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Abstract — The aim of the study is to clarify the EMF shielding
effectiveness (SE) of textiles with metallized yarns depending on
their combinations and the position of samples with respect to the
radiation source. For developing of the samples 3 types of
metallized threads were used. Single and double jersey samples
were made with manual flat knitting machines (gauges E7 and
E10). To measure SE, two methods were used. The samples were
placed between the radiation source and the detector and radiated
with frequencies of 1.161 GHz and 870 MHz. The average result
of SE is 92 % for all knitted fabrics produced in this study.
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I. INTRODUCTION

Electromagnetic shielding is protection of devices/people
from electromagnetic waves which have negative influence,
using special shields, screens and electronic equipment (1).
Screens and shields are also made of textile materials (fabrics,
knitting, non-woven materials) with various structures of
conductive yarns/threads, which consist of synthetic and natural
fibers as well as of metals, their combinations and even carbon
).

For measuring the shielding effectiveness (SE) different
equipment/methods are used, such as anechoic chamber (3),
waveguide and network analyzer (4) or shielding textile bags in
which the radiating device is placed, before the difference to the
radiation of the unshielded device is measured (5).

Most researches of the SE of textile has been dedicated to
woven and coated fabrics, but less to knitted ones. That is why
in the study knitted fabrics with metallized yarns are used.

The aim of the study is to clarify the electromagnetic field
(EMF) shielding effectiveness of knitted textiles with
metallized threads depending on their arrangement, amount,
mutual combinations and orientation of samples in relation to
the radiation source of frequency 1.161 GHz (GPS, mobile
phones, telecommunication) and 870 MHz (wireless sensors).

I1. MATERIALS AND METHODS

A. Metallized Threads

Carrying out the selection of metallized yarns, such factors
as the conformity to textile threads, the structure and chemical
consistency of the thread, the resistivity of metal yarns were
taken into account in order to avoid harm to human health and
to ensure the possibility to use the threads in a knitting machine.
For the development of the samples three types of partly metal
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yarns were used: 1 — polyester staple yarn with steel filaments
(PES yarn, fine steel filaments FG 5005) where diameter of
metal filament was 0.01 mm; 2 — textured polyester multi
filament yarn with steel filament (Trevira Neckelman,
Nr.S06316 Jet Lavtex conductive, dtex 360F65 x 1),
d = 0.03 mm; 3 — cotton yarn with Cu filament coated with Ag
(Cotton Acier, A067 nm), d = 0.03 mm (see Fig. 1).

To achieve smooth density of the knitted fabrics, additionally
was used cotton thread.

B. Knitted Samples

Fig. 1. Micrographic pictures of knitted samples (gauge = E10); (a) single
jersey with thread No. 1; b — double jersey with thread No. 1; ¢ — single jersey
with thread No. 2; d — double jersey with thread No. 2; e — single jersey with
thread No. 3; f—double jersey with thread No. 3. Arrows point to the metallized
threads.
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Single and double jersey samples were made using manual
flat knitting machines with gauge E7 and gauge E10.

The gauge defines the fineness size of the knitting machine
and refers to the number of needles per inch or the fineness of
the knitted fabric and refers to the number of stiches per inch.
The larger the gauge number, the finer is the knitted fabric. For
example, knitted fabric with gauge E7 has 7 stiches per inch or
2.54 cm. To obtain the same density of knitted samples, cotton
thread was combined with other metallized threads. Combining
different metallized threads, pattern types and gauges, totally
28 samples were made (see Table I). For example, the code
7s1co means that the knitted sample was produced on a knitting
machine E7 with pattern type single jersey, using yarn No. 1
and cotton thread.

TABLE |
COMBINATION PRINCIPLE OF METALLIZED THREADS, PATTERN AND GAUGE

Gauge (needles Pattern tvpe Combinations of metallized
per inch) P threads (by code number)

Single 1+co 1+2

E7 2+co 1+3 1+2+3
Double 3+co 2+3
Single 1+co 1+2

E10 2+co 1+3 1+2+3
Double 3+co 2+3

The samples under examination were oriented in such a way
that the courses of metallized threads were parallel (vertically
oriented sample, see Fig. 2) and perpendicular (horizontally
oriented sample) to E-field polarization plane of the
electromagnetic wave.

Horizontally oriented samples showed less shielding
effectiveness than the vertically oriented ones that is why the
vertically oriented samples are more discussed.

Vertically
oriented
arrangement of
course of
metallized thread

Fig.2. Scheme of metallized thread location in knitted textile (single jersey).

C. SE Measuring Methods and Equipment

1. Waveguides and VNA

To measure the shielding effectiveness, a test set of two
similar waveguides and vector network analyzer (VNA) was
used. The waveguides were cylindrical with diameter 190 mm
and length 400 mm. The cut-off frequency of the waveguide
was approximately 1 GHz, which meant that it could not be
used for lower frequencies. The linearly polarized wave inside
the waveguide was generated with a quarter wave monopole.
The monopole was soldered to the central wire of N-type
connector (a radio frequency coaxial connector) and placed 70
mm from the wall. Waveguide ports were connected with
coaxial cables to the VNA ports. The test set scheme is shown
in Fig. 3, where 1 stands for the first waveguide, 2 stands for
the second waveguide, 3 stands for the sample and 4 stands for
the coaxial cables.

H |

4 Input Ll
."
.4"‘ 7 4 Output
N-type connector
Port 1 Port 2

VNA

Fig.3. Scheme of waveguide and network analyzer.

Before the SE measurements the waveguide characteristics
were tested without a sample. The frequency was swept in the
0.5GHz-15GHz range. Fig.4 shows the amplitude-
frequency response (AFR) of the waveguide. These
characteristics were used to find more suitable frequency for the
tests. Fig. 4a shows the reflection coefficient (S11) of the input;
S11 is 0dB in 500 MHz — 950 MHz frequency range and it
means that all power was reflected from the input. The
waveguide was not usable on these frequencies. 950 MHz was
a cutoff frequency of this waveguide. The waves only with
higher frequency than cutoff could be propagated in the
waveguide. Fig. 4b shows the AFR of transition coefficient
S12, which confirms the existence of cutoff frequency in the
range 500 MHz — 950 MHz. Theoretically for the tests we
could use all frequencies which are higher than 950 MHz, but
practically the high frequency region has some limitations. The
most significant limitation was the effect of wave interference
which was the source of uncertainty. The effect of interference
is demonstrated in Fig. 4a. The AFR curve had a lot of peaks
with minimums and maximums in frequency range of 1 GHz —
1.5 GHz. The region which was close to the cutoff frequency of
waveguide was the most suitable for tests because of the
minimal interference. The power transmission loss in the
waveguide was about 1 dB and it is shown with marker MK1 in
Fig. 4b. The loss was compensated after the calibration. The
best impedance match between VNA and waveguide ports was
on a frequency of 1.16 GHz, which was used for the SE
measurements. In this research the transition and reflection
coefficients of the material were measured. SE was defined as
reflection coefficient.
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Fig. 4. AFR of the waveguide; a — input reflection; b — transition.

The measurement set was calibrated and normalized using
VNA calibration regime. The diagram of reflected and transmitted
power is illustrated in Fig. 5. The level of the reflected power was
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very low at =71 dB (7.9e'10°8 times less in comparison with
input power). The low reflection level allows accepting that the
reflection without sample equals to 0. But the level of the
transmitted power was almost the same as the input power, as a
result the transition coefficient without sample equals to 1.0
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Fig. 5. AFR of the waveguide after normalization; a — input; b — transient.

An object placed between the waveguides will disturb the
distribution of the electromagnetic waves, which is shown in
Fig. 6, where P1 stands for forward power, P2 is transmitted
power, P3 is reflected power and P4 is absorbed power. The
sum of P2, P3, and P4 is P1.

VNA

Fig. 6. Scheme of distribution of waves in the waveguide.

Physically the forward radio frequency (RF) power is
approximately 1 mW. In this test relative powers were used. P1
is defined as 1.0 (100 %). The VNA detects S-parameters and
depicts them in logarithmic scale. S12 is the transition
coefficient (1), S11 is the reflection coefficient (2). From S11
and S12 reflected and transmitted relative powers can be
extracted.

S12 = 10 log(P2/P1)=10 log(P2). 1)
S11 = 10 log(P3/P1)=10 log(P3). )

2. Method of two antennas (horn & dipole)

The conductive threads in the material can work as reflector
with a simple dipole antenna. We tested this effect using the
method of two antennas. The test set is shown in Fig. 7 and
consists of a quarter wave dipole antenna marked 3, broadband
horn antenna marked 2 and vector network analyzer (VNA)
which is connected to antennas using coaxial cables marked 1.
The distance between the antennas is 1 m. The tests were
conducted on 870 MHz frequency. The path between the
antennas was calibrated before the tests without the reflector.
The reference level was 0 dB.
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a b

Fig.7. Scheme of the test set: a — measurement of front amplification;
b — measurement of back attenuation.

The radiation pattern of dipole antenna without reflector is
shown in Fig. 8. It is a circle in E-field polarization of the
dipole. The strength of E-field was constant in all directions.
The sample of the conductive textile which was placed between
the antennas (see Fig. 9) worked as a reflector. This effect is
widely used in the well-known Yagi-Uda antenna. The reflector
introduced changes in the radiated field. The front radiation was
amplified and back radiation was attenuated. The efficiency of
field reflection from the sample depended on the difference
between front amplification and back attenuation (FB ratio).
We measured the attenuation of the signal, for which the results
are given in Fig. 14 and Fig. 15.
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Fig. 8. Radiation pattern (electric filed intensity) of dipole in vertical
polarization, without sample: a — cross section side view and b — from above.
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Fig. 9. Radiation pattern (electric filed intensity) of dipole in vertical
polarization, with sample: a — cross section side view and b — from above.

I11. RESULTS AND DISCUSSION

Double jersey samples with thread No. 2 and samples with
No. 3 made with both gauge knitting machines showed lower
reflection effectiveness and increased absorption than other
double jersey samples.

The average SE of samples 7d2co and 7d3co was 73 % (see
Fig. 10), while for other samples it was 92 %. The highest SE
(98 %) was demonstrated by the sample of steel and polyester
staple fibers (thread No. 1).
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Fig. 10. SE (%) of double jersey samples (g = E7) with metallized threads
parallel to polarization plane of the electromagnetic wave 1.161 GHz.

Similar tendency was observed for E10 double jersey
samples, where the lowest average SE of the samples 10d2co
and 10d3co was 82 % and of other samples it was 95 % (see
Fig. 11). The sample 10d123 where all threads were combined
showed by far the highest shielding (99.99 %).
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Fig. 11. SE (%) of double jersey samples (g = E10) with metallized threads
parallel to polarization plane of the electromagnetic wave 1.161 GHz.

Comparing the average results of single jersey samples
knitted with gauges E7 and E10, better SE (97 %) was observed
for 7 gauge samples. The lowest SE (93 %) was shown again
by the sample with thread No. 2 (see Fig. 12), while SE of other
samples was high.

samples
M transmitted

M reflected

Fig. 12. SE (%) of single jersey samples (g = E7) with metallized threads
parallel to polarization plane of the electromagnetic wave 1.161 GHz.

The results of E10 gauge single jersey samples were not as
good as of E7 gauge samples. Samples 10slco, 10s3co,
10s13co and 10s123 showed lower SE (91 %) than other
samples of this group (see Fig. 13).
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Fig. 13. SE (%) of single jersey samples (g = E10) with metallized threads
parallel to polarization plane of the electromagnetic wave 1.161 GHz.

The average result of shielding effectiveness was 92 %
among all knitted fabrics produced for this study. Better SE was
observed in single jersey samples. Analyzing the results of
double jersey samples, it can be concluded that the finer the
knitting pattern, the better is the SE and the lower is the
absorption and transmission. Otherwise single jersey samples
had better SE for the samples with g = E7 (with bigger loops).

Knitted fabrics take the leading position among textiles for
clothing production, especially single jersey. Metallized fabrics
can be used in such daily clothing as pullovers, T-shirts, vests
and jackets, thus protecting people from electromagnetic
waves.

Comparing double jersey samples measured with the horn
and dipole antenna method (Fig. 14) high reflection was
observed to samples knitted with 10 gauge knitting machine,
especially to samples where combination of thread No. 1 and
No. 2. and No. 2 and No. 3 were used.

E7 single jersey samples (Fig. 15) had better (twice as high)
reflection than double jersey samples (see Fig. 14). This was
because the metallized threads in the single jersey pattern were
less curved than in double jersey, thus the reflection of waves
was better.
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Fig. 14. Reflection of double jersey samples (g = E7, g = E10).
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20 4. Mistik, S.I., Sancak, E., et al. Investigation of electromagnetic shielding
properties of boron and carbon fiber woven fabrics and theirs polymer
15 composites. In: RMUTP International Conference: Textiles & Fashion
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Fig. 15. Reflection of single jersey samples (g = E7, g = E10).

1V. CONCLUSION

To improve the shielding effectiveness features of textiles,
various fabrics, knitted fabrics and nonwovens of different
structures, combinations and consistency were modeled and
developed using metal/metal coated yarns.

Several methods for measuring shielding effectiveness were
used, and the usage of different equipment depended on the
radiated waves.

The samples with yarns oriented parallel to the polarization
plane of incident electromagnetic waves showed much higher
SE (92 %) than perpendicular oriented samples, which was
caused by wave polarization.

The reflection coefficient or SE depends on the parameters
of the conductor which reflects the waves. This is one of the
basic tasks of electrodynamics named — reflection of a normally
incident plane wave from a conductor. The incident wave in the
ideal conductor induces oscillations of electrons and generates
the electromagnetic wave with the same properties but in
another direction. The ideal conductor is plane and infinity as a
result its impedance is 0. It means that the ideal conductor has
no active and reactive resistance. The investigated samples
differ a lot from the ideal conductor. The samples have an active
and reactive resistance which effects SE.

The SE depends on the knitting pattern, i.e., whether it is
single or double jersey. Single jersey (SE~96 %) samples
reflect electromagnetic waves better than the samples of double
jersey (SE~89 %) which allows the conclusion that the less
metal yarns are curved, the less inductivity is observed. We
assumed that as the double jersey samples had more curved
loops inductivity was higher and as a result had higher
impedance. The conductors with higher impedance have worse
reflection.

The highest SE is observed for single jersey samples where
in combination with other threads the thread of cotton and Cu
filament coated with Ag (thread No. 3) was used.
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Marianna Grecka, Olegs Artamonovs, Juris Bliims, Andrea Ehrmann, Ausma Vilumsone. Adijumu ar metalizétiem pavedieniem elektromagnétiska
lauka ekranéSanas efektivitate

Strauji attistoties komunikacijas tehnologiju sisttmam, krasi palielindjusies apkart&jas vides piesarnojuma bistamiba ar elektromagnétisko starojumu.
Elektromagnétisko vilnu ekrangsana ir nepiecieSama ne tikai elektroniskam iericém, bet ari cilvékiem. Viens no veidiem ka pasargat cilvéku no EM vilniem ir
ekrangjoso tekstiliju izmantoSana apgérba. Tas var but austas, neaustas, parklatas un aditas tekstilijas.

Ekranésanas efektivitates mériSanai izmanto vairakas metodes, kuru iekartu atskiribas galvenokart nosaka vilnu garumi, ar kuriem apstaro paraugus. Darba mérkis
ir izveidot dranas paraugus ar elektromagnétiska lauka ekrang&jo$am ipa§ibam, izmantojot tris dazadus metalizetus pavedienus: 1 pavediens - poliestera un térauda
Stapelskiedras pavediens, 2 - multifilamentarais PES pavediens ar térauda filamentu, 3 - kokvilnas $kiedru un vara filaments, kas parklats ar Ag. Paraugi aditi ar 7.
un 10. klases adammasinam divos dazados adijuma veidos — vienkartas un divkartu adijuma. No metalizétiem pavedieniem un kokvilnas dzijas kopuma izveidoti
28 paraugi.

Paraugu ekrangSanas efektivitate mérita péc divam metodém: pirma, izmantojot divus vilnvadus, starp kuriem novietots paraugs un ar kézu analizatoru (raidita
vilna frekvence 1.161 GHz); otra, izmantojot rupora un dipola antenas, kas pieslégtas pie k&Zu analizatora (raidita vilna frekvence 870 MHz).

Kopuma salidzinot adfjuma paraugus, vidgjs atstaro$anas raditajs ir 92 % no raidita vilna. Ar vilnpvada-kézu analizatora metodi méritiem paraugiem vislabakas
ekrang$anas Tpasibas raksturigas vertikali novietotam dranam, jo vilna elektriska lauka polarizacija sakrit ar ieadita vaditaja (metalizeéta pavediena) orientaciju.
Visaugstaka ekranéSanas efektivitate ir 7. klases adammasinas vienkartas adijumiem. Vienkartas paraugi ekrané labak par divkartu paraugiem, jo to metalizétie
pavedieni ir mazak izliekti un ar mazaku induktivitati, Iidz ar to augstfrekvencei ir mazaka induktiva pretestiba. Salidzinot paraugus, kas mériti ar rupora un dipola
antenas metodi, labak atstaro smalkaka adijuma (10. klases adammasina) vienkartas paraugi, pasi, kur izmantots kokvilnas pavediens ar vara filamentu, kas parklats
ar Ag.

Mapunanna I'penxa, Osner Apramonos, IOpuc Biaym, Auapea dpman, Aycma Buimomcone. ¢ ¢peKTHBHOCTh YKPAHHPOBAHHUS )JIEKTPOMATHUTHOIO MOJISI
BSI3aHMIi U3 MeTAJIN3MPOBAHHBIX HUTeH

B cBs3u ¢ OBICTPBIM Pa3BUTUEM CHCTEM KOMMYHUKALHOHHBIX TEXHOJOTHH, Pe3KO BO3POCIA OMACHOCTh 3arpsA3HEHUs OKpyXKaloliell cpelbl IeKTPOMarHUTHBIM
U3JTyYyeHUueM. DKPaHUPOBAHUE HIICKTPOMATHUTHBIX BOJH HEOOXOJIMMO HE TOJIBKO JUIS JIEKTPOHHBIX YCTPOMCTB, HO U Juis jitoAed. OJHUM U3 Crioco0O0B 3alUThI
nmofeil oT OM BOJH sBIISIETCS. HCIOJIb30BAaHHE SKPAaHUPYIOMIMX TEKCTWIBHBIX U3Jenil. TeKCTHUIBHBI MaTepHrail MOXKET ObITh TKaHBIM, HeTKaHBIM, BSI3aHBIM U C
MOKPBITHEM .

Jlns n3Mepenus 3eKTHBHOCTH SKPAaHUPOBAHUS HCIIONIB3YIOTCS Pa3HbIe METOIUKH, Pa3JINYHe KOTOPBIX B OCHOBHOM OIIPE/IEIISET JUIMHA BOJIH, KOTOPBIC 00Iy4atoT
o6pastel. Lens paboTsl - co371aTh BsI3aHbIe 00pa3Ibl IKPAHUPYIOIIHE IEKTPOMArHUTHOE TI0IE, ICTIONb3YsI TPH Pa3HBIX METAJUTN3UPOBaHHBIX HUTH. [lepBas HUTB — n3
MOJIUACTEpA U CTAJbHOTO INTAIENBHOIO BOJIOKHA, BTOPAsk HUTh — M3 MyJIbTH()UIAMEHTApDHOIO IOIMICTEPA CO CTAIBHBIM (DUIIAMEHTOM, TPEThs HUTh — M3
XJIOIIKOBOT'O BOJIOKHA ¥ MEJTHOTO (prstaMeHTa, MOKPHITOro cepedpoM. TpukoTaxkHbIe 00pa3iibl CBA3aHbl HA MAIIMHKAX /-ro U 10-ro Kjacca OAWHAPHBIM U JBOHHBIM
Bs3aHneM. Co3nano 28 00pa3ioB U3 METaTM3UPOBAHHON M XJIOITKOBOH MPSKH.

Db dexTUBHOCTD IKPAHUPOBAHHUS 0OPA3LIOB U3MEPEHA TBYMSI CIOCOGAMI: IEPBBI - C HCTIONB30BAHIEM BYX BOTHOBOIOB, MEXKIY KOTOPBIMH PACIIONIOKEH 0bpasell,
U aHanm3aropa (4actora BoiHbl 1.161 ['T'ir); BTOpOIt - HCIIONB3ys PYHOPHYIO U JAUIOIBHYIO aHTEHHY, KOTOPbIE COEMHEHBI C aHAIU3aTOPOM (4acToTa BosHbI 870
MTI ).

Cpennnii mokaszarens 3(hekTHBHOCTH dKpaHHpoBaHusi coctaBisier 92 %. Hawmnyumas >((heKTHBHOCTh SKpaHHPOBAHHS XapaKTepHa M BEPTHKAIBHO
PACIONIOKEHHBIX 00pa3LoB, KOTOpBIE HM3MEPEHBI METOJOM BOJIHOBOAA-aHANIU3aTOpa, MOTOMY YTO MOJAPU3ALUs 3JIEKTPUUECKOTrO IOJS BONHBI COBHAIAeT C
OpHeHTalHel IPOBOIHHKA (METAIUTM3UPOBAHHON HUTH).

VY 06pa3uoB 7-ro Kiacca OJMHAPHOTO BSI3aHHUS HAOMIOqaeTCss HanOombiias 3 GeKTHBHOCT dKpaHupoBanmsi. OOpa3ibl OHHAPHOTO BA3AHUS IKPAHUPYIOT JIy4IIle,
yeM 00pasIlbl JBOMHOTO BSA3aHUS, IOTOMY YTO METa/UIM3HPOBAHHAs HUTh MEHEe M30THYTa U MO3TOMY MEHbIEe WHIYKTUBHOCTB, CJI€IOBATENbHO, Y BBICOKOH
4acTOTBI MEHbIIE MHIYyKTHBHOCTh. CpaBHMBasi 00pasibl, H3MEPEHHbIE PYIIOPHON M JHMIOIBHONW aHTEHHOM, JIydIlle SKpaHUPYIOT TOHKHE (Mammua 10 kiacca)
00pa3Lbl OIUHAPHOTO BA3aHHs, OCOOSHHO T€, UYTO CENaHbl U3 3-i HUTH, KOTOpas COCTOUT U3 XJIOIMKOBOTO BOJOKHA C MEIHBIM (hHIaMEHTOM, OKPBITHIM CepedpoM.
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