal and I/O lines. In Section 4, a closed-form expression is developed 
based on the imbalance difference model to predict the maximum radiation from the PCB. The 
accuracy of the model and the closed-form expression are evaluated for various test geometries in 
Section 5.  

2. Thevenin Equivalent Coupling Source 
A schematic illustrating the coupling from a high-speed signal trace to an adjacent I/O line is shown 

in Fig. 1. The signal trace and the I/O line are routed next to each other over a wide ground plane. The 
traces are on the same layer without conducting planes between them. The signal trace is connected to 
a signal source at one end and terminated with a load at the other end. The I/O trace is terminated with 
a resistance at the near-end and a wire extending beyond the return plane at the far-end. The signal can 
be coupled to the I/O circuit by two coupling mechanisms: magnetic-field coupling or electric-field 
coupling. Magnetic-field (or inductive) coupling occurs when the magnetic field lines from the source 
circuit, pass through the loop formed by the I/O trace circuit and return plane. Schematically, magnetic 
coupling is represented by a mutual inductance (Lm) between the two loops. Similarly, a mutual 
capacitance (Cm) between the two traces is used to indicate that energy is coupled from the source 
circuit to the victim circuit through an electric field (i.e. capacitive coupling). 

 

Fig. 1. Schematic representation of signal coupling to an I/O line.  
In this paper, the analysis of this problem will be broken into three distinct stages:  

1. Developing the equivalent lumped-element circuit model for the two coupling mechanisms 
and determining the total voltage coupled to the victim circuit; 

2. Developing a relative simple imbalance difference model for the complex geometry;  
3. Analyzing the simplified model to determine either the actual or worst-case radiated 

emissions.  
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To calculate the crosstalk between the coupled lines, consider the equivalent circuit shown in Fig. 2. A 
source circuit consists of a source voltage (Vsignal) and a source impedance (ZS) which is connected to a 
load (ZL) via a signal trace. Two other terminations, denoted as ZNE and ZFE, are connected to an I/O 
trace. The circuit terminations are known and have variable values, with the exception of the far-end 
load of the I/O trace (ZFE), where the cable is attached. The equivalent impedance looking into the 
attached cable is actually the input impedance of an antenna which is driven by the induced voltage at 
the connector.  

 

Fig. 2. Equivalent circuit illustrating crosstalk. 
Two types of coupling induce noise in the victim circuit, i.e. the inductive coupling and the 

capacitive coupling. By assuming the lines are weakly coupled, the total coupling is a linear 
combination of contributions due to these two coupling mechanisms [3]. In Fig. 3, the I/O trace and 
return plane is represented as a transmission line of length l. One end of the transmission line is 
connected to a voltage source (Vind) which represents the induced EMF due to inductive coupling. 

 

Fig. 3. The magnetic coupling model of the victim circuit. 
By assuming the signal trace is electrically short, the induced voltage due to inductive coupling is 

given by 
1ˆ ˆ

ind m Signal
S L

V j L V
Z Z

ω= −
+

 (1) 

where Lm  is the mutual inductance between the signal trace circuit and the I/O trace circuit.  
In Fig. 4, an independent current source (Icap) represents the induced current due to capacitive 

coupling. 
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Fig. 4. The capacitive coupling model of the victim circuit. 
The induced current source amplitude is 

ˆ ˆL
cap m Signal

S L

ZI j C V
Z Z

ω=
+

 (2) 

where Cm  is the mutual capacitance between the signal trace circuit and the I/O trace circuit.  
The total voltage induced in the victim circuit is the linear superposition of the two equivalent 

coupling sources, 
ˆ ˆ ˆ

1 ˆ

total ind cap

NE L
m m Signal

S L S L

V V V

Z Zj L C V
Z Z Z Z

ω

= +

 
= − + + + 

. (3) 

At low frequencies, the I/O trace can be approximated as lossless transmission line and the voltage 
at the connector is readily calculated from transmission line theory [16]. As shown in Fig. 5(a), the I/O 
line structure in Fig. 1 is represented as a transmission line of length l connected on one end to a source 
circuit and on the other end to a load (ZFE). The circuit in Fig. 5(b) is the Thevenin equivalent of the 
circuit in Fig. 5(a).  

 

Fig. 5. Equivalent circuits for the I/O line structure, (a) transmission line circuit, (b) Thevenin 
equivalent circuit. 

The Thevenin equivalent source driving ZFE consists of an equivalent voltage source (Veq) and 
equivalent impedance (Zeq). The general solution for voltage on a lossless transmission line is 

0 0
ˆ ( ) j z j zV z V e V eβ β+ − −= + , (4) 

where 0V + and 0V − are the voltage amplitudes of the incident and reflected waves, respectively. The 
Thevenin voltage for the circuit in Fig. 5(a) is 

( ) ( )0 0 0
ˆ ˆ 0 1eq totalV V z V V V+ − += = = + = + Γ . (5) 

When calculating the open-circuit voltage, the reflection coefficient is one since the load side is 
open. Therefore, Eq. (5) becomes 
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0 0 0
ˆ 2eqV V V V+ − += + = . (6) 

where V0
+ is given by 

0

ˆ 1total in
j l j l

in NE

V ZV
Z Z e eβ β

+
−

  =    + +   .
 (7) 

Zin is the input impedance looking toward the open-circuit load and is given by  

0

tanin
ZZ

j lβ
= , (8) 

where Z0 is the characteristic impedance of the transmission line and β is the wave number. 
Combining Eq. (6) - (7), leads to the result 

0

0

ˆˆ 2
tan

total
eq j l j l

NE

Z VV
Z jZ l e eβ ββ −

  
=    + +   .

 (9) 

Replacing Vtotal with Eq. (3), the magnitude of êqV is 

0

0

ˆ 1ˆ
cos tan

Signal NE L
eq m m

NE S L S L

V Z Z ZV L C
l Z jZ l Z Z Z Z

ω ω
β β

= − +
+ + + .

 (10) 

The Thevenin equivalent impedance is  

0
0

0

tan
tan

NE
eq

NE

Z jZ lZ Z
Z jZ l

β
β

 +
=  +  .

 (11) 

The mutual inductance and capacitance in Eq. (10) can be calculated based on the concept of even-
mode and odd-mode capacitances of coupled microstrip lines on a printed circuit board [17]. 

3. The Imbalance Difference Model 
In Section II, the complex geometry in Fig. 1 was simplified by removing the signal trace circuit 

and applying the total induced voltage source to the victim circuit, as shown in Fig. 6(a). The 
development of the simplified circuit in Fig. 6(a) does not require any prior knowledge of the 
impedance at the cable end of the I/O circuit. In this section, the structure in Fig. 6(a) is further 
simplified using the imbalance difference theory first proposed by Watanabe [11]and further developed 
in [12]-[15]. According to this theory, the common-mode current on the cable in Fig. 6(a) is equivalent 
to the current on the cable in Fig. 6(b). In Fig. 6(b), the ground plane is driven against the cable by two 
common-mode sources. The amplitude of each common-mode source is the product of the differential-
mode voltage and the change in the imbalance factor that occurs at teach end of the I/O trace. Since the 
width of the trace is much smaller than that of the board, the change in the imbalance at the source end 
of the trace is very close to zero. Hence, the magnitude of the first common-mode source (VCM1) is 
close to zero. The change in the imbalance factor at the other end is very close to 1. Therefore, the 
magnitude of the second common-mode source (VCM2) is approximately equal to the differential-mode 
voltage (VFE) at the connector. With thee approximations, the equivalent model in Fig. 6(b) can be 
further simplified to Fig. 6(c) in which the board is driven by the differential-mode voltage at the load 
end of the I/O trace.  
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Fig. 6. The imbalance difference model for the I/O line structure, (a) full model (b) imbalance 
difference model (c) simplified imbalance difference model. 

From the circuit in Fig. 6(c), the voltage driving the cable depends on the value of the antenna 
impedance. The input impedance of the dipole-type antenna in Fig. 6(c) is a complex function of 
frequency that can only be determined by full-wave simulation or measurement. To avoid doing this, 
the equivalent model in Fig. 6(c) is replaced by the model in Fig. 7. In the new model, the Thevenin 
equivalent source in Fig. 5(b) is substituted for the common-mode source in Fig. 6(c). For cable 
current calculations, the simplified source in Fig. 7 is equivalent to the original circuit in Fig. 1 and 
does not require any assumptions about the antenna input impedance. 

 

Fig. 7. Imbalance difference model. 
In Fig. 7, both the I/O line and the dielectric layer were deleted from the model. While these play an 

important role in full-wave simulations of the entire structure, they are relatively unimportant after the 
amplitude of the common-mode source is determined. To achieve the highest degree of accuracy, they 
can be left in the model, but eliminating the I/O line and the dielectric layer from the equivalent model 
significantly reduces the simulation time while still yielding good results. 

4. Maximum Radiated Emission Estimation 
A full-wave analysis of the radiated emissions from the simplified model in Fig. 7 will yield 

virtually the same results as a full-wave analysis of the much more complex configuration in Fig. 1. 
However, very often for EMC problem analysis, it is much more useful to obtain the maximum 
emissions from the PCB with all possible cable lengths and orientations than it is to obtain the 
emission from one specific cable geometry. A closed-form formula was developed in [18]to estimate 
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the maximum radiated electric field from the antenna model in Fig. 7. This formula was enhanced in 
[19]to be more accurate over larger frequency ranges. When a board is driven by an ideal common-
mode source, VCM, the maximum electric field can be calculated as  

( )
0

max 0

0

220
sin 2

220
sin

peak
cable

peak
cable

cable

cI f
l

E cI f
lc

fl

 × × ≤




× × >       

 , (12) 

where lcable is the length of the attached cable, f is the frequency, and c0 is the propagation velocity in 
free space. Ipeak is the highest current that actually exists on the cable and is given by 

min

_ _

CM
peak

VI R
board factor cable factor

=

×

. (13) 

Rmin is the input resistance of a resonant quarter-wave monopole. Two factors were defined to account 
for the effect that the finite cable length and the small board size have on this minimum resistance 

( )sin 2 when 
_ 4

1.0, otherwise.

board boardl l
board factor

λπ λ ≤= 


, (14) 

( )sin 2 when 
_ 4

1.0, otherwise.

cable cablel l
cable factor

λπ λ ≤= 


, (15) 

and  

2 2
21

2board

L
Wl L WL

W

+
= × + , 

where L and W denote the board length and width. 
The common-mode source in Fig. 7 is connected to the equivalent impedance, Zeq. Since this 

impedance value is not affected by the cable length and source location, the highest current on the 
cable can be written as 

min

_ _

eq
peak

eq

V
I

RZ
board factor cable factor

=
+

×

. (16) 

For the model in Fig. 7, Eqs. (12-16) can be used to estimate the maximum radiated electric field 
strength at a distance of 3 meter from the board.   

5. Validation 
In order to validate the equivalent model in Fig. 7, the radiated fields from various I/O coupling 

geometries were calculated using a full-wave numerical modeling code [20]. The modeled test board 
and the coupled traces are shown in Fig. 8. The test board has a dimensions L x W. The traces have a 
microstrip line structure. A cross-sectioned view of the coupled microstrip line structure is also shown 
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in Fig. 8.The signal trace is driven by a 1-V, 50-Ω voltage source at one end and terminated with a 50-
Ω load at the other end. An I/O trace is routed parallel with the signal trace and extended beyond the 
board as 1 meter long cable with negligible diameter. The near-end of the I/O trace is terminated with a 
50-Ω resistor. The space between the traces and the ground plane is filled with a dielectric material 
with a dielectric constant, εr.  

 

Fig. 8. Test geometry. 
To validate the imbalance difference model and the closed-form expression in Eqs. (12-16), both 

the geometry and the dielectric constant were varied as listed in Table I. The geometrical parameters 
include the trace width-to-height ratio (a/t), the separation-to-height ratio (s/t), the coupling length, and 
the board width.  

Table I. Simulation configurations 
Test 
Case 

Geometrical parameters Dielectric constant εr 
a/h s/h Lcoupling (mm) L (mm) W (mm) 

1 0.5 0.5 20 100 100 1.0 
2 0.5 1.0 20 100 100 1.0 
3 1.0 0.5 20 100 100 1.0 
4 0.5 0.5 40 100 100 1.0 
5 0.5 0.5 20 100 40 1.0 
6 0.5 0.5 20 100 100 4.0 

Fig. 9 shows a plot of the simulation results from the model of the entire configuration and the 
corresponding imbalance difference model, together with the maximum emissions estimate for Case 1. 
The imbalance difference model yields results that are in good agreement with the original 
configuration over the entire 10-1000 MHz frequency range. The closed-form expression estimates the 
peak emissions from the board within a few dB at every resonant frequency. Figs. 10-13 show similar 
plots for test cases 2-5. In all cases, the difference between the simulation and the estimate is within a 
few dB.  

In Case 6, where the dielectric constant is 4.0, the agreement between the full model (with 
dielectric) and the imbalance difference model (no dielectric) is excellent. This demonstrates that the 
presence of the dielectric is no longer required after the model has been simplified using the imbalance 
difference model. Eliminating the dielectric layer from the imbalance difference model significantly 
reduces the simulation time without sacrificing the accuracy of the results. 
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Fig. 9. Maximum radiation for Case 1. Fig. 10. Maximum radiation for Case 2. 

  

Fig. 11. Maximum radiation for Case 3. Fig. 12. Maximum radiation for Case 4. 

  

Fig. 13. Maximum radiation for Case 5. Fig. 14. Maximum radiation for Case 6. 
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6. Conclusions 
An equivalent source/imbalance difference model for printed circuit boards with coupling between 

high-speed traces and I/O traces has been presented. In this model, the differential-mode sources and 
traces are replaced with a common-mode voltage source that drives the attached cable against the 
reference plane. The fine structures of the traces are eliminated in the equivalent model; and therefore, 
analysis of the equivalent model requires much less computational resources than an analysis of the 
full model. Based on the imbalance difference model, a closed-form expression was also presented that 
estimates the maximum radiated emissions from the PCB-cable structure. 
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