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Low-Cost portable TRNG, Implementation and Evaluation

Igor Fermevc1, Saša Adamović1 

A B S T R A C T

This paper will show one of many possible hardware implementations of random sequence generators 

and give a short survey on existing work related to techniques used for producing true random bits. By 

using cheap electronic components found in every specialized  store  such as 8-bit RISC microcontroler, 

double analogue comparator chip and USB to RS232 interface integrated circuit, we were able to 

produce a low cost, higly portable device that outputs random sequences with excellent statistical 

characteristics and high entropy. The source of randomness is a mix of techniques such as electronic 

noise, phase noise and oscillator jitter. The device in question has a built-in debiasing algorithm similar 

to [1] and a security mechanism that protects the end user by constantly monitoring the quality of 

digitized noise signal. Finaly, we will show the results of comparative analysis of data acquired from our 

device and „random.org“ online service. 

Keywords: Randomness, Electronic noise, Free running oscillator, Cryptography.

1 About Randomness 
Unpredictable and unrelated occurrences in nature or in a game of cards – randomness, chance or 
something else? Throughout the history, we have tried to explain, determine, predict or find a pattern in 
everything that surrounds us. Without going into religious or philosophical discussion on chance and 
randomness [2], we will stay in the field of mathematics and use Probability theory and Statistics to 
evaluate the level of randomness in data produced by random sequence generators. The assumption that 
only physical processes that occur in nature are totally unpredictable, unrelated or random, drives us to 
study and model the sources of randomness in such a way that they produce results which will be close to 
ones defined in [3]. By observing the wideband electronic noise signal, we can agree that its 
characteristics fulfill mathematically defined criteria for randomness, such as normal probability 
distribution of samples and uncorrelated sampled values. To prove this initial hypothesis in practice, we 
decided to produce a device that operates on these principals.

2 Previous Work 
If we focus on possible types of randomness sources, as given in the survey on hardware random number 
generators [4] we can divide them in groups as shown in Fig. 1.  

Fig. 1 – Types of randomness generators.
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Although there is a large number of scientific papers and patents on the subject of hardware randomness 
generators, there is only a few practical implementations conforming to standards given by the NIST, 
BIS and other regulatory entities. State of the art generators known as quantum randomness generators 
are described in [5] and their price is in the range between one thousand and the tens of thousands USD 
which makes them inaccessible to most academic institutions. Next in line are generators working on 
principles described in [6] and we can summarize their block diagram of operation in a form shown in 
Fig. 2. 

Fig. 2 – Block diagram of operation. 

Our device follows the above block diagram and represents a mix of FRO and Noise based group of 
generators. Concerning its low price and characteristics it stands side by side to commercially available 
devices shown in Fig. 3. but as opposed to these there are no drawbacks to using unstable PN junction 
breakdown principle and no need to boost the voltage from USB power rail. 
The comparative data for these devices are given in Table 1. As already stated, our device operates 
similar to a free running oscillator with variable pulse length and amplitude. These variations in signal 
are comparable to wideband white noise signal which gives us a good starting point for further 
processing. 

One common feature with commercially available devices is USB interface which is accepted as a good 
idea because it allows the device to be portable and locally powered from the host computer. From the 
security and cryptographic perspective, the USB interface integrated circuit is the only part of the device 
that we must delegate the trust because we do not have the possibility to fully check all integrated 
components and features. One way to avoid this uncertainty is to implement USB stack and interface in 
microcontroller which would be a part of future work. 

Table 1 TRNG characteristics.
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Fig. 3 – Commercially available RNGs.

3 Implementation and Evaluation 
3.1 Hardware Structure 
The starting point for hardware development is the circuit diagram in Fig. 4. We have used the SMD 
electronic components with the intention of reducing the overall size of the device. The circuit is divided 
in segments that mimic the previously shown diagram. We start with a double analogue comparator 
LM393 which acts as noise source and digitizer. Microcontroller Atmel Attiny85 whose running code is 
written in AVR Assembler and processes the digitized signal, manages communication protocol and 
maintains the randomness pool.  Final hardware segment is FTDI FT232RL integrated circuit used for 
interfacing the device trough virtual serial port on host computer. We must point out that in order to 
evaluate certain security mechanism implemented in MCU running code all hardware safety measures 
have been avoided in the design. In order to use this device in real world applications, proper EMI 
shielding and additional power filtering circuits must be installed. 

Fig. 4 – Circuit diagram [8). 

3.2 Device Operation 
Double analogue comparator LM393 serves two purposes. The first part of comparator is the source of 
nonlinearity. As stated in [7], in order to minimize multiple transitions in output when input signal is 
close to comparator threshold level, special attention must be paid while designing high speed 
comparator circuits. The right amount of hysteresis, feedback, good grounding, PCB layout, signal 
routing and decoupling are recommended techniques needed to avoid comparator output ringing. 
Opposite to best practices, lack of decoupling capacitors, possible stray capacitance and values of 
electronic components surrounding the first part of comparator chip resulted in, normally unwanted, 
erratic oscillations of output. Further examination of output signal demonstrated potentially good 
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random characteristics. The snapshot of noise signal acquired by DSO with its main characteristics is 
presented in Fig. 5. The second part of comparator works in standard mode. It compares the level of 
noise signal with reference voltage, amplifies the difference signal and converts it to a digital signal with 
variable period which is further routed to designated input of MCU. The simplified workflow diagram 
of MCU operation is shown in Fig.6.

Fig. 5 – Wideband noise signal from the first part of comparator.
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Fig. 6 – Simplified MCU workflow algorithm.

MCU running code is organized using macros. There is a separate macro for each state of RS232 
handshake signals. Each macro executes the code for randomness pool maintenance incrementing the 
value of dedicated 8-bit register used as fast binary counter. By monitoring the digitized noise signal 
value on appropriate MCU input pin, counter is incremented until change in input signal is detected and 
the value of LSB in counter register is shifted into temporary register. We repeat this process until the 
whole byte is formed. The newly formed byte value along with previously stored byte is subjected to 
XOR operation. The resulting value is written into dedicated memory organized in a form of stack. The 
result of this operation is constantly refreshed pool of 500 random bytes. Because the value of binary 
counter is dependent on input signal period, if it exceeds certain value, we can assume that generated 
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bytes are not random and utilize this information to activate security macro which stops the serial 
communication and executes the MCU restart routine followed by emptying and refilling randomness 
pool. The time needed for MCU to distinguish random from nonrandom signal is not fixed and depends 
on many factors such as MCU clock speed, noise signal frequency and state of Rs232 signals.  

3.3 Test Results 
Evaluation of device operation is done using software application called XR232 [8] which implements 
the possibility to pull any number of random bytes from device and store them in a file. Collected data 
are then submitted to NIST statistical tests described in [9]. Apart from statistical test results, good 
properties of randomness can also be visualized as lack of pattern as shown in a Fig. 7.

Fig. 7 – Bitmap of random data sample. 
We have also compared the statistical properties of the sequences produced by our generator and sample 
collected from “random.org” service, each consisting of 16 KB. The limitation in the amount of data is 
imposed by “random.org” service and the results are presented in Table 2.  

Table 2. Comparative analysis of a couple of NIST test results (P > 0.01). 

The results of statistical tests and comparative analysis proved our initial hypothesis that our device 
generates truly random bytes. To measure the speed of generation and delivery of the device we 
conducted an experiment a number of times in which we requested 1 MB of random data while 
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measuring the time. 
Overall time was 114 seconds so we can conclude that device speed is 72 kbs. We have also simulated 
external interference by activating smart phone GSM or Wi-Fi transceiver near our device. If external 
disturbance is shorter than a couple of milliseconds, as measured with DSO and logic analyzer during 
the testing, data is delivered from randomness pool without interrupts in communication. Otherwise, the 
security routine is activated preventing delivery of no random, correlated data to user. Physical 
appearance of the device is shown in Fig. 8.

Fig. 8 – Physical appearance of our device. 

4 Conclusion 
We presented a theoretical concept of utilizing electronic noise as a source of randomness and 
constructed the hardware device to practically evaluate the properties of sequences it generates. We 
have also verified the quality of randomness source of our device by comparing its results to 
atmospheric noise based randomness generator. The results of statistical analysis confirmed extremely 
high level of entropy and unpredictability in produced sequences. We have also implemented and 
verified a real-time user protection security feature that enhances the trust in our device from 
cryptographic perspective. Compared to current state of the art quantum random generators the 
presented device is significantly slower but easy to produce, affordable and usable for various purposes, 
mainly as an educational tool. With minor modifications regarding EMI shielding and an increase in 
speed of delivery it can also be used in real life cryptography applications for generating sequences used 
as session keys for PGP, as strong passwords generator and many more. 
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 Dynamic Modeling and Simulation of  Power Transformer 
Maintenance Costs

Olga Ristić1, Bratislav D. Iričanin2, Vladica Mijailović1 

A B S T R A C T

The paper presents the dynamic model of maintenance costs of the power transformer functional 

components. Reliability is modeled combining the exponential and Weibull's distribution. The simulation 

was performed with the aim of corrective maintenance and installation of the continuous monitoring 

system of the most critical components. Simulation Dynamic System (SDS) method and VENSIM PLE 

software was used to simulate the cost. In this way, significant savings in maintenance costs will be 

achieved with a small initial investment. 

Keywords: Modeling, Exponential and Weibull's distribution, Simulation, Power transformer, 

Maintenance. 

1 Introduction 
Power transformers are one of the most important and critical components in the electric power 
distribution system. It is significant to determine the maintenance costs of power transformer and  
prevent the failure beforehand by applying preventive maintenance activities [1]. 
Dynamic modelling of power transformer maintenance activities based on different strategies of 
maintenance, determining the optimum moment of replacement elements, the spare parts purches time, 
as well as minimizing the costs incurred in carrying out maintenance activities. Equipment behaviour is 
crucial for the implementation of preventive maintenance activities. In the dynamic modelling of power 
transformer reliability is necessary to establish a plan under which it shall be based on events and 
changes in the system, monitoring the state of certain elements, to determine the probability of 
component some failure generation. 
For equipment that is being utilized for many years, modeling  sets the minimum maintenance costs as 
well as interruptions in the supply of electrical energy (EE) to final consumers, according to [2, 3]. By 
analyzing the corrective maintenance strategies and continuous monitoring system instalation (CSMI) 
of critical elements in the example of a power transformer, it will be determined by combining the 
activities that aim to minimize costs and maximize power transformer availability [4]. 
In the recent years, for different types of calculation simulation that occure by numerical evaluation of 
model by the implementation of various software. The simulation can be used to predict system 
behaviour and optimization. In the paper will be apply the SDS method to simulate power transformer 
maintenance costs. 

2 Model Development for Power Transformer  
Maintenance Activities 
Failures that occur on the equipment in the most cases result deficits or interruptions in the delivery of 
EE to final consumers. The losses at the distribution company is proportional to the degree of equipment 
damage and to the cost of undelivered EE quantity. Consumer losses depending on the length and 
structure of the interruption of EE consumption. Failures that occur on power transformers cause the 
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most serious consequences because their removal takes time and costs. Therefore, right on their 
availability is an important technical and economic issue [5]. 
Failures can be repairable (avoidable) and unreparable (unavoidable). Elimination of power 
transformer avoidable failures takes a relatively short time and does not require spare parts.  In order to 
remove unreparable failures spare parts ought to be used, so that the duration of failure elimination 
depends on their availability. Purchase of spare elements significantly influences the duration of the 
failure when it occurs, but this purchase requires substantial additional investments [6]. 
Power transformer has six functional components: windings and oil, core, bushings, tank, on-load tap-
changer and other accessories. It can be in the operating or failure condition. Failure condition of power 
transformer conversion can be divided into minor failures and major failures, which occur due to the loss 
of one or more of transformer functionality. Failures which can be removed for a period shorter than one 
day belong to minor failures. Probability that component “k” of power transformer is in operating state 
is presented through the combination of exponential and Weibull distribution [7]: 

where:
� t - time, 
� , k k
� � - Weibull scale and shape parameter for component " " k , respectively, 
� , kMF
� and , kmf
� are major and minor failure rate of component " " k , respectively.  

According to the expected duration of failure renewal time, there are three categories of failures [8]:  
� failures which can be repaired for 1 t� day,  
� failures which can be repaired for 1 30 t � � days, 
� failures that can be repaired for 30 t� days. 

The maintaining activities of power transformer may be considered depending on the implemented 
measures [7, 8] and can be carried out through: 
1) corrective maintenance, 
2) one-day maintenance, 
3) oil regeneration, 
4) insulation system regeneration, 
5) power transformer refurbishment, 
6) CMSI, 
7) spare equipment optimization. 
At this point, we shall consider only the case of extreme values of costs. More specifically, these are the 
costs of corrective maintenance and installation of continuous monitoring system (CMS) on power 
transformer elements. 

2.1 Cost estimation model for corrective maintenance 
The corrective maintenance is carried out in the case of operation without spare equipment or 
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maintenance. In the planning period of exploitation costs, only the renewal costs will be included. 
During the period � � , 1 t t� estimated annual value of these costs per transformer, can be calculate 
from the expression [7]: 

where: 
� ' , k i
 C - renewal cost of class "" i failure on component " " k if spare component " " k is not available, 
� tot R- reliability function of power transformer, 
� k R- reliability function of power transformer component , 
� k p- probability that the failures occurs on power transformer component " " k , 
� k f- number of failure classes of power transformer component" " k , regard to the failure repair time, 
� , k i p- probability that the failure of category "" i show in component " " k , 
� ' , k i r - renewal time of category "" i occurs of component " " k if spare component " " k is not 
available, 
� '’ , k i r - renewal time of category "" i occurs of component " " k if spare component " " k is available, 
� b- number of functional components of power transformer. 

2.2 CMSI cost model 
The expected service life of the commercially available CMS is 10 years, and the purchase price is about 
10% of the corresponding components purchase price. In the literature, the price and duration of 
detected faults mostly are ignored, because it is minimal or zero. For safety reasons, it is assumed that 
the detected defects in the windings and core eliminated in 5 days at a price of 5000 EUR, while on the 
other components will be eliminated only minor failures. By CMSI of power transformer components 
enables detection of failures at the earliest stage of development. This increases the intensity of minor 
and reduces the intensity of major component failures. Reducing the intensity of major failures has 
resulted in an increase in scale parameter of Weibull's distribution. 

If we denote with ,                     scale parameter of winding and core after CMSI, CMS will be installing 
after S T year of exploitation without failure. If transformer will not fail for next 10 years of exploitation 
reliability will be change according to expression 
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Expected costs in the first year after first CMSI are calculated as: 

5. Analysis of NPAs of public and private sector banks 
Source: RBI annual financial report, NPA of public & private sector banks in Table 1. 
Comparison of Gross NPAs  and Net NPAs of Public Sector & Private Sector Banks 

where: 
� , CMS b k i C � - renewal cost of category “i” on component “k” of power transformer if CMS is 
installed and component “k” is not available, 
� , CMS b k I r
� - renewal time of category “i” on component “k” of power transformer if CMS is installed and 
component “k” is not available, 
� , k i CMS p - probability that the failure of class “i” occurs on power  transformer component “k” after 
installing CMS, 
� mCMS C
� - annual maintenance cost of CMS. 

3 Power Transformer Cost and Failure Data Analysis 
The CMSI will certainly decrease maintenance costs. In recent years, with the development of different 
types of sensors and information technology, it is possible to reduce preventive maintenance activities. 
If any changes in the equipment occurrence, it will provide data that indicate the need for preventive 
interventions. Therefore, it is considered to be the optimal time for installing CMS at every critical 
element of the power transformer, and then the costs would be minimal [9, 10]. 
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In Table 1 the data of component contribution in total number of failures of power transformers are 
given, as well as the duration of certain failures categories elimination. The values of the degree of 
detected faults are listed in Table 2. In the same table is the purchase price of components and power 
transformer 110kV, 110/x kV/kV, 31,5МVА. 

Table 1 Power transformer component reliability data  and removal duration of certain categories 
failures [7]. 
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purchasing price. In Table 3 are presented the prices of failure renewal cost on power transformer 
components. 

Table 2.  Values for detection rate and price of new elements of power transformer 110/x kV/kV. 

Table 3. Failures renewal costs for power transformer components

The application of the proposed model is illustrated in the case of a power transformer’ station (TS) 
110/x kV/kV, where two 31,5MVA power transformers are installed. Linearized diagram of annual 
duration of the load for the analyzed TS is shown in Fig. 1 [8]. Maximum load is 80% and minimum 40% 
of installed capacity, where instal Pinstal = 231,5 63MVA.  
The parameters of distributions were determined based on the data exploitation of the annual intensity of 
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power transformers major failures in the  United States (Fig. 1). For adopted mean failure intensity  λav 
= 0.015 year of the power transformer for the first 30 years of exploitation, based on the curve of Fig. 1 
and the data given in Table 1, using the least-squares method is obtained parameters of the Weibull 
distribution for individual components (Table 4). In the same table is presented lists of the parameters 
values in case if at each component individually installed CMS, based on data from Table 1 and Table 2 
[7, 11]. 

4 Modelling the Structure of the System Using SDS Method 
SDS is used for modelling and simulation of complex dynamic systems with different computer 
programs [12]. There is a significant application in the analysis of complex dynamic systems, where it is 
possible to determine what the effects obtained on the system when making certain decisions. By 
creating SDS model, it is important to understand the causes and consequences of the problem which 
will be modelling. After the behavior of the system has been examined, dependences between the 
components in the system will be determined. This method was applied to different kinds of systems: 
social, environmental, manufacturing, service, biological, agricultural, health, etc. SDS model should 
have the following characteristics [13]: 

� describe any problem with the cause - consequence relations,  � the application of mathematical 
formulas in the simulation system, 
� the possibility of applying a large number of variables, 
� the analysis of data obtained by simulating a change in the decision. 

Each model represents a simplification of the system. To be useful, it does not reflect the system in detail 
and will depend on the application of the model to solve a problem. The model needs to determine the 
most important elements of the system. This means simplifying the model, which will not be too 
complex for the purpose of practical analysis. These models have certain limitations with respect to 
inaccuracy and errors that can occur due to incorrectly create model. 

Table 4 Weibull distribution parameters for components
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When applying SDS method for the complex systems behavior analysis, there is commonly used 
modeling software such as: ARENA, OPEN MODELICA, DYNAMO, DYSMAP, ITHINK/STELLA, 
POWERSIM, VENSIM, etc. 

4.1 VENSIM PLE software for system dynamic modeling 
VENSIM PLE software is used for visual modeling that allows creating the models, documentation, 
system analysis, simulation and optimization of created dynamic systems models. This software tool 
developed by “Ventana Systems” in 1985 for solving management problems by using simulation [14]. 
On Fig. 2 provides an overview of the software-working environment. The advantage of this software is 
that it allows calling external function (programmed in any programming language) that will be used for 
simulation model. It is possible to import models that were created in other software (such as MATLAB) 
used for modeling and simulation and adapt for their own needs. In the models are created different 
dependencies between variables. Based on defined models it can be made simulations of various events. 
The model in this software can create as Stock and Flow Diagram (SFD). SFD is used for displaying the 
system behavior and the relationship between the variables in the system. Based on these diagrams, the 
state of the system is determined, as well as the received information on which decisions are being made. 
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The first step of the simulation model is creating this diagram. A certain value has to be assigned to every 
variable, and formulas important for describing the system behavior should be defined. In the SFD, a 
dynamic model of the system is represented by the elements shown in Fig. 3. The basic elements of SFD 
are as follows [15]: 
� Rectangle – shows different states in time t. 
� Inflows - thicker arrows that enter into rectangle (increases parameters of defined state). 
� Outflows - coming out of rectangle and represent changes in the state for a time interval  (t, t+ dt) 
(reduced values of the state parameters). 
� Valves - designation that controls input and output variables. 
� Clouds - represent sources and destinations of information flows. 
Source represents the state from which the model appears, and destinations represent a state of in which 
information is collected. 

4.2 SFD of power transformers maintenance costs 
When SFD model has been created at the beginning, it must define the initial model parameters. 
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For power transformer cost model, the time is displayed in the years and exploitation-planning period of 
40 years has been adopted. Based on the proposed model, diagrams of power transformer maintenance 
costs are designed depending on the type of maintenance that is carried out [16]. SFD of power 
transformer maintenance costs are showing in Fig. 4 in case of corrective maintenance, and Fig. 5 for the 
case of installing the CMS. 
Abbreviations used in the following figures are: 
TEIC – Total Expected Interruption Costs, 
EUЕЕ – Expected Undelivered Electrical Energy. 

4.3 Simulation of power transformer total expected exploitation costs using Vensim software 
To perform a simulation of created model that is represented by the SFD, it is essential to enter correct 
formula for each using Equations icon. The editor is obtained by clicking on any variable as shown in 
Fig. 6. In the editor section Variable Information is enter basic information such as Name, Type, Units, 
etc. Equations could be entered into the middle part of editor, labeled as Equations where it is possible to 
use the system defined function given in section Functions. 
If the user enters the wrong name of variable or formula in section Errors it will be reported errors 
review. Sections Check Syntax and Check Model test the syntax of the given equations and models and 
perform simulation. If there is any error, the simulation will not start until the error is corrected. 
The values that are obtained by simulating the costs could be presented with tools which are found on the 
right side of the working environment. Fig. 7 shows the graph which simulates the expected total costs of 
corrective maintenance for planned exploitation period of 40 years. The implementation of this strategy 
of maintaining obtains the maximum maintenance costs. 
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Installation CMS of windings and core is justified from the first year of power transformer exploitation. 
They will be installed at every ten years, as follows: at the beginning of 11th, 21st and 31st exploitation 
year. Installation CMS of bushings shall be from first exploitation year. It is important to point out that 
after the implementation of these activities during the planning period of 40 years, it is not justified to 
implement a one-day maintenance, nor oil regeneration, nor insulation system regeneration. It remains 
to analyze the justification of spare parts purchase and implementation of power transformer 
revitalization. 
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Gradual analysis has simply calculated that it is justified to obtain spare part of: 
� tap charger from the beginning of the 9th year, 
� windings since the beginning of the 10th year, 
� tank from the beginning of 14th years, 
� other equipment from the beginning of 15th years and implement the revitalization of the transformer 
at the beginning of 25th year [7]. 

In this way, there is no need for the acquisition of the spare core. Simulation of power transformer 
minimum total expected maintenance costs are obtained in the case of implementing series of activities 
that are shown in Fig. 7. Here are used VENSIM PLE software tools for drawing these diagrams. On Fig. 
8 is presented simulation  of costs by installing a system for continuous monitoring of windings, core, 
bushings and revitalization of power transformer at the beginning of 25 years of exploitation.

5 Conclusion 
The importance of the defined dynamic model is to determine the costs that are incurred upon the 
supplier of EE and consumers due to the failures occurrence. The implementation of preventive 
activities such as installing CMS on the transformer components is intended to carry out minimization 
of costs and increase equipment availability. In addition to these preventive activities can be carried out 
number of other activities such as spare parts purchasing, the revitalization of transformers, oil changes, 
etc. All these activities are aimed at reducing costs due to unavailability and increase power transformer 
exploitation life [17]. 
Application of the SDS method at cost simulation aims to identify extreme minimum and maximum 
maintenance costs without the use of a reserve power transformer. 
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 Shielded Coupled Multilayered Microstrip 
Lines Analysis using HBEM
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A B S T R A C T

Shielded symmetrical coupled multilayered microstrip lines analysis have been done using the hybrid 

boundary element method (HBEM), which is developed a few years ago at the Faculty of Electronic 

Engineering in Niš. The quasi-TEM approximation is applied. Influences of different parameters as well 

as dimensions of such microstrip lines on characteristic parameters distribution are investigated. The 

results are presented in graphs and tables. In order to verify the obtained results, some comparative 

results are shown. The authors found them to be in very good agreement with the HBEM results. 

Keywords: Characteristic parameters, Finite element method, Hybrid boundary element method, 

Multilayered structures, Shielded coupled microstrip lines.

1 Introduction 
Scientists and researchers in the world, during the past six decades, try to develop methods that produce 
enough accurate and precise results for microstrip lines characteristic parameters. Different 
configurations are subject of many papers. Also, different methods have been developed and applied. 
List of commonly used methods for microstrip lines analysis is very wide, but here it can be mention 
some of them such as the variational method [1], the boundary element method (BEM) [2, 3], the finite 
element method (FEM) [4, 5], the finite difference method (FDM) [6], the equivalent electrodes method 
(EEM) [7], etc.  Most of those methods, in different manners, calculate the capacitance per unit length of 
the analysed microstrip line. After that, it is possible to obtain the effective permittivity, Erff, and 
characteristic impedance, c r expressions, given in (1) and (2), respectively: 

where C = 3. 108 m/s c  is the speed of light and C` is the capacitance per unit length of the microstrip line. 
C0  and Zc0 are the capacitance per unit length and characteristic impedance of the same microstrip line 
when the microstrip is airfilled (the dielectric layers are replaced by air), respectively.   The hybrid 
boundary element method (HBEM), described in detail in [8] and [9], is suitable and effective as other 
numerical methods for microwave transmission lines analysis.  
The HBEM is based on the BEM, on the EEM, on the point-matching method (PMM) for the potential of 
the perfect electric conductor (PEC) electrodes and for the normal component of the electric field at the 
boundary surface between any two dielectric layers. Open structures, covered and coupled microstrip 
lines were until now researched using the HBEM, [8 − 14]. In this paper, the method is applied for 
characteristic parameters determination of shielded coupled multilayered microstrip lines. The 
calculation is based on a quasi-static TEM approach. This approach involves an evaluation of microstrip 
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lines as transmission lines of parallel plates, which support a quasi TEM mode of propagation. 
As basic components for directional couplers design, band-pass filters, delay lines, semiconductor 
devices, etc. are used coupled microstrip lines. The conductor metallization thickness has an influence 
on the microstrip lines characteristic parameters. It should be mention that this effect is more noticeable 
for the coupled microstrip lines then for the single. The PMM, used in [15], analyses the shielded 
microstrip lines with the finite metallization thickness. In [16] the authors state that the PMM gives 
acceptable results only if parameter / t w is smaller than 0.01. An extended point-matching method is 
developed in [16] to analyse microstrip lines with thick electrodes.  The HBEM results obtained for the 
shielded coupled microstrip line will be compared with those from [16] and [17]. Also, influences of 
different parameters on characteristic impedance and effective dielectric permittivity will be shown. In 
order to compare some of the HBEM results, the analysed structure will be also modelled using FEMM 
software [18]. Both modes ("even" and "odd") are supported and analysed. 

2 Theoretical Background 
A shielded multilayered microwave transmission line with an arbitrary cross-section is shown in Fig. 1. 
Dielectric layers are assumed to be lossless, isotropic and homogeneous. The HBEM is very suitable to 
analyse microstrip lines of different configurations, with arbitrary number of conductors and dielectric 
layers as well as infinitesimally thin or finite metallization thickness. It can be also applied to analyse 
single and coupled transmission lines. It can be applied if a conductor touches a dielectric interface, 
straddles a dielectric interface or is a totally within one dielectric media as shown in Fig. 1. 
In order to form an equivalent HBEM model, each surface of the conductors as well as the boundary 
surface between any two dielectric layers is divided into a large number of segments [9]. Each of those 
segments is replaced by equivalent electrodes (Ees), placed at their centres. The corresponding HBEM 
model for the system from Fig. 1 is shown in Fig. 2.
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The segments at any boundary surfaces between two layers are replaced by discrete equivalent total 
charges placed in the air. In Fig. 2 those charges are denoted with qtij  , where i = 1,...,( N - 1)  and J = 1,..., I  
Mi . N is the number of dielectric layers with permittivity                                           is the number of 
boundary surfaces between two dielectric layers. Index "t" denotes the total charges. Those charges are 
equal to the polarized charges, because the free charges at those surfaces do not exist. The free charges 
exit only at the PEC surfaces. 
At the boundary surface between the PEC and the dielectric, the free and polarized charges exist. Their 
sum gives the total charges. But, the satisfying results are obtain using approximation that polarized 
charges at that boundary surface can be neglected and only free charges taken into account [8]. Those 
charges are placed in the corresponding dielectric layer and denoted in Fig. 2 with umk q� and sl q� , 
where                                                                                   M is the number of PECs. Indices “u” and 
“s” denote charges placed on the PECs and on the shield, respectively. 
The type of equivalent electrodes depends on the problem geometry. When the system is plan parallel as 
those from Fig. 1, the EEs are thin cylindrical electrodes. In the case of 3D problems, spherical 
electrodes can be used as Ees. For solving 2D problems with axial symmetry, toroidal electrodes are 
used as Ees. 
The potential of the equivalent electrodes placed at the PECs surface is the same as the potential of PECs 
themselves: 

where Φmk  is the potential of k-th EE at m-th PEC and Φm  is the potential of m-th PEC, Fig. 2. 
Using the Green’s function, the electric scalar potential at any point of the system can be defined. The 
HBEM application has the aim to obtain the quadratic system of linear equations with unknown free 
charges of PECs, total charges per unit length at boundary surfaces between dielectric layers, and un 
known additive constant Φ0 that depends on the chosen referent point for the electric scalar potential. As 
it is described in detail in [9], using the PMM for the potential of the inner and the outer conductors, the 
PMM for the normal component of the electric field, and the electrical neutrality condition, it is possible 
to determine unknown free charges per unit length on conductors, total charges per unit length on the 
boundary surfaces between layers, and the unknown constant Φ0 . 
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A computer code for solving that system and characteristic parameters calculation is developed by 
authors of this paper.  
The HBEM results have been compared with those obtained by FEMM [18]. The results divergence is 
defined as: 

3 Numerical Results 
The geometry of shielded symmetrical coupled microstrip line with finite metallization thickness t and 
three layers with permittivities 1 shown in Fig. 3. ε1, ε2  and ε3 is.

With w is denoted the width of both inner conductors, s is the distance between the inner conductors, h1  
, h2 and h3 are heights of corresponding dielectric layers, a and b are the width and height of the shield, 
respectively. Some of typical materials which can be used as dielectric layers are mentioned in [19]. 
Some of them are used in this paper for characteristic parameters calculation. Their permittivities are:  

The convergence of microstrip line characteristic impedance for “even” and “odd” modes is shown in 
Fig. 4. Dimensions and layers permittivities of microstrip line are: 

Ntot is the total number of unknowns. 
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Fig. 4 – Characteristic impedance results convergence for “even” and “odd” modes. 
 
A good convergence of the results is achieved for both modes. The values obtained using FEMM [18] 
are denoted with dashed lines.  In order to verify the accuracy of the HBEM values, the comparison of 
HBEM and FEMM results for the effective dielectric permittivity and the characteristic impedance 
versus 3 h w is given in Tables 1 and 2. 
The microstrip dimensions and layers permittivities are: 

Table 1 Verification of results for characteristic parameters of shielded  coupled microstrip line 
versus  h3/w ("even" mode). 

Table 2 Verification of results for characteristic parameters of shielded  coupled microstrip line 
versus h3/ w (“odd” mode). 
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From those tables is evident that the results divergence is less than 0.7 %.  Increasing the height of the 
third layer, for "even" mode, the effective permittivity decreases and the characteristic impedance 
increases. In the other case (for "odd" mode) the characteristic impedance first increases than decreases. 
The effective permittivity decreases in that case. It should be mentioned that, during the FEMM 
application, the simulation was done twice – one for the case when the shielded line is air-filled (the 
dielectric layers are replaced by air) and the second case when the dielectric layers are placed as it is 
shown in Fig. 3. In both cases the capacitance per unit length of the shielded microstrip line was 
calculated so the characteristic parameters can be determined.  
The comparison of the results obtained applying the HBEM with the results reported in the literature is 
shown in Fig. 5. The characteristic impedance for “even” and “odd” modes as a function of electrode 
thickness, for different values of parameter s/w, is shown this figure. The results given in [16] and [17] 
are also presented in the figure as well as the FEMM results [18].  
The microstrip parameters are: 

Total number of unknowns is about 1500. As it can be seen from this figure, the results agreement is very 
good. 
Increasing the electrode thickness, the characteristic impedance decreases for both modes, Fig. 5. 
Increasing the distance between conductors in the case when 1.0 sw� , the characteristic impedance 
decreases for “even” and increases for “odd” mode. 
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Fig. 5 – Characteristic impedance of shielded coupled  microstrip line as a function of electrode 
thickness. 

An influence of layer’s permittivities is also investigated. The characteristic impedance distribution for 
“even” and “odd” modes for different values of parameter s w and permittivities εr2 and εr3 are given in 
Figs. 6 and 7. The microstrip line dimensions and permittivity of the first layer are: 

Fig. 6 – Characteristic impedance of shielded coupled microstrip line as a function of distance 
between conductors and layers permittivities (“odd” mode).
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Fig. 7 – Characteristic impedance of shielded coupled microstrip line as a function of distance 
between conductors and layers permittivities (“even” mode). 

The influence of relative permittivities εr2 and εr3 on the characteristic impedance distribution is 
evident. The characteristic impedance is greatest when permittivities are equal to 1. Increasing the value 
of third layer permittivity, when second layer permittivity has constant value, the characteristic 
impedance decreases for both modes. However, increasing the distance between conductors, the 
characteristic impedance for “odd” mode first increases than decreases. Such conclusion could not be 
performed from the Fig. 5. That figure presents results obtain when parameter s/w is 1.0, 1.5 and 2.0. 
These values are chosen in order to compare the HBEM results with those found in the literature [16, 
17]. The characteristic impedance decreases for "even" mode when the distance between the conductors 
increases. 
The second layer height has also the influence on potential distribution. That is shown in Figs. 8 and 9 for 
“even” and “odd” modes. The potential distribution is given along x-axis. Increasing the second layer 
height, the conductors distance from the x-axis increases to, so the potential decreases.  
The microstrip parameters are: 

 
3.1 Computation time 
The computation time for different number of unknowns is shown in Fig. 10. The microstrip parameters 
are: 
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Fig. 8 – Potential distribution along x-axis as a function of second layer height (“odd” mode). 

Fig. 9 – Potential distribution along x-axis as a function of second layer height (“even” mode). 

Increasing the number of unknowns, the computation time increases too. All calculations were 
performed on computer with dual core INTEL processor 2.8 GHz and 4 GB of RAM. 
The term “computation time” describes the time spent for determining the number of unknowns using 
an initial number, positioning of the equivalent electrodes, forming the matrix elements, solving the 
system of equations and the characteristic parameters determination. A computation time distribution is 
shown in pie chart given in Fig. 11 for tot 1500 Ntot . It is evident that the most of the computation time 
goes to the matrix fill (89% of total computation time).
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4 Conclusion 
An analysis of shielded coupled multilayered microstrip lines has been done using the hybrid boundary 
element method. The calculation is based on a quasi-static TEM approach. The obtained results show 
influences of different parameters on microstrip lines characteristic parameters. Those results are 
verified with the FEMM results and data available in the literature obtained using other methods. Very 
good results agreement can be noticed.  Overall analysis showed that the HBEM is a simple, fast and 
sufficiently accurate procedure which can be applied to various structures with arbitrary number of 
dielectric layers and conductors. The finite metallization thickness is also taken into account so the 
influence of that parameter on characteristic impedance distribution was noticed. The computation time 
is very short.
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Analysis of the Impact of Network Architecture on Signal 
Quality in LTE Technology 
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A B S T R A C T

In this paper, the impact of the network architecture on signal quality in the fourth generation of the public 

mobile network is analyzed. The analysis was performed using RSRP (Reference Signal Received Power), 

RSRQ (Reference Signal Received Quality), SINR (Signal to Interference plus Noise Ratio) and 

throughput parameters in indoor environment. The signal quality parameters were collected by 

measurement using TEMS Investigation and TEMS Pocket software. The measurements were carried out 

at the School of Electrical Engineering on the ground floor of the Technical Faculty building for the 

macro and micro cell scenario. It has been found that better signal quality is ensured in micro cells. 

Quality of the signal is also considered by the various services provided to the users. 

Keywords: LTE, Macro cell, Micro cell, RSRP, RSRQ, SINR, Throughput. 

1 Introduction 
Mobile radio communications have become a part of everyday life. In the last two decades, mobile 
communication systems have evolved from an expensive technology that only individuals could afford, 
to this day when they have become ubiquitous systems used by the majority of the world's population. 
LTE (Long Term Evolution) technology represents the fourth generation of mobile telecommunication 
systems. Compared to previous generation's technologies, LTE offers several benefits to operators and 
users. Improvements in system performance and capacity, better utilization of radio resources and 
reduced energy consumption are some of the main benefits. One of the main challenges in radio 
communications is radio network optimization. In the first step, operators plan radio network deploying 
the base station [1]. After that, network optimization is performed, which requires testing the features on 
an active mobile network. For this reason, manufacturers of the telecommunication measurement 
equipment are tasked with finding the simplest way to measure the parameters which are needed for 
analysis of network performance. 
In this paper, an experimental analysis of the performance of LTE technology was performed using an 
active mobile network on the ground floor building of the School of Electrical Engineering in Belgrade. 
Services such as web browsing, 32 B packet size ping, media streaming, 800 B packet size ping, file 
download and file upload were tested. These services represent typical services of LTE technology. In 
addition, considered services are the most commonly used services by students who spend time in the 
building of the School of Electrical Engineering. To analyze LTE network performances RSRP 
(Reference Signal Received Power), RSRQ (Reference Signal Received Quality), SINR (Signal to 
Interference plus Noise Ratio) and throughput, were used. Macro and micro cells scenarios were 
considered during measurements. A macro cell scenario is a case when end user equipment is serviced 
by a macro cell base station, and a micro cell scenario is when a micro cell base station does it. A 
comparative analysis of the results obtained in macro and micro cells scenarios was performed. All 
measurements were performed in the indoor environment. 
Similar research has been performed within UMTS (Universal Mobile Telecommunication Systems) 
technology (third generation of public mobile network). In [2] it was shown that by installing the micro 
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cells at appropriate distances from macro cells, it is possible to improve the functionality of the network. 
Network enhancement is shown through the achieved throughput, SNR (Signal to Noise Ratio) and the 
level of the receiving signal as parameter of signal quality in the UMTS network. 
The rest of the paper is organized as follows. The second chapter discusses LTE technology, its basics, 
features and parameters of interest. Chapter three contains a description of used measurement 
procedure. In chapter four are presented the results of the measurements and a comparative analysis of 
the obtained results. Discussions on relationship between QoS (Quality of Service) and QoE (Quality of 
Experience) are given in chapter five. Finally, chapter six concludes the paper. 

2 Long Term Evolution 
2.1 Basic concepts of LTE technology 
LTE is designated as fourth generation of radio technology. The goals of switching to LTE network 
technology are: providing higher data rate transmission to the end users, improving spectral efficiency, 
realizing significantly more efficient packet switching, improving and increasing the number of 
services and their implementation, translating the mobile network to a only packet network and better 
integration with existing standards of signal processing and transmission [3]. 
On the downlink, LTE uses an OFDMA (Orthogonal Frequency Division Multiple Access) multiple 
access system, which gives system that is more robust with increased capacity. Increasing the capacity 
of a telecommunication channel is achieved by multiplexing users' low rate data across channel with 
wide bandwidth, while robustness is achieved by allocating user traffic by frequency to avoid 
narrowband interference and multiple propagation fading. On the uplink it is used the SC-FDMA 
(Single Carrier - Frequency Division Multiple Access) multiple access system, which is the most 
important factor energy efficiency, to increase coverage and reduce user equipment cost and energy 
consumption. SC-FDMA has a low PAPR (Peak to Average Power Ratio) which is the main reason for 
using this technique on the upload communication side [4]. 
This approach, which is based on using two different systems on the downlink and uplink, ensures 
orthogonality among users, reducing interference and improving network capacity [4]. Depending on 
the available spectrum, the bandwidth can be selected in the interval from 1.4 MHz to 20 MHz. The 20 
MHz bandwidth provides up to 150 Mb/s throughput on the downlink when is used 2x2 MIMO 
(Multiple Input Multiple Output) and up to 300 Mb/s when is used 4x4 MIMO system. Uplink data rates 
transmissions can reach up to 75 Mb/s. 

2.2 Signal quality parameters of LTE technology 
BER (Bit Error Rate) is the most commonly used parameter for evaluation of the performance of digital 
telecommunication systems. Some other parameters are used for assessing signal quality in some 
specific telecommunication systems to provide the best possible service to users. RSRP, RSRQ and 
SINR are signal quality indicators that are often used in optimization of the public mobile network of 
LTE technology. RSRP represents the level of signal strength at the receiving side but does not show 
signal quality but it is an indicator of cell coverage [5]. The RSRP values are expressed in dBm and it is 
used as a metric for reselection and handover decision. 
RSRQ is the parameter that indicates the quality of the received signal [5]. To get the final value of 
RSRQ, in the first, total signal (useful signal, interference and noise), which is received in one OFDM 
(Orthogonal Frequency Division Multiplex) symbol is measured, thereby is obtained the RSSI 
(Received Strength Signal Indicator) value. In parallel, the RSRP parameter
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value is also measured. The relation of these two parameters multiplied by the number of resource 
blocks gives a final value of RSRQ, which can be represented by the equation:

where NRB represents the number of resource blocks that depend on the bandwidth used in LTE 
technology. SINR is the quality parameter that is measured by the user equipment, allowing the choice 
of the most appropriate modulation and coding scheme for the data transmission. Each resource block 
calculates SINR and user equipment converts obtained values to CQI (Channel Quality Indicator). After 
conversion, CQI values are being sent to the base station [6]. 
If the user is located in a rural area, only the RSRP level of signal is observed due to the small number of 
base stations, which are covering the area. However, if the user is in an urban area with a good level of 
RSRP, but there is a high interference due to the existence of several base stations in that area, a decision 
when is necessary that the user terminal served by another base station (make handover) or remain 
connected on the one that currently serving it, can be made based on level of RSRQ [7]. 
Throughput represents the bit rate per unit of time in digital telecommunication systems. Data rate 
transmission directly affects the performance of the public mobile network, and especially on the QoS 
based on packet switching [8]. 

3 Measurements 
Measuring equipment consisted of laptop computer with TEMS Investigation software installed on it 
and mobile device Sony Xperia Z3 D6603 with TEMS Pocket software installed on user equipment. 
TEMS Investigation is a powerful software tool for optimization, verification, solving problems and 
maintaining public mobile networks. It collects and processes data from which performs real-time 
analysis. Software tool supports technologies like LTE (Frequency Division Duplex, FDD and Time 
Division Duplex, TDD), WCDMA (Wideband Code Division Multiple Access) / HSPA (High Speed 
Packet Access) / HSPA+, GSM (Global System for Mobile Communication) / GPRS (General Packet 
Radio Services, Wi-Fi (Wireless-Fidelity), etc. The measurement procedure was performed at the 
ground floor of building of School of Electrical Engineering, University of Belgrade, for the macro and 
micro cell scenarios. Measurements were made during the working day due to the highest network load 
during that period. Telekom Srbija’s mobile network was used to test LTE technology services. All 
measurements were made in an indoor environment. For testing purpose, a script was prepared within 
the TEMS software. The script consisted of several services running in the following order: 32 B packet 
size ping of google.com, blic.rs web browsing, 32 B packet size ping of private IP address, data 
download for 10 seconds, data upload for 10 seconds, google.rs web browsing, 3 MB size of data 
download, 1 MB size of data upload, YouTube web browsing, 800 B packet size ping of private IP 
address and streaming media from the YouTube. These services are usually used during the network 
drive test. As soon as one service was completed and the measurement of it was finished, another service 
was automatically started. It was taken a little more than three minutes to measure all of the parameters 
and services. In order to cover the entire hallway of the ground floor of the School of Electrical 
Engineering, it was necessary to repeat the script three times, so the measurement time was about nine 
and a half minutes. 
Looking at Fig. 1, the starting point of the measurement was the right bottom corner of the hall (red 
circle). The measurement was continued by moving along the longer part of the hall to the left, then up 
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and right to the middle of the up part of the hall (red arrows). In the central part of the hall was made a 
circle (blue arrows). After that circle, and returning to the middle of the upper part of the hall, the 
movement continued to the right up corner and finally, the movement was completed at the starting point 
(orange arrows). This way, the entire hall was covered. 

Fig. 1 – Ground floor scheme of the School of Electrical Engineering with LTE technology base 
stations antenna layout.

The location of the base stations antenna and the layout of the ground floor where measurements were 
performed are shown in Fig. 1. The positions of the LTE panel antennas are marked with green color. 

4 Results 
Obtained results are presented graphically, calculating CDF (Cumulative Distribution Function), 
similar as in [9], where the measurement was performed in outdoor environment. The range of referent 
values of RSRP, RSRQ and SINR parameters are shown in the Table 1. These parameters determine 
level of signal quality, that is, QoS provided to the user. 

Table 1. Signal level values versus signal quality. 

Level of RSRP for macro and micro cell scenarios is shown on Fig. 2a. Values of RSRP are in range from 
-120 dBm to -95 dBm for a macro cell scenario, so the values of signal include three levels from the 
Table 1, with poorer signal quality. About 25% of the measured signal values have poor quality, 70% 
have fair quality, while the remaining 5% have satisfactory signal quality. RSRP signal values are in 
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range from –90 dBm to –55 dBm for micro cell scenario, which is excellent level of the signal based on 
data from Table 1. It can be concluded that the signal level is significantly better in the case of a micro 
cell scenario, which is expected, since the micro base station is located on the wall of the School of 
Electrical Engineering, so it provides better signal coverage. 
Values in range from -11 dB to -6 dB represent good signal quality for RSRQ parameter. For the macro 
cell scenario, RSRQ has values from –20 dB to –5 dB, while for the micro scenario the RSRQ values are 
in range from –16 dB to –2 dB, which is shown on Fig. 2b. It can be seen that the level of RSRQ is better 
in the micro cell scenario as it expected due to the proximity of the micro base station to the user. In 
addition, both scenarios include all three signal quality levels presented in Table 1, with very few values 
of excellent signal quality. 
Obtained results of SINR parameter are illustrated in Fig. 2c. As RSRP and RSRQ, SINR also has much 
better values of signal in micro cell scenario.
About 60% of all measured SINR values in macro cell scenario and only 2% in micro cell scenario have 
poor signal quality. A very high signal quality in micro cell scenario is shown with the 92% of all 
measured signals with values over 12.5 dB. In addition, in macro cell scenario, only the 6% of all 
measured values have signal with excellent quality. 
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Fig. 2 – Comparison of the CDF for the macro and micro cell scenario of (a) RSRP values; (b) 
RSRQ values; (c) SINR values. 

 
Results of throughput comparison for the two analyzed scenarios are shown on Fig. 3, where are 
illustrated downlink and uplink data transmissions using CDF. Fig. 3a presents normalized downlink 
throughput for the 10 seconds of data download service. Normalization is performed by dividing each 
throughput values by maximum measured value for the 10 seconds download service when the user 
equipment was served by micro cell. Higher throughput is achieved in the case of micro cell scenario 
compared to the macro cell scenario by about twice the value. 
In the case of uplink data transmission for the 10 seconds duration data upload service, higher 
throughput values were achieved in micro cell scenario. The difference in the transmission rates 
between macro cell and micro cell scenarios is slightly smaller than in the case of downlink 
transmission. In this case, also, the values of throughput are normalized by maximum value of uplink 
throughput during 10 seconds data upload in the micro cell scenario. Fig. 3b shows the uplink 
throughput in macro cell and micro cell scenarios.

Fig. 3 – Throughput during 10 seconds for macro and micro cell scenario in case of (a) Download; 
(b) Upload. 

 
Fig. 4 presents signal quality in the form of RSRQ, RSRP and SINR in relation to the most common 
services provided to the users. The results are obtained after averaging the signal level after each of the 
three repetitions of the script during the measurement and the three new obtained values are averaged 
again. This is repeated for each service separately. Analyses are performed for data download for 10 
seconds, data upload for 10 seconds, download 3 MB data, upload 1 MB data, loading YouTube and 
streaming media from YouTube. These services are selected because they are the most commonly used 
of all the measured services during the research. Required time to download 3 MB of data is 
significantly shorter than data download for 10 seconds because LTE technology provides very high rate 
of data transmission. The same goes for upload service. 
The RSRP values in macro cell scenario indicate that for all services, the signal is at the border of fair 
quality, which significantly affects the communication performance. In addition, in the macro scenario, 
for most tested services, the RSRQ parameter has values around the boundary between fair (good) and 
poor. Poor signal quality occurs during 10 seconds data download, while for loading YouTube the signal 
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was slightly better quality than the level of signals of other services. Similar results were obtained with 
the SINR parameter. All tested services have a poor level of signal quality except YouTube browsing 
where signal has a fair quality. 

 

Fig. 4 – Average values for the macro and micro cell scenario for different services in case of (a) 
RSRP; (b) RSRQ; © SINR. 

Different results were obtained in micro scenario. Observation of the RSRP parameter revealed a very 
high level of signal quality for all tested services. All values of RSRP parameter showed that is achieved 
an excellent level of signal when the micro cell base station serves the user equipment. The RSRQ 
parameter also gives slightly different results in scenario of micro cell. The data download during 10 
seconds has poor level of signal, while all other services can be classified as signal with good quality 
when the values obtained from the measurement are compared with the values in Table 1. Values of 
SINR for all tested services are very high, so all have the excellent signal quality. Two services, data 
download and data upload during 10 seconds, have lower values than the other four, but still are about 7 
dB higher than the border value of 12.5 dB.
Fig. 5 shows the RSRP and RSRQ levels of signal measured along the hallways of the School of 
Electrical Engineering in the micro cell scenario. Fig. 5a shows values of RSRP parameter. Based on the 
obtained results, it can be observed that the signal quality was extremely high all the time, so, it can be 
said that there is not any signal degradation occur. 
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Fig. 5 – (a) Level of RSRP; (b) Level of RSRQ; in micro cell scenario during the movement through 
the hall of School of Electrical Engineering. 

Values of RSRQ parameter are shown on the Fig. 5b. In this case, in some spots, there was some 
degradation of the signal to the poor level, according to Table 1. These points are colored in yellow and 
represent range values from –19 dB to –14 dB. It is important to emphasize here that during the 
movement through the hallway and the measurements, eight handovers occurred between the four cells 
of micro base stations whose locations are shown in Fig. 1 and marked with the small hands.
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Fig. 6 – (a) Level of RSRP; (b) Level of RSRQ; in macro cell scenario during the movement through 
the hall of School of Electrical Engineering. 

Fig. 6 illustrates the RSRP and RSRQ levels of signal in the macro cell scenario. Fig. 6a shows values of 
RSRP in the hall of the School of Electrical Engineering. There can be seen that there are not the values 
of signal with excellent quality. It can be said that most of measured signals have fair signal quality 
(orange points). There are, on some spots, signals with good (yellow points) and poor (red points) 
quality. The RSRQ parameter shows, on the Fig. 6b, that the most signal values have good (fair) quality 
(light green points). Some spots have better or worse signal, but same as RSRP, and RSRQ parameter 
gave the worse results in relation to micro cell scenario. In this case, it came to 18 handovers. It can be 
explained by the fact that the some macro base stations have the same coverage area. Also, micro base 
stations have better indoor environment coverage, so provide better service.
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Fig. 7 – (a) Downlink; (b) Uplink; throughput values during the measurement.
 The values of throughput during the measurement on downlink and uplink in micro cell and macro cell 
scenarios are shown on Fig. 7. From the graphics, intervals in which three scripts were repeated can be 
seen. Fig. 7a shows the measurements obtained on the downlink, where can be seen that the data rate 
transmissions were significantly higher in micro cell scenario. That difference is greatest with the third 
repetition of the script, for 90 Mbps, within the data download service during 10 seconds. For other 
services, the differences in data rate transmissions for macro and micro scenarios are minimal. The 
maximum data rate transmission is achieved in micro cell scenario and it value is 140 Mbps. 
The similar results are obtained on the uplink. The data rate transmissions were significantly higher 
within micro cell scenario when running all three scripts and the biggest difference was in the second 
repetition, where difference was about 40 Mbps. The maximum achieved data rate transmission was 
about 50 Mbps in the micro cell scenario. In the macro cell scenario, a maximum data rate transmission 
of 30 Mbps was achieved. Based on the obtained results, it be concluded that 2×2 MIMO systems are 
used at the measuring location. In order to meet the needs of the users, it is necessary to ensure 
consistency at high data rates, especially at downlink (over 100 Mbps at any time). 

5 QoE in radio network optimisation 
The main goal of all operators is to provide the best possible service to the users. For this reason, during 
optimisation of public mobile network, it is necessary to take into account subjective quality 
assessments by users for different kinds of services. However, collecting subjective quality assessments 
can be long, tiredness and expensive. As a consequence, operators are changing legacy network 
management approaches, focused on network performance and QoS to a more modern approach 
focused on user opinion and quality of experience QoE [10]. Good network QoS parameters do not 
necessarily mean that the end user is satisfied with the provided service, since his satisfaction depends 
and on other factors. Thus, in order to measure the user satisfaction, it needs to define the QoE, which 
takes into account factors like expectation, requirements and perception of the user, content type 
provided by the service, user’s device features, network QoS and the context in which the user is using 
the service, like the access type, movement and location [11]. 
Different models have been developed so far to map QoS to QoE. For example, mapping models for web 
browsing [11] and video transmission in wireless communications [12] are presented. The QoE data for 
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the web browsing model was determined by applying a model that predicts the perceived quality for this 
type of service through the web page download time. The model was developed using machine learning 
techniques, more specifically the SVR (Support Vectors Regression) algorithm. The models take as 
input QoS metrics that can be measured, for instance, in drive tests. The models map these metrics in a 
single metric of QoE, the MOS (Mean Opinion Score) [11]. In [12], video dataset with network QoS 
parameters such as packet loss rate, jitter, delay and bandwidth are presented. The video dataset contain 
subjective assessments that can be helpful to create QoS to QoE mapping model for special radio 
network service - video transmission. Nowadays, radio network services such as live streaming video 
using YouTube or Facebook depends a lot on subjective perception [10]. The great challenge for all 
researcher is to create optimal and universal model for QoS to QoE mapping for all services which 
operators provide. After creation and testing, implementation of mapping models will significantly 
improve the network performance. 
In addition, some QoS to QoE mapping models can be used to define decision to perform handover and 
improve it [13]. Existing handover algorithms consider radio (signal strength...) or QoS as context 
parameters for handover decisions, so there is plenty of space for improvement. 

6 Conclusion 
The impact of network architecture on the signal quality of the LTE communication system is presented 
in this paper. Through measured values of RSRP, RSRQ and SINR parameters, it is shown that better 
signal quality is obtained for the micro cell scenario. In throughput analysis, it has been shown that even 
during download and upload communication, higher throughput is achieved within micro cell scenario, 
where the data rate transmissions are significantly higher than in the macro cell scenario. In the case of 
observing the tested services, the worst signal quality occurs during the 10 s data download, while the 
best quality is achieved loading YouTube. Due to the different coverage areas in the micro cell and 
macro cell scenario, the number of handovers in the macro cell scenario was more than twice as high as 
in the micro cell scenario. 
Based on obtained results, further implementation of micro cell can improve the area coverage, signal 
quality. Different radio range and network characteristics in micro cells increase the transmission rate, 
while decrease traffic on the macro cells. Implementation of femto cell and pico cell can further improve 
the signal quality, transmission capacity and area coverage in urban environment, especially in indoor 
environment. 
In the further work, it is possible to observe other services as well as other locations where 
measurements would be made. Also, measurements can be taken over several days to identify some 
regularities according to the number of users located at the observed location. Traffic in LTE technology 
is expected to increase in the Republic of Serbia, as implementation of this technology is still ongoing, 
so it is expected that different results may be obtained. It should be noted that preparations for the 
implementation of VoLTE (Voice over LTE) technology that will provide voice service, and this service, 
which is the least resistant to any interference with the wireless telecommunication channel, should be 
considered by some further analysis. Finally, it would expect more frequent implementation of QoE in 
the optimization of the public mobile network. 
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Modified Design of Microstrip Patch Antenna for UWB 
Applications 

Bashar Bahaa Qas Elias1, Haider Aljanabi2 

1 Introduction 
The development of ultra-wideband antennas with high impedance matching, compact size, stable 
radiation patterns, and low manufacturing costs has attracted lots of attention in recent years [1]. 
Microstrip patch antennas have been widespread, depending on their low profile, lightweight, ease of 
fabrication, and compatibility with integrated circuits [2 − 4]. As in the rest of the antennas, they are also 
given some hindrances, ranging from narrow bandwidth to low gain. Therefore, this paper is mainly 
concentrated on the bandwidth enhancement procedure. Numerous techniques have been clarified in the 
past to obtain UWB, performance such as the use of a thick substrate, stacked patches, use of active and 
passive devices, shorting pins, using an impedance matching network, and different feeding 
arrangement [5]. Recently, various methods reported in improving the functioning of the impedance 
bandwidth of the microstrip antenna. This work contains the effect by inserting slots on the radiating 
structure [6 − 10] and feed reconfiguration. Wireless technology is part of the significant areas of 
research in the world of communication systems today, and a study of communication systems is 
incomplete without an understanding of the operation of antennas. These requirements force antenna 
designers to investigate low profile antennas with an appropriate bandwidth for each band [11 − 14]. 
Microstrip patch antenna comprises of a radiating patch on one side and ground plane on the other side 
and a substrate layer as a sandwich between them. To achieve the UWB performance of the microstrip 
antenna, many researchers and scientists have been publishing more articles in this field. In 2016, Sayed 
Ali and Deepak Jhanwar designed a compact triple bandnotch direct-fed Flower-shaped Hexagonal 
Microstrip Patch Antenna for embedding in UWB (Ultra-WideBand) systems [15]. Karmugil and 
Anusudha proposed an efficient design of a circular shaped microstrip patch antenna for Ultra-
Wideband (UWB) applications with partial ground structure [16]. Mewara, Kumawat, and Sharma 
presented an ultra-wideband antenna consisting of an extra radiating patch with bandwidth 
enhancement and band notch characteristic [17]. 

A B S T R A C T

Ultra-wideband (UWB) patch antenna for Ku/K band applications is presented. In this paper, a 

microstrip line feed has been modified to an elliptical gradient structure, and the conventional radiator 

patch has been developed through the use of the symmetrically circular slots. These modifications have 

been used to improve the performance of the antenna significantly. Upper and lower frequency ranges 

achieve UWB antenna performances start from 11.57 GHz to 21.45 GHz. Proposed antenna exhibits good 

impedance matching, which makes it convenient to work in various applications. Besides that, the 

reflection coefficient is reduced attained to –31.81 dB over the operating band. The antenna is developed 

and analyzed using the commercially available software FEKO simulator based on the method of 

moments (MoM). Other parameters results such as sidelobe level (SLL) and beamwidth (half power 3 dB) 

are added and discussed significantly. The proposed design is fabricated and tested experimentally, and 

the results show that a satisfying agreement with the simulation results.  

Keywords: Modified antenna, Ultra-wideband (UWB), Reflection coefficient, Slots, Feed line, FEKO. 
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In 2017, Aishvaryaa et al. designed two ultra-wideband frequency reconfigurable microstrip patch 
antennas for cognitive radio applications, consist of a rectangular patch with microstrip feed - line, and a 
partial ground plane [18]. Angana et al. proposed a compact microstrip fed band-notched UWB patch 
antenna with band rejection features to eliminate interference as a result of existing neighboring 
communication systems within the ultrawideband (UWB) frequency band [19]. Feng and Jin presented 
a broadband cavity-backed microstrip phased array antenna. The array antenna uses novel single layer 
cavity-backed microstrip patch elements supporting broad operating frequency band [20]. Antenna 
designs are simulated and analyzed by FEKO simulator software based on the method of moments 
(MOM). 

2 Antenna Design 
The proposed antenna has been designed using the dry wood sheet as a substrate. It has a dielectric 
constant of 1.4 and a thickness of 7mm. The modified design is implemented in two successive steps. In 
the first step, the microstrip line employed to feed the antenna has changed to elliptical gradient 
structures instead of the traditional rectangular line feed. Feed width is gradually decreased in four 
levels (S4, S3, S2, and S1 respectively) starting from the port of excitation to the edge of the patch. 
Next, four symmetrical circular slots with a radius of (R) have been drilled into the radiator patch plane 
with a small triangular patch in each slot. Besides, four semi-circular shapes are placed between them 
and also subtracted from the patch (see Fig. 1). All the dimensions detailed are illustrated (Table 1).  

Fig. 1 – Proposed microstrip antenna in x- y plane: (a) conventional antenna; (b) modified antenna. 

Table 1 Antenna design parameters.
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3 Simulated Results 
The design of the traditional microstrip antenna has been enhanced to reduce the size of the antenna and 
increase bandwidth. FEKO software based on MoM is used as a simulation tool to analyze the antenna. 
The results are obtained; the reflection coefficient of the proposed antenna decreased from –11.6 to 
–31.81 dB at the resonant frequency. Besides that, the relative bandwidth is enhanced to 9880 MHz with 
the upper and lower frequencies of 21.45 and 11.57 GHz, respectively as compared with its value in the 
conventional antenna (Fig. 2). The reflection coefficient and bandwidth results are tabulated (Table 2). 

Fig. 2 – Reflection coefficient results of conventional and modified antennas. 

Table 2 Reflection coefficient and bandwidth results. 
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The proposed antenna is used for Ka and K band applications such as satellite communication and radar 
applications. Total gain characteristics in 3D plots are represented (Fig. 3). It observed that the gain is 
reduced to half (10 dB) in the proposed antenna (Fig. 3b). On the other hand, this value increases to 15 
dB in the upper and lower frequencies of the modified antenna (Figs. 3e and 3f). Besides, the gain is 
prescribed in polar plots (Fig. 4). It’s noted that no back radiation in the proposed antenna, that's will be 
increasing the radiation efficiency of the antenna. In spite of reduced the gain in a proposed antenna, its 
value is still acceptable and suitable for use in various applications operates under the given band in this 
paper. 



Serbian Journal of Electrical Engineering  (Volume - 21, Issue - 01, Jan - Apr 2024)                                                                                Page No. 51

Fig. 3 – 3D total gain plots of microstrip antenna in x-y plane for (a) conventional antenna at 
resonant frequency (b) modified antenna at resonant frequency © conventional antenna at upper 

frequency (d) conventional antenna at lower frequency (e) modified antenna at upper frequency (f) 
modified antenna at lower frequency. 

The current distribution result at the resonant frequencies for the conventional and modified antennas is 
presented (Fig. 5). For the conventional antenna, it observed that the current distribution has a high 
magnitude along the feed line (Fig. 5a). Applied the proposed modifications cause a change in patch 
geometry and influence the current distribution in a radiator patch (Fig. 5b).

Changing the current flow in the patch has been an influence on the value of the resonant frequency. On 
the other hand, Impedance matching plays an essential role in the antenna performance. The simulated 
results show that the impedance matching characteristics of the modified antenna (Fig. 6). It achieved 
good impedance performance close to 50 Ω as comparing with the conventional antenna (Table 3).

Fig. 4 – Polar gain results of microstrip planar antenna at: (a) conventional antenna; (b) modified 
antenna. 

Fig. 5 – Current distribution results produced: (a) conventional antenna  at 17.16 GHz; (b) modified 
antenna at 16.4 GHz. 
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Table 3 Impedance matching results. 

Fig. 6 – Impedance matching results for the conventional and modified antennas. 

The sidelobe level is another parameter that is studied in this paper, which is usually represented as the 
unwanted radiation in undesired directions. It observed that SLL had been reduced to 5.72 dB at the 
resonant frequency of the modified antenna. Besides, the radiation patterns of the proposed antennas are 
also characterized by their beamwidths. Beamwidth is slightly decreased to 20.15 deg as compared with 
its result of the conventional antenna. Results of SLL and beamwidth for both antennas are presented in 
polar form (Fig. 7)
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Fig. 7 – SLL and beamwidth at a resonant frequency of: (a) conventional antenna (b) modified 
antenna. 

4 Experimental Results 
The performance behaviour of the proposed antenna after modified has been verified through fabricated 
it and tested experimentally. The fabricated antenna has an impedance bandwidth of 10.02 GHz with an 
operating frequency range from 11.58 GHz to 21.6 GHz. The tested antenna is resonating at 16.56 GHz 
with a minimum reflection coefficient of –52.4 dB (Fig. 7). Results show that a satisfactory agreement 
with the simulation results. 

Fig. 7 – Top view of the fabricated antenna with a comparison of return  losses between the 
measurement and simulation results. 

6 Conclusion 
A modified microstrip antenna for Ku/K band applications is presented and discussed theoretically and 
experimentally. Modifications have included the structure of the feed line and radiator patch. The 
bandwidth of the modified antenna has been improved to 9880 MHz, and the reflection coefficient has 
been minimized attained to –31.81 dB at the resonant frequency of a modified antenna. Other 
parameters have been studied, such as gain, impedance matching, sidelobe level, and beamwidth. The 
proposed antennas have been simulated and analyzed using commercial software (FEKO) based on the 
method of moment solver (MoM).
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