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Abstract— In this paper, a one-port time-domain/frequency-

domain based technique using a short-circuited coaxial geometry 

inserted vertically in a liquid tank is designed and presented as a 

multi-level storage tank gauge and monitor. For storage tanks of 

small physical liquid levels, the attenuation inside the coaxial 

cable sensor may be neglected and both the physical liquid levels 

and liquid permittivity can be measured simultaneously, whereas, 

for large physical liquid levels, as in the crude oil mass storage 

tanks, the attenuation coefficient of the liquid filled coaxial cable 

sensor should be considered and predetermined for all level 

materials in the tanks, and then both liquid levels and 

permittivity can be measured simultaneously. In this work a 

multi-level liquid tank contains four different materials; air, 

combustion engine oil, water, and mud, with physical level 

thickness of 30- cm, 60-cm, 10-cm and 5-cm, respectively, was 

examined to measure both physical levels, assuming them 

unknown, and permittivity of each level content. From the 

measured data, the error of the calculated levels was less than 

0.01, which may be improved to be almost neglected by 

considering the attenuation in the coaxial sensor and using a 

signal processing unit to display the levels accurately. 

 
Keywords— Attenuation, coaxial sensor, crude oil, level gauge 

system, one-port, permittivity, oil storage tank, time-domain, 

TDR. 

I. INTRODUCTION 

Tank gauging is the generic name for the static quantity 

assessment of liquid products in bulk storage tanks. The oil 

refining industries have developed methods for measuring and 

controlling liquid levels in storage tanks as well as removing 

impurities and contaminants, called emulsions, from crude oil 

that make it unusable in its raw form. Methods continue to 
evolve, and new ways to measure the emulsions in oil have 

made it possible to be more precise when calculating the 

thickness of the non-oil layers in settling mass tanks. 

Moreover, measuring and controlling liquid levels contained 

in storage tanks and processing vessels is important in many 

other industrial processes. 

Improved level measurement accuracy makes it possible to 

reduce chemical process variability, resulting in higher 

product quality, reduced cost, and less waste. Regulations, 

especially those governing electronic records, set stringent 

requirements for accuracy, reliability, and electronic reporting. 

The newer level measurements technologies and researches in 
this field help meet these requirements.  

In general, two types of measurement methods are used for 

tank gauging:  

1. Volume-based measurement method 

2. Mass-based measurement method 

In a volume based system, level is measured.  In a mass 

based system, the measurement of the hydrostatic pressure of 

the liquid column is used. Both methods provide a direct 

measurement of one factor in the inventory equation, level or 

pressure. But, bulk storage tanks tend to have large diameters, 

store products with varying densities that can stratify, and 
require consideration for high tank levels and overfill 

protection. A small change in level can make a big difference 

in accountable volumes (level x diameter), while stratification 

can lead to level changes that are undetectable by mass based 

systems. The level (volume) based measurement systems are 

[1]: 

- Manual (Hand Dipping) 

- Float and Tape (float based, level measurement) 

- Servo (displacer based, multi-variable, measurement) 

- Radar (non-contact, level measurement) 

- Tank Gauge Transmitters (data conversion and 

transmission) 

- Temperature (temperature measurement) 
- Hydrostatic (temperature and pressure based 

measurement) 

- Hybrid (level, temperature and pressure based 

measurement) 

- Wireless (data transmission) 

- Data Acquisition (non-contact, level measurement) 

For oil refining industries there are many instruments and 

systems available that can provide the combination of 

measurements that will allow an accurate quantity assessment 

and, hence, good inventory management. But, before a 

particular instrument is chosen based on its data specification 

alone, other factors should be assessed that affect the 
application and create uncertainties in the measurement. 

- Types of Storage Tanks 

- Bulk Liquid Petroleum Products 

- Ambient Measurement Conditions 

- Petroleum Asset Management 

There is a wide range of storage tanks found throughout the 

oil & gas industry. Depending on the tank type or mounting 

options, a particular tank gauge or measurement solution may 

be more suitable. Tanks are chosen according to the flash 
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point of liquid stored in the tank. Generally speaking, in 

refineries, atmospheric tank farms and terminals where 

petroleum based liquids are stored, above ground fixed roof 

tanks or floating roof tanks are predominant. These tanks 

operate under no (or very little) pressure, distinguishing them 
from pressure vessels, which in turn have additional 

requirements that must be considered. 

Atmospheric tanks can be one of the following [2]: 

1. Steel tanks 

a. Riveted tanks 

b. Bolted steel tanks 

c. Welded tanks 

2. Concrete tanks 

3. Collapsible tanks  

 

Atmospheric tanks can be further classified according to the 

type of the roof on the tank. 

1. Cone-roof tanks 

2. Floating-roof tanks 

3. Lifter-roof tanks 

Fixed (cone, dome or umbrella) roof tanks, Fig. 1, are the 

most common and identifiable bulk storage vessels in the oil 

& gas industry, typically seen with a wrap around staircase. 

They range in sizes up to 30 meters tall by 100 meters wide 

and are used to store liquids with very high flash points (e.g. 

fuel oil, heavy oil, kerosene, diesel oil, water, bitumen, etc.) 

[1].  

In oil & gas industry, the tank inventory may be one of the 
following products: 

- Crudes 

- Gasoline 

- Jet fuel 

- AV (aviation) gas - high octane gas for small aircraft 

- Diesel 

- Chemicals 

- Additives 

- Solvents 

- Water 

 
Fig. 1 shows three of the common gauging systems that are 

employed commercially for Crude oil tanks. Some of these 

systems are simple and low cost but limited to level gauging 

with no more than one interface level, whereas, the others are 

complicated and high cost but able to gauging two interface 

levels. The accuracy of level gauging system plays an 

important role for the oil refining industries. Thus, the need 

for accurate and reliable gauging system is essential to avoid 

costly mistake. 

Liquid level measurement based on the capacitance change 

principle was suggested by [3]. 

A microwave multi-level gauging system employing a 
Frequency Step Continuous Wave (FSCW) radar 

measurement technique was presented by [4]. Although this 

technique shows a millmetric accuracy gauging with levels 

dielectric constant (permittivity) measurement, it is limited to 

two interface levels gauging only, and considered as an 

expensive technique. A microwave-level gauging system 

using the FSCW radar with sub-millimetre accuracy has been 

described for industrial applications with simultaneous 

monitoring of the permittivity [5]. A time domain 

reflectometry (TDR) was presented earlier [6] to measure the 
level of liquids and solids in a storage tank.  

U.S. Navy engineers at the David Taylor Research Centre 

in Annapolis, MD, developed a TDR liquid level sensor 

system for the measurement of fuel oil in seawater 

compensated fuel storage tanks on United States Navy 

warships [7]. TDR is used commercially as a diverse array of 

liquid level sensing instrumentation [8], [9]. The competitive 

cost and unique advantages of TDR level sensors make them 

worth considering especially for interface and hostile 

applications. TDR level sensors have been successfully used 

in petrochemical, pulp and paper, mining, cement production, 

and military applications worldwide. 
 
 

 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 1   Different commercial tank gauging systems; (a) float & tape system, 

(b) radar system, and (c) servo system. [1] 

http://www.ijettjournal.org/
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All the above mentioned techniques are used as one or two-

level gauges whereas the proposed techniques presented in 

this work as well as in the International Petroleum Conference 

[10] can be used as: 

 
1. A multi-level liquid gauge and identifier, i.e., 

measuring the liquid level and the electrical property, 

complex permittivity    , for small and medium size 

liquid storage tank, where the attenuation inside the 

coaxial sensor can be neglected. 

2. A multi-level gauge for large storage tanks, i.e., crude 

oil storage tank. In such storage tanks, tank material 

usually known, i.e. air, crude oil, water, and emulsion. 

Due to the tank size, attenuation inside the coaxial 

sensor should be considered and pre-determined.  

 
A one-port time domain technique was used for measuring 

the approximate complex permittivity and complex 

permeability of materials [11]. This work used modified 

techniques for measuring the level complex permittivity (   ) 
[12]-[15] to validate the calculated one in this work.  

The main advantages of the adopted technique using the 

proposed algorithm are; 

1. Low cost instrumentation, when used as a gauging 

system only. 

2. A competitive gauging accuracy, comparing with other 

techniques. 
3. Levels number to be measured in liquid tanks is 

unlimited. 

4. Measuring the permittivity enables level content 

properties monitoring.  

 

For low viscosity liquids, the sensor can be a perforated 

coaxial cable inserted vertically in the liquid tanks to measure 

the levels and permittivity, Fig. 2 shows the outer perforated 

coaxial conductor, whereas, for high viscosity liquids, TDR 

probe can be used, acting as the inner conductor of the coaxial 

cable sensor, and the outer conductor is the tank itself. The 
bottom of the tank represents a short circuit (S.C.) and the 

cover is isolated from the TDR probe. Fig. 3 shows the both 

arrangement setups that are suitable for the proposed 

computation algorithm.  

 

 

 
 

Fig. 2  A section of the outer coaxial sensor conductor which is perforated to 

allow liquids to get-through the space between the inner and outer conductors 

of the sensor. 

 

              
 

(a)                                                          (b)          
 

 

Fig. 3  Measurement setup for; (a) Low viscosity liquids using a coaxial cable 

sensor, and (b) High viscosity liquids using TDR probe.  

 

 

 

In this work a multi-level liquid tank with four different 

materials; air, combustion engine oil, water, and mud was 

examined to measure both the physical height (thickness) and 

permittivity of each level (supposing that the levels contents 

are unknown). The measurement inaccuracy was less than 

0.01. A short circuited coaxial transmission line was used as a 

sensor with a pulse generator to generate a pulsating signal of 

0.2 ns pulse width. The coaxial line sensor was perforated to 

allow liquids to get-through the space between the inner and 

outer conductors of the sensor. The adopted technique is based 

on measuring the reflected pulse from each level surface and 
the time delay between each two successive reflected pulses. 

From the relation between the incident and reflected pulses at 

each level interface, one can calculate the reflection 

coefficient at the surface of each level and then calculating the 

level content permittivity, whereas, the physical level of liquid 

can be calculated from the time delay between each two 

successive reflected pulses 

II. MEASUREMENT SETUP 

The arrangement setup of the adopted technique is shown 

in Fig. 4, where a perforated coaxial line inserted vertically in 

a liquid tank contains four different liquid materials. A pulse 
generator was used to introduce a pulse signal of 0.2 ns width 

at the excitation port and allowed to propagates to and through 

the interface, whereas, a high frequency oscilloscope was used 

to display input and reflected pulse waveforms. The pulse is 

partially reflected at each sample material interface and 

partially transmitted. The transmitted portion travels to the 

next sample until reaches the end of the line and reflected by 

the terminating short circuit at the bottom of the tank. Fig. 5 

shows the liquids that held in the perforated short-circuited 

coaxial line sensor. 

http://www.ijettjournal.org/
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Fig. 4 The adopted arrangement setup used for simultaneous measurement of 

both liquid level and permittivity in multi-level liquid tank. 

 

  
 

Fig. 5 Liquids are held in a perforated short-circuited coaxial transmission 

line. The time histories of the incident and reflection from each interface are 

recorded at a location in the measurement port.  

 

All required waveforms are recorded at the same 

measurement port, and in order to segregate them from one to 
another, time isolation must be provided. This can be 

accomplished when the liquid physical height is long (relative 

to the pulse width) or by using an excitation with a pulse 

width that is narrow, relative to the round-trip propagation 

time in the liquid level. These requirements are exist in the 

adopted application of this work.  

It is important, to let the proposed algorithm be applicable, 

that the storage tank should not be filled 100%, i.e., the first 

level should be air with a level thickness greater than the pulse 
width. This condition usually is guaranteed in most storage 

tanks including crude oil storage tanks 

III. THE PROPOSED ALGORITHM AND PROCEDURE 

The complete time history would consist of the incident 

pulse and an infinite number of reflected pulses. This history 

is illustrated in the bounce diagram as shown in Fig. 6. Each 

sample material is defined by its electrical property, complex 

relative permittivity (      
     

  ), and complex 

permeability (     
     

  ). For liquid materials, we may 

consider;       and   
    

   [16]. Thus, we can suppose that; 
 

     
                                        (1) 

 

As shown in Fig. 6, supposing that the incident pulse is 

        and considering a lossless coaxial transmission line 

(     then, the reflected pulse from interface level #1, #2, 
#3, and S.C. that reached to the measurement port can be 

written as follow, respectively; 

1.                          
2.                                      
3.                                         

         
4.                                          

                 

where the operator * indicates the convolution, (  ) is the 
propagation (transient) time in the nth level (region thickness), 

    is the reflection coefficient, and     is the transmission 

coefficient.     is the reflection coefficient at region 1/2  

interface,     is the reflection coefficient at region 2/3 

interface and     is the reflection coefficient at region 3/4 

interface. ( ) and ( ) can be written as follow: 

 
    

√    √   

√    √   
 (2) 

 
    

√    √   

√    √   
 (3) 

 
    

√    √   

√    √   
 (4) 

          (5) 

          (6) 

          (7) 

           (8) 

           (9) 

           (10) 

           (11) 

           (12) 

           (13) 
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Fig. 6  A bounce diagram for the geometry depicted in Fig. 5. 
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Fig. 7  The simulated incident and computed first, second, third and fourth reflected pulses. 

 

 

 
To determine the liquid levels, the following relation can be 

used [4]; 

       
 

√   
               (14) 

where    is the nth liquid level or thickness, and   is the 

velocity of light which is equal to 299792458 m/sec. The time 

delay between two successive reflected pulses is equal to   , 

as shown in Fig. 6 and Fig. 7. 

Considering the attenuation constant ( ) of the material 

filled coaxial sensor, the amplitudes in frequency domain of 

the reflections at the measurement port may be written as 

follow: 

                      (15) 

                  
     {            } (16) 

                           
      {           

      } 

(17) 

                                    {      
                } 

(18) 

  denotes the nth material filled sensor attenuation 

coefficient, and    denotes the nth reflection amplitude; 

 

     [       ] (19) 

     [        ] (20) 

where   is the Fourier Transform. The negative sign of 

     in equation is due to the reflection coefficient at the short 

circuit termination, i.e.     . 

To demonstrate the validity of the equations above for 

determining liquid levels and permittivity, a simulated 

waveform was generated to apply through a coaxial 

transmission line model filled with the following materials; 

air, crude oil, water, and mud. The physical levels (thickness) 

are; 50-cm, 100-cm, 30-cm, and 20-cm, respectively. 
The incident waveform was specified to be so-called super 

Gaussian [11] with amplitude of 1 volt. Fig. 7 shows the 

simulated incident and computed first, second, third and 
fourth reflected waveform components. The 3rd reflection is 

    since the incident pulse passes from high permittivity 

region (water) to low permittivity region (mud). 

A. Determination of Storage Tank Physical Levels 

In case of need to measure the liquid levels only, i.e., multi-

level gauging system, the levels material permittivity (  ) 

should be known. The arrangement setup shown in Fig. 3 can 

be used to measure the transient time through each liquid level 

(  ), then eqn. (14) is used to compute (  ). 

B. Determination of Physical Levels and Permittivity 

In case of need to measure both liquid level and 
permittivity, simultaneously, the device setup shown in Fig. 3 

is used, but a Scalar Network Analyze (SNA) is needed in 

addition to the high frequency oscilloscope to measure 

incident and reflection amplitudes (  ). Based on measuring 

(  ) and (  ) for a low loss or lossless material filled sensor 

(   ), the procedure will be as follow; 

1. Using eqn. (14),    can be calculated after measuring 

the transit time (  ), where      . The material 

between the port of measurement and the first liquid 

interface level is the air. 

2. From the amplitude of the measured first reflected 

pulse amplitude (  ),     can be calculated according 

to eqn. (15). Solving eqn. (2) using MathCADTM 

[9],     is determined and then    can be determined 

too using eqn. (14). 

3. Repeat step 2 to calculate     and then determine both 

    and   , and so on for the next  ,    and  . 
In case of long coaxial sensor,   should be measured and 

considered in calculation of the reflection coefficient ( ), eqn. 

(15) - (18).   can be computed easily for every level material 

by filling the coaxial sensor with the material and measuring 

the output voltage (    ) at one end for a certain applied input 

http://www.ijettjournal.org/
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voltage  (   ) at the other end and using the following 

relation; 
 

 
 

   
    

   
    [        ]                  (21) 

 

IV.  EXPERIMENTAL RESULTS 

To further illustrate the measurement procedure, a liquid 

tank contains four different materials; air, combustion engine 

oil, water, and mud, with levels of 30-cm, 60-cm, 10-cm and 

5-cm respectively, was used. The technique shown in Fig. 3 

was used to measure both liquid levels and permittivity in the 

multi-level tank.  The device setup shown in Fig. 4 was used, 

one time with a high frequency oscilloscope to measure (  ) 
and another time with a SNA (BOONTON 2300 scalar 

network analyser available at the MW and Radar Engineering, 

The Higher Institute of Electronics, Beni-Walid, Libya) to 

measure (  ). A perforated coaxial line adapted with an HN-

type connector was used. The measured transient time through 

each liquid region were;            ,            , 

            , and             . 

The calculation of both physical levels and permittivity was 

as in the following two cases; 

 

Case #1; where (    ) is not considered. The following 

were obtained: 

1. The first material (air) has a permittivity of     
     and a physical level of           cm. 

                       . 

2. The second material (oil) has a permittivity of 

         and a physical level of           cm. 

                       . 

3. The third material (water) has a permittivity of 

         and a physical level of         cm. 

                       . 

4. The fourth material (mud) has a permittivity of 

        and a physical level of          cm. 

                        . 

 

Case #2; where (   ) is measured. The following were 

obtained: 

1. The first material (air) has a permittivity of       

and a physical level of          cm.            
             . 

2. The second material (oil) has a permittivity of 

         and a physical level of           mm. 

                       . 
3. The third material (water) has a permittivity of 

          and a physical level of         cm. 

                        
4. The fourth material (mud) has a permittivity of 

          and a physical level of           cm. 

                       .  

 

It is obvious that the measurement accuracy was improved 

by considering the attenuation in the coaxial sensor ( ). The 

measurement accuracy is affected by the human reading 

accuracy via measurement devices, i.e., high frequency 
oscilloscope. The suggested setup may be upgraded by way of 

replacing the oscilloscope by a signal processing unit with a 

display to avoid the human error.  

Table I summarises these measurement results. 

 
 

TABLE I 

THE MEASURED LIQUID LEVELS AND PERMITTIVITY 

Region 
Actual  

  * 

Measured

     

Measured 

Level 

Thickness 

(mm) 

% inaccuracy 

(mm) 

(    ) is not considered 

Air 1.00 1.01 298.3                 

Oil 2.30 2.28 594.3                 

Water 80.0 80.5 98.90                 

Mud 5.00 5.10 49.10                 

(  ) is considered and measured at each level 

Air 1.00 1.00 299.8                 

Oil 2.30 2.29 595.6                 

Water 80.0 80.3 99.00                 

Mud 5.00 5.04 49.40                 

*This actual permittivity values were measured using the techniques proposed 

by Yahya Al-Mously [12]-[15]. 

 
It is obvious that the measurement accuracy was improved 

by considering the attenuation in the coaxial sensor ( ). The 
measurement accuracy is affected by the human reading 

accuracy via measurement devices, i.e., high frequency 

oscilloscope. The suggested setup may be upgraded by way of 

replacing the oscilloscope by a signal processing unit with a 

display to avoid the human error.  

The air pressure in the tank was not considered, since the 

measurements were achieved in a small tank. In crude oil 

settling tanks, the air pressure effect on the air permittivity 

should be considered in calculation. Moreover, in such mass 

tank it is impossible to avoid the surface roughness between 

two different layers, e.g., it is difficult to have smooth (less 

than 1 mm) mud surface. 

V. DISCUSSION 

Comparing the proposed technique with the common 

techniques used in storage tank level gauging system, we can 

see some unique features which make it a competitor 

technique. Table II compares the specifications of the 

common gauging systems with the proposed one. 

 

 

http://www.ijettjournal.org/
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TABLE II 

A COMPARISON BETWEEN THE COMMON GAUGING SYSTEMS OF CRUDE OIL TANKS AND THE PROPOSED ONE 

Quick Comparison* Float Servo Radar Proposed Coaxial Sensor 

Accuracy 
± 0.2 - 0.4 "  

(4 - 10 mm) 

± 0.03"  

(0.7 mm) 

± 0.04 - 0.4" 

(0.5 - 10 mm) 

± 0.08 - 0.4" 

(1 - 10 mm) 

Power Required None Yes Yes Yes 

Product Contact Yes Yes Non-Contact Yes 

Installation Tank-side Tank Top Tank Top Tank-side or middle 

Measurement 
Level or 

Interface 

Level,  

Interface (x2)  

Spec. Gravity (x3) 

2-Level (Max.) 
Multi levels or 

Interface 

Level material detection No No No 
Yes, by measuring the material 

permittivity 

Cost Low cost Costly Costly 
Low cost as compared with 

servo and radar. 

*Based on data given in (Varec, www.tankgauging.com) [1] 

 

 

 
VI.  CONCLUSION 

An algorithm applied to a one-port time-domain/frequency-

domain measurement technique was presented and 

successfully implemented in this paper. The adopted 

technique measures the input and reflected pulses and their 
time delay at the measurement port of a short-circuited coaxial 

sensor inserted vertically in a multi-level liquid tank, and with 

the aid of the proposed algorithm, both liquid levels and 

permittivity can be computed with inaccuracy less than 0.01. 

The inaccuracy can be minimized to be neglected, by 

considering the attenuation in the liquid filled coaxial sensor 

and replacing the measurement devices by a signal processing 

unit. The proposed technique as a multi-level gauging system 

is more suitable for huge liquid tanks, since the excitation 

with a narrow pulse width, relative to the round-trip 

propagation time in the sample, can be guaranteed. The main 
advantages of the adopted technique are; firstly, it can be 

applied in multi-level liquid tanks with unknown liquid types 

and unknown levels, secondly, this technique is not limited to 

a number of levels, and thirdly, this technique is considered as 

an accurate and low-cost, when used as a gauging system 

only, relatively. 
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