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ABSTRACT 
 

Underground object detection is useful to explore underground resources as well as to monitor underground 
infrastructure. Underground object detection has been employed for mineral exploration, archeological 
material finding and underground fault detection. Existing systems usually employ the ground penetration 
radar (GPR) that makes use radio signal reflection. GPR weakness is that the device relies only on a single 
point of signal receptions that minimize the scope of detection. This paper proposes multipoint radio 
receptions for underground object detection based on the received signals instead of the reflected ones. The 
proposed system was initially tested experimentally for bandwidth range of 97 MHz to 130 MHz which 
results error shifting from the employed model about 50.33% at frequency 130.762 MHz, 17.58% at 
109.818 MHz and 13.38% at 97.335 MHz. Method of finding the best frequency is then developed by 
employing gradient comparison. Higher frequencies were chosen from 500 MHz to 1 GHz as these 
frequency results worse losses to ensure experiments were conducted in the worst condition. The analysis 
found that 537.69 MHz is the best frequency for the frequency range. In order to reconstruct the detected 
object, the number of multipath propagations is then determined. The object detections were then measured 
based on the supervised and unsupervised techniques. The supervised method exerted better precision 
compared to the unsupervised method by at least 30% with the detected object reducing the received signal 
up to 1.86 dBm or 2.68% in average. 

Keywords: Underground object detection, radio propagation losses, propagation model  
 
1. INTRODUCTION  

Signal propagation experiences losses in 
transmission media due to the nature of signal 
propagation. Signal loss worsen when it propagates 
in soil and water [1]. The attenuation is in form of 
decrement on signal amplitude and shifting in 
signal phase. Signal decrement and shifting are 
caused by media dispersion, signal absorption, and 
signal scattering  [2]. The underground structure 
that comprises soil with different characteristics, 
water and mineral mixture makes it difficult to 
predict the propagation characteristics. Changes on 
transmission parameter result significant error 
shifting. This reason underpins the use of reflected 
signal to determine underground object in ground 
penetration radar (GPR) technologies. Although the 
alternative technologies, such as electromagnetic 
induction [3], time domain reflectometer and 
capacitance measurement [4, 5] are exist, but the 
application is limited. 

The very high frequency band (VHF) is 
preferred when deal with underground signal 

propagation like into the earth (TTE) radio for 
mining industry [6]. This band is safe enough for 
high power radiation and less sensitive to ground 
absorption than the higher spectrum.   

Beside for object detection, the application 
of underground radio, TTE has been used since 
long time ago, mainly for supporting audio and data 
communication in mining industries [7], including 
the operation of underground wireless sensor 
networks (WSNs) for detecting particular events, 
locating the miners and preventing the construction 
failures [1]. The stability of the underground 
structure should be monitored as rock mass 
surrounding the construction is crucial for 
underground safety [2]. TTE including GPR are 
also used for near surface construction detection 
such as buried pipeline and also to measure surface 
depression impact [3].  

Underground natural phenomenon such as 
water impoundment, fluid subsurface, gasses and 
hydrocarbon extraction, water composition are also 
employed this technology [7]. Sensitive 
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underground nuclear experiment also needs this 
technology [8].  

Underground material rapidly reduces 
radio signal that makes radio signal is difficult to 
travel long distance. Abdul Salam [9] plotted the 
power density of electrical field components as in 
Figure 1 that is rapidly decreasing to transmitter 
receiver distance. For less than 1 m depth, the 
horizontal electrical field is rapidly weakened about 
11 dB than in vertical direction.  

 

 
Figure 1. Power density decrement [9] 
 
In order to predict the propagation 

characteristic, many researchers proposed the 
transmission model [10, 11]. Wireless underground 
was initially based on the Friis transmission 
formula [10], followed by the impulse response and 
multi-carrier model [12, 13]. The statistical model 
was developed based on empirical formula and 
testbed [14]. Analytical model has been research 
interests such as Sommerfeld integral [15], 
Zenneck-wave-based UGchannel model [16]. 
However, analitical was developed based on 
electromagnetic approximation which is erroneous 
when antenna defected. 

This paper is aimed to analyses the 
capability of multipoint signal receptions in 
predicting the underground object that are passed 
through by the transmitted signals. Experimental 
approach and channel modeling with low VHF and 
high VHF frequency bands are applied to assess the 
object prediction. Paper is organized as follows. 
Mathematical model based on Friis formula is 
given in the next section followed by three-
dimensional coordinate analysis, and measurement 
model. Experimental circuit for low VHF frequency 
generator and the used of vector network analyzer 
as well as measurement plane are outlined in 
research method section. Results analysis and 
conclusion are then followed.  

 

2. MATHEMATICAL MODELS  
This paper makes use underground Friis 

model with corrected parameters, propagation line 
model, and propagation path mathematical 
expression 

. 
2.1 Underground signal propagation 

The Friis transmission formula is named 
after Harald T. Friis, a Danish-American engineer, 
that is widely used for predicting the received 
power at the antenna terminal. The formula 
multiplied the incident wave power density and the 
effective aperture of the idealized antenna as in 
Equation 1. 

Pr /Pt = Ar At /(d2λ2)                        (1) 

Friis equation to predict propagation 
lossess considers distance, frequency and ground 
properties. The received power is calculated based 
on Equation 2 where losses are lumped into single 
Ll parameter [17]: 

Pr(dBm) = Pt(dBm) + Gr(dB) + Gt(dB) – Ll(dB)   (2) 

The lumped loss Ll comprises free space 
loss Lo which is approximated by using distance (d 
in km) and frequency (f in MHz): 

L0(dB) = 32.4 + 20 log(d) + 20 log(f)             (3) 

and ground loss Ls. Ls accommodates signal 
attenuation, signal scattering and and signal 
distortion depending upon the parameters of α and 
β. The parameter α is the attenuation constant 
measured in 1/m which varies over different soil 
water mixtures. The parameter β is measured in 
radian/m as the phase shifting of the signal caused 
by the media. The value of Ls is approximated as in 
Equation 4 [17, 18]. 

Ls = 8.69αd + 154 – 20log(f)(Hz) + 20log(β)  (4) 

The constant of α  and β are determined 
based on Equation 5 and 6 [4]: 

 

α = ω  (5) 

β = ω  (6) 

Parameter µ is the permeability of the 
ground, while Ɛ’ and Ɛ’’ are the real and imaginary 
values of the permittivity. Most ground 



Journal of Theoretical and Applied Information Technology 
15th January 2021. Vol.99. No 1 

© 2005 – ongoing  JATIT & LLS 

 
ISSN: 1992-8645                                                                  www.jatit.org                                                      E-ISSN: 1817-3195 

 
50 

 

permeability is assumed as free space: μ = µ0 
and µ0 = 1 [19]. 

 
2.2 Propagation line model 

The three-dimensional line equation is 
needed to detect points passed through by the 
propagated signal so that the exact location of the 
detected material is known. Mathematical model 
uses the three-dimensional space described in [20].  

The line L is passed through point P(x0, 
y0, z0) and considered parallel to vector  v = < a, b, 
c > only if Q = (x, y, z) makes vector PQ parallel to 
v. This line PQ is expressed by vector PQ=<x-x0, 
y-y0, z-z0> so that PQ is parallel to v fulfilling the 
equation PQ=t.v. Parameter t is a scalar. Point x, y, 
and z are determined by Equation 7. Figure 2 
illustrates the line. 

<x, y, z> = < x0 + ta, y0 + tb, z0 + t c>             (7) 
 

 
Figure 2. Three-dimensional line model [19] 

 
2.3 Separated transceiver model 

In order to measure signal level that is 
used to enable prediction on the underground 
object, three–dimensional measurement should be 
conducted. The three-dimensional room model is 
proposed to calculate how many positions of 
transmitter and receiver that are probable to detect 
the object.  

It is assumed that the evaluated 
underground volume is in form of cubical shape 
with edge l (Figure 3). The transmitter and receiver 
are inserted to the ground at n vertical edges with 
step variations of s. The number of transmitter and 
receiver position in measurement can be calculated 
based on Equation 8. 
                                                                       

  (8) 

For instance, if the evaluated underground 
space has edge size of l = 5 m, the vertical edge 
n=2, and position variation steps s = 1 m, there are 
6 transmitter positions and 6 receiver position. 
Number of propagation path can be calculated as in 
Equation 9. For this example, number of 
propagation paths is 36. 

 (9) 

If it is assumed that decreasing received 
signal denotes underground object blocking and 
high level of received signal means non blocking 
path, then the location of transmitter i and receiver 
j, pi,j can be predicted as blocked or passed through 
i by using the Equation 10. 

 
Figure 3. Measurement model                                                                

 

 (10) 

3. RESEARCH METHOD 

In order to analyses the signal and the 
object prediction, the experiments are divided into 
two parts. The first assessment on familiar 
frequency that are used for GPR application, is 
performed as an initial study. The frequency band 
of 97 MHz to 130 MHz is selected. The second 
assessment on frequency band of 500MHz to 1 
GHz is performed as the attenuation and scattering 
worsen at this band so that system is assessed in the 
worst condition. 
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3.1 Low Frequency Assessment 
In order to detect the underground object 

using frequency range of 97 MHz to 130 MHz, a 
simple frequency modulation transmitter is devised 
as in Figure 4. The transistor PN2222 is biased by 
using a voltage divider of 15K and 3.9K with LC 
tank at the collector. The voltage divider produces 
sufficient collector voltage to swing and gives 
sufficient transmitting power. Collector current 
flows through LC.  

 

 
(a) Signal generator circuit   

 

 
(b) Signal generator module   

Fig. 4. Low VHF Frequency Signal generator 
 

 
Fig. 5. Vector network analyzer 

 
The transistor amplifies signal within 

frequency range of 97 MHz to 130 MHz, so that 
collector current falls to these frequencies. 
Oscillated signal is then fed back to input base by 
using 0.01uF capacitor. The generated frequency is 
adjusted by using capacitor variable at LC tank. 
The wire of 6 turns 9 mm is used for coil making. 
Figure 4b shows the implemented circuit.   

A 9 V independent battery is used to 
activate circuit. However, level can be decreased by 
adapting voltage source to 6 Volt, 7.5 Volt and 9 
Volt. A spectrum analyzer is employed to receive 
the transmitted signal. 

The antenna is devised by using a 1/8 λ 
wire monopole antenna for both transmitter and 
receiver. The signal measurement is plotted by 
using the scenario as depicted in Figure 6. 

The permittivity parameters for the 
observed land are approximated as in [8] with Ɛ’ 
and Ɛ’’ values are set 6.53 and 1.88 respectively. 

 
 

 

 

Fig. 6. Measurement plan 
 

 3.2 Multipoint Assessment 
Multipoint assessment was conducted for 

frequency of 500 MHz to 1 GHz. The assessments 
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were divided into: best frequency assessment, 
unsupervised measurement and supervised 
measurement.  

In order to enable propagation 
characteristics to reveal underground object, best 
frequency should be used to fit the ground 
composition. In order to do so, the following steps 
were taken. 
- Measurements are performed for specific 

frequency and distance. Received signal levels 
for different frequency and distance are 
recorded. 

- Simulations are performed for similar frequency 
and distance. 

- Calculated gradients for both experiments and 
simulations results. 

- Negative gradient is preferred as logically signal 
decreases as distance increases. 

- Find the frequency with the lowest gradient 
differences between experiment and simulation. 
This frequency is selected for measurement.  

 

 
(a) Measurement setup 

 

 
(b) Signal propagation paths 

Fig. 7 Vector network analyzer radio paths 

Fig. 7 shows the measurement line to 
detect an object. The object is positioned in the 
center of the evaluated area. The method is just to 
show the effectiveness of the system. In order to 
apply on real object, other method may apply. The 
underground object is a metal box 8000 cm3. For 
the evaluated frequency band 500 MHz to 1 GHz, 
the VNA is used for both transmitter and receiver. 

For higher transmitting power and 
reception sensitivity, another device can be 
employed. Limited propagation lines are chosen in 

this experiment (Figure 7b). More complicated 
propagation lines are possible if the receiver and 
transmitter can be shifted automatically. 

 
4. RESULTS AND ANALYSIS 

4.1 97 MHz to 130 MHz Measurement Results 
The measurement results for frequency 

band of 97 MHz to 130 MHz are represented by 
three chosen frequencies 97.335 MHz, 109.818 
MHz, and 130.762 MHz. The signal is rapidly 
attenuated by the ground material as depicted in 
Figure 8. 

 

 
 

Fig. 8 Signal attenuation  

Figure 9, Figure 10 and Figure 11 show the 
comparisons of the measured signals to the 
propagation model for frequency 97.335 MHz, 
109.818 MHz, and 130.762 MHz as chosen 
frequencies in 97 MHz to 130 MHz. Both 
measurement and model results show that signals 
decrease rapidly due to distance increment. 

 

Fig. 9 Received signal vs model for 97.335 MHz  
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Fig.10 Received signal vs model for 109.818 MHz  

 

 

Fig.11 Received signal vs model for 130.762 MHz  

 

 

Fig.12 Impact underground object for 97.335 MHz  

 

Fig.13 Impact of the underground object for 109.818 MHz  

 

 

Fig.14 Impact underground object for 130.762 MHz  

 

 

Fig.15 Average signal decrement due object detection 
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Meanwhile, Figure 12, Figure 13, and 
Figure 14 show that signal decrement can be 
distinguished between direct signal or blocked 
signal due to the existence of the underground 
object that is inserted in between transmitter and 
receiver. The average signal decrement is shown in 
Figure 15. 

By comparing the differences between 
measured signal with the employed model and the 
no object signal and the detected object signals, it 
can be determined which frequency has the best 
performance. Figure 16 show that the frequency of 
130.762 MHz has the best precision as it has the 
smallest average model error. However, frequency 
of 109.818 MHz has the best capability in detecting 
object as it has the highest signal decrement.  
 

 
Fig.16 Average signal decrement due object detection 

4.2 Multipoint propagation analysis 
Figure 17 shows the sample of 

measurement results for measurement on frequency 
band of 500 MHz to 1 GHz. At this frequency 
band, signal varies very rapidly. This variation is 
influenced by underground scattering characteristic 
that differs from one frequency to other 
frequencies.  

 

 
Fig.17 Received signal level for frequency band 500 MHz 

to 1 GHz 

Unlike surface propagation, signal 
decrease inconsistently to distance (Figure 18). 
Therefore, it is necessary to find the best frequency 
for difference underground media. The following 
technique is suggested to make sure the working 
frequency is the best one to deal with the type of 
underground media. 

 

 
Fig.18 Sample received signal level for various distance 

Figure 19 shows the results of the 
mathematical model for frequency band of 500 
MHz to 1 GHz. The higher the frequencies the 
lower the received signal level. Frequency 500 
MHz has the exponential losses while frequency 1 
GHz has the most constant attenuation to all 
transmitter receiver distances. It means the highest 
frequency has homogenous responses to ground 
attenuation. However, the signal level is very low. 
 

 
Fig.19 Modeled received signal for frequency band 500 

MHz-1 GHz 

In order to find best frequency, both 
measurement and model results are compared by 
using tangential values. All the tangential values for 
both measurements and models are plotted in 
Figure 20.  

Selection criteria for the selected 
frequency are, both measurement and model 
tangential values should be negative and has the 
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smallest differences. Tangential values vary for 
different frequency. Some frequencies have 
increasing signal pattern due to multipath 
propagation and signal scattering.  

As result, frequency of 537.69 MHz is 
selected as the best working frequency. Figure 21 
shows the level of the received signal for the 
selected frequency, 537.69 MHz for various 
distances. This working frequency is used for 
detecting the underground object by considering 
two techniques: supervised and unsupervised 
measurement. 

 

 
Fig.20 Tangential values  

 

 
Fig.21 Samples of received signals for the selected frequency 

 

In order to determine the existence of the 
underground object, two ways are performed. The 
first way is by using supervised measurement. This 
method requires that initial condition, the received 
signal levels before the underground object exist 
should has been known. This method can be used to 
monitor land or underground structure changes. 
This method cannot be used to explore object in 
unknown environment.  

The second method is unsupervised 
measurement. The unsupervised measurement 
compares received signal level to predicted model. 

A threshold should be developed to ensure either 
underground object exists or not. The decision of a 
transmission path is blocked by and objects or not 
is determined by the following code snippet. 
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In perfect conditions, the following signal 
plot (Figure 22) on computer program should be 
revealed by the results of the measurement. Object 
shape can be approximated in more signal path is 
used in measurement.  

By using signal evaluation plot as in 
Figure 7b, the following results are obtained by 
using supervised and unsupervised method. In 
supervised method, initial measurement is 

performed before underground object inserted. 
Without changing the positions of transmitter and 
receiver, the underground object is then inserted to 
the center of the evaluated area. Then, both initial 
and final received signals are then compared.  

Figure 23 plots the signal differences. The 
supervise method exerts 100% precise detection as 
the blocked signals are always lower than the 
unblocked signals. Average decrement is -1.86 dB. 

 

 
Fig.22 Signal paths that is blocked by underground object 

 
Fig.23 Supervised underground object detection 

 
Fig.24 Unsupervised underground object detection based on Friis formula 
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Meanwhile, measurement by using the 
propagation model experience deviations as the 
received signals are not only coming from direct 
signal, but also the scattered signals and multipath 
signals. The blocked signals with larger distance 
may have higher level than the closer one.  

The detection precision by using 
unsupervised method depends on the precision of 

underground radio propagation model. As shown in 
Figure 24, only 30% of the predicted paths can 
detect the underground object. Figure 25 shows that 
supervised measurement exerted consistent signal 
decrement with average signal decrement of 1.86 
dB or 2.68%. Meanwhile, only 30% signals 
decreased for unsupervised measurement. 

 
 

 
Fig.25 Supervised versus unsupervised signal decrement comparisons 

 
5. CONCLUSIONS 

This paper has analysed the use of radio 
propagation and received signal level to predict 
underground object. Radio propagation assessment 
has been performed by using two frequency bands: 
97 MHz to 130 MHz and 500 MHz to 1 GHz. The 
lower frequency bands were represented by 
frequencies 97.335 MHz, 109.818 MHz, and 
130.762 MHz, where frequency 130.762 MHz has 
the best precision with the smallest average model 
error and frequency 109.818 MHz has the best 
capability in detecting object with the highest signal 
decrement.  

For frequency band 500 MHz to 1 GHz, 
the selected best frequency is at 537.69 MHz. By 
using this frequency, supervised and unsupervised 
measurements were performed. Supervised 
measurement compares the same land condition 
with or without object. Meanwhile, unsupervised 
measurement compared measurement results to 
propagation model. As results, supervised 
measurement produced better underground object 
detection than the unsupervised techniques. 
Supervised measurements obtained signal 
decrement due to blocking object about 1.86 dBm 
in average. The supervised method 100% predicted 
the underground object. Meanwhile, the 

unsupervised measurement strongly depends on the 
model precision. The unsupervised method 
achieved only 30% prediction with signal 
decrement about 2.68% in average. 
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