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The frequency-dependent behavior in subsurface and through-the-wall media is analyzed in this paper as well as the formation of
the Brillouin precursor waveforms inherently related to this feature. The emergence of these forerunners is presented as a plausible
form to explain classical impairments observed in imaging technologies. The evolution of mono- and multicycle rectangular
and first derivative Gaussian pulses through two dispersive media—concrete blocks and soil—is analyzed using a frequency-
domain technique and the Debye dielectric model to characterize the media, at operating frequencies below 3GHz.The frequency-
domain approach facilitated to check the influence of some parameters considered critical for the precursor emergence—operating
frequency, input pulse configuration, and internal structure of the underlying medium—results in a versatile tool suitable for any
kind ofmodulated input signal propagated through any dispersivemedium.The internalmultireflectionmodel has been considered
as themost suitablemodel to describe the transmission process underlying both subsurface and through-wall imaging technologies.
Two different moisture contents have been considered for concrete as a parameter to determine the performance of through-wall
imaging radar from the precursor formation perspective. The results reveal that precursor is a phenomenon to take into account
for application demanding larger signal-to-noise ratios.

1. Introduction

The frequency dependence of the dielectric properties in
some materials is an important issue affecting the perfor-
mance of radar imaging applications mainly in terms of
both signal-to-noise ratio and pulse duration alterations.The
frequency-dependent features can lead to the appearance of
the waves, namely, Brillouin and Sommerfield precursors [1–
4]. Despite precursors being a well-known phenomenon, we
usually do not find the imaging and the expected precursor
linkage, especially ultrawideband system configurations for
dispersive medium.

The main distinguishing properties of the precursor
waves have awakened interest for their probable use in
different applications in a broad range of frequency bands,
such as radio standoff inspection, biosensing, subsurface
(underwater/underground) communications or through-
wall-tissue imaging [5–9]. For instance, the nonexponential

peak amplitude decay of these precursor waves would im-
prove the link rangewhich alsomeans an optimal penetration
depth in a given media; walls made of concrete, therefore,
present an ideal opportunity to detect and utilize the
precursors to obtain high signal-to-noise ratio (SNR) and/or
greater penetration depths.

The precursor formation in the transmitted or propagat-
ing signal, however, can produce undesired features such as
pulse broadening and downshifting of the carrier frequency
of the modulated pulses [1, 3].The time spreading undergone
by the signal through the dispersive media turns frequency
dispersion into an extremely important impairment in
receiver systems based on correlation processing [3].

Nevertheless, the appearance of the precursors depends
on many factors, including the frequency window, enough
frequency bandwidth, and the input signal configuration. In
any case, neglecting or eliminating this forerunner compo-
nent removes an important portion of the received signal
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Figure 1: IMR transmission model for concrete and soil slabs.

power [4], and this fact can lead to under optimal receiver
hardware performance as well as inaccurate inversion meth-
ods in imaging applications. The pulse broadening or the
algebraically amplitude decay introduced in the received
signal can be better understood by an exhaustive analysis of
the precursor fields.

For the cases of through-wall imaging (TWI) and under-
ground imaging (UGI), the frequency-dependent attenuation
and phase constants of the walls constructed of concrete
structures [7–11] can obscure the interior due to reduced
SNR.

We apply a frequency-domain method based on con-
sidering the frequency response 𝐻(𝑧, 𝑓) of the medium
under study. This response is derived from the theoretically
or experimentally achieved propagation constant, and it
depends on the material thickness or distance travelled
within the medium 𝑧. The frequency response can be seen as
a frequency filter containing information about the effects of
attenuation and phase for each frequency component of the
potential signal travelling through it.We can then analyze the
evolution of any input signal 𝑥(𝑧, 𝑡) through the dispersive
medium for any propagation depth 𝑧 [3–6, 12–16].

Nevertheless, the transmission process undergone by the
signal travelling through the material can strongly condition
the output. For a medium consisting of slabs of materials
rather than half-space medium, usually assumed in theoreti-
cal simulations, the double interface or boundary conditions
present a finite thickness medium, and the underlying trans-
mission process can give rise to internal successive reflections
arising out on the material edges with a more than minor
influence on the propagated field.

In order to extract the material frequency response to
an incoming EM signal for TWI and UGI, an internal
multireflection model is assumed thereby considering the
different spurious components due to the internal reflections
occurring inside the material considered as a finite slab in
the TWI case or as a finite half-space or single slab in the
UGI case. For the latter subsurface case, it would be plausible
to consider a stack of slabs to model the gradually changing
dielectric properties of the soil medium which can be seen
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Figure 2: Frequency response assuming: (a) soil and (b) concrete.

as a superposition of different layers, from a superficial cover
of turf, following sandy soil and dry soil till deep stratums of
rocky soil.

For the purposes of this paper, we considered two pulses:
the first derivative of the Gaussian pulse and a rectangular
pulse. Monocycle and multicycles settings are presented to
better illustrate the precursor performance. The dispersive
media consisted of soil and concrete structures characterized
by an extended Debye model for frequencies below 3GHz
[1, 10].

In Section 2 we introduce the main elements required to
perform the analysis of the propagation through a dispersive
medium: the theoretical formulation and the dielectricmodel
as well as the frequency transfer of the medium. In Section 3
we present and discuss the results achieved for the simula-
tions done for the soil and concrete models for this study.
Finally, the paper is concluded in Section 4.

2. Theoretical Analysis of
Dispersive Propagation

We assumed a sine-modulated signal 𝑥(𝑡) as in (1), with 𝑓
0

being the carrier frequency, and 𝑠(𝑡) represents the baseband
information-bearing signal of duration 𝑇

𝑏
:

𝑥 (𝑧 = 0, 𝑡) = 𝑠 (
𝑡

𝑇
𝑏

) ⋅ sin (2𝜋𝑓
0
𝑡) . (1)

The modulated pulse 𝑥(𝑡), or equivalently 𝑥(𝑧 = 0, 𝑡),
passes through the medium having a frequency response
𝐻(𝑧, 𝑓), acting as a frequency filter or channel response,
as indicated in (2). The final result, 𝑦(𝑧, 𝑡), transformed to
the time domain by an inverse Fourier Transform, is the
signal affected by the dispersion phenomenon after travelling
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Figure 3: Baseband rectangular and FDG pulses in time domain.
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through the dispersive medium at a distance 𝑧, as expressed
in (3):

𝑌 (𝑧, 𝑓) = 𝑋 (𝑓) ⋅ 𝐻 (𝑧, 𝑓) , (2)

𝑦 (𝑧, 𝑡) = 𝐹
−1

{𝑋 (𝑧 = 0, 𝑓) ⋅ 𝐻 (𝑧, 𝑓)} . (3)

Only a linear polarization is considered for this study. As
can be noticed, all parameters controlling the pulse shape and
the sinusoidal carrier frequency can easily be changed, within
the constraints given by the bandwidth to be covered.

In (2), we observe that each frequency component𝑋(𝑓
𝑘
)

is differently affected upon propagation through the disper-
sive material, modeling the behavior of the different spectral
components of the input pulse 𝑥(𝑡). The material frequency
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response𝐻(𝑧, 𝑓) depends on the transmission process occur-
ring through the medium. Several electromagnetic models
have been developed trying to provide a realistic formulation
of the transmission process of an EM wave through the
material. When the material thickness 𝑑

𝑚
is large compared

to the wavelength and/or the material losses are high, the
transmission and reflection coefficients, respectively, 𝑇

𝑔
and

𝑅
𝑔
of a plane wave on a dielectric slab can be approximated

by the Fresnel’s model [17]. For this case, only one ray contri-
bution is ensured to be received. When material thickness is
not large enough, the internal successive reflections become
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Figure 7: Spatial evolution of the normalized electric field intensity distribution through a dielectric slab of soil at 𝑓
0
= 1.5GHz, IMRmodel:

(a) rectangular pulse with 𝑇
𝑏
= 10/𝑓

0
and (b) FDG pulse with 𝑇

𝑏
= 1/𝑓

0
. Amplitude levels range in the interval [0, 1].

a dominant phenomenon; the internal multireflection model
(IMR) [18] seems amore accurate approach of the underlying
transmission physics.

The transmission coefficient 𝑇
𝑔
is a frequency-dependent

function and can be understood as the material frequency
response 𝐻(𝑧, 𝑓) also representing the boundary conditions
due to the medium interfaces (points 𝐴 and 𝐵 in Figure 1), as
well as the transmission through themedium to reach a given
propagation distance 𝑧. According to the geometry explained
in Figure 1,𝐻(𝑧, 𝑓) can be defined as in (4), analogous to the
transmission coefficient 𝑇

𝑔
given for the IMR model [18]:

𝐻(𝑓, 𝑧) =
𝐸
𝐵

𝐸
𝐴

=
𝑇am ⋅ 𝑇ma ⋅ 𝑒

−𝑗𝛾
𝑚
(𝑓)𝑧

1 + Γam ⋅ Γma ⋅ 𝑒
−𝑗2𝛾
𝑚
(𝑓)𝑧

(4)

with𝑇am,𝑇ma, Γam, and Γma denoting the Fresnel transmission
and reflection coefficients for the air-material (am) and
material-air (ma) interfaces, with 𝑇

𝑖𝑗
= 2√𝜀

𝑗
(𝑓)/(√𝜀

𝑖
(𝑓) +

√𝜀
𝑗
(𝑓)) and 𝑇

𝑖𝑗
= 1 + Γ

𝑖𝑗
, 𝑖, 𝑗 = 𝑎,𝑚. The value of the

propagation constant 𝛾
𝑚
(𝑓) required for (4) is derived from

the theoretical 𝜀
𝑟
(𝑓) as indicated in

𝛾
𝑚
(𝑓) = 𝛼 (𝑓) + 𝑗𝛽 (𝑓) = 𝑗

2𝜋𝑓

𝑐
√𝜀
𝑟𝑚

(𝑓) − 𝑗𝜀
𝑟𝑚

(𝑓), (5)

where 𝜀


𝑟𝑚
(𝑓) and 𝜀



𝑟𝑚
(𝑓) are the real and imaginary parts of

the complex relative permittivity, 𝑐 is the speed of light in free
space, and 𝑓 is the frequency in Hz.

From (2) and (5) we can infer that the assumed dielec-
tric model becomes vital to achieve a correct estimation
of signal propagation through the dispersive medium and
consequently for an accurate evaluation of the precursor
formation, as mentioned in [3–5]. For instance, the relative
dielectric permittivity model also gives us an idea of the most

suitable frequency window to achieve the formation of the
precursors.

We have consideredDebyemodels to characterize the soil
and concrete media considered in this study. The complex
relative dielectric permittivity for soil 𝜀

𝑟,soil(𝑓) is given as a
Rocard-Powles-Debye model [9] as indicated in

𝜀
𝑟,soil (𝑓) =

3

∑

𝑗=𝑖=1

𝑎
𝑗

(1 − 𝑖 ⋅ 𝜔𝜏
𝑗
) ⋅ (1 − 𝑖 ⋅ 𝜔𝜏

𝑓𝑗
)

(6)

with constants 𝑎
1

= 13.63, 𝑎
2

= 0.33, and 𝑎
3

= 0.293;
rotational relaxation times 𝜏

1
= 1.82 ⋅10

−6 s, 𝜏
2
= 1.97 ⋅10

−8 s,
𝜏
3

= 2.36 ⋅ 10
−10 s; frictional relaxation times 𝜏

𝑓1
= 8.78 ⋅

10
−11 s, 𝜏

𝑓2
= 1.12 ⋅ 10

−10 s, and 𝜏
𝑓3

= 1.00 ⋅ 10
−15 s; and with

𝜔 the frequency in rad/s.
The Debye model for the concrete structures is given in

[10] as by (7):

𝜀
𝑟 (𝜔) = 𝜀

∞
+

Δ𝜀

1 + 𝑗 ⋅ (𝜔/𝜔
𝑟
)
2
− 𝑗 ⋅

(𝜔/𝜔
𝑟
) ⋅ Δ𝜀

1 + (𝜔/𝜔
𝑟
)
2
− 𝑗 ⋅

𝜎dc
𝜔𝜀
0

,

(7)

where Δ𝜀 = 𝜀
𝑠
− 𝜀
∞

is the difference between the real part of
the complex relative permittivity at DC and high frequency
𝜔
𝑟
is the relaxation angular frequency, and 𝜎dc is the DC

electrical conductivity.The parameter values are summarized
in Table 1 according to [10] for two moisture contents, 0.2%
(dry concrete) and 12% (wet concrete).

In Figure 2 we show the frequency response 𝐻(𝑧, 𝑓)

for the two Debye media, soil, and concrete structures, as
a function of the material thickness, or distance travelled
within the medium, 𝑧/𝑧

𝑑
, normalized to the reference propa-

gation depth 𝑧
𝑑
= 𝛼
−1
(𝑓
0
)meters, with 𝛼(𝑓), the attenuation

constant of the dispersive media; 𝑧
𝑑

= 1.0184m (soil),
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Table 1: Parameters for concrete Debye model as per [10].

Moisture content 𝜀
𝑠

𝜀
∞

𝜔
𝑟

𝜎dc

0.2% 4.814 4.507 1.22 ⋅ 10
9

6.06 ⋅ 10
−4

12% 12.84 7.42 1.64 ⋅ 10
9

20.6 ⋅ 10
−3

𝑧
𝑑

= 2.9178m (dry concrete), and 𝑧
𝑑

= 0.1512m (wet
concrete). The influence of the moisture content is not a
determining parameter of the trend shown by 𝐻(𝑧, 𝑓), and
it mostly affects the lower frequencies.
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For simulation studies in this paper, we choose as input
signals two different pulses: a rectangular pulse and first
derivative of Gaussian (FDG) pulse, this latter as an approach
of impulse case. The rectangular pulse is a good choice
to show the pros and cons of the precursor formation.
Even when widely used for UGI, in [5] we determined that
the Gaussian pulse is not the best option to produce the
emergence of the Brillouin and/or Sommerfield precursor
with large amplitude levels due to the smoothness of its
noninfinite leading edges. Because of this reason, we pre-
ferred to consider the first derivative Gaussian (FDG) that
works like a modulated Gaussian pulse with a bandwidth
and central frequency that are related to the time width
of the Gaussian pulse, and it is related to larger amplitude
level precursors due to its spread-out frequency spectrum.
In case of sine carrier modulation of the baseband pulse
𝑝(𝑡), central frequency of the Gaussian pulse would equal 𝑓

0

corresponding to the carrier component. Other pulses have
been analyzed as optimal [19], and they could also be applied
further improving the results.

In (8) we indicate the settings used for the sequence of
delta pulses and FDG:

𝑝 (𝑡) =
−2 (𝑡 − 𝑎)

𝑏2
⋅ exp{−(

𝑡 − 𝑎

𝑏
)

2

} (8)

with (𝑎, 𝑏) = (0.05 ⋅ 𝑇
𝑏
, 0.0375 ⋅ 𝑇

𝑏
). The expression for

the rectangular pulse just involves one parameter, the pulse
width, or period, 𝑇

𝑏
: 𝑝(𝑡) = ∏(𝑡/𝑇

𝑏
), 0 ≤ 𝑡 ≤ 𝑇

𝑏
.

The input pulse configuration influences the formation
and evolution of the resulting precursors [3–5]. In order to
show this fact, we have considered two different settings,
mono- and multicycles, by choosing 𝑇

𝑏
= 1/𝑓

0
and 𝑇

𝑏
=

10/𝑓
0
for both rectangular and FDG pulses. In Figure 3 we
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Figure 11: Frequency spectra for rectangular and FDG pulses after propagating through 𝑧 = 4 ⋅ 𝑧
𝑑
through soil and concrete at 𝑓

0
= 1.5GHz,

with pulse duration (a) 𝑇
𝑏
= 10/𝑓

0
and (b) 𝑇

𝑏
= 1/𝑓

0
.

show the input pulses used for this study, modulated at a
carrier frequency of 𝑓

0
= 1.5GHz. The resulting energy

contents for both types of pulses are not equal.

3. Dynamical Evolution within the Dispersive
Medium for Drude Model

The dynamical evolution of the total field 𝐸
𝑇
(𝑧, 𝑡) is theoreti-

cally predicted using (1) for the Debyemodel and considering
IMR structures of soil and concrete, for both rectangular and
FDG pulses, modulated using a sine carrier frequency 𝑓

0
=

1.5GHz. From 𝐸
𝑇
(𝑧, 𝑡) we can analyze the peak amplitude

decay law of the propagated field which helps to determine
the penetration depth that the transmitted waveform can
achieve into the given medium. The electric-field intensity
and the frequency spectra are also analyzed.

In the results plotted, the propagation distance is normal-
ized with respect to the reference distance 𝑧

𝑑
that is defined

as the propagation distance 𝑧 at which the amplitude decay
exp{−𝛼(𝑓) ⋅ 𝑧} of the signal travelling through a dispersive
medium equals exp{−𝛼(𝑓

0
) ⋅ 𝑧
𝑑
} = 𝑒
−1, equivalently 1 Np, for

a given frequency value, in our case 𝑓 = 𝑓
0
corresponding to

the carrier component, with 𝛼(𝑓) the attenuation constant of
the medium.

3.1. Dynamical Evolution. In Figures 4, 5, and 6 we show
the spatial and time evolution for ten propagation distances
𝑧
𝑑
at 𝑓
0

= 1.5GHz assuming the IMR model for soil, dry
concrete, and wet concrete (Figure 6), respectively. In order
to emphasize the weaker values for the longer propagation
distances, each signal has been normalized by its peak value.

For the rectangular pulse case with 𝑇
𝑏

= 10/𝑓
0
, shown

in Figure 4, the Brillouin precursors are observable as a

superimposed wave in the leading and trailing edges of the
output rectangular pulse. For the monocycle setting cases of
Figures 5 and 6, even that not somuch graphically observable,
we detect the appearance of the Brillouin precursor at the
trailing edge of the rectangular and FDG pulses, explained
by the broad lobule-shaped component indicated in Figure 5.
For larger propagation distances, the Brillouin precursor
becomes the predominant forerunner, and the remaining
carrier frequency component is hardly observable.

For the wet concrete, the Brillouin precursor component
is less noticeable, and the carrier frequency is also less
attenuated, perhaps due to the larger moisture contents.

In Figures 7(a) and 7(b) we show the intensity of the
normalized electric field at any given location (𝑧, 𝑡) : 𝐼(𝑧, 𝑡) =

|𝐸(𝑧, 𝑡)|
2, estimated for a multicycle rectangular pulse and

a monocycle FDG pulse through soil. In these plots, the
amplitude levels present a range between 0 and 1, the blue
pixels represent locations where the intensity is at minimum,
and the red pixels correspond to locations of maximum
intensity [19]. In Figure 7(a), we observe that the carrier cycles
extinguish after a few propagation depths and the Brillouin
precursors corresponding to the leading and trailing edges
of the rectangular pulse evolve following a linear track. For
the monocycle case in Figure 7(b), we observe just one track
due to the fact of that both precursors merge after a short
propagation distance.

3.2. Peak Amplitude Decay. The maximum value of the
evolving field 𝐸

𝑇
(𝑧 = 𝑧

𝑘
, 𝑡) at 𝑘th depth 𝑧 = 𝑧

𝑘
is plotted

in Figures 8, 9, and 10 for ten normalized depths Δ𝑧 =

𝑧/𝑧
𝑑
, for rectangular and FDG pulses with 𝑇

𝑏
= 1/𝑓

0

and 𝑇
𝑏

= 10/𝑓
0
. These maxima values include the carrier

and precursor components given that they have not been
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Figure 12: Frequency carrier shifting estimation: (a) soil, (b) dry concrete (0.2%), and (c) wet concrete (12%).

segregated. Figure 8 illustrates the peak decay amplitude
assuming the soil model. The dry concrete case is shown in
Figure 9 and wet concrete in Figure 10.

We conclude that the total propagated field 𝐸
𝑇
(𝑡, 𝑧) fol-

lows an algebraically decaying peak amplitude instead of an
exponentially decay as given by the attenuation correspond-
ing to the carrier frequency, with similar performance of both
settings and mono- and multicycle, for the rectangular pulse;
however, the pulse configuration takes a large influence for
the FDG pulse even for shorter propagation distances.

We notice that for wet concrete the peak amplitude decay
is slightly less attenuated, likely due to a larger presence of
water.

3.3. Frequency Spectrum. In Figures 11(a) and 11(b) we show
the normalized spectra for rectangular and FDG pulses after
travelling through a propagation distance of 4 ⋅ 𝑧

𝑑
within soil,

dry, and wet concrete, respectively. We observe that the FDG
pulse case undergoes a larger alteration of the spectrum shape
than that of a rectangular pulse; the increasing level of the
low frequencies—larger as closer to zero—is an effect of the
dispersion phenomenonmore remarkable for the rectangular
pulse.

The percentage of downshifting with respect to the
original frequency carrier𝑓

0
wasmeasured asΔ𝑓

0
= 100⋅(𝑓



0
−

𝑓
0
)/𝑓
0
and shown in Figures 12(a), 12(b), and 12(c), only for

multicycle configuration and soil medium. The rectangular
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cases offer similar results in terms of frequency carrier
downshifting; however, it becomes a critical impairment for
the FDG pulse.

4. Conclusions

Generally speaking, the results presented in this paper indi-
cate an undeniable effect of the frequency dispersion in sub-
surface and through-wall imaging applications, particularly
for the soil and concrete structures considered here. The
propagationmodel has been assumed as frequency dispersive
and described by the internal multireflection model, and the
outputwaveforms indicate amore than plausiblemalfunction
of the receiver systems which are not usually built to consider
the Brillouin precursor formation.

The method herein described provides a versatile frame-
work to theoretically analyze the phenomenon of the Bril-
louin precursor formation and evolution through a given
medium. This tool would be also useful to observe the influ-
ence of different variables such as the type of the input signal,
the carrier frequency, the pulse width, the dielectric model,
the bandwidth limiting, the multipath, the filtering, and so
on [3–5]. All of them condition the precursor formation.

We demonstrated the importance of the precursor fields
and the further research needed in this direction. Outcomes
indicate that the propagation phenomenon, derived from
the analysis of Brillouin precursor waveform, cannot be
neglected, especially due to the large amount of energy
carried by these components. In order to take advantage of
the potential benefits of the precursor fields further research
must be done, both in the experimental and theoretical field.

Unfortunately, there is a gap in experimental corrob-
oration regarding the topic of precursors and microwave
frequency band. In [5] we presented experimental results
achieved by measuring the precursors arising from an ad hoc
prepared soil layer. Even when limited to one type of soil and
one thickness, the outcomes in [5] can be considered in good
agreement with the model herein proposed, concluding from
both works that the SNR can be enhanced if the precursor
formation is considered, thereby improving the imaging for
through-wall and underground scenarios.

In [5] we did not contemplate the influence of the
underlying transmission model that is introduced here as a
key to further understand the precursor formation and the
related results for radar imaging purposes. The combination
of larger SNR, that is, larger amplitude echoes, and the
transmission model could be useful in the inversion analysis
through correctly interpreting the backscattered signals as a
part of the internal multireflection process.

In a pulse-dependent analysis, the processing of the
received signal is attached to a priori configured pulse. Then,
if precursors are formed during the transmission, it could
derive a malfunction of the receiver system. Differently from
a pulse-dependent enunciation, a frequency domain solu-
tion provides many degrees of freedom to achieve optimal
processing results derived from the possibility of selecting
any input pulse, frequency bandwidth windows, number of
frequency components, and so on, once the transfer function
𝐻(𝑧, 𝑓) is obtained, well experimentally from in situ scenario

or from a theoretical setting. Different pulses can be analyzed
in order to improve the SNR values so that weak echoes
backscattered by plausible targets can be differentiated from
the noise level.

Inversely, from the approach here described, an optimal
pulse can be selected [19], in terms of penetration distance,
amplitude decay, and time width spreading, for a specific
scenario/medium in order to implement a pulse-dependent
hardware.

In this paper we have defined a plausible theoretical
scenario in order to show the potential advantages from
considering the precursor formation. If the theoretical study
is used as a way to design an optimal pulse, the practical
performance of such waveform can be affected by a deviation
from the assumed dielectric model and scenario parameters,
as described in [3]. However, any other approach or theory
can be affected by the same circumstances.

The sensitivity in Brillouin precursor formation with
respect to uncertainty in the model is not as much critical as
the effect of uncertainty in the dielectric properties. The pre-
cursor formation ismore related to the dielectric properties of
the underlying medium rather than the geometrical features
of the propagation scenario.As aforementioned, the dielectric
medium joint to the frequency bandwidth allocation and
input pulse affects the amplitude and width of the precursor
field; however, the geometrical model of the medium influ-
ences the multipath behavior and this influence is observable
in the expression for themedium frequency response𝐻(𝑓, 𝑧),
and therefore it must be taken into consideration for inverse
techniques in radar imaging. In this paperwe have considered
a scenario model different from the ideal half-space medium,
and as previously indicated any other scenarios can be object
of a similar analysis.
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