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Abstract: As an effective active remote sensing (ARS) technology for shallow underground targets,
ground penetrating radar (GPR) is a detection method to obtain the characteristic information of
underground targets by transmitting electromagnetic wave from the antenna and analyzing the
propagation law of the electromagnetic wave underground. Due to the high frequency(1MHz-
3GHz) of GPR, the depth of geological exploration is shallow(0.1m-30m). In order to remote sensing
the deep earth, it is necessary to increase the size of the radiation source in order to reduce the
radiation frequency. At the same time, for most separated GPRs, a single dipole antenna (SD) is
used as the radiation source and another antenna device placed along the electromagnetic wave
propagation direction in the far field as a remote sensing sensor (RSS), both of which are horizon-
tally linearly polarized (LP) antennas. In some cases, such a design is apt to cause problems such as
multipath effect (ME) and polarization mismatch (PM). When GPR in ARS of deep earth is per-
formed, it often results in increased errors, signal attenuation during data reception and processing.
In contrast, at the radiation source, with the use of large aperture multiple-dipole antennas (MD)
and multi-channel sequential rotational excitation, the electromagnetic wave can radiate outward
in the form of circular polarization at a low frequency. At the RSS, the trouble caused by ME and
PM can be reduced even if the LP antennas are used. A novel sequential rotationally excited (SRE)
circularly polarized (CP) MD array for separated GPR in ARS of deep earth is proposed in this pa-
per, which uses a large aperture CP MD array instead of a small size LP SD. The analysis and sim-
ulation results demonstrate that under the premise of the same transmitting power, comparing cir-
cular polarization and linear polarization, by using SRE CP MD antennas array radiation source, a
significant enhancement (about 7dB) of the Signal to Noise Ratio (SNR) will occur by collecting the
radiant energy at the RSS. More importantly, by reducing the exploration frequency to 10KHz, the
exploration depth will also be greatly increased by about 10 times.
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1. Introduction

Ground penetrating radar (GPR) technology is an active remote sensing(ARS) method
that uses high-frequency(1MHz-3GHz) electromagnetic waves to detect the internal struc-
ture of media. After long-term development, it has been applied in many aspects, such as
traffic construction and maintenance, water conservancy project detection, urban con-
struction, disaster geological monitoring, environmental research, agricultural geological
research and geological structure detection [1-5]. GPR uses a high-frequency electromag-
netic wave as the remote sensing carrier, which brings high resolution [6-8], but it also has
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the problem of serious attenuation of effective signals. For this reason, the maximum de-
tection depth can only reach about 30m, which severely limits the development of GPR.

As an important part of separated GPR system, transmitting and receiving antennas
play a key role in sounding [9-11], resolution and other performance. In 2015, some schol-
ars[12] combined MIMO(multiple-input multiple-output) antenna technology with multi-
polarization technology to overcome the interference caused by changes in antenna radi-
ation direction and target scattering cross-sectional area in the measurement process, and
significantly improved the detection accuracy of underground targets; The large depth
GPR system proposed by Xu Xianlei[13] in 2018 works at 12.5MHz-50MHz, and the cor-
responding antenna length is 8.25m-2.25m. The corresponding main frequency antenna is
used according to the requirements of different detection depths, and the maximum de-
tection depth can reach 80m in coal mine detection with weak attenuation and the posi-
tioning accuracy reaches 3 m; In 2019, the lunar exploration radar of the Chinese Academy
of Sciences successfully loaded the Chang'e-4 lunar lander with dual-channel antennas
(60 MHz and 500 MHz) [14] to obtain a large amount of precious lunar geological data.
Different channels correspond to different detection depths and resolutions. However, for
large depth GPR remote sensing, conventional methods are difficult to meet.

For most separated GPRs, a single dipole antenna (SD) is used as the radiation source
and another antenna device placed along the electromagnetic wave propagation direction
in the far field(Ff) as a remote sensing sensor(RSS), both of which are horizontally linearly
polarized (LP) antennas. In some cases, such a design is apt to cause problems such as
multipath effect (ME) and polarization mismatch (PM) [15]. When GPR in ARS of deep
earth is performed, it often results in increased errors, signal attenuation during data re-
ception and processing [16]. ARS refers to a remote sensing system in which a certain form
of electromagnetic wave is emitted to the target from the artificial radiation source on the
remote sensing platform, and then the reflected wave is received and recorded by the RSS.
Its main advantage is that it can operate day and night without relying on solar radiation
[17-19], and it can actively choose the wavelength and emission mode of electromagnetic
waves according to the purpose of detection. The electromagnetic wave used in ARS is
microwave band and laser, and pulse signal is often used. Common radar, side-looking
radar, synthetic aperture radar, infrared radar, laser radar and so on are active remote
sensing systems [20].

In traditional separated GPR, the electromagnetic wave radiated by the SD is mainly
divided into underground direct wave, underground refraction wave, sky wave and side
wave [21-23]. As it is horizontal polarization, the electric field propagates parallel to the
ground, which will cause large induced current on the ground, resulting in great attenu-
ation of electromagnetic wave. Therefore, the attenuation factor A of horizontal polariza-

tion wave on the ground and underground is far greater than that of vertical polarization
wave( A )[24-25]. When the RSS is in the Ff, the direct underground wave and refracted

wave attenuate seriously, so the received energy mainly depends on the side wave prop-
agation. Then, along the direction of electromagnetic wave propagation, the correspond-
ing electric field, magnetic field components and phase delay are recorded on the RSS.
Further, the Cagniard resistivity is calculated by equation (1). For the reason of LP, when
the side wave reaches the RSS, the electric field signal in y-axis is significantly higher than
the magnetic field signal in x-axis, which more or less affects the calculation of Cagniard
resistivity. Results show that the greater the Signal to Noise Ratio (SNR), the more accu-
rate the Cagniard resistivity calculation [4] is.

_LE
P ou|H,

where g/ is the permeability, and the angular frequency w =27 f .
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When the electromagnetic wave propagates in the form of side waves, it may reach
the target directly, or it may reach the ground first, and then reach the target after being
reflected by the ground [26]. In addition, it may encounter obstacles such as faults, cavities
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and mineral deposits. After being reflected by obstacles, the transmitted wave may also
return to the RSS from two paths, namely, directly or after being reflected by the ground
or others. Therefore, among the echo signals received by the RSS, in addition to the direct
signal directly reflected back to the RSS by the target, there are also the reflected signal
reflected back from the ground or others, as well as the signal partially scattered by the
ground or others. Because the direct signal and the reflected signal can be regarded as
being sent from the same transmitting source, and the two signals are highly correlated
or even coherent, it is difficult for conventional antennas to distinguish the real echo signal
of the target [27-30]. That is, the wave front is dispersed, so that the electromagnetic wave
reaches the RSS along multiple paths. The delayed arrival of the scattering part of the
signal will lead to problems such as attenuation, steep wall effect and indirect reception
of gloves, causing changes in the amplitude and phase of the echo signal, which will lead
to ME [31].

At the same time, for linearly polarization, the maximum induced signal can be ob-
tained only when the polarization direction of the RSS is completely consistent with the
polarization direction of the transmitting antenna, otherwise, it will face the loss of polar-
ization isolation above 10dB. During a long-distance transmission of horizontally LP elec-
tromagnetic waves, the polarization is easily deflected when encountering obstacles. In
this way, the electromagnetic waves will easily cause PM and partial energy loss after
reaching the RSS. The LP mode requires a higher directivity of the transmitting antenna,
while the radiative electric field vector of circularly polarized (CP) wave rotates along the
propagation direction (left or right), and the instantaneous trajectory is circular. When the
CP wave encounters an obstacle, the rotation direction will reverse, which can effectively
reduce the influence of ME interference. Moreover, the rotating electric field vector has
better penetration ability, which can significantly reduce the propagation loss. Therefore,
it is widely used in GPS, Beidou, RFID and other communication systems [32-33]. In ad-
dition, theoretically, under the same conditions as LP waves, CP waves are divided into
horizontal and vertical components at the same time. When LP antennas are used at the
RSS, the field intensity of CP waves is 3dB lower than that of LP waves, that is, CP waves
can be received by any LP antenna. Although some energy is lost, the RSS does not need
to be aligned with the direction of the signal. It can also make up for the ME and PM.

As a conventional radiation source of GPR, the SD is composed of two conductors
fed in the center, with a total length of about half a wavelength. After forming an array
antenna with multiple SDs, by controlling the amplitude ratio, phase of the current on the
SD and spatial position, multiple dipole antennas (MD) can be applied to the base station
antenna, CP antenna, MIMO antenna, Yagi antenna and other application scenarios [34].
In this paper, a novel SRE CP MD array for separated GPR in ARS of deep earth is pro-
posed in this paper, which uses a large aperture CP MD array instead of a small size LP
SD. The analysis and simulation results demonstrate that under the premise of the same
transmitting power, comparing circular polarization and linear polarization, by using SRE
CP MD antennas array radiation source, a significant enhancement (about 7dB) of the SNR
will occur by collecting the radiant energy at the RSS. More importantly, by reducing the
exploration frequency to 10KHz, the exploration depth will also be greatly increased by
about 10 times.

2. Principle of SRE circularly polarization
2.1. Interference and superposition principle of electromagnetic wave

Through calculation and simulation, it can be concluded that by placing multiple
such SDs perpendicular to each other and building the MD array, the radiation pattern of
the E and H-planes of the MD array is symmetrical. If multiple SDs are fed with the same
amplitude and 90° phase difference, it is a CP antenna [35].

The electromagnetic waves radiated by each SD constituting the MD array will inter-
fere with and superimpose each other in space [36]. According to this phenomenon, by
changing the amplitude and phase excitation of each element of the array, the strength
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and weakness of the electromagnetic field in a certain area within the radiation range can
be flexibly controlled [37]. Therefore, compared with a single antenna element, the array
antenna has a higher degree of freedom in design.

The radiation of the antenna in space is generated by the source current on the an-
tenna. If there are multiple currents meeting the coherence relationship in space, the elec-
tromagnetic fields radiated by multiple currents will overlap in space, forming interfer-
ence [38]. The superposition of electromagnetic waves in the same phase will increase the
field strength, while the superposition of electromagnetic waves in the opposite phase will
reduce the field strength, which also leads to the uneven distribution of electromagnetic
field strength in space. The radiated electromagnetic field generated by current distribu-
tion J in a uniform medium can be expressed as:

E=—joA- -1 V(V.A) 2)
wue
H=LvxA ®)
y

where Arepresents the vector magnetic potential. z; represents the relative permeability of
the medium and & represents the relative permittivity of the medium.
According to Helmholtz equation:

V2A+K*A=—ud 4)
where J represent the current density for linear radiation sources with a linear current
density of J , which is also applicable to the surface radiation sources. As shown in figure
1, the linear current density J is along the y-axis direction.
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Figure 1. Linear radiation source.

If the line length is L and I represents the distance between the current source and
the space observation point, then the superposed magnetic vector A of the field at the
space observation point is:

Ao y% 3,(y )efjkrdyv (5)
T r

The integral operation is actually the result of summation of infinitely many parts. If
the linear radiation source is equivalent to N small current segments, then the superposi-
tion of the magnetic vector of the radiation points in space generated by each segment is
the vector magnetic potential of the total radiation field.

A=SA -y iyl (6)
n-1 drtH T,

Therefore, the magnetic vector potential of the total radiation field synthesized some-
where in the space of the linear radiation source with N can be represented by the super-
position vector of N magnetic vector potential. Similarly, the surface current source can
also be obtained by superposition of N equivalent small current surface radiation fields.
Therefore, the discrete current source can be used to replace the continuous current radi-

ator to achieve equivalent electromagnetic wave radiation.

2.2. Principle of pattern multiplication
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According to the superposition theory of space electromagnetic waves, the equiva-
lent linear radiation source can be obtained when the tiny antennas are arranged in a lin-
ear form. When the tiny antennas are arranged in planar form, the equivalent planar ra-
diation source is obtained. Therefore, for the same antenna element, different array ar-
rangement will obtain different array performance, indicating that array arrangement has
a certain impact on the performance of array antenna.

As shown in figure 2, taking the linear array as an example, suppose that the antenna
units are arranged at a certain spacing along the x-axis, and assume that the position of
each antenna unit is the coordinate x, from the origin. And the pattern function of each

antenna is F, (0, ¢) ,which is called unit factor.
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Figure 2. N-element linear array.

Assuming that the excitation of each antenna unit is I , the field strength generated
by it is positively correlated with the excitation of each antenna unit. Then in spherical
coordinates, a point P(r,0,¢), Then the electric field radiation generated by the Nth an-
tenna unit at point P(r, 8, p) is:

— Jkry

e
E, = Al . F.(0,9) @)
N

Where, r, ~r—X,Ccosd, taking r, into the equation (7), according to the principle of

spatial electromagnetic wave superposition, the size of the composite electromagnetic
field of each unit in the linear array at point P(r, 9, ¢) in space is:

C e—jkr N jkxy cos
Er =ZEN =A4—7[r Fe(ﬁ,(p)Z|NeJk“‘ ¢ 8)
1 1

Wherein, e “‘represents the relative phase of the electromagnetic wave radi-
ated by each unit to the point P(r, 9, p) due to the difference of position. Then the array

N
factor is Z | gl coso
e .
N
1

From this, it can be seen that the pattern characteristic of the array antenna is equal
to the characteristic factor of the element antenna multiplied by the characteristic factor
corresponding to the array characteristic.

2.3. Principle of sequential rotationally excited circularly polarization

In practical circular polarization array design, the sequential rotation technique is
usually used to achieve symmetrical pattern and improve the axial ratio bandwidth of
circular polarization, so as to be used in some broadband applications [35]. The linear
polarization unit can be used to achieve good circular polarization performance, and its
axial ratio bandwidth is relatively wide. In this method, the antenna elements are ro-
tated 90° successively to arrange their structure. According to the equal feeding ampli-
tude between each element, the feed phase with a sequence difference of 90° is fed to
them, so that good circular polarization characteristics can be obtained.

The sequential rotation array technology applied in this paper is to rotate the array
position of four antenna elements of any polarization mode by 90° in turn, and it is
required that the feeding amplitude between the four elements is equal, and the phase
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difference is 90 © in turn. Using this unique technology, the array antenna composed of
linear polarization elements can generate CP electromagnetic waves, while greatly re-
ducing the complexity, weight and feed network loss of the array antenna. Compared
with the traditional array arrangement, the mutual coupling between elements can be
greatly reduced by using the sequential rotation arrangement, because adjacent ele-
ments are placed vertically. In addition, in a wide frequency band, this unique arrange-
ment can enable the main beam to maintain good circular polarization characteristics
in a certain angle range away from the maximum radiation direction.

The technology requires that the nth element in an equidistant annular array has a
physical rotation angle around the geometric center of the elementp_, with feed phase

shiftp_, the physical rotation angle and feeding phase shall meet the following condi-
tions:

(ppnz(n—l)%,lSnSN ©)

Den z(n_l)% (10)

Where, p is the sequential rotation coefficient and N is the total number of radiation
units. For the case of N=2 and p=1,it can be deduced from the above formula
Pu=0u=0~ ¢,=0,, =90 - When N =4and p =2, the rotation angle and feed phase of

each unit are 0°, 90°, 180° and 270°respectively. This configuration is the structure adopted
by the sequential rotation array designed in this section.

3. Simulation of SD

Assume that a SD with an arm length of 0.75km is placed along the y-axis in the air
domain, and the structure is shown in figure 3. The air domain is a uniform sphere with
a radius of 7.5km. Ac excitation of 1000V and 10KHz is performed on the SD lumped
port.

s

Figure 3. Structure of SD.

Figure 4 shows the distribution and direction of the electric field on the SD plane. It
can be seen that the electromagnetic wave propagates outward in the form of linear po-
larization, and the polarization direction is parallel to the placement direction of the SD.


https://doi.org/10.20944/preprints202212.0261.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2022 d0i:10.20944/, rints202212.0261.v1

freqil}=9.9931E-6 GHz Multishice: 20*loglemw.normi] L freql1)=9.9931E-6 GHz Multishice: 20%loglemw.normE} Arrow Volume: electric field

20

40

50

&0

70

a0

-100

(a) (b)
Figure 4. (a)Electric field distribution and (b)direction of SD.

4. Simulation of SRE circularly polarization based on the MD array

Figure 5 shows the structure of CP MD antennas array model in COMSOL. Four SDs
with arm length of 0.75km are placed on four sides of a square area with side length of
1.8km. The feed phase and rotation angle of the four SDs of the array are 0°, 90°, 180° and

Figure 5. Structure of CP MD antennas array.

4.1. Electric field Simulation of SRE circularly polarization

According to the settings in figure 5, the MD array is placed in the airspace, which is
a sphere with a radius of 7.5km. Figure 6 shows the electric field distribution on the MD
plane.
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Figure 6. Electric field distribution on MD plane.

It can be seen from figure 6 that the electric field distribution is rearranged and the
electric field is rotated after the sequential rotation of the four SDs, completing the trans-
formation from LP to CP.

Figure 7-9 shows the electric field distribution and electric field direction at the height
of 0 km, 10 km and 20 km from the MD plane respectively.
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Figure 7. Electric field distribution and direction on MD plane.
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Figure 8. Electric field distribution and direction on the plane 10km above the MD plane.
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Figure 9. Electric field distribution and direction on the plane 20km above the MD plane.

It can be clearly seen that the electric field rotates in the direction of electromagnetic
wave propagation, and the track in the direction of electromagnetic wave propagation is
circular, that is, electromagnetic wave propagates in a circular polarized manner.

4.2. Ff Simulation of SRE circularly polarization

From the electric field distribution and electric field direction in the previous section,
it can be seen that after the sequential rotation excitation, the linear polarization has com-
pleted the conversion to circular polarization. The Ff model can observe the formation
process of circular polarization more intuitively. Figure 10(a) shows the two dimensional
Ff pattern after circular polarization, while figure 10(b) shows the three dimensional Ff
pattern.
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Figure 10. (a)Two dimensional Ff pattern after circular polarization. (b) Three dimensional Ff pattern after circular polarization.

Figure 10(a) and 10(b) show the circular polarization pattern symmetrical to the MD
array plane. It can be seen that the electromagnetic wave propagates in circular polariza-
tion mode towards both sides. It can be seen from figure 11 that the shape of the pattern
seen from the propagation direction of the electromagnetic wave is circular.
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Figure 11. Pattern shape seen along the direction of electromagnetic wave propagation.
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5. Simulation of a SRE CP MD antennas array for separated GPR in ARS of deep earth

As illustrated in figure 12, the SRE CP MD antennas array radiation source model is
a sphere with a radius of 7.5 km, where the upper half-space is air withg =1, 4 =1and

o =0Sm™; The lower half-space is soil with g =3, u = 1and o =0.01Sm™.

As shows in figure 12, a SRE CP MD antennas array radiation source for separated
GPR was placed on the ground. Four SDs with arm length of 0.75km are placed on four
sides of a square area with side length of 1.8km. The feed phase and rotation angle of the
four SDs of the array are 0°, 90°, 180° and 270° respectively, and each SD needs to be ex-
cited with equal amplitude(1000V) at 10KHz.
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Figure 12. The SRE CP MD antennas array radiation source model.

5.1. Electric field Simulation of a SRE CP MD antennas array for separated GPR in ARS of deep
earth

Figure 13-16 shows the electric field distribution and direction on the four sections of
the lower half space of the model, that is, the underground space, during the separated
GPR in ARS of deep earth. It can be seen that, consistent with the situation in the homo-
geneous air domain, the electromagnetic wave in the half space model also propagates in
the earth in a circular polarization way.
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Figure 13. Electric field distribution and direction on the MD plane.
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Figure 14. Electric field distribution and direction on the plane 5km below the MD plane.

freq(1)=9.9931E-6 GHz Multislice: 20*log{emw.normE) Arrow Volume: electric field

-40

-100

Figure 15. Electric field distribution and direction on the plane 10km below the MD plane.
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Figure 16. Electric field distribution and direction on the plane 20km below the MD plane.

5.2. Ff Simulation of a SRE CP MD antennas array for separated GPR in ARS of deep earth

The upper half space is the air domain, and the lower half space is the earth. As
shown in figure 17, most of the energy propagates towards the air domain, while the elec-
tromagnetic waves that penetrate the ground into the air will mostly propagate to the Ff
in the form of side waves, which is consistent with the electromagnetic wave propagation
mechanism analyzed in the previous chapter.
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Figure 17. Two dimensional Ff pattern of H-plane.

Figure 18 illustrates that the CP electromagnetic waves emitted by the radiation
source are of two types: ground waves and underground waves. The two waves are sim-
ilar to the waves with inconsistent phases produced by a MD array, because the propaga-
tion speed on the ground is much greater than that in the underground. As we all know,
the beam propagation direction is always perpendicular to the wave front, at a certain
moment, the wave front of both waves will form a synthetic wave front almost parallel to
the ground. Consequently, a plane wave with perpendicular incidence will be formed.
The plane wave will interact with the underground anomaly and carry information to the
RSS on the surface.


https://doi.org/10.20944/preprints202212.0261.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2022 d0i:10.20944/preprints202212.0261.v1

Since the RSS is in the Ff, the wave front of electromagnetic wave is almost parallel
to the earth after it reaches the RSS position. As shown in figure 18, electromagnetic wave
will re-radiate into the earth at a vertical angle. This part of energy will be mainly used
for ARS, because electromagnetic wave propagates in the form of circular polarization in
this process, while CP electromagnetic wave has stronger penetration and smaller atten-
uation. Moreover, it can effectively reduce the ME and PM problem, so circular polariza-
tion has great advantages over linear polarization.

freq(1)=1€-7 GH/

S composed of surfice
$: and undergroundS2

Figure 18. The plane wave principle of the separated GPR in ARS of deep earth, S composed of S:
and Sz, and the direction is vertical downward.

6. Discussion

6.1. Comparison of SNR between LP SD and CP MD for separated GPR in ARS of deep earth

Compared to a traditional LP SD, the SRE CP MD array radiation source will reduce
the trouble caused by ME and PM, such as increased errors, signal attenuation during data
reception and processing. Moreover, according to equation (1), the stronger the electric
field component on the y-axis and the magnetic field component on the x-axis, the more
accurate the calculation of Cagniard resistivity. As the horizontal linear polarization
method is used in the conventional method, the component in the y-axis is significantly
stronger than the component in the x-axis, so there is a large error in the calculation of
Cagniard resistivity. When the circular polarization method is used for transmission,
when the electromagnetic wave reaches the RSS, the electromagnetic field components in
x and y directions are roughly the same order of magnitude, so the calculated resistivity
is more accurate.

It is assumed that the power in both cases is 50kW. On the premise of the same total
power(TP), through the application of SRE CP MD array, the energy received in the RSS
have a higher magnitude than those in the traditional method. Table 1 depicts the excita-
tion of two source modes with the same TP.

Table 1. Excitation of two source modes under the same TP.

Source Mode Voltage (V) Current (A) Phase (deg) Total Power (kW)

SD:1 250 125 0
SD: 250 125 90

CP MD 50
array SD; 250 125 180
SDs 250 125 270

LP SD 1000 50 0 50
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Based on Table 2, when the two exploration methods are implemented at different
RSS points (the distance ranges from 5km to 10km and the measurement is conducted
every 1 km), the energy density time average (Wav) generated by the CP MD array is
about five times that of the LP SD during the Ff observation.

Table 2. Comparison of the Wav normalized according to the TP.

Position (x, y, 2) Wav of CP MD array Wav of LP SD
(10000, 0, 0) 2.03 x 103]/m3 3.86 x 102 J/m3
(9000, 0, 0) 3.59 x 1023 J/m3 7.22 x 102 J/m?
(8000, 0, 0) 5.23 x 102 J/m3 1.06 x 103 J/m?
(7000, 0, 0) 6.93 x 102 J/m3 1.32 x 102 J/m?

(6000, 0, 0)

8.55 x 102 J/m?

1.69 x 102 J/m?

(5000, 0, 0)

1.39 x 102 J/m?

2.75 x 105 J/m3

According to the SNR calculation formula S =10lg F% , assuming that the effective

Wav received by the RSS is Psp when a LP SD is applied, then the effective Wav received
when CP MD is applied is about 9P, and the noise power F, of both is equal. As can be
concluded from table 2, then we can get:

P
Seo :10I9$, (11)
5P,
Swp :1O|g_PSD . (12)
Swp ~ Ssp —1O|g 10|g Po =10lg5~ 7dB (13)

Where S represents the SNR received by the RSS when a LP SD is applied; Sup represents
the SNR received by the RSS when a CP MD array is applied.

By subtracting Equation (12) from Equation (11), we can get the Equation (13), the
difference between their SNR is about 7dB. In other words, the SNR of CP MD array is
better than that of conventional method 7dB, which has obvious advantages in dealing
with complex noise environment in the field.

6.2. Comparison of remote sensing depth between the large aperture CP MD array and small size
LP SD for separated GPR in ARS

When the separated GPR is used for ARS of deep earth, it can be seen from the pre-
vious article that at RSS, electromagnetic waves will vertically shoot into the earth in the
form of plane like waves. When the electromagnetic wave propagates in the medium,
there is a skin effect, that is, the higher the frequency of the electromagnetic wave, the
more obvious the skin effect. It can be seen from the equatlon (14):

2p /
\/; 2z f Uo (14)

Where 6 represents the remote sensing depth, @ represents the angular frequency; # repre-
sents the permeability; P represents the resistivity; @ represents the conductivity and f
represents the electromagnetic field frequency.

The low frequency of conventional GPR remote sensing frequency is about IMHz,
while the frequency of electromagnetic field can be as low as 10KHz after the applica-

tion of CP MD array.
1
5ARS _ f/-\RS _ fconvemional =10 (15)
6conventional 1 1:ARS
fconventional

According to equation (15), the remote sensing depth is 10 times deeper than that
of conventional methods after the application of the large aperture CP MD array.


https://doi.org/10.20944/preprints202212.0261.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2022 d0i:10.20944/preprints202212.0261.v1

7. Conclusions

Herein, a novel SRE CP MD array for separated GPR in ARS of deep earth is pro-
posed in this paper, which uses a large aperture CP MD array instead of a small size LP
SD. The analysis and simulation results demonstrate that under the premise of the same
transmitting power, comparing circular polarization and linear polarization, by using SRE
CP MD antennas array radiation source, a significant enhancement (about 7dB) of the SNR
will occur by collecting the radiant energy at the RSS. More importantly, by reducing the
exploration frequency to 10KHz, the exploration depth will also be greatly increased by
about 10 times.

Firstly, the principle of SRE circularly polarization was presented. Furthermore, the
SD, the SRE CP MD antennas array and the SRE CP MD antennas array radiation source
for separated GPR in ARS of deep earth are simulated. Then, on the basis of the aforemen-
tioned calculations and analysis of SRE CP MD antennas array, several numerical models
for the application of SRE CP MD antennas array radiation source with analytical solu-
tions were built. Finally, the effect of SRE CP MD antennas array radiation source was
compared with that of conventional methods. The theoretical analysis and simulation re-
sults were all consistent, verifying the correctness and effectiveness of the proposed SRE
CP MD antennas array radiation source for separated GPR in ARS of deep earth.
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Abbreviations
ARS Active remote sensing
GPR Ground penetrating radar
SD Single dipole antenna
RSS Remote sensing sensor
LP Linearly polarized
cp Circularly polarized
ME Multipath effect
PM Polarization mismatch
MD Multiple-dipole antennas
SRE Sequential rotationally excited
SNR Signal to Noise Ratio
Ff Far-field
MIMO  Multiple-Input Multiple-Output
P Transmitting power
Wav Energy density time average
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