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Abstract

An improved technology of frequency-selective electromagnetic shields has been considered. The technology has been
improved by embedding classic Archimedean helical elements made from foiled materials into the bulk of the shields
for the improvement of the frequency-selective performance of the shields and pinning of these elements in the bulk
of the shields by means of fusion bonding. These design features provide for the main advantage of the improved
technology in comparison with counterparts, i.e., lower time consumption. The technology has been improved in the
following two aspects: 1) identification of helical element parameters providing for the greatest energy loss of the
UHF electromagnetic radiation interacting with the helical elements; 2) identification of the optimum helical element
arrangement in the shield bulk providing for the smallest transmission and reflection coefficient of the UHF electromag-
netic radiation by the shields. Technology improvement in accordance with the former of the above aspects has been
achieved based on analysis of publications dealing with mathematical simulation and study of the parameters of UHF
electromagnetic radiation transmission by planar helical antennas. Technology improvement in accordance with the
latter aspect has been achieved based on experimental data. Test shields have been fabricated with specifically arranged
embedded helical elements, and comparison has been made between the UHF electromagnetic radiation transmission
and reflection coefficients of the shields. Shields fabricated in accordance with the improved technology suggested
herein show good promise for the electromagnetic noise protection of electronic devices.
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L. IntI'OdIICtIOIl Frequency-selective UHF electromagnetic shields can

be fabricated using the following technologies:

The main application domains of frequency-selective
UHF electromagnetic shields are currently the follow-
ing:

— development of radio measuring devices (reference
specimens are made on the basis of frequency-selective
electromagnetic shields [1, 2]);

— electronic device protection against noise with ex-
actly known frequencies [3—8].

1. Cutting out or punching of electrically conducting
substrates to produce equally spaced openings (slots)
having similar shapes and sizes [9, 10].

2. Ordered arrangement and pinning of elements made
from electrically conducting materials and having specif-
ic (typically, similar) shapes and sizes in the dielectric
matrix bulk [11-13]. Those elements are typically fabri-
cated by milling, laser cutting or water-jet cutting [14].
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3. 3D printing of metal-containing composite material
elements having specific (typically, similar) shapes and
sizes on the surface of dielectric substrates [15, 16].

Shields fabricated in accordance with the former of
the above technologies are conventionally referred to
as slot shields whereas those fabricated in accordance
with the second or third technologies are known as wire
shields [17].

Wire shields are currently fabricated and used more
widely than slot shields as can be seen from the large
scope of works published over the recent five years deal-
ing with the development of technologies and study of
properties of such shields in comparison with the scope
of publications dealing with slot electromagnetic shields.
Most likely the greater fabrication volume and wider ap-
plication of wire shields in comparison with slot shields
are caused by their lower cost. One should however bear
in mind that wire shield technologies are typically more
time-consuming than slot shield technologies because
wire shield technologies include an extra stage of shaping
and/or solidification of dielectric matrices.

Elements used for the fabrication of frequency-selec-
tive electromagnetic wire shields may have the following
shapes: rod, triangle, circle, square, rectangle or cross
[18-23]. It was reported [24] that the use of elements in
the form of helical antennas shows good promise for the
fabrication of frequency-selective shields. Results of the
development and study of frequency-selective electro-
magnetic wire shields containing Fermat helical elements
(a specific type of Archimedean helical elements) were
published [25].

This work is targeted at the improvement of the gen-
eral technology of frequency-selective electromagnetic
wire shields and continuation of earlier reported studies
[24, 25].

More specifically, the aim of this work is to improve
the general technology of frequency-selective UHF elec-
tromagnetic shields containing classical Archimedean
helical elements. The technology should be improved by
reducing the time consumption of the overall process.

The following tasks had to be solved for achieving the
aim of this work:

— choosing the parameters of helical elements for fre-
quency-selective UHF electromagnetic shields;

— choosing auxiliary materials and equipment required
for the implementation of the improved technology;

— documenting the improved technology of frequen-
cy-selective UHF electromagnetic shields with embed-
ded helical elements;

— fabrication, in accordance with the documented im-
proved technology, of laboratory specimens of frequen-
cy-selective UHF electromagnetic shields with embed-
ded helical elements differing in the arrangement of said
helical elements;

— measurement and comparison of UHF electromag-
netic transmission and reflection coefficients of the test
specimens.

2. Experimental

For the solution of the former task within the achievement
of the overall aim of this work, data on the parameters of
Archimedean helical antennas reported earlier [26] were
used. Those results suggest that the greatest UHF electro-
magnetic radiation energy loss in such antennas occurs if
the following conditions are satisfied [26]:

— the length of the smallest spiral turn is proportion-
al to and comparable with the electromagnetic radiation
wavelength (the minimum electromagnetic radiation
wavelength) at the working frequency (in the working
frequency range) of the antenna;

— the number of helical turns is 2;

— the thickness W of the conductor the antenna is
made from and the helical turn spacing S (Fig. 1) are in
the following ratio:

£:0,167.
w+S

Figure 1. Schematic of a spiral element: S is the helical turn
spacing; W is the conductor thickness

For the solution of the second task it was suggested to
use synthetic unwoven fabric as the dielectric matrix (i.e.
an auxiliary material) for the fabrication of frequency-se-
lective electromagnetic wire shields. The helical elements
made from electrically conducting materials and having
similar shapes and sizes were pinned in the bulk of the
dielectric matrix by fusion bonding at a temperature ex-
ceeding the melting point of the synthetic unwoven fabric
(~250 °C) and the melting point of the material said heli-
cal elements are made from.

Upon the results of solving the third task the improved
technology of frequency-selective UHF electromagnetic
shields containing helical elements was documented. The
technology includes the following stages.
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Figure 2. Schematic of helical element embedded in the bulk of specimens (a) I, (b) IL, (¢) IIT and (d) IV

Stage 1. Cutting a roll of radio-transparent synthetic
unwoven fiber fabric into similar fragments subject to the
following conditions:

— the shapes and sizes of the fragments are similar to
the shapes and sizes of the electromagnetic shields to be
fabricated;

— the number of the fragments is twice the number of
the electromagnetic shields to be fabricated.

Stage 2. Fabrication of helical elements from electri-
cally conducting materials subject to the conditions iden-
tified during the solution of the former tasks.

Stage 3. Arrangement of the fabricated helical ele-
ments on the surfaces of synthetic unwoven fabric frag-
ments subject to the following conditions:

— half of the synthetic unwoven fabric fragments fab-
ricated as a result of Stage 1 are used;

— the helical elements are arranged at a spacing ex-
ceeding the electromagnetic radiation wavelength (the
minimum electromagnetic radiation wavelength) at the
working frequency (in the working frequency range) of
the electromagnetic shields to be fabricated.

Figure 3. Appearance of helical element embedded in the bulk

of I type specimen

Stage 4. Arrangement of the surface of each fragment
fabricated as a result of Stage 3 on one fragment fabricat-
ed as a result of Stage 1.

Stage 5. Fusion bonding of the structures fabricated as
a result of Stages 1—4 under the conditions identified as
a result of the solution of the second task within the aim
of this work.

Upon the results of solving the fourth task within
the aim of this work in accordance with the improved
technology, four types (I-IV) of test specimens of fre-
quency-selective UHF electromagnetic shields were fab-
ricated. The test specimens of each type differed in the
arrangement of the helical elements embedded in the bulk
of the shields. The helical elements embedded in the bulk
of I type specimens were arranged relative to the elec-
tromagnetic radiation propagation front in the X0Y plane
as shown in Fig. 2 a, whereas the helical elements em-
bedded in the bulk of II, III and IV type specimens were
arranged as shown in Fig. 2 b—d, respectively.

For solving the task of experimental verification of the
improved technology developed herein, the following pa-
rameters of helical elements for frequency-selective UHF
electromagnetic shields were chosen: the smallest helical
turn length was 4.7 cm, its radius R; was 0.75 cm, the spi-
ral radius was 2.25 cm, W=0.3 cm and S = 1.5 cm. The
helical elements were made under laboratory conditions
from ribbon-shaped aluminum foil fragments. Each of the
fragments was formed in cavities of specially designed
template wafers the shape of which replicated the shape
of the Archimedean spiral.

Aluminum foil was chosen for the fabrication of heli-
cal elements due to its high flexibility in comparison with
other sheet metal-containing materials or wire-shaped
metal-containing materials. This advantage of aluminum
foil reduces the time consumption for the fabrication of
aluminum foil helical elements using template wafers
under laboratory conditions in comparison with that for
the fabrication of similar elements from other abovemen-
tioned metal-containing materials.

Figure 3 shows the appearance of a fabricated helical
element.

Figure 4 shows appearance of a surface fragment of
the I type specimen.

The electromagnetic transmission and reflection
coefficients of the specimens were measured on an
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instrument that contained the following metering devic-
es: a SNAO0.01-18 transmission and reflection coefficient
analyzer, coaxial waveguides, two P6-23M horn anten-
nas and a short-circuit switch. For electromagnetic trans-
mission coefficient measurements, all these devices were
used except the short-circuit switch, whereas for electro-
magnetic reflection coefficient measurements, all these
devices were used except one horn antenna.

Before transmission and reflection coefficient mea-
surements the instrument was calibrated in order to eval-
uate the effect of electromagnetic wave attenuation in the
antenna circuit and coaxial waveguides of the measuring
instrument on the parameter readings.

For instrument calibration before specimen electro-
magnetic transmission coefficient measurements the
transmitting and receiving antennas connected to the
SNA 0.01-18 reflection and transmission coefficient an-
alyzer were installed in front of each other.

For instrument calibration before specimen elec-
tromagnetic reflection coefficient measurements the
short-circuit switch in the form of a flat copper plate was
installed before the transmitting antenna connected to the
SNA 0.01-18 reflection and transmission coefficient an-
alyzer.

Specimen electromagnetic reflection coefficient mea-
surements were run in short-circuit mode (the specimen
was connected between the transmitting antenna and the
flat copper short-circuit switching plate). Results of these
measurements are typically used in practice for assess-
ing the performance of shields in the reduction of pas-
sive electromagnetic noise caused by the reflection of
electromagnetic waves generated by electronic devices
from metallic objects and subsequent redirection of elec-
tromagnetic waves to the device locations. Passive noise
can impact the performance of electronic devices to al-
most the same extent as active noise (i.e., noise generated
by sources in the vicinity of electronic devices).

The size of each test specimen was chosen to be
30 x 40 cm? taking into account the dimensions of the an-
tenna flanges of the measuring instrument used for spec-
imen electromagnetic reflection and transmission coeffi-
cient measurements.

Electromagnetic reflection and transmission coeffi-
cient measurements were run in the 0.7-3.0 GHz range
because the helical turn lengths of the helical elements
embedded in the bulk of the specimens fabricated in ac-
cordance with the improved technology were comparable
with the electromagnetic radiation wavelengths for this
frequency range.

3. Results and discussion

Figure 5 shows 0.7-3.0 GHz frequency responses of elec-
tromagnetic transmission coefficient of the specimens
fabricated in accordance with the improved technology.
It can be seen that the 0.7-3.0 GHz frequency response
of the electromagnetic transmission coefficient for the I

Figure 4. Appearance of surface fragment of I type specimen

type specimen is almost identical to that for the III type
specimen. This is caused by the fact that electromagnetic
waves interacting with the I type specimen and intersect-
ing its surface at the points y;, y, and y; (Fig. 6 a) have
the same phase as the electromagnetic waves interacting
with the III type specimen and intersecting its surface at
the points y,*, y," and y;" (Fig. 6 b).

The same feature is inherent to the 0.7-3.0 GHz fre-
quency response of electromagnetic transmission coeffi-
cients for II and IV type specimens. This is caused by
the fact that electromagnetic waves interacting with the
II type specimen and intersecting its surface at the points
x1, x5 and x5 (Fig., 6 ¢) have the same phase as the elec-
tromagnetic waves interacting with the IV type specimen
and intersecting its surface at the points x,*, x," and x5
(Fig. 6 d).

The electromagnetic transmission coefficient of the I
and III type specimens in the 0.7-3.0 GHz range varies
from —0.1 to —0.7 dB and that of the I and IV type speci-
mens, from —0.1 to —23.0 dB. The lower electromagnetic
transmission coefficients of the II and IV type specimens
compared to those of the I and type III specimens are
caused by the fact that the amplitudes of the electromag-
netic waves interacting with the II and IV type specimens
at the points x;, x, and x5 (x,", x," and x;") are lower than
those of the electromagnetic waves interacting with the I
and III specimens at the points y;, y, and y; (;", 3," and
¥3"). This in turn is caused by the phase shift between the
electromagnetic waves at the points x,, x, and x5 (x;", x,"
and x;") and the points y,, , and y5 (%, »," and y5").

The frequency responses of the I and III type speci-
mens feature two frequency bands: 1.1-1.3 GHz (reso-
nance frequency 1.15 GHz) and 1.7-2.0 GHz (resonance
frequency 1.8 GHz). This can be caused by the following:

- the electromagnetic radiation wavelengths for the
abovementioned resonance frequencies are multiples
of the distance from the centers of the helical elements
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Figure 5. 0.7-3.0 GHz frequency response of electromagnetic transmission coefficient for I, IL, III and IV type specimens (curves
1, 2, 3 and 4, respectively)
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Figure 6. Locations and notations of the start and end points of helical element turns embedded in the bulk of (a) I, (b) IIL, (c) 11
and (d) 1V type specimens



162

Boiprav OV, Bogush NV: Improved technology of frequency-selective UHF electromagnetic ...

embedded in the bulk of the I and III type specimens to
the points y5 (y3*) and y, (,"), respectively;

— the amplitudes of the electromagnetic waves in-
teracting with the I and III type specimens at the points
3 (73%) and y, (") are the greatest.

The frequency responses of the II and IV type speci-
mens feature one band, i.e., 2.3-3.0 GHz (resonance fre-
quency 2.65 GHz). This can be caused by the following:

— the electromagnetic radiation wavelength for the
abovementioned resonance frequency is a multiple of the
distance from the centers of the helical elements embed-
ded in the bulk of the II and IV type specimens to the
points x, (x,");

— the amplitude of the electromagnetic waves interact-
ing with the I and III type specimens at the points x5 (y3”)
and x; (x,") is the greatest.

Taking into account the above results it was concluded
that the resonance frequencies f,., corresponding to the
lowest electromagnetic transmission coefficient of the
shields fabricated in accordance with the improved tech-
nology can be determined on the basis of the following
relationships:

— if the helical elements embedded in the bulk of the
shields are arranged as shown in Fig. 2 a and ¢, then

S+R (-1

where i = {0, 1};
— if the helical elements embedded in the bulk of the
shields are arranged as shown in Fig. 2 b and d, then

S+2R,
e

It should be noted that the electromagnetic trans-
mission coefficients of the shields fabricated in accor-
dance with the improved technology are comparable
to the electromagnetic transmission coefficients of the
shields reported earlier [25] with Fermat helical elements

f;cs =

embedded in the bulk. One can therefore conclude that
changing the type of helical elements (Fermat helical el-
ements to Archimedean helical elements) embedded in
the bulk of frequency-selective shields does not affect the
performance of the shields in a critical manner. However,
the fabrication of classical Archimedean helical elements
is less time-consuming than the fabrication of Fermat he-
lical elements.

Figure 7 shows 0.7-3.0 GHz frequency responses of
the electromagnetic reflection coefficients for the spec-
imens fabricated in accordance with the improved tech-
nology.

It can be seen from Fig. 7 that the 0.7-3.0 GHz fre-
quency response of the electromagnetic reflection coef-
ficients for the specimens fabricated in accordance with
the improved technology is similar to that of the elec-
tromagnetic transmission coefficients for the specimens.
The origins of this similarity are the same as those of the
similarity between the frequency responses of the elec-
tromagnetic transmission coefficients for the specimens
as discussed above.

The 0.7-3.0 GHz electromagnetic reflection coeffi-
cients of the I and III type specimens measured in short
circuit mode vary from —0.1 to —15.0 dB and those of
the II and IV type specimens, from —0.1 to —6.0 dB. The
lower electromagnetic reflection coefficients of the I and
IIT type specimens as compared to those of the II and
IV type specimens can be caused by the following. The
amplitude of the electromagnetic waves reflected by the
metallic substrate used during the electromagnetic reflec-
tion coefficient measurements in short circuit mode and
interacting with the I and III type specimens at the points
X1, %, and x5 (x;", x," and x3”) is greater than the amplitude
of the respective electromagnetic waves interacting with
the II and IV type specimens at the points y;, y, and y3
01", »," and y3").

The frequency responses of electromagnetic reflec-
tion coefficients in question, by analogy with those of the

f (GHz)

Figure 7. 0.7-3.0 GHz frequency response of electromagnetic reflection coefficients for I, II, III and IV type specimens (curves /,

2, 3 and 4, respectively)
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electromagnetic transmission coefficients (see Fig. 5),
have a resonance pattern. The minima (i.e., the resonance
frequencies) of the frequency responses of electromag-
netic reflection coefficients for the I and III type speci-
mens are at 1.15, 1.65, 1.8, 2.65, 2.75 and 2.85 GHz, and
those for the II and IV type specimens are at 1.7, 2.25 and
2.35 GHz. The greater number of minima in these fre-
quency responses as compared with those in the frequen-
cy responses of electromagnetic transmission coefficients
for the test specimens is caused by the following:

— during short circuit mode measurements the reflect-
ed electromagnetic waves form as a result of a combi-
nation of incident electromagnetic waves reflected from
specimen surfaces and electromagnetic waves having
passed through the specimen bulk and reflected from the
metallic substrate;

— at the measuring antenna, the phase of the electro-
magnetic waves reflected from the specimen surface is
shifted relative to the phase of the electromagnetic waves
reflected from the metallic substrate, the phase shift be-
ing determined by the frequency of the electromagnetic
waves.

4. Conclusion

Changing the arrangement of helical elements embed-
ded in the bulk of electromagnetic shields fabricated in
accordance with the improved technology reported here-
in allows one to deliver the required electromagnetic
transmission coefficients and resonance frequencies of
the shields. The smallest electromagnetic transmission
coefficients for electromagnetic shields fabricated in ac-
cordance with the improved technology is achieved if
the helical elements embedded in the bulk of the shields
are arranged as shown in Fig. 2 a and ¢. Those electro-
magnetic shields show good promise for electronic de-
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