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Abstract: Along the years, RADAR absorbing materials (RAM's) have been widely introduced in aeronautic applications and
platforms. However, this kind of materials presents three main problems for certain applications when they are intended to be
used in real operations. First, they must be scalable from a laboratory sample to actual size, at a reasonable cost. Second, they
must be able to work without metal backing for applications in non-metallic vehicles or other objects which surface might not be
flat. Indeed, they should also be flexible and surface adaptable. Finally, their absorbing properties against electromagnetic fields
should be preferably characterised under real conditions, that is, in free space (FS), in order to design and fabricate an
appropriate material for the intended application. In this study, a self-developed, low-cost, bilayer, X-band RAM, composed of a
lower layer of polyaniline silicon rubber and a top layer of silicon rubber with graphite was characterised in a bistatic anechoic
chamber called BIANCHA, and the results are presented, analysed and compared with software simulation and with the typical
single polarisation waveguide measurement method, showing the adequacy of FS measurements for the development of this
type of RAM.

1 Introduction
Research in absorbing materials came together with the early
developments of RADAR and a patent of a RADAR absorbing
material (RAM) can already be tracked back to 1936 [1]. Now,
there is a very wide variety of RAM's [2, 3] with different basic
materials [4, 5], bandwidth, absorption level, cost [6, 7] and
mechanical properties. Certainly, for aeronautical use, the ideal
RAM should be very thin, light, weather resistant and cheap and
should obviously behave as a very good microwave absorber [8].

Achieving such a material is not an easy task and practical
difficulties occur, particularly for certain applications. The authors
are working in the development of RAM's that could be employed
as the airship envelope for lighter-than-air vehicles or as a rapid-
deployment store to cover a plane on a platform. As a consequence,
both flexibility and good performance without using a metal
backing are required, and, thus, for instance, carbon fibre fabrics
with the necessary conducting properties have been explored [9,
10]. Besides, the amount of material needed for this application
implies developments that can enable the laboratory samples to be
easily scalable to bigger dimensions at a reasonable cost and
maintain the absorbing properties. To meet this objective, it is
advantageous to have a composite made up of only one type of
filler. Finally, to assess the performance of the developed RAM, the
material needs to be tested with a suitable method [11].

In this regard, this paper deals with the characterisation of a
flexible absorbing material developed to meet the requirements just
presented for the described application, and designed to have a
good behaviour at the X-band (8–12 GHz). In the opinion of the
authors, the absorbing properties against electromagnetic (EM)
fields are better characterised under real conditions, that is, in free
space (FS). It is true that one of the most common characterisation
approaches is based on the use of waveguides [12], though
dielectric probes are also used [13], but when the RAM is a flexible
composite material (as in this case), this method does not provide
the best characterisation results [14, 15], and then the use of FS
methods [16] seems to be preferable. Thus, the main focus of this

work is to show a reliable EM characterisation method of a flexible
RAM based on FS measurements in monostatic and bistatic
configurations.

This paper is organised as follows. Section 2 gives a short
theoretical introduction to RAM behaviour, whereas Section 3
describes the material concept and the elaboration process. Also
bistatic anechoic chamber (BIANCHA), the facility where the FS
measurements were conducted is presented including a brief
description of the different tests performed, namely absorption,
permittivity estimation and radar cross-section (RCS)
measurements. Section 4 shows and discusses the results including
comparisons with waveguide absorption measurements and RCS
simulations. Finally, Section 5 draws the final conclusions.

2 Theory
The behaviour of RAM can be derived from the transmission line
theory [17]. For the general case, an n-layer RAM backed by a
perfect electrical conductor (PEC) (see Fig. 1), the wave
impedance of the ith layer is given by

Zi = ηi
Zi − 1 + ηi tanh γidi
ηi + Zi − 1 tanh γidi

(1)

where ηi, γi and di in are the characteristic impedance, propagation
constant and thickness, respectively, and η0 is the vacuum
impedance (≃377 Ω). 

The characteristic impedance and the propagation constant are
calculated by

ηi = μ0

ε0

μr
εr

(2)

and
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γi = jω
c μrεr (3)

From the transmission line theory, the reflection loss (RL) of the
normal incident wave is defined as

RL(dB) = 20 log10 Γ = Zn − η0

Zn + η0
(4)

For the present paper, the designed RAM has two layers and the
RL (dB) can be calculated by [18–20]

= 20 log10

μ1 /ε1 tanh(γ1d1) + μ2/ε2 tanh(γ2d2)
((μ1 ε2)/(ε1μ2))tanh(γ1d1)tanh(γ2d2)

− 1

μ1 /ε1 tanh(γ1d1) + μ2/ε2 tanh(γ2d2)
((μ1 ε2)/(ε1μ2)) tanh(γ1d1)tanh(γ2d2)

+ 1
(5)

Equation (5) is a complex function [21] and numerical evaluation
is usually made through mathematical approximations or by
software computation. The bilayer design used in this work is
composed of a first layer (in contact with PEC) of non-magnetic

material [μr = (1 − j0)] with measured, by waveguide method,
dielectric constant ɛr = (10 − j2) and 3 mm thickness, and a second
layer (between first layer and FS) of non-magnetic material with
measured (with software and vector network analyser Agilent
8510C) dielectric constant ɛr = (6 − j1) and 3.5 mm thickness.

With these design parameters, the obtained computer evaluation
of RL is showed in Fig. 2, conforming this, the initial expected
behaviour of the material to be tested. 

3 Experimental results
3.1 Material design

Bearing in mind the intended application sketched in Section 1, the
RAM based on the Dallenbach single-layer model [22] or the
Salisbury bilayer screen [23] appeared as possible solutions to the
above-mentioned conditions (see Fig. 3). 

The mechanism presented by Dallenbach comprises a λ/4 sheet
of absorbing material placed on a conducting plane and relies on
the destructive interference of the waves reflected from the first
and second interfaces. In the case of the Salisbury's model, a
second layer which impedance is desirable to be that of the FS
(≃377 Ω) is deposited over the first. The appearance of materials
such as conductive polymers [24, 25] by integrating composite
materials [26, 27] and combining them with allotropes of carbon
[28, 29] (carbon black or graphite) has allowed to achieve greater
absorption bandwidths than those of Dallenbach's materials and an
impedance matching as good as that of the Salisbury screen.

In the present case, our RAM was designed to absorb between
11 and 12 GHz using a variation of the Salisbury concept, with a
RAM material layer (bottom) having conductivity to improve the
absorption and a resistive layer (top) thick enough to form a whole
structure that can match the desired absorption frequency. In
particular, the bottom layer, of 3 mm thickness, is a compound of
commercial silicon rubber loaded to 10% w/w with doped
polyaniline [PANI-dodecyl benzene sulphonic acid (DBSA)] of ≃1 
S/m conductivity, and the top layer, of 3.5 mm thickness, is
composed of a commercial silicon rubber loaded to 20% w/w with
graphite. In both cases, the grain size is 100 μm. As we see, each
layer is a very simple composite, where the only care is to keep the
proportions. After that, the RAM will be large-scale reproducible.
The resulting compound is a bilayer, flexible, low-cost material
scalable without problem up to bigger dimensions.

3.2 Material elaboration

PANI was synthesised through the emulsion method using DBSA
in aqueous solution [30]. At first, aniline monomer was distiled.
The chemical oxidative polymerisation process of PANI-DBSA
uses the ammonium persulphate (APS) as oxidant agent, and the
DBSA and hydrochloric acid (HCl) as dopant agents. Then, a
specific volume of aniline was added to the recipient containing
distiled water, DBSA and HCl with a molar ratio of aniline/(DBSA 
+ HCl) = 1 and magnetic stirring (solution A). On the other hand, a
solution containing APS, distiled water and HCl (solution B) was
added to solution A, at 0°C. Then, solution A+ solution B was
stirred mechanically for 6 h. After that, the sample was allowed to
stand for 48 h, washed with distiled water, methanol and acetone
several times and dried in vacuum at 60°C for 24 h. The obtained
powder was sieved to get 100 μm particles. This powder is mixed
uniformly to 10% w/w, with commercial silicon rubber, to then be
deposited in a mould where, after 10 h, a flexible sheet is obtained.

Fig. 1  Generic i-layer RAM configuration
 

Fig. 2  Computed RL design results
 

Fig. 3  Typical RAM configurations
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A similar procedure is performed to obtain the graphite sheet to
20% w/w. The 100 μm particle graphite powder is a cheap
commercial product that is mainly used as lubricant. Both flexible
sheets can be seen in Fig. 4. 

3.3 FS measurement

As the RAM will be used under FS conditions, the EM
characterisation that comes closest to its actual usage is the one that
can be performed in an FS range such as an anechoic chamber of
appropriate dimensions. In this paper, the facility called BIANCHA
belonging to the National Institute for Aerospace Technology
(INTA), Spain was used [31] (see Fig. 5). BIANCHA is a singular
facility devised to perform a wide variety of EM tests such as
antenna measurements, RCS tests, FS materials characterisation,
radar absorption measurements etc. However, apart from this
versatility, the most relevant characteristic of BIANCHA is its
ability to situate two probes at any point on an imaginary
hemisphere and to establish any combination of angles between
them and the centre. To achieve this, the system consists of a dual-
axis azimuth turntable and two elevated scanning arms, which form
a bistatic, spherical field scanner. While one elevated scanning arm
is holding the transmitting antenna and travelling on a radius from
one horizon to the other, a second elevated scanning arm with the
same radius and travel range for the receiving antenna is mounted
on the azimuth turntable. 

Two main elements are used in the measurements carried out
for this paper: on the one hand, a 10 × 10 cm2 sample of the
material under test (MUT) that can be either the graphite, the PANI
or the bilayer compound (graphite + PANI) and, on the other hand,
a 10 × 10 cm2 flat aluminium plate that will be used, depending on
the test, either as a reference or as a metal backing. The MUT
and/or the metal plate are always located in the central point of the
semi-sphere that encloses all the positions of both antennas with
their normal vector pointing to the ceiling of the facility, as shown
in Fig. 5. Using these two main elements, three different FS tests
were conducted:

• Absorption: U.S. Naval Research Laboratory-arch-like [32]
comparison measurements [metal reference against metal-
backed (MB) MUT] were performed both for normal incidence
(monostatic case) and for the bistatic case with 5°, 15° and 25°
incidence angles.

• Permittivity estimation: An improved version of the MBFS
permittivity estimation technique proposed by Ghodangoakar
was employed to determine the dielectric characteristics of the
different MUT's [33]. The implementation employed at INTA
uses particle swarm optimisation (PSO) as the search technique
to extract the permittivity from the measured reflection
coefficient [34].

• RCS: The monostatic RCS at normal incidence was measured
for the different MB MUT's.

In all the tests, background subtraction was employed to
improve the measurements. Similarly, software gating using the
Bohman's window [35] was utilised to keep only the response from
the intended target and avoid unwanted reflections. For the
transmission and reception of the signals, a 4-port vector network
analyser (R&STM ZVA50) was used, emitting and receiving
between 7 and 18 GHz. Owing to the software gating, guard bands
are recommended at the extremes of the measured bandwidth, so
the FS results will be presented from 9 to 16 GHz.

Apart from the FS tests, and in order to compare different
measurement methods, waveguide absorption measurements were
also performed and are presented in the next section. The
absorption measurements in waveguide [36] were made also by
comparison of a metal reference (short circuit) against the MB
MUT, as shown in the set-up presented in Fig. 6. Bearing in mind
the frequencies under study, a type WR-90 or R100 waveguide and
adapter were used. Thus, a sample of each material layer and then
the final bilayer material in their right order (graphite PANI and
short circuit) were carefully placed inside the waveguide (before its
end, where the short circuit is placed). Then, the S11 parameter was
measured for each sample using the same vector network analyser
and applying also software gating (Bohman's window) to allow
proper result comparisons. Owing to the materials’ inherent
flexibility, it is worth noting the difficulty in machining the MUT's
and placing them into the waveguide. 

4 Results and discussion
As mentioned before, three different tests in FS were performed for
the MUT's: absorption (monostatic and bistatic), permittivity
estimation and monostatic RCS. Those measurements permit to
analyse completely the material behaviour in the presence of
radiated EM fields and for the intended application, layer by layer
as well as for the bilayer sheet developed under the Salisbury's
concept [37].

First of all, the normal incidence monostatic absorption
measurements are shown in Fig. 7. It can be clearly seen that each
separate layer does not show any significant absorption, but
working together, as expected by design, absorption resonance
appears in the predefined frequencies. This behaviour is typical of
these kinds of materials when the electrical permittivity and the
material thickness are properly selected. 

As the facility easily permits to conduct polarimetric
measurements, both theta–theta and phi–phi polarisations were
measured in order to verify the ‘EM inhomogeneity’ of the
material. In principle, it would be desirable to have a completely

Fig. 4  Flexible bilayer RAM sample
 

Fig. 5  Set-up of bistatic measurements at BIANCHA
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homogeneous material in order to guarantee the expected
absorption for any polarisation. Unfortunately, chemical production
processes can yield to anomalies producing inhomogeneity.

Then, the characterisation of this irregularity is needed to assure
a good performance. In our case, as a consequence of the method
of preparation, the EM inhomogeneity is within 3 dB (see Fig. 8),
an acceptable value for a 20 dB full absorption RAM. 

Second, as depicted in Fig. 9, the specular bistatic absorption
measurements carried out show that the behaviour of the material
is similar to that of the monostatic case, i.e. it presents a good
performance when the angle of incidence goes up to 25°. The little

frequency variation in the absorption peak is related to the
variation in the electric path through the material. Nevertheless, the
material retains its design characteristics for the desired spectrum
band. 

Third, an estimation of the material permittivity was done by
measuring the reflection coefficient of the material ended by a
metal plate (see Fig. 10). As the material was originally designed
as non-magnetic (μr = 1 − j0), there is no need to also measure the
transmission coefficient and just the reflection one suffices to
extract the complex permittivity. The real and imaginary parts of
this parameter, depicted in Fig. 10, show the double absorbing
phenomena that, combined with the thickness, govern the
behaviour of the bilayer compound: frequency resonance and
relatively high losses. 

As mentioned before, the facility also allows measuring the
RCS of the material, backed with a metal plate. Then, using the
extracted permittivity, an easy way to validate the results can be
done by comparing the normal incidence monostatic RCS
measurement results with the values obtained by simulating the
same RCS using the ANSYS™ HFSS software. Both values at
different frequencies can be compared in Fig. 11, showing an
excellent agreement between both curves and validating our
measurement approach. 

Finally, absorption measurements in the waveguide are
presented and compared with the FS ones (see Fig. 12), exhibiting
quite remarkable discrepancies. Those differences are due to the
fact that for waveguide measurements (in this case WR-90) the
thickness of the MUT, the inhomogeneity arisen from the process
of developing the compound, and the flexible behaviour of the
MUT that prevents its precise machining required to make it fit
inside the waveguide, can produce high-order modes, which lead to
different results than those obtained for an FS characterisation.
These differences confirm that the FS method is better suited for
this particular application where the materials will be exposed to
radiated fields. 

Fig. 6  Set-up for waveguide absorption measurements
 

Fig. 7  Single layer versus bilayer absorption
 

Fig. 8  Absorptions in both polarisations show the EM inhomogeneity
 

Fig. 9  Comparison between monostatic absorption and bistatic absorption
 

Fig. 10  Electrical permittivity obtained by measuring reflection coefficient
and using PSO
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5 Conclusions
This paper has presented the FS characterisation of a self-
developed RAM. The application intended by the authors for this
material imposed further restrictions to those already inherent to
the aeronautic usage. As a result, the RAM should be flexible and
easily scalable from laboratory samples to bigger dimensions at a
reasonable cost. As described, such material was developed and
this paper focused on electromagnetically characterising it to assess
its performance.

The tests were opted to be conducted in the same conditions
that the material should encounter in a real operation scenario, it is,
in FS. Three different kinds of tests were performed: absorption,
permittivity estimation and RCS measurement. They have shown
that the material performs well (absorption beyond 20 dB),
presents slightly different results depending on the polarisation due
to the fabrication process and, finally, it reasonably maintains the
behaviour for specular monostatic and bistatic reflections.

The FS measurements have been validated through simulations
and it has been proven that this approach is better suited for the
characterisation of a material such as the presented in this paper
than measuring in waveguides, albeit being such a common
practise.
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