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Abstract
This paper presents newly designed textiles (woven and knitted fabrics) for camouflage 
against radar, with a particular emphasis on the conductive yarns applied and their distri-
bution throughout the structure of the goods. The levels obtained for the coefficients of re-
flection and the transmission of electromagnetic waves have been discussed for woven and 
knitted fabrics, both raw and those subjected to finishing treatment. These parameters were 
determined using two methods: waveguide applicators and in the space in a semi-anechoic 
chamber within the time domain. The issues this publication covers are an integral part of 
research on developing textile products featuring a broad spectrum of masking, i.e. within 
the visible (VIS), near infrared (IR), and that of the subject - the anti-radar band. The first 
two types of camouflage were discussed in an earlier publication entitled “Assessment and 
Verification of the Functionality of New, Multi-component, Camouflage Materials” (Fibres 
& Textiles in Eastern Europe 2013; 21, 5(101): 73-79).
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in the visible (VIS), near infrared 
(NIR), thermal (TIR) and radar (RA-
DAR) bands [6, 7],

n	 2D	 camouflage	 mesh—multiband	
protection within the VIS, NIR, TIR, 
RADAR and UV bands (winter ver-
sion) [8],

n	 3D	 camouflage	 mesh—multiband	
protection within the VIS, NIR, TIR, 
RADAR and UV bands. The 3D ver-
sion mimics the texture of the natural 
environment,	leaves	or	terrain,	giving	
an	impression	of	space	and	providing	
increased protection in forest environ-
ments [8],

n	 Two-sided	 camouflage	 mesh—multi-
band protection within the VIS, NIR, 
TIR, RADAR and UV bands (winter 
version),

n Coveralls covered with a two-colour 
winter	 camouflage	 pattern	 which	
forms	grey	pixelated	dots	on	a	white	
background.	 The	 coveralls	 are	 sewn	
using	a	composition	of	layers	that	pro-
vide	camouflage	of	near-infrared	and	
thermal	imaging.	The	product	reduces	
thermal	radiation	by	up	to	90%	and	re-
flects	UV	radiation	in	the	same	man-
ner	as	the	surroundings.	Optional	anti-
radar	protection	 is	 also	available	 [9],

n	 SPECTRO	poncho,	capable	of	multi-
spectral	 camouflage	 i.e.,	 in	 the	 near	
and	 far	 infrared	 bands	 (reducing	 IR	
radiation	by	up	to	80%),	 thermal	im-
aging	and	radar	observation	(reducing	
radiation	by	up	to	50%)	[9].	

This article summarises the results of 
research on the development of a new 
textile product that is capable of multi-
spectral	 camouflage:	 visible(VIS),	 near	
infrared	 (IR)	 and	 anti-radar	 [5].	 This	
work also examines issues related to the 

much lower than that of an unmasked 
object, or

n	 a	 change	 in	 the	 secondary	 radiation	
(scatter)	 characteristics,	 making	 the	
object	difficult	to	identify	[2].

This	can	be	achieved	by	the	following:
n	 shaping	 an	 object	 or	 its	 shield	 to	 re-

flect	 (scatter)	 the	 electromagnetic	
waves	 emitted	 by	 a	 radar	 device	 in	
a different direction than that of the 
source;

n	 covering	 the	 object	 with	 a	 material	
that	 reflects	 poorly	 and	 strongly	 ab-
sorbs	 electromagnetic	 waves	 (e.g.,	 a	
masking	mesh);

n	 applying	a	microwave	absorber	on	the	
outer surfaces of the object to absorb 
electromagnetic	radiation	[2].

Among	 the	 non-textile	 products	 dedi-
cated	 to	 anti-radar	 camouflage,	 radio-
absorbing	 materials	 deserve	 attention	
[1].	 They	 are	 applied	 directly	 to	 the	
equipment’s	surface,	which	is	the	largest	
source	of	reflection,	and	are	available	in	
the form of pastes or paints [3] that can 
be	applied	via	 layered	painting,	flexible	
sheets or tiles that are adhered to the sur-
face [1, 4].

In	recent	years,	interest	has	grown	in	tex-
tile products capable of anti-radar cam-
ouflage	that	are	designed	to	protect	solid	
objects, personnel and their equipment. 
Many	 global	 manufacturers	 offer	 such	
products	 [5].	 In	 Poland,	 Miranda,	 Ltd.	
is	the	leading	manufacturer	in	this	field,	
offering	 anti-radar	 camouflage	 products	
including	the	following:
n	 BERBERYS	camouflage	cover,	which	

when put onto a weapon allows direct 
camouflage	against	recognition	agents	

n Introduction
Camouflage	 is	 a	 kind	 of	 combat	 pas-
sive	security	measure	 for	 troops	 involv-
ing	 activities	 intended	 to	 hide	 facts	 and	
mislead	the	enemy.	The	development	of	
reconnaissance has caused that each un-
masked	 or	 insufficiently	 masked	 object	
on	 the	 battlefield	 may	 be	 detected	 [1].	
Comprehensive	reconnaissance	systems,	
such	 as	 optical,	 thermal	 and	 radar	 sys-
tems are used for this purpose [1]. Radar 
recognition	of	the	battlefield	is	currently	
one	of	the	most	effective	and	constantly	
developing	 methods	 of	 collecting	 data	
about	the	enemy	[2].	This	type	of	recog-
nition	can	run	continuously	at	many	elec-
tromagnetic	 frequencies,	 and	 combined	
with	the	latest	information	technology	it	
can	 significantly	 increase	 the	 efficiency	
of	 detection,	 identification	 and	 localisa-
tion of objects.

The	anti-radar	camouflage	of	an	object	is	
a technical operation that causes the fol-
lowing:	
n a reduction of the radar cross section 

(RCS) of the object to be hidden, re-
sulting	 in	 a	 radar	 echo	 signal	 that	 is	
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project	 for	 developing	 anti-radar	 cam-
ouflage.	The	decision	was	made	that	the	
new textile structures developed would 
be	 designed	 mainly	 for	 outer	 clothing,	
blankets and capes, as well as covers for 
personal	equipment.	Additionally,	an	as-
sumption	was	made	that	the	camouflage	
properties	 should	be	obtained	by	 a	 spe-
cially	selected	structure	of	the	fabrics	and	
not	covering	them	by	special	pastes	and	
paints. 

n Subject of research
This publication discusses new textile 
structures (woven and knitted) capable 
of	 anti-radar	 camouflage.	 Both	 the	 raw	
materials	and	those	subjected	to	finishing	
treatments are examined.

Woven fabrics
The	study	included	textiles	(raw	and	fin-
ished)	manufactured	with	 the	 following	
yarns:	
n	 polyester	(basis),
n	 conductive,	 i.e.,	 polyester	 spun	 dyed	

with	 soot	and	polyester	with	 steel	fi-
bres added at various rates.

The individual variants of the woven fab-
rics differed in their weave and distribu-
tion of conductive threads, as indicated in 
Table 1. 

Knitted fabrics 
The research covered knitted fabrics 
(both	raw	and	finished)	made	of	the	fol-
lowing	yarns:	
n	 polyester	(basis),	
n	 polyester	 with	 additional	 steel	 fibres	

added at various rates. 

The knitted fabrics differed in their weave 
and distribution of conductive threads as 
indicated in Table 2.	 By	 changing	 the	
structure of the knitted fabrics, the metal 
fibres	became	oriented	in	different	direc-
tions	in	those	products	as	follows:
n in knitted fabrics D1 and D2, the met-

al	 fibres	 are	 arranged	 evenly	 within	
the structure of the products, but their 
share	 and	 fill	 of	 knitted	 fabrics	 are	
very	small,

n in knitted fabrics D3 and D6, the metal 
fibres	are	arranged	evenly	throughout	
the	structure	of	the	products,	forming	
symmetric	spots,

n in knitted fabrics D4, D7 and D8, the 
metal	 fibres	 are	 arranged	 in	 visible	
stripes	running	along	the	length	of	the	
product.

n Research methodologies 
The	 usability	 of	 the	 textile	 designs	 de-
veloped	 for	 anti-radar	 camouflage	 was	

assessed	at	the	Radar	and	Command	Sys-
tems, Electronic Warfare and Microwave 
Technology	 Laboratory,	 at	 the	 Military	
Institute	 of	 Armament	 Technology	 in	

Table 1. Examples of the woven fabrics of various shares of metal in yarns developed – the 
characteristics; Symbols: “z”—basic yarn, “k”—conductive yarn.

Code of 
fabric Warp Weft Weave Picking 

repeat 

T 5

n  textured polyester yarn dtex 84 
f36×2 (white)

n  textured polyester yarn dtex 
84f36×2 (black)

n  mixed yarn of staple fibres Nm 
50/2 (40 tex), (70% PES/30% 
steel)

n  textured polyester yarn dtex 
167 f96 (white), mixed yarn of 
staple fibres

n  yarns Nm 50/2 (40 tex), (70% 
PES/30% steel)

1/1 7z+1k

T 6

n  textured polyester yarn dtex 84 
f36×2 (white)

n  textured polyester yarn dtex 84 
f36×2 (black)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex) (PES 95%/5% 
steel)

n  textured polyester yarn dtex 
167 f96 (white)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex)  (PES 95%/5% 
steel)

2/2 Z 3z+1k

T 7

n  textured polyester yarn dtex 84 
f36×2 (white)

n  textured polyester yarn dtex 84 
f36×2 (black). 

n  mixed yarn of staple fibres Nm 
50/2 (40 tex)  (95% PES/5% 
steel)

n  textured polyester yarn dtex 84 
f36×2 (white)

n  mixed yarn of staple fibres Nm 
50/2 (40 tex) (95% PES/5% 
steel)

2/2Z 3z+1k

T 8

n  textured polyester yarn dtex 84 
f36×2 (white)

n  textured polyester yarn dtex 
84f36×2 (black)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex), (80% PES/20% 
steel)

n  textured polyester yarn dtex 
167 f96 (white)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex), (80% PES/20% 
steel)

2/2 Z 7z+1k

T 9

n  textured polyester yarn dtex 84 
f36×2 (white)

n  textured polyester yarn dtex 84 
f36×2 (black)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex) (PES 95%/5% 
steel)

n  textured polyester yarn dtex 
167 f96 (white)

n  mixed yarn of staple fibres Nm 
50/1 (20 tex), (PES 95%/5% 
steel)

2/2 Z 5z+1k

Table 2. Examples of knitted fabrics of various shares of metal in yarns developed – the 
characteristics.

Code of 
knitted fabric Composition Type of knitted fabric Fill

D1
textured polyester yarn 300/96 
dtex warp plied with mixed yarns 
of staple fibres Nm 50/2 (40 tex) 
(95% PES & 5% steel)

warp-knitted on the basis of
a weave—a tulle

less than 
40%

D2
textured polyester yarn 300/96 
dtex warp plied with mixed yarns 
Nm 50/2 (40 tex)  (70% PES & 
30% steel)

warp-knitted on the basis of
a weave—a tulle

less than 
40%

D3
mixed yarns of staple fibres, Nm 
50/1 (20 tex)   & Nm 50/2 (40 
tex), composition: 95% PES & 5% 
INOX metal fibres

mesh fabric with a rectangular 
a-jour ~45%.

D4
mixed yarns of staple fibres, Nm 
50/1 (20 tex) & Nm 50/2 (40 tex), 
composition: 95% PES & 5% 
INOX metal fibres

mesh fabric with a hexagonal 
a-jour less than 

40%

D6
textured polyester yarn 300/96 
dtex warp plied with mixed yarns 
of staple fibres Nm 50/2 (40 tex) 
(70% PES & 30% steel)

wale based on a fancy tricot with 
rectangular mesh ~45%

D7
textured polyester yarn 300/96 
dtex warp plied with mixed yarns 
of staple fibres Nm 50/2 (40 tex)  
(95% PES & 5% steel)

mesh fabric with a hexagonal 
a-jour

less than 
40%

D8
textured polyester yarn 300/96 
dtex warp plied with mixed yarns 
of staple fibres Nm 50/2 (40 tex) 
(70% PES & 30% steel)

warp-knitted on the basis of
a weave—a tulle

less than 
40%
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man	wearing	a	suit	of	the	material	select-
ed made on a pilot scale.

Waveguide applicator method
This	study	concerned	the	measurement	of	
reflectance,	 transmission	 and	absorption	
within	the	frequency	range	in	which	most	
battlefield	radars	operate,	from	8.0	up	to	
18	GHz.	When	using	waveguide	applica-
tors, the transmission rate is determined 
from	a	 single	 signal	 passed	 through	 the	
test	material,	which	means	that	the	signal	
value is measured behind the material be-
ing	tested.	We	obtain	information	on	how	
much	of	the	signal	was	suppressed.

The apparatus depicted in Figure 2 was 
used	to	obtain	reflectance	measurements.

The “Time Domain” method
The	measurement	facility	shown	in	Fig-
ure 3	was	used	to	examine	the	reflection	
and transmission properties in a semi-
anechoic chamber with a PNAX vector 
analyser	from	Agilent,	USA	as	the	meas-
uring	device,	operating	in	the	“Time	Do-
main”	mode.	This	setup	allowed	the	sig-
nal	to	be	analysed	as	a	function	of	time.	
The research was conducted in the fre-
quency	band	of	18	±	500	MHz	for	three	
samples	settings	-	0°,	15°	and	30°	to	the	
direction	of	the	signal	transmitted.

When	tested	in	the	time	domain,	the	sig-
nal	 levels	 received	directly	 from	an	un-
masked object were compared to those 
measured	after	obscuring	the	object	with	
the	camouflage	material.	Thus	we	get	in-
formation	on	how	much	of	the	signal	has	
been	suspersed	while	passing	through	the	
material	 tested,	 reflected	 from	 the	 cam-
ouflaged	object	and	passes	back	through	
the material tested. The result was the 
value	of	the	two-way	reduction	in	the	sig-
nal	reflected	from	the	object	camouflaged	
with the material tested. 

n Results and discussion
Microwave parameters of the textile 
structures developed (woven and knit-
ted	fabrics),	both	raw	and	finished,	were	
evaluated	 using	 waveguide	 applicators	
and	 the	 “Time	 Domain”	 method. The 
reflectance	and	transmission	coefficients	
were measured, and the absorption fac-
tors of the microwaves were calculated. 
Materials	 used	 to	 camouflage	 personnel	
and	 their	 equipment	 (clothing,	blankets,	
covers),	should	feature	the	lowest	reflec-
tance	 and	 transmission	 coefficients,	 as	
well	as	the	greatest	absorption	factor.

n	 “Time	 Domain”	 method	 -	 for	 a	 se-
lected optimal variant of the product 
made on a pilot scale.

Comparative studies were also performed 
on	 the	 effectiveness	 of	 camouflage	of	 a	

Zielonka, Poland. The tests were con-
ducted	using	two	methods:
n	 waveguide	 applicators	 -	 for	 measur-

ing	microwave	parameters	of	products	
produced	on	both	a	laboratory	and	pi-
lot scale,

Figure 1. Scheme for measuring the transmission factor.

Figure 2.  Scheme for measuring the reflectance.
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The next phase of the project involved the 
production of optimal textile structures 
on a pilot scale. The anti-radar properties 
of these samples were also evaluated us-

Figure 3. Measure-
ment apparatus in-
stalled in an semi-
anechoic chamber. 

Table 3. Results of tests of anti-radar camouflage of raw woven fabrics made   on a labora-
tory scale. 

Code of 
fabric

Freq., 
GHz

Vertical polarisation Horizontal polarisation
Reflection, 

%
Transmis-
sion,  %

Attenua-
tion, %

Reflection, 
%

Transmis-
sion, %

Attenua-
tion, %

T5 10 – 20 62 21 17 64 16 20

T6 13 – 18 37 14 49 32 21 47

T7 10 – 20 78 5 17

T8 10 – 20 54 26 20 53 23 24

T9 13 – 18 16 30 54 30 39 31

Table 4. Results of tests of anti-radar camouflage of raw knitted fabrics made   on a labora-
tory scale.

Code of 
fabric

Freq., 
GHz

Vertical polarisation Horizontal polarisation
Reflection, 

%
Transmis-

sion, %
Reflection, 

%
Transmis-

sion, %
Reflection, 

%
Transmis-

sion, %

D1
  8 – 13 56 19 25 1 97 2
13 – 18 47 32 21 3 94 3

D2
  8 – 13 75 10 11 2 85 13
13 – 18 61 19 20 3 78 19

D3 13 – 18 8 60 32 32 19 49

D4
  8 – 13 5 65 30 15 35 50
13 – 18 3 66 31 13 49 38

D6
  8 – 13 18 36 46 32 20 48
13 – 18 12 20 68 37 9 54

D7
  8 – 13 2 74 24 10 59 31
13 – 18 2 73 25 6 65 29

D8
  8 – 13 11 40 49 20 40 40
13 – 18 17 22 61 23 30 47

Table 5. Results of tests of anti-radar camouflage of optimal textile structures (woven and 
knitted) made   on a semi-technical scale. 

Code of 
product

Freq., 
GHz

Vertical polarisation Horizontal polarisation
Reflection, 

%
Transmis-

sion, %
Attenua-
tion, %

Reflection, 
%

Transmis-
sion, %

Attenua-
tion, %

T6
8–13 61 12 27 55 8 37

13–18 46 18 36 62 13 25

D4
8–13 6 56 38 15 35 50

13–18 4 61 34 12 49 40

The	 first	 step	 involved	 initial	 measure-
ments of microwave parameters for the 
raw	 textile	 structures	 designed	 and	 cre-
ated	 (produced	 on	 a	 laboratory	 scale)	
using	 the	waveguide	applicator	method.	
The results obtained for the raw fabrics 
(in	percentages)	are	presented	in	Table 3.

Analysis	of	the	data	presented	in	Table 3 
indicates that the woven fabric samples 
feature	 reflection	 coefficients	 that	 are	
too	high	and	attenuation	coefficients	that	
are too low. It can be observed that with 
lower	 rates	 of	 steel	 in	mixed	 yarns,	 the	
values	 of	 these	 coefficients	 are	 better.	
Only	 the	 T6	 woven	 fabric	 yielded	 bal-
anced parameters for both the vertical 
and horizontal polarisations. However, 
this effect was not observed for woven 
fabric	T9,	despite	the	fact	that	both	sam-
ples examined were made from the same 
yarns	with	the	same	weave.	Therefore	the	
value	of	the	coefficients	tested	primarily	
depends on the participation of the con-
ductive threads within the structure of the 
material.

Microwave parameters of the raw knit-
ted fabrics developed were then evalu-
ated, the results of which are presented in  
Table 4. 

The	 main	 assumption	 when	 designing	
knitted	fabrics	for	anti-radar	camouflage	
is	 to	 achieve	 a	 disordered	 arrangement	
of	 metal	 fibres	 in	 the	 material.	 Based	
on	 the	 analysis	of	 the	 results,	 the	most	
promising	 options	 are	 knitted	 fabrics	
D4,	 D6	 and	 D7	 because	 they	 exhibit	
the	smallest	 reflection	coefficient	and	a	
relatively	high	coefficient	of	attenuation.	
However, knitted fabric D6 exhibits a 
large	difference	between	 the	horizontal	
and vertical polarisations, which is dis-
advantageous	for	anti-radar	camouflage.	
The other two knitted fabrics feature the 
same	 type,	 thus	 a	 fill	 level	 of	 approxi-
mately	 40%	 (Table 2). The use of two 
mixed	yarns	with	a	share	of	metal	fibres	
of	 varying	 linear	 densities	 proved	 ad-
vantageous	 -	 knitted	 fabric	D4,	 instead	
of	 white	 yarns,	 as	 a	 basis	 it	 contained	
a	 share	 of	 metal	 fibres	 combined	 with	
mixed	 yarn	 	 -	 knitted fabric D7. This 
combination	 resulted	 in	 a	 more	 “cha-
otic”	arrangement	of	metal	fibres	within	
the	product,	which	is	reflected	in	the	re-
sults for knitted fabric D4. 

Therefore woven fabric T6 and knitted 
fabric	D4	were	selected	for	further	analy-
sis as optimal variants. Both structures 

feature the best properties for anti-radar 
camouflage.	Knitted	 fabric	D4	 for	 cam-
ouflaging	personnel	and	T6	woven	fabric	
for	covering	equipment.
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ing	waveguide	applicators,	the	results	of	
which are presented in Table 5.

The	following	Figures	provide	graphical	
characteristics of microwave parameters 
for	the	optimal	textile	structures:	woven	
fabric T6, Figure 4; knitted fabric D4, 
Figure 5.

The	 values	 of	 reflection,	 transmission	
and	suppression	coefficients	of	 the	opti-
mal	 textile	 structures	gained	on	a	 semi-
technical scale (Table 5) do not differ 
significantly	from	the	level	of	these	coef-

ficients	of	the	structures	made	on	a	labo-
ratory	scale	(Tables 3 and 4). 

Nevertheless,	 the	 resulting	 value	 of	 the	
parameters of two optimal textile struc-
tures produced on a pilot-scale –woven 
fabric T6 and knitted fabric D4 allow to 
conclude	 that	 achieving	 low	 reflectance	
(below	10%)	 and	 high	 absorption	 (over	
50%)	is	the	most	likely	by	applying	mul-
tilayer	arrangements	made	thereof.	Mul-
tiple	 layers	 allow	 for	 complementarity	
between	 the	 camouflage	 parameters	 of	
each one.

Therefore the optimal trial variants (wo-
ven fabric T6 and knitted fabric D4) 
combined	 into	 multilayer	 systems,	 as	
well	 as	 their	 coefficients	 of	 reflection,	
transmission and attenuation were deter-
mined	within	a	suitable	frequency	range	
(Table 6).

As	 expected,	 the	 combination	 of	 layers	
resulted	 in	 an	 “accumulation	 of	 advan-
tages”	 for	 this	 type	 of	 camouflage	 that	
derived from each of the components. 
Given	 the	 simultaneous	 low	 reflectance	
and	high	attenuation	coefficient,	 the	op-
timal	variant	is	the	D4	two-layer	knitted	
fabric	 in	 which	 the	 layers	 are	 arranged	
perpendicular to each other (Figure 6).

Next	the	finishing	processes	(dyeing	and	
impregnation	 [5]),	 for	 the	 optimal	 tex-
tile structure selected (knitted fabric D4) 
were evaluated to determine the product’s 
optical	camouflage	(VIS	and	IR)	proper-
ties. The microwave parameters were ob-
tained	again	after	the	finishing	treatment.	
The	“Time	Domain”	method	within	fre-
quency	bands	of	9.5	GHz	±	500	MHz	and	
18	GHz	±	500	MHz	was	applied	to	both	
the	single	and	double	layer	perpendicular	
arrangements.

Figure 4. Microwave parameters of raw woven fabric T6: a) vertical and b) horizontal polarisation.

a) b)

Figure 5. Microwave parameters of raw knitted fabric D4: a) vertical and b) horizontal polarisation.

Table 6. Results of tests of anti-radar camouflage of multi-layer structures of woven and 
knitted fabric made   on a semi-technical scale.

Arrangement
designation Freq., GHz Reflection, % Transmission, % Absorption, %

D4↑/D4→
  8 – 13 22 25 53
13 – 18 8 33 59

D4↑/T6→
  8 – 13 53 5 41
13 – 18 25 13 62

D4→/T6↑
  8 – 13 39 5 56
13 – 18 20 12 69

D4↑/T6→/D4→
  8 – 13 57 3 40
13 – 18 25 9 66

D4→/T6↑/D4↑
  8 – 13 41 4 55
13 – 18 20 10 70

a) b)
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Microwave	parameters	of	the	D4	finished	
knitted fabric are provided in Table 7 and 
in the amplitude-standoff (time) charts in 
Figures 7 and 8, which demonstrate the 
following	signal	characteristics:
n	 reflected	 from	 an	 object	 that	 is	 not	

covered with the material tested – it is 
the	 reference	 signal	 (distance	=	dou-
ble distance between the source and 
object tested),

n	 reflected	from	an	object	which	is	cov-
ered with the sample tested and from 
the	test	sample	itself	(distance	=	dou-
ble distance between the source and 
object tested).

The	first	peaks	in	the	graphs	characterise	
the	 reflection	 coefficient	 of	 the	 sample	
tested	 at	 different	 angles	 of	 its	 position	
in relation to the direction of radiation, 
the	second	ones	–	the	reflectance	(mask-
ing)	 of	 the	 corner	 reflector	 obscured	by	
a	test	sample	of	the	material.	Changes	in	
the	 reflection	 coefficient	 S11 at various 
angles	of	the	sample’s	position	are	high-
lighted	with	 colours,	 for	 example	 green	
represents	15°.	Red	marked	a	change	in	
S11	 for	 a	 non-obscured	 corner	 reflector,	
taken as a reference.

The microwave parameters of knitted 
fabric	D4	obtained	using	the	“Time	Do-
main”	 method	 confirm	 the	 results	 ob-
tained	from	the	studies	using	waveguide	
applicators.	For	example,	the	“Time	Do-
main”	 measurement	 for	 a	 single	 layer	
of	 knitted	 fabric	 D4	 at	 a	 frequency	 of	
18	GHz	yielded	a	bidirectional	transmis-
sion	value	as	low	as	20.4%.	Measurement	
of	the	one-way	transmission	of	the	same	
sample,	 as	 determined	using	waveguide	
applicators (Figure 5),	 yielded	 a	 result	
of	approximately	45%.	Because	two-way	
transmission	 is	 the	 product	 of	 one-way	
transmission	 coefficients,	 nearly	 identi-
cal	results	were	obtained	(0.45	×	0.45	=	
0.2025,	or	20.25%),	which	confirms	that	
the two methods are comparable in their 
accuracy.	

The	 final	 stage	 of	 research	 regarding	
the	 camouflage	 properties	 of	multilayer	
structures	involved	measuring	the	real	ef-
fectiveness	of	 the	camouflage	under	 the	
following	conditions:
n	 two	 layers	 of	 knitted	 fabric	 D4	 ar-

ranged	perpendicular	to	each	other,
n	 two	 layers	 of	 knitted	 fabric	 D4	 ar-

ranged	 perpendicular	 to	 each	 other	
and combined with woven fabric T6 
as	the	back	layer.

Figure 6. Micro-
wave parameters 
for the two layers 
of the knitted fabric 
D4 arranged per-
pendicularly.

Table 7. Results of tests of anti-radar camouflage of knitted fabric D4 („Time Domain” 
method).

Angle of the 
sample material 
with respect to 
the direction of 
measurement

Two-way attenuation by the knitted fabric D4, dB
9.5 GHz 18 GHz

Single layer Double layer Single layer Double layer
pol. H pol. V pol. H pol. V pol. H pol. V pol. H pol. V

0° 9.6 5.1 20.8 9.8 6.9 5.5 18.2 12.1
15° 9.3 5.2 20.8 10.1 6.5 8.4 17.8 10.9
30° 8.6 5.9 20.0 11.2 5.8 6.3 10.7 8.7

Figure 7. Recorded reflectance coefficient values for the angular fender and finished knit-
ted fabric D4 at 9.5 GHz with: a) horizontal and b) vertical signal polarisation.

a)

b)
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To	 closely	 replicate	 actual	 conditions,	
two-piece coveralls were made from 
these	 materials.	 The	 camouflage	 prop-
erties	were	 evaluated	 by	 comparing	 the	
reflectance	S11	 of	 a	 standing	 individual	
wearing	 a	 suit	 to	 the	 reflectance	 of	 one	
wearing	 the	 camouflage	 coverall	 (Fig-
ure 9).	For	the	reflectance	measurements,	
a	PNAX	vector	circuit	analyser	with	a	set	
of	antennae	was	utilised	at	a	radiated	sig-
nal	power	of	1	mW	(the	field	intensity	in	
the measurement zone was several times 
lower than 7 V/m, in accordance with 
Polish	regulations	concerning	protection	
against	microwave	radiation).	The	meas-
urements were made in an semi-anechoic 
chamber	using	the	“Time	Domain”	meth-
od, the measurement method closest to 
classical	radar.	Due	to	the	complexity	of	
the solid, which is an individual, the re-
flectance	 coefficient	 is	 subject	 to	 strong	
fluctuations	 depending	 on	 the	 relative	
position	of	the	body	and	the	angle	of	in-
cidence	of	an	electromagnetic	wave.	The	
fluctuations	observed	in	the	resultant	re-
flected	signal	far	exceeded	10	dB.	Even	
breathing	and	 imperceptible	 involuntary	
movements	 affected	 the	 fluctuations.	 A	
statistical method of measurement was 
used to eliminate non-representative, 
random	results.	Instead	of	comparing	the	
results	 collected	 at	 a	 single	 position	 of	
the object, a series of measurements were 
obtained	(at	least	30)	over	the	full	degree	
of rotation for the object for random an-
gle	 values		.	 For	 each	 series	 of	measure-
ments	the	mean	value	and	confidence	in-
terval	of	the	reflectance	coefficient	were	
determined	 at	 a	 confidence	 level	 of	 0.9	
for	 Student’s	 t-test.	 The	 coefficient	 of	
camouflage	 δM	was	 calculated	 by	 com-
paring	 the	 reflectance	 coefficient	 values			
for	the	unmasked	and	camouflaged	indi-
viduals.	 This	 coefficient	 determines	 the	
reduction	 in	 signal	 amplitude	 returning	
to	the	radar	due	to	camouflage:

δM	=	20*log(S11N/S11M), dB   (1)

or	as	a	percentage

δM%	=	(1−	S11N/S11M)	×	100,	%		(2)

where:	- δM or δM% - masking	coefficient,
 - S11N  -	average	reflectance	of	unmasked	
object in linear measurement, determined 
from	the	maxima	of	reflectance,	-	S11M  - 
average	 reflectance	of	masked	object	 in	
linear measurement, determined from the 
maxima	of	reflectance.

Exemplary	calculation	results	of	masking	
coefficient	at	18	GHz	frequency	derived	
from Equations 1 and 2 are shown in Ta-
ble 8. 

Table 8. Test results of camouflage properties of multilayer arrangements.

Code of 
material

Freq., 
GHz

Vertical polarisation Horizontal polarisation

Camouflage 
coefficients 

δM, dB/%
Confidence 

Interval, dB/%
Camouflage 
coefficients 

δM, dB/%
Confidence 

Interval, dB/%

D4↑/D4 18 4.1/38 1.5/16 6.8/54 4.5/40 2.4/24 6.1/50

D4↑/D4 + T6 18 2.5/25 1.1/12 3.5/33 4.3/39 2.6/26 5.7/48

Figure 9. Measur-
ing the reflectance 
of an object in cam-
ouflage coveralls.

Figure 8. Recorded reflectance coefficient value for the angular fender and finished knitted 
fabric D4 at 18 GHz with: a) horizontal  and b) vertical signal polarisation.

a)

b)
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An	 analysis	 of	 the	 results	 presented	 in	
Table 8 indicates that knitted fabric D4 
(two	 layers)	 features	 good	 anti-radar	
camouflage	 properties.	 In	 addition	 the	
signal	 reflected	 was	 significantly	 re-
duced, despite an increase in the cross 
section	 of	 the	 camouflaged	 individual.	
Applying	 the	knitted	 fabric	 i	 to	parts	of	
a	standard	garment	is	expected	to	further	
improve the effectiveness of the anti-
radar	camouflage.	However,	more	testing	
on	a	greater	number	of	samples	is	needed	
to	 refine	 the	 results	 regarding	 the	effec-
tiveness	of	these	products	for	camouflage	
target	prototypes.

Figures 10 and 11	 present	graphs	 illus-
trating	the	dynamics	of	level	changes	in	
signal	reflected	from	the	object	at	30	var-
ious random positions in relation to the 
direction	of	 irradiation	within	 the	 range	
of	360°	 (distance	=	double	distance	be-
tween the source and object tested). In-
terference	occurring	outside	 the	 test	ob-
ject	originates	from	the	solid	background	
lying	at	the	level	of	measurement	equip-
ment noise.

n Conclusions
1.	 As	determined	by	the	laboratory	tests,	

woven fabric T6, which presented 
balanced parameters at vertical and 
horizontal polarisations, exhibits the 
best	 anti-radar	 camouflage	properties	
among	 the	woven	 fabrics	 developed.	
The	key	factors	in	achieving	this	level	
of performance are the application of 
appropriately	mixed	yarns	containing	
a	share	of	metal	fibres	and	the	distri-
bution	of	these	fibres	within	the	struc-
ture of the product.

2. Measurement of the textiles developed 
indicates	that	an	irregular	distribution	
of	conductive	fibres	within	 the	struc-
ture of these products has a positive 
effect	 on	 their	 anti-radar	 camouflage	
properties.	A	 satisfactory	 level	 of	 at-
tenuation	 and	 reflectance	 coefficients	
for these structures also depends on 
the	 type	 of	 yarns,	 the	weave	 and	 re-
sulting	fill.

3.	 Knitted	 fabric	 D4	 exhibited	 a	 more	
chaotic	distribution	of	metal	fibres	in	
its structure than woven fabric T6, 
which	had	a	positive	impact	on	reflec-
tance	 and	 attenuation	 coefficients	 in	
the product.

4.	 Of	the	multi-layer	arrangements,	knit-
ted	fabric	D4	arranged	in	two	perpen-

Figure 11. Recorded reflectance values for an individual wearing two-layer cotton cover-
alls made from D4 knitted fabrics, arranged perpendicularly, at various angles of observa-
tion throughout 360° at 18 GHz with: a) vertical and b) horizontal polarisation.

Figure 10. Recorded reflectance values for an individual wearing cotton clothes at various 
angles of observation throughout 360° at 18 GHz with vertical polarisation.

a)

b)
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dicular	layers	exhibited	the	best	anti-
radar	camouflage	properties.

5.	 Applying	 finishing	 treatments	 to	 the	
optimal	textiles	does	not	significantly	
impact	 their	 anti-radar	 camouflage	
properties.

6.	 Results	for	the	innovative	“Time	Do-
main”	 method	 in	 testing	 anti-radar	
camouflage	 properties	 under	 condi-
tions	 approximating	 the	 actual	 ones	
confirmed	 those	 obtained	 using	 the	
waveguide	applicator	method.

Editorial note
1.   The paper was elaborated within the 

framework of Key Project POIG.01.03.01-
00-006/08, co-funded from t funds of the 
European Regional Development Fund 
within the framework of the Innovative 
Economy Operational Programme.

2.   Research of anti-radar camouflage pro-
perties were performed at the accredited 
Radar and Command Systems, Electro-
nic Warfare and Microwave Technology 
Laboratory of Military Institute of Arma-
ment Technology in Zielonka, Poland.
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