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RADIATION OF A SLOT IN HIGH-SPEED DIGITAL SYSTEMS

MIRCEA NICOLAESCU!, VICTOR CROITORU?, LEONTIN TUTA?

Keywords: Radiation; Slot; Electromagnetic compatibility; High-speed digital systems.

The miniaturization of the digital electronic systems, the increase of the frequency, and the decrease of the power level make the
electromagnetic compatibility issues a very important domain in the designing process of digital electronics. Both printed circuit
boards (PCBs) and the enclosure of the digital systems contain slots of different dimensions for connectors and expansion cards.
If they are excited by currents (common currents) or field distributions, they will radiate electromagnetic energy in the
surroundings producing electromagnetic interferences. The paper studies the electromagnetic field radiated by a slot cut in a

conductive surface in the frequency range of 1 to 40 GHz.

1. INTRODUCTION

In most cases, the digital systems are laid on printed
circuit boards (PCBs) with one or more layers. The material
used for PCB fabrication depends on several parameters.
Among these, from the electrical point of view, the
behavior of the dielectric material at the working frequency
is a very important parameter. As the applications of digital
systems go up in the frequency domain to provide higher
data transfer, the dielectric losses in PCB are becoming
more important [1]. In high complexity PCB with several
layers, one or more ground/reference planes can be used.
These ground planes cover the entire surface of the PCB or
just specific parts of it, such as the inductance for the return
currents to be as low as possible. The conductive surfaces
(ground/reference planes or shielding planes, or box walls)
can have slots of different dimensions for connectors, cable
passing, etc. [2]. The currents flowing on these surfaces
will generate different distributions of electromagnetic
fields on that surfaces that will turn them into
electromagnetic interference sources [3].

These kinds of slots can be found on both the front and
the rear panel of a desktop, for a universal serial bus (USB),
for a digital video disc (DVD), as extensions, a power
outlet, an Internet plug, etc. [4]. To study the frequency
behavior of this radiant structure and its influence on
electromagnetic compatibility, the electromagnetic field
radiated by a slot corresponding to an extension card is
determined by calculus and by simulation.

2. CALCULUS OF SLOT RADIATION

To compute the electromagnetic field radiated by a slot
cut in a conductive surface, an infinite conductive surface is
considered in the xOy plane. The slot is cut as in Fig. 1 in
the middle of the surface. It is supposed that the radiant
surface has a certain distribution of the electromagnetic
field, with electric field varying along the Ox axis and
magnetic field varying along the Oy axis, such as the
direction of the Poynting vector to be along Oz axis. This
configuration of the electromagnetic field does not limit the
generality of the problem, as any distribution of the
electromagnetic field can be decomposed into two
distributions in two perpendicular planes. Having this
distribution of the electromagnetic field, the radiated field in
a point P in space, at the distance r0 toward the origin of the

coordination system, can be computed. The projection of the
point P in the xOy plane is P’. The radiant surface is split in
many elementary surfaces of the dimensions dxzdys. If the
propagation medium is linear and isotropic, then the radiated
field in point P can be determined using the superposition
theorem, by summing the contributions of all elements
dxzdys on the surface X. If the elementary area is small
enough, that the sum turns into an integral [5].

Fig. 1 — The slot geometry for the radiated electric field calculus.

The radiation properties of the elementary area are
determined using the electromagnetic field radiated by an
infinitesimal conductor fed with a sinusoidal current. The
distribution of the electromagnetic field is replaced by
distributions of currents, based on the equivalence principle
[6]. Then the elementary area is alternatively considered an
elementary electric dipole and elementary magnetic dipole [5].
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where: fi(9,0), f2(p,0) expresses the dependency of the
radiated field on ¢ and 6 in a plane that includes the dipole
axis and in a plane perpendicular to the dipole axis.
Looking at Fig. 1, the distance r from a point on surface
to point P can be written as:
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Replacing (2) in (1) results:
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In the case of a rectangular surface (L« x Lg) having the
distribution of Exs as:

E.s = Ep -cos[nl;?} . (4)

For H plane: ¢ = n/2, fi(¢,0)=1 and f,(¢,0)=cos6. The
radiated electric field is:
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For E plane: ¢ = 0, fi(¢p,0) = cos0 and f, (¢,0) =1, and the
radiated field is:
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3. SIMULATIONS OF SLOT RADIATION

To study the influence of some slots cut in walls of a
desktop enclosure, for different input-output elements,
DVD, USB, compact disk read-only memory (CD-ROM),
toward the electromagnetic compatibility, the electromagnetic
behavior of a radiant surface (slot for an expansion card
20x100 mm) is analyzed [7, 8]. The slot is fed using a
lumped port located 7.5 mm from the center of the slot to
decrease the input impedance. The distribution of the
electric field on the slot is presented in Fig. 2.
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distribution within the slot.

The variation of Si; is presented in Fig. 3. The slot is fed
with a 50 ohms impedance generator. The input impedance of
the slot is still high; this explains the high values of Si:. In
Fig. 3 one can see that for f = 30.5 GHz Sy, is —12.8 dB, and
for 32 GHz Si1is —8 dB. In the frequency range of 5 — 30 GHz
Su1is inaverage — 4 dB.
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Fig. 3 — The variation of Sy, of the slot in the frequency range
1-40 GHz.

The intensity of the radiated electric field can be derived
using rE parameter displayed on Fig. 4.
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Fig. 4 — The variation of rE parameter as a function of frequency for an
expansion slot, in the frequency range from 1 to 40 GHz,
foro=0%and ¢ = 0°.

The amplitude of the field radiated by the slot depends
on the direction, through the angles 6 = 0° and ¢ = 0°, on the
frequency, and the distance from the slot to the measuring
point. For 6 = 0° and ¢ = 0° at 1 m, the radiated electric
field changes between 0.1 V and 3 V. The highest values
are obtained for 27.5 GHz and 34 GHz.

The power applied at the input of the slot through the
lumped port is partially reflected and absorbed by the slot. A
part of absorbed power is lost in the radiant structure, and
most of it is radiated in the medium. The input absorbed and
radiated powers as a function of frequency are displayed in
Fig. 5. In Fig. 5, in the frequency interval 1 -12.5 GHz, the
absorbed and radiated power are almost the same.
Theoretically, the radiated power must be lower than the
accepted power. Nevertheless, in Fig. 5, some differences
can be visualized, and they are caused by the approximation
made in the numerical simulations. The maximum difference
corresponds to 4 GHz and is 0.004 mW, which means an
error of 0.0004 / 0.010 x 100 = 4 %. The radiated power
decreases from 8 mW, for f = 2 and 4 GHz, to near 0 mW for
f = 40 GHz. The decrease of the radiated power with the
frequency is explained by the fact that the slot operates as a
resonant structure. The efficiency diminishes as frequency
goes far apart from the resonance frequency.

The radiated field by a slot has components depending on
1/r, 1/r?, and 1/r. The shape of the curve describes the
variation of the electric field on the frequency changes from
the near field to the far field. At a short distance, 12 cm, the
radiated field has local maxima at 20.5 GHz — 34 VV/m, 28.5
GHz - 53 V/m, 29.5 GHz — 47 V/m, 35.5 GHz — 46 V/m,
and at 38.5 GHz — 30 V/m.
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Fig. 6 — The maximum electric field radiated at 120 mm, in the
frequency range from 1 to 40 GHz.

The radiated field for 1 — 20 GHz is presented in Fig. 7.
It changes from 0.01 V/m to 2.22 V/m, and for low

frequencies, 1 — 8 GHz, there is a weak dependency on the
angle 6. When frequency increases, the amplitude of the
electric field grows in two directions laid symmetrically
toward Oz at around 30 and 150°.
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Fig. 7 — The variation of rE parameter as a function of angle 6 for f =1,
4,7,13, 16, 19, 20 GHz and ¢ = 90° for an expansion slot.

The variation of rE parameter for ¢ = 0° is displayed in
Fig. 8. The maximum value of 2.85 VV/m is reached for 6 = 20°.
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Fig. 8 — The variation of rE parameter as a function of angle 6 for f =1,
4,7, 13, 16, 19, 20 GHz and ¢ = 0° for an expansion slot.

In the frequency band 20 — 40 GHz, as can be seen in
Fig. 9, the maximum intensity of the electric field is 2.8
V/m and is obtained for 32 GHz. At higher frequencies, 35,
38, and 40 GHz, the variation of the electric field with
angle 6 is weaker.
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Fig. 9 — The variation of rE parameter as a function of angle 6 for f = 20,
23, 26, 29, 32, 35, 38, 40 GHz and ¢ = 0° for an expansion slot.

Changing the representation plan with 90° (¢ = 90°) the
curves from Fig. 10 are obtained. The maximum value of
the radiated field is 4 VV/m and corresponds to 32 GHz.
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Fig. 10 — The variation of rE parameter as a function of angle 6 for
=20, 23, 26, 29, 32, 35, 38, 40 GHz and ¢ = 90° for an expansion slot.

In the field of electromagnetic compatibility, it is important
to know the maximum level of the interference signals
generated by an expansion slot. In Fig. 11, the maximum
electric field measured on a 1 m ray sphere is presented. The
amplitude of the electric field increases linearly from 0.5 V/m
to around 1.6 V/m in the frequency range of 1 — 2 GHz. The
maximum level of the radiated electric field varies around
1.4 VIm when the frequency changes from 2 GHz to 6.5 GHz.
In the frequency band 6.5 GHz and 22.5 GHz, the field grows
from 1.4 V/m to 7 V/m, followed by a decrease with 5 local
maxima from 22.5 GHz to 40 GHz. The local maxima are
obtained at 28.5 GHz (8.5 V/m), 30.5 GHz (9 V/m), 32 GHz
(8 VIm), f =36 GHz (4.8 V/m), and 38.5 GHz (5.4 VV/m).
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Fig. 11 — The maximum electric field radiated at 1m, in the frequency
range from 1 to 40 GHz.

4. CONCLUSIONS

High-speed digital systems reach frequencies of the order
of GHz, even tens of GHz, which means that the relevant
spectral components can be as high as 40 GHz. The paper
analyzes the electromagnetic radiation of a slot cut in a
reference plane or in a wall of a digital system enclosure. In
the first part, the electric field radiated by a slot is determined
by calculus, while in the second part, the radiated field is
determined by simulations. The variation of the maximum
electric field in the frequency band 1 — 40 GHz in the near
field and far field, at a certain distance, are presented. Also,
the dependencies of the radiated field of frequency and
angular coordinates are displayed.
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