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Abstract

A defect on the reference plane, when crossed over by a
signal trace on the signal line, is a primary source for
unwanted electromagnetic radiation in printed circuit
boards (PCBs). Such a defect either completely cleaves the
reference plane into two pieces by means of forming a split
between them or partially divides the reference plane by
means of forming a slot with a short on at least one end of
the defect. This paper presents a detailed parametric study
on these defects focusing on how electromagnetic
interference (EMI) level varies as a function of geometric
parameters. In this regard, first, the width of a slot and a
split is systematically varied, and electric field at 3 m away
from the PCB is simulated, by keeping the lengths of the
slot and split constant. Then, the same simulations are
repeated by keeping the width constant and varying the
length of the defect. Simulation results show that the length
of the defect is an ultimate determinative parameter in the
radiation characteristics of the defect. The measurement
results for two PCBs; one with a slot and another with a
split on the ground plane are also presented.

1 Introduction

In complex PCBs, multiple DC potentials, serving as either
different bias voltages or ground levels, exist in a single
board. These multiple voltage levels are realized as power
and ground islands on the reference planes [1]-[2], forming
split-type defects between the islands. The reference planes
are sometimes partially separated such that at least one end
of the defect is short circuit loaded, creating a slot-type
defect. These slots are mostly utilized in mixed-signal
circuits when digital and analog circuits share a common
DC ground level [3]. They exhibit high impedance on the
return current path to isolate the sensitive analog/RF circuit
from the noisy digital circuit [3]-[5].

A signal trace passing over a split or slot between two
power or ground islands results in a discontinuity on the
return current path. The current, in fact, is forced to make
around trip around the slot, and/or flows as a displacement
current over the capacitance on the slot. This elongated
return current path act as a decent radiator and causes EMI
issues [6]-[9]. A common approach is to employ a so-called
stitching capacitor over the defect to selectively reduce the
impedance on the return current path, hence limit the EMI
[10]-[14]. Another approach is to engineer the shape of the

defect to reduce the radiation [15]-[18]. Tapered,
corrugated, trident incurvature, and interdigital (meandered
shape) defected ground structures are reported.

In this paper, a detailed parametric study on the slot and
splits are performed, focusing on how electromagnetic
interference (EMI) level varies as a function of geometric
parameters. In this regard, first, the width of a slot and a
split is systematically varied, and electric field at 3 m away
from the PCB is simulated, by keeping the lengths of the
slot and split constant. Then, the same simulations are
repeated by keeping the width constant and varying the
length of the defect. Simulations results show that the
length of the defect is an ultimate determinative parameter
in the radiation characteristics of the defect.

2 The Structure and EM Simulations

The basic structure consists of a rectangular PCB. The
length and the width of the PCB are 300 mm and 200 mm
respectively. On the top layer of the PCB, there is a
microstrip line crossing through the width of the PCB. On
the bottom side of the PCB, there is a ground plane on
which a slot is placed orthogonal to the top layer microstrip
line while keeping symmetry with respect to it. This slot is
lengthened until a complete split is obtained throughout the
ground plane. A microstrip line crossing over a slot on the
reference plane is shown in Fig. 1 (a). The same structure
with a split on the reference plane is shown in Fig. 1 (b).
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Figure 1. The structure for (a) a slot on the ground plane
crossed by a microstrip line, and (b) a split on the ground
plane crossed by a microstrip line.

The length and width of the slot are represented by /; and
W, respectively, as shown in Fig. 1 (a). Similarly, the
length and width of the split are represented by /g, and W,
respectively. The length of the microstrip line is 200 mm.
The width of the microstrip line is 2.3 mm, providing a
characteristic impedance of approximately 50 Q (Zy = 50
Q). The PCB is made of a FR4 dielectric layer with a
thickness of 1.55 mm and a dielectric constant of 4.6 (&=
4.6).



Three different parametric studies are performed. In the
first parametric study (configuration #1), the slot length is
kept at 254 mm while changing the width of the slot from
0.5 mm to 4 mm by doubling the width at each step (namely
0.5 mm, 1 mm, 2 mm, and 4 mm). In the second parametric
study (configuration #2), the slot is lengthened to 300 mm
until a complete split is obtained. In this configuration also,
the width of the split is the parameter that is changed from
0.5 mm to 4 mm by doubling the step size. In the final
parametric study (configuration #3), the width of the slot is
kept constant at 0.5 mm while changing the slot length
from a complete split (300 mm) to 50 mm by decreasing
the length with a 50 mm step size (since 254 mm length
analysis is available it replaced the 250 mm analysis). The
structures are modeled using the computational
electromagnetics tool FEKO. The microstrip line is fed by
1 V with a 50 ohm source impedance and is terminated with
50 ohm load. The method of moments extended with the
volume equivalence principle (VEP) is chosen as the
solver. The analysis is carried out between 100 MHz and 1
GHz. The total electric field obtained at 3 meters away
from the PCB board is presented for the three cases in
Figures 2, 3, and 4.
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Figure 2. Simulated E-field for different slot widths (W,
=0.5mm, 1mm, 2mm, 4mm) when /= 254 mm.

In configuration #1, in all cases, the radiated electric field
starts increasing until making a peak around 450 MHz, and
then it leveled off around -15 dBuV/m (Fig. 2). There
occurs a slight difference in magnitude between the
radiated fields as the slot width changes. It can be said that
changing the slot width does not change the radiated
emission significantly. As seen in Fig.2, in configuration
#2, the radiated electric field, again in all configurations,
starts increasing and reaches a maximum level of -15
dBuV/m between 650 MHz and 750 MHz. Then it
decreases to -30 dBuV/m towards 900 MHz and then starts
to increase again (Fig. 3). The changing the split width
pronounces more in this case but the results still do not
differ much from each other. Unlike configurations #1 and
#2, configuration #3 illustrates dramatic changes in the
radiated electric field by changing the length of the slot. As
seen in Fig. 4, to understand the emission characteristics, it
is better to go from the no-slot case to the full split case.
The no-slot case which can be considered as a reference
case gives minimum radiated emission as expected. When
a slot is of length 50 mm, the structure begins to radiate as
much as 10 to 15 dB increasing as one goes to higher
frequencies. Then, if we increase the slot length to 100 mm,

the emission level increases around 10 dB. With a further
50 mm increase in slot length (150 mm case), the emission
increases by 10 dB again at middle frequencies.
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Figure 3. Simulated E-field for different split widths (W
=0.5mm, 1mm, 2mm, 4mm) when /;,= 300 mm

In case 150 mm slot length, we notice that a moderate peak
begins to form around 680 MHz. When we increase the slot
length to 200 mm, the emission is larger until 600 MHz,
after then exhibits a similar emission profile like the 150
mm case. Moreover, the peak which occurs this time at 560
MHz, exhibited itself more strongly. The same thing can be
said for the 254 mm slot length case except for the fact that
its peak is shifted to 480 MHz. The formation of a peak and
its shifting to lower frequencies as the slot length increases
implies that the slot behaves like a printed slot antenna.
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Figure 4. Simulated E-field for different slot lengths
(l4=0.5mm, Imm, 2mm, 4mm) when Wy,= 0.5 mm

The physical difference between the printed slot antenna
and the analyzed structure is that the latter’s excitation
microstrip line is not left open. It is terminated with its
characteristic impedance. The split case emission profile
completely differs from the slot cases. It begins to radiate
at much lower frequencies but do not show a sharp peak
and exhibits a broadband nature. It can be said that as the
length of the slot increases, the level of radiated emissions
and the split case exhibits broadband radiated emission
characteristics.



3 Measurement Results

Two circuits: one with a microstrip line crossing a slot on
the ground plane and another one crossing a split on the
ground plane are fabricated on an FR4 substrate. The
geometric parameters of the fabricated circuits are given in

Table I.

Table 1. Geometric Parameters of the Fabricated PCBs

Circuit with slot | Circuit with split
W 0.5 mm -—-
Ly 254 mm -
W -— 0.5 mm
Ly -—- 300 mm
Microstrip 200 mm 200 mm
length
Microstri
N 2.3 mm 2.3 mm

A reference circuit with no slot/split is also fabricated for
comparison purposes. EMI levels from both PCBs are
measured in an anechoic chamber 3 m away from the PCB.
The measurement setup and a photograph during
measurement are shown in Fig. 5 and Fig. 6, respectively.
In the radiation emission measurement setup, the first port
of the network analyzer is connected to one of the ports of
the PCB board. The second port of the network analyzer is
connected to a Schwarzbeck UHALP 9108A1 log-periodic
antenna. The other port of the PCB board is connected to a
wideband 50 Q load.

Anechoic chamber

Network Analyzer

Figure 6. A photograph inside an anechoic chamber
during measurements

The power level of the network analyzer is set to 0 dBm.
The frequency range is set to 250 MHz -1 GHz range, and
the system is calibrated via a short-open-load-thru (SOLT)
calibration kit. Both the antenna and the PCB board are
placed 1.5 m above the floor. The electric field is extracted
from the measured S»; parameter as follows:

E(dBV | m)=0dBm+S,, dB+ AF+107dB-120dB (1)

where AF is the antenna factor. In (5), 107 dB is added to
convert power level in dBm to voltage level in dB pV and
-120 dB is added to convert dB pV to dB V. To verify the
validity of simulation-based parametric analysis presented
in the previous section, measurement results for the
fabricated circuits are plotted as a function of frequency by
comparing the with the simulation results. In general,
simulation results show good agreement with the
measurement results. Simulation results, for the circuit
with a slot on the ground plane, exhibit a sharp peak at 480
MHz, which is not the case in measurement results.
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Figure 7. Comparison of simulation and measurement
results for the circuits (a) with no defect, (b) with a split,
and (c) with a slot on the ground plane.

6 Conclusion

A parametric analysis is performed for rectangular slot-
and split-type defects commonly available on reference
planes. EMI level is systematically simulated as a function
of these parameters and results are presented. A major



conclusion is that the length of the defect is the major
parameter determining the radiation level. The width of the
defect is not effective on the EMI level.
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