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Abstract— This paper describes the SPICE modeling of printed 
circuit boards (PCBs) with signal lines and via structures 
electrically connected to a metal chassis. First, a PCB model is 
proposed considering the coupling between signal lines and the 
power bus due to via structures. Next, the model is expanded to 
include the chassis and grounding posts. The calculated results 
using SPICE are shown to be consistent with experimental data. 
Furthermore, positioning of the grounding posts near the edges of 
the PCB is shown experimentally and numerically to reduce 
radiated emissions.   
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I.  INTRODUCTION 
PCB-chassis systems include several structures that may 

couple electromagnetic energy away from the PCB resulting in 
radiated emissions. In particular, conductors penetrating various 
electromagnetic domains (e.g. via structures in a PCB or 
grounding posts connecting a PCB to a metal chassis) can 
facilitate unwanted coupling that results in the deterioration of 
signal waveforms, power bus resonances [1][2] and chassis 
cavity resonances [3]. Therefore, it is desirable to be able to 
model the coupling due to these structures in electronic designs.  

In previously published work, analytical SPICE models of via 
structures through an arbitrary number of multiple planes were 
derived based on a radial/coaxial line junction model [4] [5]. 
Furthermore, SPICE was used to model boards with multiple 
layers in a PCB-chassis system where the power planes were 
parallel to the chassis and ground planes were connected to the 
chassis using grounding posts [3]. Although the calculated results 
from these models were shown to be consistent with the 
corresponding experimental data, these models did not include 
signal lines and via structures, which potentially could have a 
significant effect on the coupling processes.  

This paper models PCB-chassis systems with signal lines and 
via structures using SPICE. Furthermore, the paper applies the 

proposed models to the investigation of the radiated emissions 
from these structures and investigates how the radiated EMI 
depends on the number and location of the grounding posts.     

II. DESCRIPTION OF THE METHOD 
This section describes a SPICE modeling procedure for a 

PCB-chassis system with signal lines and via structures. First, the 
SPICE model of the PCB consisting of a power bus, signal lines 
and via structures is developed by combining a power bus model 
with signal line models through via models, which are 
analytically obtained in SPICE format. Next, the SPICE model of 
the PCB-chassis system with signal lines and via structures is 
obtained by combining the PCB model with the chassis model 
through the grounding post models.   

A. The SPICE model consisting of a power bus, signal lines 
and via structures 

Figure 1(a) shows a simple printed circuit board consisting of a 
power bus and signal lines. The signal line consists of three 
microstrip configurations and two via structures. The via 
structures are the main source of coupling between the power 
bus and the signal line in this configuration. The block diagram 
for the SPICE modeling is represented as in Figure 1(b). The 
SPICE model for the power bus cavity is a 2-dimensional ladder 
network consisting of small planar segments [6]. The models for 
the microstrip lines are simple transmission line models where 
the circuit parameters are calculated analytically, or by using a 
2-dimensional static field solver [7]. For the via structures, the 
SPICE models are analytically obtained based on the 
radial/coaxial line junction model in the following way. 

 Figure 2(a) shows a configuration where the coupling is 
superimposed on the radial/coaxial line junction model [5]. The 
input and output of the signal line correspond to the top and 
bottom sides of the coaxial line, respectively. The via structure 
in the power bus is modeled as a radial transmission line. Figure 
2(b) shows the equivalent circuit of Figure 2(a) using 
susceptances, Bv, Bc, BD and an ideal transformer with a turns 
ratio, R [5]. These parameters can be determined analytically 
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using mathematical functions with the parameters of inner and 
outer radii, a, b, permittivity, ε , permeability, µ , the thickness 
of the dielectric layer, h, and the frequency, f, as follows: 
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Notice that the inner and outer radii, a and b, are the radii of 

the via-pin and clearance hole in the model, respectively. 

Figure 2(c) shows the SPICE model of Figure 2(b) [4]. When 
the wavelength is much smaller than the thickness of the 
dielectric layer, h, these SPICE parameters can be approximately 
represented as shown in the following equations. 
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Notice that BD can be represented using the inductance of |LD| 
and a current-controlled current source as indicated in Figure 2(c).  

The overall SPICE model for the PCB configuration in 
Figure 1 is obtained using the via models at the connection points 
between the models for the power bus and transmission lines. 
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Figure 1.  Configuration of the PCB  and its Block Diagram for the SPICE 
model. 

B. The SPICE model of the PCB-chassis system with signal 
lines and via structures  
Figure 3(a) shows a diagram of the PCB-chassis system 

where the PCB is mounted near and parallel to a metal chassis. 
When the PCB ground is electrically connected to the chassis by 
means of grounding posts through the power plane, the coupling 
from the power bus to the chassis affects the radiated EMI 
because a cavity antenna is formed between the bottom side of 
the PCB and the chassis [3]. A block diagram for the SPICE 
modeling is provided in Figure 3(b). The SPICE model for the 
chassis cavity is a 2-dimensional ladder network similar to the 
power bus cavity model. The SPICE models for the coupling 
between the power bus and chassis cavity through grounding 
posts is also analytically obtained by regarding the configuration 
as the series connection of two signal via models based on the 
radial/coaxial line junction model with the top and bottom 
coaxial line ports shorted. Figures 2(d) and (e) show the 
configuration and the equivalent circuit model, respectively. The 
susceptances, BV1, BC1, and BD1, correspond to part of the power 
bus, and BV2, BC2, and BD2, represent part of the chassis cavity.   

Notice that the coupling between the microstrip line on the 
bottom side of the PCB and the chassis cavity is neglected in the 
model since the coupling is likely to be small compared to the 
direct coupling through the grounding posts.      

If the cavity resonances are dominant sources of radiated 
emissions, the radiated EMI from the PCB-chassis system can be 
approximated by applying equivalent magnetic current sources 
along the power bus and chassis cavity walls [3]. In this case, the 
effect that the number and locations of grounding posts has on 
the radiated emissions can be investigated using the calculated 
results from the PCB-chassis system SPICE model. The 
mathematical formulation for the radiated electric field, E , can 



be obtained using the calculated voltages, 1V  and 2V  along the 
power bus and chassis cavity as follows [8]; 
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where 0ε  and 0µ  are the free-space permittivity and 

permeability. 1S  and 2 S  represent the area element vector along 
the power bus wall with the height, 1h , and the chassis cavity 
walls with the height, 2h , respectively. r  represents the distance 
from the origin of the coordinate system to the observation point 
at the far field. r′  represents the distance from the origin to an 
infinitesimal area element inside the integral. ψ  is the angle 
between the 2 line segments, the former of which is from the 
origin to the observation point and the latter is from the origin to 
the infinitesimal area element inside the integral.  
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Figure 2.  The SPICE modeling procedures for the via structures and grounding 
posts.   
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Figure 3.  Configuration of the PCB-chassis system and its Block Diagram for 
the SPICE model. 

III. COMPARISON WITH MEASUREMENTS  
The SPICE model for the coupling between the signal lines 

and power bus was validated by comparing calculated results to 
experimental data. A four-layer test board (Test Board 1) 
consisting of copper planes and FR-4 material was built and a 4-
port network analyzer was used to obtain the S-parameters 
between the power bus port, the input and output of the signal 
lines.  

Figure 4 shows the configuration of the test board. The test 
board has signal traces on the 1st and 4th layers, the ground plane 
is on the 2nd layer, and the power plane is on the 3rd layer. The 
signal lines on the 1st and 4th layers are electrically connected 
with signal via structures as in the configuration of Figure 1(a). 
The dimensions of the test board are 20.0 cm x 10.0 cm and the 
distance between the power and ground planes is 1.0 mm. The 
signal traces are 0.2 mm above their respective planes and have a 
characteristic impedance of 50 ohms. 

S21 (the insertion loss from the signal input to output with the 
power bus port open) and S31 (the insertion loss from signal input 
to power bus port with the signal output matched) were measured. 
The SPICE model for the test board was obtained according to 
the procedure introduced in the previous section and the 
calculated results were compared with the experimental data in 
Figures 5 and 6. The calculated results are consistent with the 
experimental data for S21 as well as S31. The values of S21 are 
attenuated and those of S31 are amplified at the resonant 
frequencies of the power bus cavity. The discrepancies between 
measured and calculated values of S21 in the upper frequency 
ranges are likely due to the frequency dependence of the 
permittivity of the dielectric material, which is neglected in the 
SPICE model.  
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Figure 5.  Comparison of the calculated results with corresponding 
experimental data from Test Board 1 (S21: signal input & output). 

Next, the validity of the SPICE model for the PCB-chassis 
system was examined by comparing the calculated values for the 
radiated emissions with the corresponding experimental data. 
Another four-layer test board (Test Board 2) was built and the 
radiated emissions from the test board mounted on a chassis with 
different grounding post locations were measured in a 3-meter 
anechoic chamber.  

Figure 7 shows the configuration of the test board. This test 
board also has signal traces on the 1st and 4th layers, a ground 
plane on the 2nd layer and a power plane on the 3rd layer. A 20-
MHz clock oscillator and driver were mounted on the 1st layer 
and connected to one end of a 50-mm microstrip trace. The other 

end was connected to a 50-mm segment of microstrip trace on 
layer 4 and the far end of this trace was connected to a third 50-
mm microstrip trace back on layer 1. The dimensions of the test 
board were 21.0 cm x 14.0 cm and it was mounted on a 40.0-cm 
x 50.0-cm flat metal chassis using 1-cm grounding posts. A small 
battery box was attached to one edge of the PCB through a 4-cm 
cable with ferrite cores to suppress common-mode currents. The 
radiated emissions from the PCB without the chassis were 
measured from 30 MHz to 1 GHz. Then, these values were 
compared to the radiated emissions from the PCB mounted on 
the chassis with grounding posts. Notice that the PCB was 
mounted in a “return-on-top” configuration [3], which means that 
the power plane was sandwiched between the return plane and 
chassis, and that the grounding posts connected the return plane 
to the chassis through the power plane. Three grounding post 
configurations were evaluated: (a) 4 corner posts (4 grounding 
posts), (b) 4 corner posts and 2 more posts along the 2 longer 
edges (6 grounding posts), (c) 4 corner posts and 4 more posts 
along the 4 edges (8 grounding posts), (d) 4 corner posts and 16 
more posts along the 4 edges. The grounding locations are shown 
in Figures 8(a), (b), (c) and (d). The vertical electric field was 
measured in the plane of the PCB and the maximum emissions at 
each frequency were reported. This orientation was selected 
because it is most likely to exhibit the effect of addition or 
cancellation of the fields along the edges of the PCB and the 
chassis cavity. 
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Figure 6.  Comparison of the calculated results with corresponding 
experimental data from Test Board 1 (S31: signal input & power bus port). 

As indicated by the plot in Figure 9, peaks in the radiated 
emissions from this test board with no chassis were observed 
every 20 MHz. The peak values with no chassis were used as a 
reference and the change in these peak values reflects the effect 
that the grounded chassis has on the radiated emissions at each 
frequency.  
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Figure 7.  Test Board 2: for the measurement of the radiated EMI (a), and the 
grounding posts allocations investigated, (b), (c) and (d). 
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Figure 8.  Grounding posts allocations investigated using the second test board , 
(a) 4 grounding posts, (b) 6 grounding posts, (c) 8 grounding posts, 

(d) 20 grounding posts. 
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Figure 9.  Radiated emissions from the second test board  without chassis with 
the peak plot superimposed (Reference values).  
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Figure 10.  Differences of the radiated EMI from the reference values 
(Experimental and Calculated), 4 grounding posts. 
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Figure 11.  Differences of the radiated EMI from the reference values 
(Experimental and Calculated), 6 grounding posts. 
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Figure 12.  Differences of the radiated EMI from the reference 
values(Experimental and Calculated), 8 grounding posts. 
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Figure 13.  Differences of the radiated EMI from the reference 
values(Experimental and Calculated), 20 grounding posts. 

Figures 10, 11, 12 and 13 show the comparisons of the 
calculated results with the corresponding experimental data for 
the 4, 6, 8 and 20 grounding posts, respectively. The results show 
the measured emissions tend to be attenuated by adding more 
grounding posts along the edges in addition to the posts at the 4 
corners. The results also show that the calculated results are 
generally consistent with the measured data. Any discrepancies 
are likely due to the fact that the direct emission from the signal 
traces, the switching noise inside the power bus, the effects of the 
cable attached to the power bus, and the frequency dependence of 
the dielectric substrate were neglected in the SPICE model. 

Notice that the radiated emissions corresponding to the 4 
grounding post configuration are lower than the reference value 
at frequencies below 500 MHz (approximately the first resonant 
frequency of the cavity formed between the PCB and the chassis 
with grounding posts). The emissions tend to be higher than the 
reference in the upper frequency band. The radiated emissions 
corresponding to the 6 grounding post configuration are lower 
than the reference value at frequencies up to 700 MHz and the 
emissions corresponding to the 8 grounding post configuration 
are lower than the reference up to 900 MHz. The emissions 
corresponding to the 20 grounding post configuration are lower 
than the reference value at all measured frequencies. 

 The results suggest that it is a good idea to position 
grounding posts at the 4-corners and as many positions as 
possible to prevent resonances in the PCB-chassis cavity and 
reduce emissions over the widest possible frequency range. 
Ground post locations near the edge of the board are particularly 
effective because they help to ensure that the electric fields (and 
equivalent magnetic current sources) around the circumference of 
the power bus and cavity tend to cancel each other. The fields 
near the grounding posts in the chassis cavity have approximately 
the same amplitudes and opposite phases as the fields near the 
corresponding grounding points in the power bus.  

When the PCB dimensions are small relative to the 
wavelength, the 4 corner grounding post locations are sufficient 
since the phase difference between the neighboring grounding 
posts is also small. When the length of the edges is comparable to 
a half-wavelength or longer, adding more grounding posts along 
the edges is recommended to reduce these phase differences and 
prevent resonances in the chassis cavity.  

IV. CONCLUSIONS 
SPICE modeling procedures for a PCB-chassis system with 

signal lines and via structures were proposed. First, the PCB 
consisting of the power bus, signal lines and via structures was 
modeled using an analytical model for the via structures. The 
calculated results for the coupling between a signal line and 
power bus were shown to be consistent with the experimental 
data obtained using a network analyzer. Next, the PCB-chassis 
system with grounding posts, signal lines and via structures was 
modeled. The grounding posts were modeled using the same 
technique used to model the via structures. The radiated 
emissions were then calculated using the SPICE model and 
equivalent magnetic current sources. The calculated results were 
again shown to be consistent with the corresponding 
experimental data. Both the calculated and experimental results 
show that the radiated emissions are reduced by employing a 
sufficient number of grounding posts along the edges of the PCB 
when the power plane is sandwiched between the return plane 
and the chassis.  
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