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Abstract

Radio-electronic devices are used in all areas of our life. Many of these emit energy, and this radiation can adversely
affect human. In warfare, a critical challenge is the protection of personnel and equipment from detection by radar systems
and range finders. Therefore, the issue of shielding screens against electromagnetic radiation is of utter importance.

For this purpose, materials that absorb and reflect electromagnetic radiation are used. This paper describes microwave-
range shielding screens that are based on the effect of strong absorption of radiation in conductors, the diameters of which
are much smaller than the wavelength. The absorption efficiency factor of conductors with diameters of several microme-
tres in the centimetre and millimetre wavelength ranges can reach hundreds or thousands. It has also been found that the
absorption of these conductors remains constant across a wide frequency range — from several hertz to tens of gigahertz.
Measurements of the characteristics of such screens were performed in the frequency from 2 to 40 GHz. The screens in-
cluded segments of graphite fibres with 12—15 um in diameter, randomly distributed on the film. The complex impedance
of the screens in the frequency range of 9—12 GHz was also determined. The experiments confirmed the effectiveness of

using thin conductors in shielding screens and demonstrated their broadband performance.
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Introduction

We are surrounded by electromagnetic fields —
both natural (lightning, solar radiation, stellar and
cosmic emissions) and artificial (radio stations, radar
systems, industrial facilities, computers, and household
devices). In many of the cases, it becomes necessary
to introduce barriers to the electromagnetic radiation
to protect human life and health, to conceal person-
nel and equipment, and to address numerous other
practical needs.

When working with transmitting devices, wearing
of protective clothing is sometimes required. As RF
technologies continue to advance in the areas such
as mobile communications, computer networks, and
military applications, the number of personnel to be
protected is steadily increasing.

Military equipment shall be protected from de-
tection by radio engineering systems. In many of the
cases, it is desirable for radiation to be strongly ab-
sorbed, since reflected waves may negatively affect the
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environment and human health. However, in concea-
ling applications, it is sometimes necessary for a
portion of the radiation to be reflected, creating a
natural background consistent with the surround-
ing environment. Otherwise, the concealed ob-
ject would appear as a “dark spot”. Therefore, a
critical challenge is the development of shielding
screens with predetermined reflection and absorption
characteristics.

Absorbing screens are generally divided into two
types — volumetric and surface screens. Volumetric
screens use media with relatively low electrical con-
ductivity, often based on carbon or graphite. By selec-
ting an appropriate screen thickness — typically several
centimetres — it is possible to achieve strong absorp-
tion and low reflection over a wide frequency range.
However, the substantial thickness of such screens is a
major disadvantage. They are mainly used for shielding
large objects that can be enclosed with absorber blocks
several centimetres thick.

20 Ukrainian Metrological Journal, 2025, No 4, 20-27



M. Kokodii, A. Natarova, D. Gurina, 1. Priz, I. Garyachevskaya, M. Dubinin

Surface screens are produced in the form of films
or fabrics containing radiation-absorbing fibres or small
conductive particles. Such surfaces can be used to pro-
tect people or equipment of relatively small size, which
is significantly advantageous over volumetric screens.
However, it is much more difficult to ensure uniform
absorption across a wide frequency range in such
structures. Their frequency response is almost always
non-uniform.

In [1, 2], an absorber that extends the operatio-
nal bandwidth of the well-known microwave Salisbury
Screen (SS) is described. Fig. 1 shows the variation of
the screen reflection over the frequency range from
2 to 18 GHz.
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Fig. 1. Reflection from a screen with
a microwave absorber SS [1]

A well-known device is the resonant microwave
absorber, the Salisbury Screen (SS) [3]. It includes a
resistive screen positioned a quarter wavelength above
a conductive surface, separated by a dielectric spacer.
Several structures have been proposed to overcome the
main drawback of the Salisbury Screen — the strong
frequency dependence of its attenuation [4—6]. These
methods involve using periodic structures, such as
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a frequency-selective surface (FSS) [4] or an elec-
tromagnetic bandgap (EBG) [5]. However, these ap-
proaches do not significantly improve the screen per-
formance.

In [6], various methods for microwave shielding at
mobile communication frequencies — 950, 1850, 2150,
and 2650 MHz — were tested. Saltwater was applied to
a paper layer, and the paper layers were separated from
each other by films. The sample consisted of 10 layers.

The measurement results implied that the salt solu-
tion imparts the paper with fairly good radio-frequency
shielding properties (Fig. 2). Reflection losses decrease
with each additional layer of salt-treated paper, reaching
4—6.5 dB in the ten-layer sample. Paper impregnated
with salt solution demonstrated its ability to provide ef-
fective shielding at frequencies used in mobile commu-
nications. The drawback of this method is the use of
materials that require constant moisture maintenance.

In [7], a system for measuring microwave absorp-
tion in the frequency range from 700 MHz to 13 GHz
was developed. The tested materials included conduc-
tive paints on fabrics, conductive fabrics, and metallic
meshes. Both conductive paints and conductive fabrics
exhibited high absorption. Conductive paints can be
applied directly to the surface of an object to create
effective shielding. However, the paint is heavy and
increases the overall weight of the object. Moreover,
paints make flexible materials rigid. Metallic meshes
and screens are also effective, albeit heavy and difficult
to deploy on an object. Several of the lighter meshes
are easier to handle, yet they still require a supporting
structure to hold the screen material in place. Conduc-
tive fabrics are preferable, as they are lightweight and
easy to deploy. They can also be easily removed for
transportation to another location.

In all the above cases, the frequency response
of the screens is non-uniform, which is a significant
drawback.

Thus, the task of developing shielding screens for
the microwave range of electromagnetic waves, par-
ticularly for military applications, remains relevant.
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Fig. 2. Reflection losses in paper treated with salt solution [6]
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At the same time, the complexity of this problem is
evident. Achieving a uniform attenuation characteristic
over a wide frequency range is challenging, as illus-
trated by the examples discussed above.

In this paper, a novel approach to addressing this
challenge is presented. Shielding screens based on thin
conductors — metallic or graphite fibres with diameters
ranging from a few micrometres to several tens of mi-
crometres — are proposed. In the metre, centimetre,
and millimetre wavelength ranges, these fibres exhibit
strong absorption of electromagnetic radiation.

1. Theory

The efficiency of radiation absorption and scat-
tering by objects depends on the ratio between their
characteristic size D and the wavelength A of the inci-
dent radiation. Typically, the maximum interaction of
radiation with a fibre occurs at D/A ~ 1 [8, 9]. Ho-
wever, studies describe the phenomenon of uncom-
monly strong absorption and scattering of microwave
radiation by thin conductors, the diameters of which
are several hundred times smaller than the wavelength
of the incident radiation. The absorption efficiency
factor for such microconductors can reach values of
several hundreds or even thousands. Fig. 3 shows the
dependence of the absorption efficiency factor of a
graphite fibre on its diameter for different wavelengths.

800
Qabs

600 A=1m

400 \

A=10cm
200 \ \\\
A@ i~
0 50 100 150 D, um 200

Fig. 3. Absorption efficiency factor of a graphite fiber

The absorption efficiency factor Qabs = Pabs/ P
is defined as the ratio of the radiation power Pabs
absorbed by the fibre to the incident power P falling
on it. The absorbed power Pabs can be much greater
than the incident power P because, close to the fibre,
the energy flow lines are distorted, resulting in more
radiation incident on the fibre than determined by geo-
metric optics (Fig. 4).

For certain values of D/A, a maximum in absorp-
tion occurs. The conditions for this maximum are con-
sidered in [10, 11]. It was found that the absorption
reaches its peak when

D/h; = 0.1,

where A, is the wavelength in the material, that is, when
the diameter of the conductor is much smaller than
the wavelength.
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Fig. 4. Energy flux lines near a thin fiber

The effect occurs when the electric field vector of
the incident wave is parallel to the fibre axis (E-wave).
In the case of an H-wave, the absorption efficiency
factor is minimal.

The maximum absorption in metals occurs at tiny
wire diameters — fractions of a micrometre. This poses
challenges when using metallic fibres. Therefore, it is
more practical to use graphite fibres. Although their
peak absorption is lower than that of metallic fibres,
at diameters of several tens of micrometres, their ab-
sorption is significantly higher than that of metallic
conductors.

Another factor demonstrating the effectiveness of
using thin conductive fibres in microwave-range shiel-
ding is the uniformity of their absorption across a wide
frequency range.

Fig. 5 shows the frequency dependence of the
absorption efficiency factor of a graphite fibre. From
extremely low frequencies up to a certain cut-off fre-
quency, the absorption remains nearly constant, after
which it decreases. The cut-off frequency depends on
the fibre diameter: it shifts toward higher frequencies
as the diameter decreases, but at the same time, the
overall absorption decreases. Thicker fibres exhibit
stronger absorption, but the flat region of the frequency
response is smaller compared to thinner fibres.

2. Measurements of screen parameters and characteristics

Three screen samples were studied. Their photo-
graphs are shown in Fig. 6. The base of each screen is
cardboard of 0.5 mm thick. On this base, segments of
graphite fibre with diameters of 12—15 um and lengths
of 1-3 mm are randomly arranged.

The surface density of fibres on the screens is lo-
west for Screen 1 and highest for Screen 3.
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Fig. 5. Absorption in graphite fibers of different diameters

Screen 1 Screen 2 Screen 3
Fig. 6. Shielding screens

Fig. 7. Measuring of transmission and reflection: 1 — transmitting horn, 2 — screen, 3 — receiving horn, 4 — control unit
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Fig. 8. Attenuation of radiation by the screens, 1, 2, 3 are screen numbers

2.1. Transmission and reflection e In the frequency range from 9 to 12 GHz on a
Transmission and reflection measurements of the setup with a klystron generator.

screens were performed using three experimental setups: The results of the attenuation measurements are
* In the frequency range from 2 to 40 GHz on a  shown in Fig. 8.

broadband setup “Vector Network Analyzer ZMB-40", One can see that attenuation across the entire fre-

Rohde & Schwarz (Fig. 7). quency range from 2 to 40 GHz varies only slightly,
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which confirms the suggestion of uniform screen cha-
racteristics. The oscillations observed in the graphs are
caused by wave interference in the gaps between the
screen and the transmitting and receiving horns. One
discrepancy between theory and experiment is that the
attenuation of radiation by the screens increases with
frequency, whereas theoretically, as shown in Fig. 5, it
should decrease. A possible reason for this is that the
calculations were performed for infinitely long fibres,
whereas in the experiment their length was comparable
to the wavelength of the radiation. This leads to cer-
tain resonant effects, modifying the interaction of the
radiation with the object [12, 13]. This issue is to be
further studied.

The results of the reflection measurements are
shown in Fig. 9. One can see that, across the frequency
range from 2 to 40 GHz, the reflection for each screen
varies only slightly.
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Fig. 9. Reflection of radiation by the screens,
1, 2, 3 are screen numbers

Average attenuation values across the entire
frequency range are
L, = 3.9 dB,

L,=100dB, L,=11dB.

Average values of the transmission coefficients are

T =041, T,=010, T,=0.08

Average values of the reflection coefficients are

R, = 0.18, R, = 0.37, R, = 0.45.
The formula for the transmission coefficient can

be expressed as follows:
T =(1—R)(1—K),

where K is the absorption coefficient.

From this, it follows that the absorption coeffi-
cient of the screen for the incident radiation power
can be determined using the formula

k=1-—1
1-R

Substituting the values of transmission and
reflection into this formula, one has:

K =059, K =090, K =0.95
It can be seen that a thin screen can absorb a
large amount of incident radiation power.
The setup for measuring the characteristics of the
screens in the frequency range from 9 to 12 GHz is
shown in Fig. 10.

Fig. 10. Experimental setup (9-12 GHz)
1 — generator, 2 — measurement line, 3 — screen,
4 — detector section

The radiation source is the klystron-based gene-
rator 1. The generator operates in the frequency
range of 8.85—12.09 GHz, with an output power of
10—30 mW. The generator output is a waveguide with
cross-sectional dimensions of 23x10 mm. The radia-
tion passes through the measurement line 2, the test
screen 3, and is absorbed by a matched load or the
detector section 4.

The signal P was measured from the detector sec-
tion in the absence of the screen, the signal P in the
presence of the screen, and the standing wave ratio » in
the path with the screen adjusted. Using these data, the
screen transmission coefficient 7 = P/ F, and reflection

2
coefficient R =(r—_lj were determined.
r+l1

The measurement results are shown as points in
Figs. 8 and 9. They are in good agreement with pre-
viously obtained data. Some discrepancies can be ex-
plained by the fact that some measurements belong to
free space, while others relate to the waveguide volume.

2.2. Dependence of the screen transmission on the angle
of the radiation incidence

This characteristic is essential because in real con-
ditions, radiation can fall on the screen from different
sides.

Measurements were performed in the frequency
range of 28—40 GHz.

Fig. 11 shows the dependence of attenuation in
screens 1 and 2 on the angle of incidence of the ra-
diation. The characteristic for screen 3 is close to that
of screen 2. Measurement errors are indicated. One
can see that the increase in absorption with increasing
angle of incidence exceeds the measurement errors and
represents a real physical phenomenon.
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Fig. 11. Dependence of attenuation on the angle of incidence
of radiation 1, 2 — screen numbers

A slight increase in absorption with an increasing
angle of incidence can be explained by the fact that,
at oblique incidence, some segments of the screen are
aligned along the propagation direction of the radi-
ation. The absorption efficiency factor of these seg-
ments increases as does the angle of incidence, which
is demonstrated in [14]. The increase is small because
a sharp rise in absorption occurs only when the radia-
tion strikes the segment at a grazing angle (incidence
angles greater than 85°).

2.3. Complex impedance of screens

The complex impedance of microwave devices is
an essential parameter. It determines the ability of the
devices to match with energy transmission lines or with
free space.

The scheme of the measurement setup is shown
in Fig. 12.

Fig. 12. Block-scheme of complex impedance measurement
of the screen, 1 — generator, 2 — matching attenuator,
3 — measurement line, 4 — screen, 5 — load
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During the measurements, the output of the mea-
surement line was initially terminated with a metal
short-circuit plate. The wavelength in the waveguide
A, was determined as double distance between adjacent
standing wave nodes. The position of one minimum
was recorded as the reference end of the measurement
line. Then, the screen (4) and the load (5) were ad-
justed in the place of the plate, and the minimum
displacement 4 . and the standing wave ratio r were
measured. The displacement toward the generator was
considered positive.

The complex impedance Z is determined using
the formula

r+i(r2 —l)sin( Bd,;, )cos(Bd,,)
z= sin’ (Bd,;, ) +r° cos® (Bd,;, )
where B = 2m/A, i=~-1.

The complex impedance Z is normalized to the
characteristic impedance of the waveguide,

>

where %, is a wavelength in free space, kkp is a cut-off
wavelength in the waveguide.

Measurements of the complex impedance of the
screens were performed in the frequency range from
9 to 12 GHz. Fig. 13a shows the dependence of the
screen resistive impedance on frequency. The upper
curve corresponds to Screen 1, while the lower curves
correspond to Screens 2 and 3. Screens 2 and 3 have a
higher density of graphite segments than Screen 1, re-
sulting in lower surface resistance. In all three screens,
the resistive component increases with the frequency.

The reactive impedance of Screen 1 is also higher
than that of Screens 2 and 3 (Fig. 13b). However, its
frequency dependence falls within the measurement er-
ror, so no definitive conclusion about this trend can
be made.

Conclusions

1. A relevant task is the development of screens
to protect people and equipment from the effects of
electromagnetic radiation.
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Fig. 13. Resistive (a) and reactive (b) components of the screen complex impedance
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2. Microwave-range shielding screens are pro-
posed, which account for the effect of strong radiation
absorption in thin conductive fibres.

3. The advantage of such screens is a uniform
absorption characteristic across a rather wide frequency
range.

4. Measurements of the shielding screen charac-
teristics were performed in the frequency range from
2 to 40 GHz.

5. The measurement results confirmed the feasi-
bility of creating broadband screens with the specified
parameters.
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AHoTauis

PanioenekTpoHHiI MpUCTPOi 3aCTOCOBYIOTHCSI Yy BCiX Tajly3siX HAIlIOTO XWUTTS — Haylli, TEXHilli, 3B’SI3Ky, OCBiTi Ta iH.
bararo 3 HUX (MOOiIbHI TeaehOHU Ta PETPAHCAATOPU [JIs HUX, KOMIT'I0OTEPH, PallioOMOBHI Ta pamiofoKalliliHi CTaHIIil TOIIO)
BUMPOMIHIOIOTh €JIEKTPOMATHITHY €HEpTilo B HaBKOJMILIHE cepenoBulie. Lle BUmpomiHIOBaHHSI MOXe MOTaHO BIUIMBATH Ha
3MI0POB’Sl JIIONIEH, MEePelIKOIXKATU MPaBWIbHIA pOOOTI iHIIMX €JeKTPOHHUX TpujadiB. Y BilICHKOBIiil CIpaBi aKTyaJbHOIO
€ mnpobseMa 3aXUCTy JIIOAEH i TeXHIKM Bil BUSIBJICHHS iX pamiojIOKALIiiHUMM CTaHLISIMU, pamiolleJieHraTopaMu, IajeKo-
mipamu. Tomy icHye mpobjemMa 3aXUCTy Bill €J1eKTPOMArHiTHOTO BUIPOMiHIOBaHHS. JJIi 1IbOrO BUKOPUCTOBYIOTbCS Di3Hi
3aXMCHiI eKpaHu. BoHU moriauHaloTh ab0 BilOMBAIOTH €JEKTPOMArHiTHE BMIIPOMIiHIOBAHHS. Y CTaTTi OINMUCYIOThCSI 3aXMCHi
eKpaHM MiKPOXBWJIBOBOTO Mialla30Hy, SIKi BUKOPUCTOBYIOTh €(eKT CHJILHOTO TTOTIMHAHHS BUTIPOMIHIOBAaHHS B TIPOBITHUKAX,
niaMeTp SIKMX 3HauHO MEHIIWU Bim HOBXMHU XBWIi. PakTop eDEKTUBHOCTI MOIIMHAHHS IPOBITHUKIB JiaMeTpOM KilbKa
MIiKpPOMETPIB Yy CAaHTUMETPOBOMY I MIiJIMETPOBOMY Jiarna3oHax OCSTrae COTeHb i TUcsY. BcraHoBiIeHO TakoxX akTt, 110
MOIJIMHAHHS TaKUX MPOBITHUKIB OJHAKOBE B Jialla30Hi YacTOT BiJ OAWHWULb Tepll 10 AECATKIB rirarepil.

OmnucaHo BUMipIOBaHHS XapaKTepHUCTUK TaKUX €KpaHiB y miara3oHi yactot Bim 2 no 40 I'Tu. B ekpaHax 3acToCOBYBaiCh
BiIpi3ku rpadiToOBUX BOJIOKOH AiameTpoM 12—15 MKM, XaOTMYHO pO3TAalllOBaHUX Ha Mamepi abo MoJieTWIeHOBIl IUIiBLi.
BuMipioBajioch mpomnyckaHHsI i BiiOMBaHHS BUIPOMIHIOBaHHSI TPU PI3HUX KyTax MaaiHHS XBWJIi Ha eKpaH. Y aAiama3oHi
yactoT Bix 9 mo 12 I'Tu mpoBeneHi BUMipiOBaHHSI KOMIUIEKCHOTO OIOpPY eKpaHiB. ExcriepuMeHTH MiaTBepauan eheKTUB-
HICTh 3aCTOCYBaHHSI B €KpaHaX TOHKHX MPOBITHMKIB i IIMPOKOCMYTOBICTb TaKMX TMPUCTPOIiB. BaXIMBuUM € Takox Te, 110
TaKi eKpaHM MaloTh Majly TOBLIMHY i MOXYTb OyTM THYYKMMM, BOHH JIETKi, TEXHOJIOTiUHi Ta Heaopori. IxHi XapakTepucTuKu
MOXYTh OyTU 3aJaHi 10 BUTOTOBJICHHS.

KirouoBi cyioBa: ejieKTpOMarHiTHe BUMIPOMiHIOBAHHS; 3aXUCHI €KPaHU; TOHKI MPOBITHUKU; TOTJIMHAHHS; MPOIYCKAHHS;
BiIOMBaHHSI; BUMIipIOBAHHSI.
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