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Abstract:  In this paper, we electromagnetically analyzed the 

wireless sensor nodes for natural gas transport system from the 

recovery process to our apartments. In light of the problems of 

poor localization accuracy, low recognition efficiency and high 

false rates in traditional pipeline security and detection 

technology, this paper suggests a type of new electromagnetic 

modeling for the natural gas pipeline and tank system. This 

paper describes the effect of natural gas at different 

temperature and pressure levels on the propagation 

characteristics of electromagnetic waves at Terahertz Band 

frequencies. Based on the calculated absorption and path 

losses, the channel capacity and SNR are studied to give an 

insight of future Terahertz communication networks. Results 

show that characteristics of electromagnetic waves propagation 

affected by both the temperature and pressure. As a result, in 

the paper we come to the conclusion that frequency bands for 

optimum performance should be determined by reviewing the 

absorption coefficient. 

Index Terms: Terahertz Band, Absorption Coefficient, 

Natural Gas, Pipeline Systems. 

I. INTRODUCTION

HE oil and natural gas sector is the key domestic 

production sector, where oil and natural gas revenues 

constituted 73 percent of total budgetary revenues. Although 

the total estimated amount of oil and natural gas in an oil 

and natural gas reservoirs is still significant, only a small 

fraction (e.g. 10 to 20 percent) of this oil and natural gas can 

be brought to the surface. As a promising approach, 

deploying Wireless Sensor Networks (WSN) [1] in the oil 

and natural gas field can be monitored online and real time 

by measuring such as pressure, temperature, oil and natural 

gas saturation and gas or fluid type, which can help us to 

exponentially increase the oil and natural gas recovery 

factors. By this means, the crude oil and natural gas in the 

planet can support our world for much longer time. 

Despite the great potential advantages, the challenging 

natural gas reservoir environment prevents the direct 

deployment of any current off-the-shelf WSN technologies. 

Specifically, the challenges are due to the following three 
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environmental conditions:  

 The wireless sensor nodes that need to be placed 

have to be in very small size because the natural gas  

pipelines at apartments and the natural gas fractures 

at underground are too small to place a wireless 

node. So the operating frequency has to be in the 

GHz or even in the THz range to make the antenna 

size at millimeter or nanometer range. 

 Wireless sensor networks may encounter severe 

energy problems. To address the energy problems, in 

this paper Terahertz band EM wave-based technique 

is proposed to enable wireless communications in the 

natural gas reservoir environments [2] 

The WSNs using the Terahertz EM wave-based technique 

are easier to deploy but need high density of sensor nodes to 

guarantee the network connectivity. For Terahertz EM wave 

based technique, a complete channel model has been 

developed in the natural gas reservoirs. The channel model 

analytically captures the effects of multiple system and 

environmental parameters. Based on the channel model, the 

optimal modulation schemes and the SNR of the Terahertz 

EM wave-based communication systems in the natural gas 

reservoir environments are investigated. The proposed 

system architecture is illustrated in Fig. 1.  

Fig. 1. System architecture of the wireless sensor network for natural gas 

recovery

For the wireless communications initiated by the wireless 

sensor nodes: In the natural gas reservoirs, the very thin 

hydraulic fracture environment, the very thin pipeline 

systems and the natural gas medium prevent the direct usage 
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of all existing communication techniques. For this thin 

fractures THz waves have been used to model the natural 

gas environment [3, 4].  

One of the objectives of this paper is to find the transmission 

windows where the path loss is sufficiently and the 

transmission distance is high. in these transmission windows 

data can be send more distance with less transmit power. To 

achieve this objective, a comprehensive analysis of channel 

model, modulation scheme, and the SNR in the natural gas 

is a necessity. 

The system in this paper not only models the natural gas in 

the fractures but also models the natural gas in pipelines and 

tanks. Therefore, in this way, universal nodes for natural gas 

can be designed. The system architecture of WSNs in 

natural gas pipeline systems is illustrated in Fig. 2. Fig. 3 

shows the pressure of natural gas while transmitting from 

the natural gas source to apartments. In this paper, the 

natural gas according to different pressure levels in Fig. 3 is 

also analyzed.  

Fig. 2. System architecture of the WSNs for natural gas systems at 

pipelines.

Fig. 3. Natural gas systems pressure at pipelines.

Fig. 4. System architecture of the WSNs for natural gas systems at tank.

Sensor nodes send valuable data that the consumers need 

like heat of the gasses, pressure or gas composition to the 

surface sink. In this way pipeline, damage prevention or leak 

detection can be avoided. In Fig. 4, the container changed to 

the tank. Here fixed wireless gas sensors send the natural 

gas data to the surface sink [5].  

In the remainder of this paper, we first present the related 

work in Section 2. Then in Section 3, we comprehensively 

characterize the wireless channel electromagnetic model. In 

Section 4 graphical results of the analytical model are given. 

Finally, in section 5 the research results are summarized. 

II. RELATED WORK

Andrey Somova et. al. [6] proposed a wireless gas sensor 

network (WGSN) that employs an autonomous 

semiconductor gas sensor node. To increase the sensor 

sensitivity and selectivity, they used a temperature scanning 

analysis mode for gas measurement, as well as the sensor 

sensitive layer heating in pulse mode.  

Yuanwei Jin and Ali Eydgahi [7] survey the pipeline 

inspection technologies using acoustic sensors and describe 

an active acoustic sensor network platform for pipeline 

monitoring and inspection. They discuss basic components 

of the proposed sensor networks and the signal processing 

techniques to detect, localize, and quantify bursts, leaks and 

other anomalies in a pipeline system.  

Imad Jawhar et. al. [8] discuss the monitoring of pipelines 

carrying not only gas but also water, oil and other resources. 

The paper presents monitoring and control functions as an 

architectural model. The model also present the routing and 

networking protocols for communications.  

Jiangwen Wan et. al. [9] study the localization method 

and leak detection in natural gas pipeline systems. In the 

signal-preprocessing phase, the original tracking signals are 

handled by wavelet transform technology to extract single-

mode signals as well as characteristic parameters. 

The studies above explained different techniques for 

semiconductor gas sensor nodes, active acoustic sensor 

network platform, architectural model, and hierarchical leak 

detection or localization method. Nevertheless, no paper 

explained above showed mathematic model according to 

pressure and temperature of natural gas that play an 



important role. In this paper, natural gas channel properties 

have been analyzed according to its environment 

parameters.  

III. NUMERICAL ANALYSIS OF THE MODEL

We know from the electromagnetic theory that when the 

frequency increases the path loss increases. Electromagnetic 

waves behave differently in different environments. In this 

work, we are working on THz range so the path loss 

increases sharply. Equation (1) shows the power which have 

been received according to the classical Friis equation. In 

Equation (1), t means transmitter, r means receiver, P means 

power, G means gain and SL means system loss which have 

been given in detail at Equation (2). 
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Free space path loss, which is LFSPL [12], absorption of noise 

power, which is SL [13] and medium loss that is given as 

Lmedium have been shown at Equation (2). At THz range 

when electromagnetic waves propagate, they vibrate 

molecules and kinetic energy formed. Absorption coefficient 

is the absorb energy that is measured from the vibrate 

molecules [14, 15]. In this paper Radiative transfer theory 

[16] and HIgh resolution TRANsmission molecular 

absorption database (HITRAN) have been used [17]. Beer-

Lambert Law has been used to get ??  which is transmittance 

of a medium [18]. As a result, Lmedium equals to:  

  10 )·( , ) 10log· (mediumL f d k f d e dB
(3) 

k(f) in equation (3) calculated as [17]:          
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Equation 4 and 5 symbols and definitions are shown below. 
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Ka_jm  units 1/(molecule·cm-2 ) symbol, definition and unit 

are shown below. 

       , ,     , ,  · KNa WN T P Ka WN T P N  
(7) 

A lot of prior work, as in our paper, also utilize 

the absorption coefficient KNa “normalized” (multiplied) by 

the number N [cm-3] as shown in equation (7) of absorbing 

molecules per unit gas volume. CH4 (Isotopologue(s): 

211,311,212,312), C2H6 (Isotopologue(s): 1221,1231) 

parameters are : Wavenumber range: 0.03-333.56 cm-1 at 

CH4 and 226-333.56 cm-1 at C2H6 , Temperature is taken as 

274 K, 289 K, 296 K and 313 K,  Pressure is taken as 69 

atm, 19.7 atm, 4 atm and 0.021 atm, Scut is 1e-28 cm/m. 

Molecules measurements step are 0.03004 cm-1 at CH4 and 1 

cm-1 at C2H6 which have been used in this paper. 

Isotopes represent a single element that can be in different 

forms or weights. Isotopologues data’s of 211, 181, 171 and 

162 CH4 and 1221 and 1231 C2H6  which are taken from 

[19] are given at Table-3. Scut is taken as 1e-28 cm/mol in the 

calculations. SNR and Lf which is the noise energy 

calculated as in dB [19,20]: 
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TABLE III

NATURAL GAS ISOTOPOLOGUES DATA’S

AFGL 

not. Equation Mass, a.u. Natural abundance Q(296K) Tmin, K Tmax, K 

Number of 

bands 

211 12CH4 16.031300 0.988274 590.478 1 3500 206 

181 13CH4 17.034655 0.0111031 1180.823 1 3500 73 

171 12CH3D 19.014780 0.000371884 1052.145 1 4500 48 

162 13CH3D 19.016740 0.000310693 864.742 1 3500 3 

1221 H3
12C12CH3 30.046950 0.97699 70882.523 1 3500 15 

1231 H3
12C13CH3

31.050305 0.0219526 36191.797 1 3500 2 

AFGL 

not. Equation 

Nunmber of 

lines 

Wavenumber minimum, 

cm-1 

Wavenumber 

minimum, cm-1 Smin, cm/mol Smax, cm/mol Sv, cm/mol 

211 12CH4 313943 0.001063 11501.87250 1.052e-37 2.114e-19 1.770e-17

181 13CH4
77626 0.031765 11318.536900 4.100e-34 2.363e-21 1.865e-19

171 12CH3D 4500 48 54550 7.760179 6510.324200 3.528e-30

162 13CH3D 
3500 3 4213 

959.39399

0 
1694.123380 2.768e-29

1221 H3
12C12CH3

54460 225.044600 3000.486000 2.404e-38 3.210e-20 6.387e-18

1231 H3
12C13CH3

7107 285.210300 918.717163 2.171e-34 1.515e-23 1.182e-20

Capacity calculation equation is given at (9) in hertz [21,22]. 

Total path loss showed as Pt  which is taken 0 dBm (low 

enough for nano sensor) in this paper. Δ𝑓 taken as 100 GHz. S 

is transmit power, N is energy of noise which is equal to 

10log10(1000×k×T×B)  at equation (9) [23, 24, 25, 26].  

IV. NUMERICAL RESULTS

The electromagnetic absorption mathematical method 

introduced in section 3 is utilized to evaluate the performance 

numerically.  

a 

b 

c 
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d 

Fig. 5. Absorption Loss of CH4 and C2H6 according to frequency a) 0.01 

THz – 10 THz at CH4 b) 0.01 THz – 1 THz at CH4 c) 6.5 - 10 THz at C2H6 d) 

0.01 THz – 10 THz at C2H6 and CH4

Fig. 5 shows frequency versus absorption loss of CH4 and 

C2H6 in the 0.01–10 THz band. In Fig. 5 absorption loss of 

CH4 and C2H6 according to frequency T is taken as 1 Celsius, 

16 Celsius, 22.85 Celsius and 40 Celsius. P is taken as 21 

mbar, 4 bar, 20 bar and 70 bar which are considered for all the 

pipeline’s condition pressure at Fig. 3. Fig. 5 is obtained from 

equation (2) so the HITRAN is used to get k (f) values [19]. 

Fig. 5b shows that CH4 has less absorption between 0.1–1 

THz. We know that almost 97% of the natural gas is CH4 [27].

C2H6 and other gases are around 3% and can be negligible. 

C2H6 absorption properties also given at Fig. 5c and 5d. At 

CH4 when the temperature increases absorption loss increases 

but we cannot generalize it to all gasses because this statement 

is not valid at C2H6. We can understand from Fig. 5 it is not 

possible to generalize temperature effect according to 

frequencies. The main effect of the absorption loss in a 

specific frequency is k (f) absorption coefficient. But from Fig. 

5 we can understand that the pressure increases the absorption 

loss both at CH4 and C2H6. Fig. 5 shows that the best 

transmission window for CH4 is between 0.01–1 THz, the 

frequencies which are shown in Fig. 5b.  Fig. 5 can be used to 

design a specific natural gas sensor according to sensor’s 

antenna size.  

a 

b 

Fig. 6. Total Path Loss of CH4 according to frequency a) 0.01 THz – 10 

THz b) 0.01 THz– 1 THz 

Fig. 6a gives the values of total path loss CH4 according to 

frequency at 0.01 THz – 10 THz and Fig. 6b gives the 

approximated version of Fig. 6a which frequency is between 

0.01 THz – 1 THz.  Sensor node distance causes increment in 

free space loss so the total path loss increases more rapidly 

because of THz frequencies. Fig. 6 shows that the 

communication range for 0.01 THz – 1 THz band is around 10 

cm below the 120 dB. 22.85 Celsius 21 mbar CH4 and 40 

Celsius 70 bar CH4 is chosen in Fig. 6 because these are the 

gas values which are usually used for pipeline transfer. Fig. 6a 

shows that path loss values are changed above the node 

distance of 1000 cm. When the node distance increases path 

loss increases so the effect of absorption loss is seen in more 

details at high frequencies and high distance. Fig. 6 also shows 

that we can ignore the absorption loss below the node distance 

of 1000 cm because total path loss is too high when we 

compare with absorption loss below the node distance of 1000 

cm. Also path loss values are very close to each other at 22.85 

Celsius 21 mbar CH4 and 40 Celsius 70 bar CH4 at Fig. 6b 

because when the frequency and node distance decreases total 

path loss decreases so path loss is not significantly impacted 

from the node distances changes. Another reason why path 

loss values are very close to each other at 22.85 Celsius 21 
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mbar CH4 and 40 Celsius 70 bar CH4 is given in  Fig. 6b at 0.01 

THz – 1 THz there is not much absorption loss at CH4 that will 

effect to total path loss between the frequencies of 0.01 THz – 

1 THz. Path loss of the model calculated from equation 1. 

a 

b 

Fig. 7. SNR of CH4 according to frequency a) 0.01 THz – 10 THz b) 0.01 

THz– 1 THz 

Fig. 7a. X-axis shows the SNR, and Y-axis shows 

frequency at 0.01 THz – 10 THz and Fig. 7b gives the 

approximated version of Fig. 7a which frequency is between 

0.01 THz– 1 THz at 22.85 Celsius 21 mbar CH4 and 40 

Celsius 70 bar CH4. 22.85 Celsius 21 mbar CH4 and 40 

Celsius 70 bar CH4 is chosen at Fig. 7 because these are the 

gas values which are usually used for pipeline transfer. Fig. 7b 

is given to show that SNR values are changed above the node 

distance of 1000 cm. When the node distance increases path 

loss increases so the effect of absorption loss seen in more 

details at high frequencies and high distance. Fig. 7 also shows 

that we can ignore the absorption loss for values below the 

node distance of 1000 cm because total path loss is too high 

when we compare with absorption loss below the node 

distance of 1000 cm. Also SNR values are very close to  each 

other at 22.85 Celsius 21 mbar CH4 and 40 Celsius 70 bar CH4 

at Fig. 7b because when the frequency and node distance 

decreases total path loss decreases so SNR do not effect too 

much from the node distances changesAnother reason why 

SNR values are very close the each other at 22.85 Celsius 21 

mbar CH4 and 40 Celsius 70 bar CH4 at Fig. 7b at 0.01 THz – 

1 THz there is not much absorption loss at CH4 that will effect 

the total path loss between the frequencies of 0.01 THz – 1 

THz. SNR of the model calculated from equation 7. In Fig. 7. 

SNR value is also given for researches working on THz range. 

Fig. 8. Capacity of CH4 according to distance

Fig. 8. X-axis shows the capacity, and Y-axis shows 

distance at 22.85 Celsius 21 mbar CH4 and 40 Celsius 70 bar 

CH4. 22.85 Celsius 21 mbar CH4 and 40 Celsius 70 bar CH4 is 

chosen at Fig. 8 as in Fig. 7 because these are the gas values 

which are usually used for pipeline transfer. The other values 

are not given not to make the figure complicated. Fig. 8 shows 

that when the node distance increases capacity degreases as 

expected. Capacity values are very close the each other at 

22.85 Celsius 21 mbar CH4 and 40 Celsius 70 bar CH4 at Fig. 

8b especially at high transmit powers because high transmit 

power increases the transmission distance.  

V. CONCLUSION

THz waves are very sensitive to choosing the right 

transmission windows. Right transmission windows need to be 

selected for maximum transmission distance and minimum 

path loss. In this paper isotopologues data’s of 211, 181, 171 

and 162 CH4 and 1221 and 1231 C2H6  have been analyzed 

which are almost all isotopes used in industry. So this paper 

almost analyzes all the parameters which are loses, noises, 

SNR and capacity that are needed at the physical layer 

communication according to the  world’s changing parameters 

that are temperature and pressure. The paper proves that path 

loss values are changed above the node distance of 1000 cm. 

Therefore, the SNR and the capacity values changed above the 

node distance of 1000 cm. The paper shows that when the 

frequency and node distances increases absorption loss has 

less effect on the total path loss. We also show that in the 

paper at CH4 we can ignore the absorption loss below the node 
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distance of 1000 cm because total path loss is too high when 

we compare with absorption loss below the node distance of 

1000 cm. As a result this paper characterizes the 

electromagnetic waves propagating according to temperature 

in gases (especially at CH4 ) and depends on the absorption 

coefficient where the pressure decreases the absorption loss. 

Lastly, the paper shows that there is no capacity problem in 

the THz range but technology for the nano sensors need to be 

improved for these kind of communications. As a result, this 

paper is useful for the researchers who are working at THz 

wave propagation and nano sensors. 
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