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Abstract –A total 17 samples of white and red wines have been 
investigated and characterized with regard to the following 
optical properties – color coordinates, lightness, Hue angle, 
chroma and transmission coefficient in visible area. Based on the 
examined parameters the wines are evaluated in their complexity 
by hierarchical cluster analysis. The samples are grouped into 
two main clusters presented graphically in the dendrogram. The 
first one contains all samples of white wines, the second one 
combines red wines and separates them by kind of grape, 
production method and region of growing the grapevine. The 
made classification allows increasing of the objectivity of the 
evaluation and uses optical properties in various selection 
programs. A factor analysis using PCA was applied on the basis 
of the found correlation matrix. Thus the number of the studied 
indices was reduced to 2 factors, which explained 93.32% from 
the entire variation. The first one was related mainly to color 
parameters a and b, lightness L, Hue angle H in SIELab and 
transmission coefficient at four different wavelength, which are 
important for optical properties of wine. The second one unified 
the color coordinates x, y in XYZ colorimetric system and 
chroma Cab in SIELab colorimetric system. 
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I. INTRODUCTION 

Wine is a fermented alcoholic beverage containing various 
compounds of different type, with polyphenols which are one 
of the most important components influencing their quality 
parameters [1]. Polyphenols contribute to the organoleptic 
characteristics, such as color, astringency and bitterness and 
also exert antimicrobial and antioxidant properties [2]. 

Authenticity and commercial value of wines is often linked 
to its geographical origin and certain countries or regions are 
known for producing excellent wines of high commercial 
value [3]. Due to its composition and worldwide availability, 
the controlled denomination of origin (CDO) is usually 
required to demonstrate the provenance of wines. In this work 
the optical properties of wines are investigated and the 
following goals are presented: using mathematical and 
statistical methods to group different types white and red 
wines on the base of investigated physico- chemical 
parameters and to identify those affecting  most heavily on the 

clustering.  
The same technics are used for estimation the European 

kinds of wine by factor and cluster analysis [4-5].  

II. MATHERIALS AND METHODS 

The study involves 17 types of wines commercially available 
or obtained from a winery in the region of Starosel village. 
The specification of the tested wines is presented in Table 1. 

TABLE I 
INVESTIGATED SAMPLES 

 Place Type 
1 Wine-cellar Cabernet Sauvignon 
2 Wine-cellar Rkaciteli 
3 Wine-cellar Misket 
4 Wine-cellar Merlot 
5 Wine-cellar White wormwood wine 
6 Wine-cellar Red wormwood wine 
7 Wine-cellar Rosé 
8 Wine-cellar Cabernet Sauvignon 
9 supermarket Gamza 
11 Supermarket Red wine 
12 Supermarket Vechernij zvon 
13 Supermarket Mehandjijsko 
14 Supermarket Mavrud 
15 Supermarket Trakia 
16 Supermarket Manastirsko shushukane 
17 Supermarket Assenitza 

The following 14 physical parameters have been 
investigated: color coordinates (1) X , (2) Y, (3) Z,  (4) x,  (5) 
y,  lightness (6) L, color parameters (7) a, (8) b, (9) Cab, Hue 
angle (10) H, transmission coefficients at 445 nm (11), 495 
nm (12), 550 nm (13), 625 nm (14). 

Using a software package VISIONlite ColorCalc for 
spectrophotometer Helios Omega with a cuvette of a 10 mm 
length, the color parameters in CIELab colorimetric system 
have been obtained. All measurements have been carried out 
at room temperature. Color coordinates, color parameters a, b 
and brightness L of tested samples have been measured. 
Parameters such as chroma Cab and hue angle H were defined 
as follows: 

22 baCab += ,   ( )abarctghab /=  (1) 

To compare and group the types of wines on the base of all 
investigated physical parameters a hierarchical cluster 
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analysis witha measure of similarity Euclidean distance [6, 7] 
have been used. The data have been preliminary standardized 
in order to avoid the influence of different dimensions. 

A factor analysis was conducted. Thus the input set of 
correlating data was transformed into a new set with a smaller 
number of uncorrelated artificial variables, so-called „factors” 
or „principal components”, which explain the greatest part of 
the data variation. The reduction in the number of original 
variables was achieved by grouping the correlated variables in 
a common factor and the separation of uncorrelated ones in 
different factors. A stronger distinction of the variables to one 
or another factor is performed by further factor rotation using 
Varimax method. 

All data analyses have been performed using the SPSS 
software program. 

III. RESULTS AND DISCUSSION 

17 samples of wine have been analyzed in regard to 14 
physical parameters. Using cluster analysis, the studied wines 
have been divided according to their similarity and distance 
depending on the studied physical parameters.The grouping of 
the samples in clusters is presented with the dendrogram on 
Fig. 1 and the values of the distancesbetween groups is shown 
in Table II. 

TABLE II 
COMBINING OF CLUSTERS AND DISTANCES BETWEEN 

GROUPS 

Steps 

№ 

 

Combined clusters Coefficie
nts 

Cluster 1  Cluster  2 

1 14 15 0,117 
2 1 4 0,227 
3 10 16 0,284 
4 10 13 0,356 
5 2 3 0,637 
6 10 12 0,783 
7 6 9 0,929 
8 11 17 1,191 
9 1 7 1,236 
10 2 5 1,249 
11 6 14 2,568 
12 6 10 3,490 
13 6 11 6,948 
14 2 8 7,877 
15 1 6 9,875 
16 1 2 58,220 

 
The results from the investigation show that the wines are 

divided into two main clusters. The first of them includes 13 
samples and is divided into some sub-clusters. The closest are 
the samples 14 and 15- red wormwood wine and gamza. 
Samples 10, 16, 13 and 12 form another sub-cluster. They are 
combined from the fact, that all are produced from the same 
variety of grape – Cabernet Sauvignon.  The samples 1,4 and 

7- red and pink wines, united in other sub cluster obtained 
from the wine cellar. The samples  11 and  17  are semi-dry  
wines and  this is the reason of their similarity. 

 

 
Fig.1. Dendrogram based on the hierarchical cluster analysis 

The second cluster combines samples of the white wines 2, 
3, 5 and 8, which have been obtained directly from the wine-
caller. The distance between 2 and 8 is the greatеst in this 
cluster - 7,88. 

The percentage distribution of the wine in the distinct sub-
cluster is presented in table III. 

TABLE III 
DISTRIBITION OF THE WINE SAMPLES IN CLUSTERS  

№ Samples in 
clusters 

Number of 
samples 

Distribution, 
% 

1.1 14, 15 2 11,8 
1.2 6, 9 2 11,8 
1.3 10,16, 13,12 4 23,5 
1.4 11, 17 2 11,8 
1.5 1, 4, 7 3 17,6 
2 2, 3, 5, 8 4 23,5 
total  17 100 % 

 
The samples from white wine and the second sub-cluster of 

the first one have  the  highest  percentage of the samples - 
23.5%. The wines from the first group are characterized with 
high lightness between 93-98 relative units, Hue angle is in 
the range between 80.0 and 87.0, these samples have high 
transmission coefficient  at wavelengths  445 nm and 625 nm,  
which are 66 % - 87 % and 83% - 93% respectively. The 
yellow color predominates over the blue, but it is very weakly 
expressed – the color parameter “b” is between 5 and 12 .  
The wines which are from obtained from the wine-cellar 
possess the smallest Hue angle – between 16.0 and 27.0, the 
lowest lightness 5-13 relative units and their transmission 
coefficient is less than  1% at 445 nm,   it is from 1 % to 8 % 
at 625 nm. The red component  prevails over the yellow  
(a>b). The red Wormwood wine and  the Gamza are 



characterized with almost the same lightness L and chroma 
Cab. The values of the red and yellow components are similar 
and they are almost equal a~b. The sub-cluster with the wines 
obtained from the supermarket has lightness in the range from  
15 to 23, Hue angle from 41.0 to 49.0. The lightness for the 
Mavrud and Trakia wines is close to this of the red  
wormwood wine and Gamza - at about 30 a.u., Hue angle is 
between 53.0 and 54.0.  However, the yellow component 
dominates the red (b>a) for them. 

It is known that the investigated parameters are involved 
with different weight. To determine the influence of 
parameters in the split into clusters factor analysis with the 
method of principal components (PCA) has been performed. 
In principle the component analysis helps to identify variables 
and their relative importance in explaining the observed 
variation and types of wine. Data was found suitable for PCA 
and the factor analysis gives the correct results in our 
investigation, because  the value of KMO-test is 0,705 ( > 0, 
5) and Bartlett’s test of sphericity  has a significance level 
lower than 0.001. The results of PCA are presented at Figure 
2.  Two principle components out of the fourteen have 
eigenvalued greater than one and explained 93,32 % of total 
variation. That is why we choice two factors. The first factor 
(principle component one - PC 1) explains 81, 57 % of total 
variation and strongly correlated with color parameters in 
color system CIELab and transmission coefficients in visible 
area. The color coordinates x, y in XYZ colorimetric system 
and chroma Cab in SIELab colorimetric system mainly 
contributed towards the second factor (principle component 
two - PC2), which explains 11,75 % of total variation. This 
factor integrates    color coordinates in the color space for a 
small color differences SIELab and spectral characteristics in 
the visible area PC 2 gives the relation between some 
parameters from different color systems XYZ and SIELab.  
Color coordinates x, y determines one point in the plane 
which is connected to the characteristics of the color- 
brightness, dominant wavelength and purity. These 
characteristics correlated with the Chroma – parameter in 
SIELab color system. The rotated component matrix, obtained 
with varimax transformation of the main components  is 
presented in table 4 . The results of the factor analysis are 
shown on Figure 2.  

 
Fig.2 Factor analysis 

TABLE 4 
THE ROTATED COMPONENT MATRIX WITH VARIMAX 

TRANSFORMATION OF PRINCIPAL COMPONENTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV CONCLUSSIONS 
The research allows the following conclusions: 
� Knowing the spectral and color characteristics of the 

wines allow the separation of the samples according to the 
predominant grape variety or the place of purchase - from a 
winery or from a supermarket. 

� The most distinguishing samples according to the 
angle of Hue - with the smallest values are samples obtained 
from the wine cellars, followed by those obtained from the 
supermarkets and which are not semi-dry wines. 
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9 Х9 0,158 0,876 
10 Х10 0.765 0.623 
11 Х11 0.760 0.633 
12 Х12 0,761 0,632 
13 Х13 0,760 0,590 
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Tablet Computers and Extremely Low-Frequency 
Magnetic Field Emission                   

Darko Brodić1, Milena Jevtić1, Jordan Radosavljević2 and Ivo R. Draganov3 

Abstract – In this paper, the tablets’ emission of the magnetic 
field in the extremely low frequency region has been explored. 
The experiment is conducted on five Android tablets. For the 
testing purposes, we used the measurement geometry which is 
previously proposed for the measurement of laptop’s magnetic 
field. The measured values are compared to the TCO proposed 
safe standard. At the end, the list of the proposed suggestions in 
order to avoid the exposure to the high magnetic field from the 
tablets is proposed. The obtained measurement values can be 
invaluable for users as well as for designers of the tablets. 
 

Keywords – Magnetic field, Measurement, Statistical analysis, 
Tablet computers. 
 

I. INTRODUCTION 

Magnetic fields can be created naturally or artificially. If it 
has a natural origin, then it is created by Earth. In contrast, the 
artificial magnetic field is the product of electric current 
which is flowing usually through electrical and electronic 
device. Hence, the magnetic fields are present everywhere in 
our environment. One of the main characteristics that define a 
magnetic field is its frequency. The magnetic field of different 
frequencies can interact with the human’s body in different 
ways. Although, it is not destructive as ionizing radiation, 
such as gamma rays, cosmic rays, and X-rays, it can have 
some potential negative effects to the humans. 

The magnetic field is the strongest if it is close to their 
origin. However, it decreases rapidly if we are getting away 
from the source in the case of low frequencies. It should be 
noted that the magnetic field is resistant to the walls of the 
building, but some materials can block its spreading.  

The time varying magnetic fields produced by electrical 
appliances is understood as the extremely low frequency 
(ELF) magnetic field. The ELF magnetic field contains the 
frequencies from 50 Hz to 300 Hz. Hence, it is everywhere 
around us. 

In this paper, we have special attention to the extremely low 
frequency magnetic field. Its source can be: transmission 

lines, substations, kitchen appliances, computers, office 
equipment, etc. At low frequencies, the levels of induced 
currents inside the body are too small to produce obvious 
effects. In spite of that, these fields induce currents within the 
human body, which can be sufficient to produce a various 
effect to the humans during a long work. Also, there is no 
doubt that short-term exposure to very high levels of magnetic 
fields can be harmful to the human health. The current public 
concern focuses on possible long-term health effects caused 
by exposure to magnetic fields at levels below those required 
to trigger acute biological responses. Up to date, the extensive 
research in many studies which have been conducted in an 
ELF magnetic field area did not give a clear answer how it is 
harmful to the human health. With more and more research 
expertise available, it has become increasingly likely that 
exposure to electromagnetic fields constitutes a serious health 
hazard. Nevertheless, some uncertainties remain. The original 
scientific discussion about the interpretation of controversial 
results has shifted to become a societal as well as the 
economic issue. 

International guidelines and national safety standards for 
magnetic fields are developed on the basis of the current 
scientific knowledge to ensure that the fields humans 
encounter are not harmful to health. ICNIRP issues guidelines 
on the basis of the current scientific knowledge [2]. Most 
countries draw on these international guidelines for their own 
national standards. Standards for low-frequency magnetic 
fields ensure that induced electric currents are below the 
normal level of background currents within the body. The  
TCO standard proposed the prescribed geometry of the 
measurement and test procedure with the following reference 
values of magnetic flux density [3]:  

- For a band I (5 Hz to 2 kHz),  ≤ 200 nT measured at 
0.30 m in front of and around the laptop computer, 

- For band II (2 kHz to 400 kHz),  ≤ 25 nT measured at 
0.30 m in front of and around the laptop computer.  

A tablet computer, commonly shortened tablet, is a mobile 
computer with a touchscreen display, circuitry, and battery in 
a single device. Tablets come equipped with sensors, 
including cameras, a microphone, an accelerometer and the 
touchscreen display. The  touchscreen display uses the 
recognition of finger or stylus gestures replacing the mouse 
and keyboard. They usually feature on-screen, pop-up virtual 
keyboards for typing. Tablets may have physical buttons for 
basic features such as speaker volume and power, and ports 
for network communications and battery charging. They are 
characterized and grouped according to the size of the screen. 
It is supposed that the smallest tablet incorporates the screen 
of at least 7”. 

Up to now, many researchers [4], [5], [6], [7], [8], [9] 
measured magnetic field produced by laptops of different 
brands. The magnetic field values were considerable higher 
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than the values recommended by some recent guidelines for 
laptops magnetic field emissions [6], [10] and those 
considered the risk of tumor development. Refs. [4], [5] 
showed that the EMF values became alarmingly high when 
the laptop was used close to the body. According to ref. [5], 
the laptop induces currents that are within 34,2% to 49,8% 
ICNIRP [2] when is close to the body, which is very 
important to the adult’s body and to the fetus in pregnant 
women. Also, the power adapter induces strong intra-corporal 
electric current densities in the fetus and in the adult subject, 
which are respectively 182-263% and 71-483% higher than 
ICNIRP basic restriction recommended to prevent adverse 
health effects [5].  

Ref. [9] has shown that laptops may be harmful to sperm 
with samples exposed to a wireless internet connected laptop 
showing a significant decrease in sperm motility and an 
increase in sperm DNA fragmentation. These researchers 
considered that keeping a laptop connected wirelessly to the 
internet on the lap near the testes may result in decrease male 
fertility. Ref. [11] pointed that DNA reacts to electromagnetic 
fields, making the long-term consequences of repeated 
microwave exposures to genetic material. Laptop computers 
are the high-energy source of thermal, electric and 
electromagnetic fields. The thermal effects can be blocked by 
using a lap pad, an electric field can be blocked by reflective 
material or metal, but magnetic field components cannot be 
blocked. However, situation with tablets is even worse due to 
their higher portability. 

During the measurement of low-frequency magnetic field 
emissions, magnetic flux density was characterized in terms of 
field amplitude and “weighted peak” (WP) index, [4], [12], 
[13], that implement the weighted peak approach, which is 
well suited in the case of complex waveforms. Security limits 
for exposure to a magnetic field are different according to the 
different authors: 1µT [14], 0,4 µT [15], [16], 0,2 µT [17]. 
Ref. [18] suggests that exposure to 1 μT EMF alters sleep by 
reducing total sleep time and sleep efficiency. Ref. [19] 
postulates experiments that may be used to characterize the 
nature of the transduction step in which a magnetic or electric 
field is converted into a biological signal. 

In this paper, we conducted the experiment on tablet to 
measure and evaluate their ELF magnetic field emission. 
Hence, any high frequency magnetic field emission from the 
tablets’ component like WIFI, 3G/4G or similar is out of the 
scope of this paper. To our best knowledge, there have been 
no study of this problem yet. Because of wide-spreading of 
tablet computers among the younger population, it is of great 
importance. It should be pointed that the experimentation was 
conducted on typical tablets. It means that we tested tablets 
with screens from 7” to 10” wide which are usually made of 
gorilla glass in its front, and of plastic material in its bottom. 
Also, we made an assumption that the users’ hands are in 
close contact with touch area as well as its back. Furthermore, 
the tablets are tested in their typical use, i.e. internet browsing. 

The rest of the paper is organized as follows. Section 2 
describes the measuring method and equipment. Section 3 
defines the experiment. Section 4 presents the results and 
gives the discussion. Section 5 draws the conclusions.  

 

II. METHODS AND MATERIALS 

A. Static magnetic filed 

The method consists of measuring the extremely low-
frequency magnetic field produced by the tablet computers. In 
normal operation, the tablet’s components are supplied by 
current I. The current I is flowing through electronic or 
electrical components, which induces the magnetic-field. The 
measuring devices usually register the scalar components of 
the magnetic induction: Bx, By and Bz. Accordingly, the root 
mean square (RMS) of magnetic induction B is calculated as: 

 zyx BBBB ++=   (1) 

B. Measuring devices 

Magnetic field measurement is performed by EMF 
measuring device Lutron EMF-828 with separate probe, 
including sensing head. Fig. 1 shows the measuring device 
Lutron EMF-828 with its probe. 

 

 

Fig. 1. Measuring device Lutron EMF-828 with separate probe 
 
The calibration of the measurement device is performed 

according to ISO 9001 by the producer of the equipment. 
Lutron EMF-828 measures the scalar components of the 
magnetic induction Bx, By and Bz in the range between 0.01 µT 
and 2 mT. It is measured in the  extremely low-frequency 
range, i.e. between 30 and 300 Hz. The device has three 
measurement extents: 20 µT, 200 µT and 2 mT. The precision 
of the measurement is of the order of 0.01 µT for the 
measurement extent of 20 µT, 0.1 µT for the measurement 
extent of 200 µT and 1 µT for the measurement extent of 2 
mT.  

C. Tablet measuring positions 

Similarly to [7], the magnetic field is measured at nine 
different positions at the tablet touchscreen at the top and at 
nine different positions at the bottom of the tablet. We use 
measuring in direct contact because it is a typical way of using 
the tablet. Fig. 2 shows the measurement positions at the top 
and at the bottom of the tablet computer. 

 



 

T1 T2 T3 B1 B2 B3 
T4 T5 T6 B4 B5 B6 
T7 T8 T9 B7 B8 B9 

(a)                             (b) 

 Fig. 2. Measurement positions: (a) at the top, (b) at the bottom 

III. EXPERIMENT 

The experiment is conducted on 5 different tablet computer. 
All tablets are using the Android operating system. The tablets 
are tested in their typical working condition, i.e. internet 
browsing. The magnetic field is measured ten times at the 
measurement positions at the top: T1…T9, and at the bottom: 
B1…B9. The average values of the measurement are used as a 
reference. Hence, we measured magnetic field of the tablets at 
no distance from the touchscreen display or its bottom. We 
make this assumption taking into account typical use of tablets 
where users have fingers on tablet top and/or bottom positions 
all the time. Also, the measurement is carried out 30 cm away 
from the tablet in all four directions. At these points, the 
obtained magnetic field was below 0.02 µT. It can be 
considered as the background magnetic field. Hence, it is 
negligible.  

IV. RESULTS AND DISCUSSION 

The results of the measurement are given in Fig. 3.  
Each area is given by the number representing the level of 

the emitted magnetic field in µT. As a thresholding 
(dangerous)  level, we used TCO proposed reference level of 
0.2 µT.  

Table 1 shows the levels of the extremely low frequency 
magnetic field that are emitted by the top parts of tablets in 
the min-max manner. 

TABLE I 
THE MIN-MAX OF THE TOP MEASURED MAGNETIC FIELD (IN µT) 

Tablet Top Minimum Top Maximum 
Tablet 1 0.04 0.15 
Tablet 2 0.06 0.43 
Tablet 3 0.02 0.22 
Tablet 4 0.05 0.86 
Tablet 5 0.06 0.45 

 
Table 2 shows the levels of the extremely low frequency 

magnetic field that are emitted by the bottom parts of tablets 
in the min-max manner. 

TABLE II 
THE MIN-MAX OF THE BOTTOM MEASURED MAGNETIC FIELD (IN µT) 

Tablet Bottom Minimum Bottom Maximum 
Tablet 1 0.05 0.20 
Tablet 2 0.07 0.86 
Tablet 3 0.01 0.51 
Tablet 4 0.05 0.96 
Tablet 5 0.07 0.01 

 
From Fig. 3 or from Tables 1-2 (see max levels), it is 

obvious that all tablets have dangerous areas, which emitted 
the magnetic field level above the reference one. Still, 3 out of 
5 tablets have dangerous levels on the both sides of the 
tablets, i.e. the top as well as at the bottom. Also, it worth to 
note that left and right side areas are the most exposed to the 
tablet’s users due to their way of working with tablets. 

T1       T2       T3       T4       T5     
0.15 0.09 0.04   0.13 0.43 0.09   0.09 0.15 0.13   0.06 0.20 0.86   0.08 0.23 0.09 

0.06 0.10 0.06   0.26 0.26 0.13   0.02 0.22 0.22   0.07 0.13 0.06   0.45 0.23 0.07 

0.05 0.08 0.04   0.06 0.25 0.05   0.09 0.12 0.06   0.06 0.08 0.05   0.31 0.06 0.07 

                                      
T1       T2       T3       T4       T5     
0.09 0.15 0.05   0.25 0.49 0.13   0.35 0.20 0.06   0.06 0.29 0.96   0.08 0.10 0.07 

0.18 0.10 0.06   0.31 0.26 0.07   0.51 0.20 0.01   0.05 0.08 0.07   0.08 0.07 0.10 

0.05 0.20 0.06   0.11 0.86 0.08   0.05 0.35 0.46   0.05 0.13 0.07   0.11 0.06 0.07 

Fig. 3. Magnetic field measurement level (Top position represents measurement at the top of the tablet (touchscreen display area). Bottom position 
represents measurement at the bottom areas of the tablet. Colored fields represent the areas with higher emission than it is allowed) 

                   
T1       T2       T3       T4       T5     
0.06 -0.06 -0.01   -0.12 -0.06 -0.03   -0.26 -0.05 0.07   0.00 -0.09 -0.09   0.00 0.13 0.02 

-0.13 0.00 0.00   -0.05 -0.01 0.06   -0.49 0.02 0.21   0.02 0.05 -0.01   0.37 0.16 -0.03 

0.00 -0.12 -0.02   -0.05 -0.60 -0.04   0.04 -0.23 -0.40   0.01 -0.05 -0.02   0.20 0.00 0.00 
                    

SUM       SUM       SUM       SUM       SUM     
-0.28       -0.91       -1.09       -0.18       0.84     

Fig. 4. The difference of the top and bottom measured magnetic field levels (with given sum of all below)  



 
Fig. 4 shows the difference of the measured magnetic field 

levels between the top and bottom area. The sign – in 
difference represents a higher level of the magnetic field 
emission at bottom than at the top areas of the tablets. From 
Fig. 4, it is an obvious that 4 out of 5 tablets have higher 
levels of the magnetic field emission at their bottom. It can be 
concluded that such magnetic field emission is caused by the 
battery, which is mainly situated at the bottom part of the 
tablets. 

From the given study, it is an easy to conclude that the 
tablets did not emit the level of the magnetic field like laptops 
[7]. However, their emission is also above the proposed 
reference level by TCO. Brief comparison with laptops 
(battery powered) showed that the level of ELF magnetic field 
emission is from 0.2 µT to 4.5 µT at the top and from 0.2 µT 
to 3.5 µT at the bottom [7]. Consequently, tablets emitted at 
the top from 0.02 µT to 0.86 µT and at the bottom from 0.01 
µT to 0.96 µT. Still, the comparison is not quite fair because 
the laptops have much more computer processing power than 
tablets. Also, it is worth to note that tablets have higher levels 
of emission at the bottom. It can be assumed that the gorilla 
glass at the top is much more resistant to the magnetic field 
radiation than the plastic materials at the bottom of the tablets.  

Hence, during the use of the tablets some precaution is 
necessary. Among them, the most important are: (i) Making 
breaks during the long working hours with tablets, (ii) Using 
tablet’s stand whenever possible, (iii) Using external keyboard 
whenever possible, (iv) Buying tablets made from better 
plastic or composite materials, which did not allow high 
emission of the magnetic field, (v) Using gloves that reduce 
the level of the magnetic field exposure, and (vi) Do not use 
the tablets on your knees. 

V. CONCLUSION 

The given study presented one of the very first experiments 
conducted on tablets in order to measure their emission of the 
magnetic field. Because, the tablets are very spread in the 
younger population, it is very important to determine the level 
of the magnetic field that they emit and compare them to the 
proposed safe limit standards like TCO. The results of the 
study showed that the level of the magnetic field emission is 
typically above the safe limits. Hence, some precautions 
during the tablet use are necessary. At the end, the list of 
suggestions for the safe work with tablets was proposed.  

Future works will be oriented toward exploring the higher 
number of testing tablets in their normal use or in so-called 
under stress condition (gaming or similar). 
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Functional and Timing Analysis of Improved Serial 
Pseudorandom/Natural Code Converter 

Goran Miljković1, Dragan Denić2, Milan Simić3 and Aleksandar Jocić4 

Abstract – The pseudorandom/natural code converters are 
often part of systems and components which exploit 
pseudorandom binary code, such as absolute pseudorandom 
position encoders. Serial pseudorandom/natural code converters 
have advantage in simplicity of hardware implementation, but 
their conversion time is greater compared to parallel code 
converters. In the paper is applied Galois generator in the 
implementation of serial pseudorandom/natural code converter 
in order to reduce conversion time. One faster way for 
adjustment logic design which is necessary for proper 
functioning of Galois based serial code converter is proposed. It 
is detailed described functionality of serial code converter 
through simulation examples in NI Multisim software. Also, 
detailed timing analysis of Fibonacci and Galois based serial 
pseudorandom/natural code converter is given. 
 
 

Keywords – pseudorandom binary sequence (PRBS), 
pseudorandom/natural code converter, Fibonacci and Galois 
architecture for generation of PRBS code 

I. INTRODUCTION 

The absolute pseudorandom position encoders are well-
known digital transducers which could be used for absolute 
position measurement in industry, robotics, electrical power 
engineering, elevators, telescopes/antennas, printers, etc. 
Absolute position determination in these encoders is based on 
property of n-bit pseudorandom binary sequence (PRBS) that 
sliding window of length n, which passes along a sequence, 
will extract unique code word in every moment [1, 2]. Also, 
the code words are now longitudinally lined, and two 
successive code words are overlapping and differ only in one 
bit. The PRBS signal is exploited in other fields, 
cryptography, telecommunications, testing of VLSI circuits 
[3], testing of gas sensors [4], measurement of the frequency 
response, etc. The absolute pseudorandom position encoder 
consists from following functional parts: code reading system 
[2, 5], code scanning [2, 6, 7], error detection [8] and 
pseudorandom/natural code conversion [2, 9, 10]. 

The pseudorandom/natural code conversion method is 

compromise between two opposite requests, minimal 
conversion time and low complexity and price of used 
hardware. The different pseudorandom/natural code 
conversion methods can be sorted to three distinct groups: 
parallel [7], serial [2, 9] and serial-parallel [7]. The parallel 
pseudorandom/natural code conversion is the fastest, but 
requests large ROM memory for storing of code conversion 
table especially in the case of high resolution encoder. The 
serial pseudorandom/natural code conversion is simplest, less 
hardware expensive, but slower method. The compromise 
solution is the serial-parallel code converter, which combines 
previous two methods. 

In the paper are detailed described improved solution of 
serial pseudorandom/natural code converter based on Galois 
generator of PRBS which can be used in absolute 
pseudorandom position encoder or in other fields where PRBS 
is applied. The presented serial pseudorandom/natural code 
converter is then implemented in software NI Multisim, 
integrated capture and simulation design environment. These 
simulations are used for functional and timing analysis of 
serial pseudorandom/natural code converters. 

II. IMPROVED SERIAL PSEUDORANDOM/NATURAL 
CODE CONVERTER 

Duration of pseudorandom/natural code conversion 
process, the conversion time, becomes critical at high 
resolution absolute pseudorandom position encoders. The 
serial pseudorandom/ natural code converters are based on the 
fact that is possible to find the actual value of the position p 
by counting of the steps that shift register with reverse 
feedback needs until it reaches the initial state by successive 
shifting from the read pseudorandom n-bit code word. One 
solution is the serial pseudorandom/natural code converter 
based on Fibonacci generator [9]. Improved solution is based 
on faster Galois generator of PRBS which can be used in 
serial code converter instead of Fibonacci generator [9]. This 
generator also uses a shift register, the content of which is 
modified at every step by a binary-weighted value of the 
output stage, using XOR gates. The improved solution of 
serial pseudorandom/natural code converter based on Galois 
generator can be seen in Fig. 1. A 31-bits long PRBS 
generated by a 5-bit shift register with the feedback set for 
direct generation law [5,4,3,1] is used for the encoding of the 
code track. It consists of the following bits: 
1110000110101001000101111101100. The read 
pseudorandom code bits with one code reading head x5 are 
loaded into five-cell bidirectional code assembly register. The 
actual content of the code assembly register corresponding to 
the current position is loaded into a shift register of Galois 
generator. 
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Fig. 1. Serial pseudorandom/natural code converter based on 

Galois generator 
This solution is faster because it has reduced number of 

logic gates (XOR gates) in the feedback loop. The position of 
XOR gates between flip flops in the Galois shift register is 
determined by the used feedback set [5,4,2,1] for reverse 
generation law. Adequate feedback sets for different 
resolutions of PRBS sequence can be found in the literature 
[10]. Now, one XOR gate exists in the feedback configuration 
compared to three serial connected XOR gates in the case of 
Fibonacci generator. But, the additional logic that read code 
word converts to the appropriate content of the shift register is 
needed for proper functioning of this converter. This logic 
only participates on the beginning of each code conversion 
cycle and does not further participate in the code conversion 
process. The 5-bit counter and additional logic for Galois 
initial state G(0) identification are also needed in this serial 
pseudorandom/natural code converter. 

Logic for initial adjustment of read pseudorandom code 
word is needed because the read n-bit pseudorandom code 
word in real time is not identical to the n-bit current content of 
the shift register, which was the case at Fibonacci generator. 
Procedure of this adjustment logic design is detailed explained 
in the reference [9] for n=5 bit resolution and chosen feedback 
set. Following this procedure for logic design in the case of 
resolution n=5 and feedback set for Galois generator [5, 4, 2, 
1], the following set of equations is obtained: 

X5 = x5    (1) 
X4 = x4⊕x5   (2) 
X3 = x3⊕x4   (3) 

X2 = x2⊕x3⊕x5   (4) 
X1 = x1⊕x2⊕x4⊕x5  (5) 

Based on the previous logic equations (1) to (5) the 
following matrix can be written: 

 
where columns are in order {x5, x4, x3, x2, x1}, and rows in 
order {X5, X4, X3, X2, X1}. It can be seen that for coefficients 
[5, 4, 2, 1] in rows, the adequate diagonals are filled with “1” 
beginning from defined coefficients. It is highlighted diagonal 
filled with “1” for coefficient 5 in the feedback set. So, for 
any feedback set of coefficients this matrix can be easily 
written, and then from there adequate equations for 
adjustment logic can be easy obtained. 

This procedure is checked for different resolutions from 3 
to 16 bit, and various possible feedback sets [10]. Based on 
previous considerations it is confirmed that exist the clear rule 
for matrix filling for any chosen resolution and the feedback 
set. The numbers in feedback set defines adequate starting 
position in rows, X1, ..., Xn, from which starts with filling of 
diagonals with “1”. Filled matrix directly gives set of logic 
equations which is needed for design of adequate logic for 
initial adjustment of read pseudorandom code word. This 
logic directly converts current content of Fibonacci shift 
register to adequate content of Galois shift register in adequate 
PRBS generator. 

III. SIMULATIONS AND ANALYSIS OF SERIAL 
CONVERTERS 

For purpose of detailed functional and timing analysis of 
presented solution of serial pseudorandom/natural code 
converter, simulation of hardware realization is performed in 
software environment NI Multisim 11.0, Fig. 2. In Multisim 
software can be fund several useful tools and parts for digital 
circuits. They range from digital gates (both families, TTL 
and CMOS are supported), indicators (such as LED’s, LCD 
displays, Logic Analyzers and Word Generators), wires, data 
buses and power supplies. The most widely used subfamily 
for digital circuit simulation is the 74LSXX series where the 
digits after the LS indicate the gate’s function. This subfamily 
is used for simulation of presented serial 
pseudorandom/natural code converters, and applied logic 
gates in the simulations with their propagation delays are 
listed in Table 1. 

Table 1. Logic gates and adequate propagations delays 

Logic gates Used logic gates 
from 74LSXX series 

Propagation 
delays 

AND 74LS08D 15 ns 
OR 74LS32D 22 ns 
INV 74LS04D 15 ns 
XOR 74LS86D 30 ns 

D flip flop 74LS74D 
ts=20 ns 
th=5 ns 
tCLK-Q=25 ns 

AND with 4 inputs 74LS21D 15 ns 
 



 

 

Fig. 2. Simulation of serial pseudorandom/natural code converter based on Galois generator in Multisim 

The conversion process is executed for concrete example of 
read pseudorandom code word and for defined initial code 
word. 7-bit binary counter is used for counting of needed steps 
to shift register for finishing of one code conversion cycle. 
The read 5-bit code word x=x1x2x3x4x5 is loaded in the 5 D flip 
flops on the beginning of the code conversion process. It is 
used example where read pseudorandom code word is 
x={0,1,1,0,1}, and initial code word is X(0)={1,1,1,0,0}. It is 
needed six clock periods to the shift register when its state 
becomes equal to the initial state, which is output of the 
binary counter in the case of Fibonacci generator. In the case 
of Galois based code converter, Fig. 2, the read pseudorandom 
code word x={0,1,1,0,1} is firstly converted to appropriate 
state of the Galois shift register Xappr.state={0,1,1,1,1} based on 
equations (1)-(5), and then is also needed six clock periods to 
the shift register when its state becomes equal to Galois initial 
state G(0) ={0,0,1,0,0}. Galois initial state is obtained from 
initial state X(0)={1,1,1,0,0} using equations (1)-(5). It is 
proved proper functioning of proposed hardware realization 
for different examples of read and initial pseudorandom code 
words. States of the shift register in Fibonacci and Galois 
generator in each clock period during shifting from read 
pseudorandom code word to the initial code word of presented 
example are listed in Table 2. In the simulations of serial 
converter, Fig. 2, is also used AND gate with 4 inputs together 
with one AND gate for initial state identification. 

To find the maximal working frequency of the whole digital 
circuit, which is the most significant difference between two 
presented solutions, it is needed to analyze propagation delays 
of each path. Combinational propagation delays are additive. 
It is possible to determine the propagation delay of a larger 
combinational circuit by adding the propagation delays of the 
circuit components along the longest path. Frequency must be 
determined by locating the longest path among all the flip-flop 
paths in the circuit. 

Table 2. Shift register content in Fibonacci and Galois generator 

Output of 
the binary 

counter 

Fibonacci 
generator shift 

register content: 
{X1X2X3X4X5} 

Galois 
generator shift 

register content: 
{X1X2X3X4X5} 

Read 
pseudorandom 
code word, 
P=0 

01101 01111 

P=1 00110 11010 
P=2 00011 01101 
P=3 00001 11011 
P=4 10000 10000 
P=5 11000 01000 
Initial code 

word, P=6 11100 00100 

 
Propagation delays along longest paths in both simulations 

are (Fig 2.): 
 

- for Fibonacci based converter (from the output of the fifth 
flip flop DFF5A, through three XOR gates in the feedback 
loop, then AND1A, OR1A, to the input of the first flip flop 
DFF1A): 
T1=tCLK-Q(5) +3 tpd(XOR) + tpd(AND) + tpd(OR) + ts(1) = 25 ns 
+ 3x30ns + 15 ns + 22 ns + 20 ns = 172 ns, 
- for Fibonacci based converter (from the output of the fifth 
DFF5A, through logic for initial state identification INVF, 
AND3D, AND4B, OR2B, INVA, then AND1A, OR1A to the 
input of the first flip flop DFF1A): 
T2= tCLK-Q(5) + tpd(INV) + 2 tpd(AND) + tpd(OR) + tpd(INV) + 
tpd(AND) + tpd(OR) + ts(1) = 25ns + 15ns + 2x15ns + 22 ns + 
15 ns + 15 ns + 22 ns + 20 ns = 164 ns. 



 
So, maximal working frequency of Fibonacci based 

converter would be, 
fmax-fibonacci= 1/T1= 5.81MHz.  (6) 

- for Galois based converter (from the output of the first flip 
flop DFF1A, through one XOR gates in the feedback loop 
XOR1A to the input of the second flip flop DFF2B): 
T3=tCLK-Q(5) + tpd(XOR) + tpd(AND) + tpd(OR) + ts(1) = 25 ns 
+ 30ns + 15 ns + 22 ns + 20 ns = 112 ns 
- T2 is the same as in the case of the Fibonacci based 
converter, so maximal working frequency of Galois based 
converter would be, 

fmax-galois= 1/T2= 6.09MHz  (7) 
From previous timing analysis, it can be concluded that 

Galois generator is faster than Fibonacci. The 
pseudorandom/natural code converter based on Galois 
generator has additional propagation delay due to the logic for 
initial conversion of read pseudorandom code word which is 
equal to propagation delay of three serial connected XOR 
gates (XOR2A, XOR2C, and XOR2D). Also, the 
contamination delays along each path are greater than or equal 
to the destination flip flop hold time, so the circuit will 
operate as designed. 

For presented example of 5-bit pseudorandom binary 
sequence, 31 unique pseudorandom code words define 
absolute position. So, for the worst case, if the code converter 
needs 30 clock periods to convert the read pseudorandom 
code word in relation to the initial pseudorandom code word 
which present zero position, maximal duration of one 
conversion cycle for Fibonacci and Galois generator would 
be, 

Tconv-fibonacci=30x1/ fmax-fibonacci=5.16μs (8) 
Tconv-galois= 3x tpd(XOR) + 30x1/fmax-galois=5.01μs (9) 

So, the serial pseudorandom/natural code converter based 
on Galois generator is relatively faster than Fibonacci based 
for, 

%9.2%100
16.5

01.516.5%100% =−=
−

=
−

−−

fibonacciconv

galoisconvfibonacciconv

T
TT

δ
    (17) 

Duration of code conversion time depends on used 
resolution of PRBS and used feedback set (for same resolution 
different feedback sets exist, with different number of 
coefficients). 

 
 
 
 
 
 
 
 

IV. CONCLUSION 

Improved, Galois based implementation of serial 
pseudorandom /natural code converters is presented and 
analyzed. It is proved reducing of conversion time at Galois 
based serial converter, which is its main advantage, by using 
detailed timing analysis. It is examined full functionality of 
both, Fibonacci and Galois based serial converters through 
simulation in NI Multisim software. The solution for easier 
designing of necessary logic for initial adjustment of read 
pseudorandom code word at Galois based converter is also 
given. 
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Abstract – In this paper a review of the best measurement and 

calibration capabilities at international, regional and national 

level in the field of electrical energy and power will be made. The 

contribution of the Laboratory for Electrical Measurements at 

the Faculty of Electrical Engineering-Skopje to the enhancement 

of the national and regional electrical energy and power 

metrology infrastructure will be presented.  
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I. INTRODUCTION 

The electrical energy and power measurements represent a 

very important segment in the trade of electrical energy, and 

they are in the scope of the legal metrology, [1, 2]. The 

insurance of measurement’s accuracy is essential for safe and 

fair electrical energy delivery and trade. In R. Macedonia the 

coverage of this significant metrology segment is on a 

relatively basic level in comparison to the international state 

of the art, [2]. For the purpose of compliance to the 

international standards in this area, currently a procedure for 

establishment of national standard for electrical energy and 

power is in phase of implementation, [3, 4]. The national 

standard will enable calibration of secondary power and 

energy standards with accuracy up to class 0,01.  

In this paper a comparison and review of the current state of 

the art at three levels, international, regional and national, of 

the best measurement and calibration capabilities will be 

conducted. This survey is necessary for further planning and 

development of the metrology infrastructure, especially at 

national and regional level, in the field of electrical energy 

and power as well as for an official proclamation of national 

standard for electrical energy and power, [4, 5]. The analysis 

can be conducted for different physical quantity ranges, but 

the main accent in this contribution will be on the best 

measurement and calibration capabilities of single phase 

active, reactive and apparent electrical power up to 400 Hz 

frequency range, [5]. The Laboratory of Electrical 

Measurements (LEM) at the Faculty of Electrical Engineering 

and Information Technologies (FEIT) at the Ss. Cyril and 

Methodius University in Skopje comprises the laboratory for 

calibration of electromagnetic quantities and owns a reference 

standard for electrical energy and power ZERA COM3003 

with accuracy class 0,01. The LEM is an already accredited 

calibration laboratory for electromagnetic quantities, 

including a certain scope of electrical energy and power, 

according to the international standard ISO 17205:2005, [6], 

by the Institute of Accreditation of R. Macedonia (IARM).  

In this paper the methodology for introduction of the ZERA 

COM3003 standard, [7], as potential national standard in R. 

Macedonia (the top of the metrology pyramid in the field of 

electrical energy and power), through the chain of hierarchy 

calibrations of secondary standards of energy and power will 

be elaborated. This will contribute to the development of the 

metrology infrastructure in the field of electrical energy and 

power at national as well as at regional level.  

II. SURVEY OF THE CURRENT STATE OF THE ART 

The survey of the current state of the art in the field of 

metrology of electrical energy and power is conducted at three 

levels: national, regional (South-East Europe) and 

international. The main source is the official database of the 

International Bureau of Weights and Measures (BIPM) of the 

calibration and measurement capabilities (CMC) [5]. The 

coverage factor of the expanded measurement uncertainty is 

k=2 for level of confidence 95%. 

A. Best Measurement and Calibration Capabilities-

International Level 

 
Fig. 1. Comparison of the best CMCs of the largest NMIs of active 

electrical power for frequencies up to 400 Hz. 
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TABLE I 

COMPARISON OF THE BEST MEASUREMENT AND CALIBRATION CAPABILITIES FOR AC POWER AND ENERGY: SINGLE PHASE (FREQUENCY <= 400 

HZ), ACTIVE POWER OF THE NATIONAL METROLOGY INSTITUTES AT INTERNATIONAL LEVEL

  

Measurand Level or Range 
Measurement 

Conditions/Independent Variable 
Expanded Uncertainty 

  

M
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d
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f 
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n
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n
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V
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U
n

it
s 

C
o

v
er

ag
e 

F
ac
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r 

L
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f 

C
o

n
fi

d
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USA 

NIST (National 

Institute of Standards 

and Technology 

Comparison 

  

  

  

0 60 kW Voltage 60 V to 600 V 35 μW/VA 2 95% 

   Current 0.1 A to 100      

   Phase shift all      

      Frequency 50 Hz to 400         

UK 

NPL (National 

Physical Laboratory) 

Digital sampling 

  

  

  

0 130 kW Voltage 1 V to 1000 V 28-40 μW/VA 2 95% 

   Current 2 mA to 100      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 50 Hz to 400         

France  

LNE (Laboratoire 

national de 

métrologie et 

d'essais) 

Direct comparison 

  

  

  

0 60 kW Voltage 60 V to 600 V 40 to 70 μW/VA 2 95% 

   Current 0.05 A to 100      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 45 Hz to 65         

Germany  

PTB (Physikalisch-

Technische 

Bundesanstalt) 

Direct comparison 

  

  

  

0 76,8 kW Voltage 30 V to 480 V 
10 to 

140 
μW/VA 2 95% 

   Current 0.005 A to 160      

   Phase shift -180 to 180      

      Frequency 16.7 Hz to 400         

Netherlands  

VSL 
Direct comparison 

  

  

  

0 1,2 kW Voltage 120 V and 240 V 20 μW/VA 2 95% 

   Current 1 A and 5 A      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 45 Hz to 65 Hz         

Italy 

INRIM (Istituto 

Nazionale di Ricerca 

Metrologica) 

Comparison with 

reference standard 

0 30 kW Voltage 1 V to 600 V 80 μW/VA 2 95% 

   Current 0.05 A to 50 A      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 50 Hz, 60 Hz         

Japan 

NMIJ (National 

Metrology Institute of 

Japan) and JEMIC 

Direct comparison 

  

  

  

0 0,6 kW Voltage 
100 V, 110 V,  

120 V 
23 to 28 μW/VA 2 95% 

   Current 5 A      

   Phase shift 1 to 0 L/C      

      Frequency 50 Hz, 60 Hz         

China 

NIM (National 

Institute of 

metrology) 

Direct comparison 

  

  

  

0 40 kW Voltage 50 V to 400 V 40 μW/VA 2 95% 

   Current 0.5 A to 100 A      

   Phase shift 

0.0 lead and lag, 

0.5 lead and lag, 

0.866 lead and lag, 

1.0 

     

      Frequency 45 Hz to 65 Hz         

South Korea 

KRISS (Korea 

Research Institute of 

Standards and 

Science 

Direct comparison 

  

  

  

1,5 12 kW Voltage 60 V to 240 V 
50 to 

100 
μW/VA 2 95% 

   Current /      

   Phase shift 0.25 to 1      

      Frequency 45 Hz to 65         

Russian Federation 

VNIIM (D.I. 

Mendeleyev Institute 

for Metrology, 

Rosstandard) 

Direct comparison 

  

  

  

0,25 20 kW Voltage 50 V to 400 V 100 μW/VA 2 95% 

   Current 0.01 A to 50      

   Phase shift 1.0 i/c to 0.5 i/c      

      Frequency 45 Hz to 55 Hz         



 

A comparison of the best measurement and calibration 

capabilities of the largest national metrology institutes (NMIs) 

in the field of single phase electrical power up to 400 Hz 

frequency is made, [5]. The voltage ranges are from 0 to 200 

kV, electrical current from 0 to 2000 A, the power factor cosφ 

is from 0 to 1 capacitive and inductive load. The comparison 

is displayed in Table 1.   

The lowest measurement uncertainty of ±10 μW/VA of 

active electrical power at cosφ=1 is declared by PTB-

Germany. However, the highest uncertainty among the largest 

NMIs is of ±100 μW/VA, as displayed in Figure 1. 

 Additionally, the lowest measurement uncertainty of ±20 

μW/VA of electrical power at cosφ=0 (reactive power) is 

declared by VSL-Netherlands. 

 

B. Best Measurement and Calibration Capabilities-Regional 

Level in South-East Europe 

In some of the countries in South-East Europe (SEE) the 

measurements and calibrations in the field of electrical energy 

and power are present, [5], because they a significant pillar in 

the legal metrology system.  

The metrology infrastructure, in the field of energy and 

power, demands allocation of high and expensive resources 

(facilities, equipment, development of measurement methods 

and personnel training), [2, 4, 6]. Therefore, the investments 

and the development plans in this field must be optimized 

according to the national as well as regional needs of the 

economy.   

TABLE II 

COMPARISON OF THE BEST MEASUREMENT AND CALIBRATION CAPABILITIES FOR AC POWER AND ENERGY: SINGLE PHASE (FREQUENCY <= 400 

HZ), ACTIVE POWER OF THE NATIONAL METROLOGY INSTITUTES IN SOUTH-EAST EUROPE 

  

Measurand Level or Range 

Measurement 

Conditions/Independent 

Variable 

Expanded Uncertainty 
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Slovenia MIRS/SIQ/ 

Metrology 

(MIRS/Slovenian 

Institute of Quality 

and Metrology) 

Direct 

voltage 

sampling 

0 35 kW Voltage 0.1 V to 700 V 25 to 800 μW/VA 2 95% 

   Current 1 mA to 50 A      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 45 Hz to 65 Hz         

Serbia  

DMDM (Directorate 

of Measures and 

Precious Metals) 

Direct 

comparison 

or sampling 

method 

0 48 kW Voltage 4 V to 700 V 30 to 129 μW/VA 2 95% 

   Current 0.05 A to 100 A      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 16 Hz to 400 Hz         

Turkey  

UME (TÜBİTAK 

Ulusal Metroloji 

Enstitüsü) 

Direct 

comparison 

0 60 kW Voltage 30 V to 500 V 100 μW/VA 2 95% 

   Current 0.01 A to 120      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 45 Hz to 65         

Bulgaria  

BIM (Bulgarian 

Institute of 

Metrology) 

Direct 

comparison 

0 48 kW Voltage 10 V to 480 V 16 to 150 μW/VA 2 95% 

   Current 0.002 A to 100 A      

   Phase shift 1 to 0, inductive or capacitive    

      Frequency 46 Hz to 65         

Greece  

EIM (Hellenic 

Institute of 

Metrology) 

Direct 

comparison 

0,075 1,2 kW Voltage 60 V to 240 V 150 μW/VA 2 95% 

   Current 5 mA to 5 A      

   Phase shift 1 to 0.25, inductive or capacitive    

      Frequency 53 Hz         

Romania  

INM (National 

Institute of 

Metrology) 

Direct 

comparison 

0,15 57,6 kW Voltage 60 V to 480 V 100 to 380 μW/VA 2 95% 

   Current 0.005 A to 120 A      

   Phase shift 0.5 i to 1 to 0.5 c      

      Frequency 50 Hz         

 

So, for the purposes of creation of proper and optimal 

development strategy, a survey of the current state of the art in 

the area of measurements and calibrations of electrical energy 

and power in most of the SEE countries, is conducted, [5]. A 

comparison of the best CMCs of the SEE national metrology 

institutes (NMIs) in the field of single phase electrical power 

up to 400 Hz frequency is made, [5]. The voltage ranges are 

from 0 to 700 V, electrical current from 0 to 120 A, the power 

factor cosφ is from 0 до 1 capacitive and inductive load. The 

comparison is shown in Table 2. The lowest measurement 



uncertainty of ±16 μW/VA of active electrical power at 

cosφ=1, is declared by BIM-Bulgaria. The highest uncertainty 

among the SEE NMIs is ±150 μW/VA, as shown in Figure 2. 
 

 

 Fig. 2. Comparison of the best CMCs of the SEE NMIs of active 

electrical power for frequencies up to 400 Hz. 

 

 The other countries in the South-East Europe (Croatia, 

Bosnia and Herzegovina, Montenegro, Macedonia and 

Albania) have no CMC in the BIPM database in the field of 

AC electrical power and energy, [5]. It can be concluded that 

in the region of South-East Europe there are opportunities for 

further development of the metrology infrastructure in the 

field of electrical energy and power. However, this 

development must be planned and well adjusted to the 

regional and national measurement and calibration needs. 

III. CONTRIBUTION TO THE DEVELOPMENT OF 

NATIONAL METROLOGY SYSTEM FOR ELECTRICAL 

ENERGY AND POWER IN R. MACEDONIA 

 

Fig. 3. Proposal-scheme of national metrology infrastructure in 

electrical energy and power in R. Macedonia. 

 

The current state and the importance of the measurements 

of electrical energy for billing and other purposes requires 

measures for upgrading of the Macedonian system of legal 

and industrial metrology for electrical energy. The procedure 

for establishment of a national standard of electrical energy 

and national laboratory for electrical energy, as well as 

traceability of the electrical energy measurements has already 

started. Namely, the Laboratory for Electrical Measurements 

(LEM) at FEIT has accomplished the accreditation in 

compliance to the international standard ISO 17025, [6] 

according to the legal conditions, of [3, 4]. The proposed 

scheme for practicing the legal metrology and establishing of 

the traceability chain in the measurements of electrical energy 

in R. Macedonia is given in Figure 3. The LEM owns a 

reference standard for electrical energy and power ZERA 

COM3003 with accuracy class 0,01, [7]. LEM is accredited 

with a scope in electrical energy and power as in Table III. 

TABLE III 

SCOPE OF ACCREDITATION OF LEM IN ELECTRICAL ENERGY AND POWER  

 Ranges Rel. exp. uncertainty 

at k=2, P=95% 

AC 

Power 

Voltage: 70, 140, 280, 560 V  ±0,2% 
Current: 0,5, 6, 20, 120 A ±0,2% 
Power ±0,4% 

AC 

Energy 

Voltage: 70, 140, 280, 560 V ±0,2% 
Current: 0,5, 6, 20, 120 A, ±0,2% 
Time ±0,05% 
Energy ±0,4% 

IV. CONCLUSION 

In this paper a survey of the current state of the art in the 

field of metrology of electrical energy and power at 

international, regional and national level is made as a basis for 

metrology infrastructure development planning. The 

proclamation of the LEM’s ZERA COM3003 electrical 

energy comparator as a national standard will significantly fill 

the gap in the electrical energy/power legal metrology system 

and will upgrade the regional metrology landscape as well. 
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Abstract – The current paper discusses the analysis of the 

noise parameters of quad sensor structure of linear 

accelerometers in comparison to the same parameters of 

the single sensors. It is shown that the digital signal 

processing allows decreasing the main noise parameters 

(random walk, quantization noise and bias instability) of 

the quad sensor structure in comparison to the same 

parameters of the single sensors. This allows increasing 

the accuracy of the inertial navigation systems which are 

integrated to obtain the vehicle’s position, velocity and 

attitude.  
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INTRODUCTION 

Velocity random walk is the additive white noise 

component on the MEMS sensor output. The sensor noises, 

bias variations, drifts and scale factor instabilities are the main 

error sources which cause the accuracy degradation of the 

modern navigation systems especially based on low cost 

MEMS inertial sensors. The power spectrum density (PSD) is 

one of the commonly used for the investigation of sensors’ 

stochastic process. PSD is a frequency-domain approach for 

modeling noise. The Allan variance (AV) method also may be 

used to determine the characteristics of the underlying random 

processes that give rise to the data noise. The Allan variance 

is a method of representing the root mean square (RMS) 

random-drift errors as a function of averaging times. Because 

of the close analogies to inertial sensors, this method has been 

adapted to random-drift characterization of a variety of 

devices. The AV method is straightforward and simple for 

calculation in comparison with other stochastic modeling 

methods, such as the autocorrelation method, which needs 

very long term static data. In this paper, this technique is used 

to characterize various types of noise terms in different 

inertial-sensor data. 

The Allan variance is a time-domain-analysis technique 

originally developed in the mid-1960s to study the frequency 

stability of precision oscillators [1]. Due of the close analogies 

to inertial sensors, this method has been adapted to random-

drift characterization of a variety of devices [2]–[5]. The most 

attractive feature of AV is its ability to sort out various noise 

components by the slopes on the root AV (Allan deviation) 

plot provided the different noise mechanisms are reasonably 

separated in the frequency and time domain [6]-[7]. 
The current paper discusses the noise parameters of the 

quad sensor structure, build by four identical digital output 

inertial sensors with synchronization inputs and 

microcontroller to compare the error values according to the 

single sensor.  

SYSTEM DESCRIPTION 

The inertial measurement systems consists of four identical 

MEMS inertial sensors MPU-6000 [8], which are placed in 

such way that each two sensors have one common axis and 

two opposite axes (Figure 1) [9]. One of the most important 

special feature of the selected MEMS sensors is the FSYNC 

(Frame synchronization) input, which may be used to start the 

measurement process. The system synchronization is carried 

out by the multiple output clock generator. It is based on the 

Ultra-low Jitter LVCMOS Fanout Buffer/Level Translator 

LMK00105 [10]. The low noise VCMOS fanout buffer may 

distribute 5 ultra low jitter clocks from a differential, single 

ended or crystal input. The four of these 5 clocks are used in 

the quad sensor structure and the fifth one is connected to the 

microcontroller clock input. The four sensors are divided to 

two sections which are connected to two independent I
2
C 

interface of the microcontroller. This allows reading the 

inertial data from two sensors simultaneously and reducing 

the measurement time. The inertial data are transferred to PC 

via RS232 interface and may be analyzed later. 

 

 
Figure 1. Measurement system design 
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EXPERIMENTAL RESULTS 

The inertial data are sampled in the synchronous mode, 

which is based on the simultaneous sampling of the inertial 

data of all four sensors. This mode is realized by a 

simultaneous activation of the FSYNC inputs of the sensors 

due to the circumstance that all FSYNC inputs are connected 

to one port of the microcontroller. The experimental data are 

obtained and processed in the MATLAB environment. The 

sensor update time is set to 1 kHz (accelerometers and 

gyroscopes) while the sampling frequency is set to 100Hz due 

to the limited time to transfer the inertial data to PC via 

RS232 interface. The system reads the XYZ linear and 

angular accelerations (12 bytes) and temperature (2 bytes) 

from each sensor and sends the data to PC. The data from the 

sensor couples (sensor #1 and #3) and (sensor #2 and #4) are 

read simultaneously because the couples are connected to the 

different hardware implemented I
2
C interfaces. The total 

amount of transferred data is equal to 57 bytes per one time 

sample (4 sensors multiplied by 14 bytes per sensor plus 1 

SYNC byte). The measurement time is set to 2 hours. 

The resulting accelerations of the quad sensor structure are 

calculated according to the equations: 
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where ax, ay, az – acceleration of the structure 

           gx, gy, gz – earth acceleration 

           ai – bias of the i-th sensor 

 
ТABLE 1. Allan variance for X axis for single sensors  

and quad sensor structure 

X acceleration 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

1,18.10-3 

1,09.10-3 

1,58.10-3 

1,43.10-3 

2,1.10-4 0 2/ sm   

Acceleration 

random 

walk

( )3σ=K  

1.10-4 

- 

1,2.10-4 

- 

- +1/2 
s

m/s 
2

  

Velocity 

random walk 

( )1σ=N  

7,0.10-3
 

7,0.10-3
 

7,5.10-3 

7,1.10-3 

3,8.10-3 -1/2 
s

m/s 
  

 

ТABLE 2. Allan variance for Y axis for single sensors  

and quad sensor structure 

Y acceleration 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

9,03.10-4 

6,17.10-4 

9,03.10-4 

1,05.10-3 

2,93.10-4 0 2/ sm   

Acceleration 

random 

walk

( )3σ=K  

6.10-5 

- 

8.10-5 

- 

- +1/2 
s

m/s 
2

  

Velocity 

random walk 

( )1σ=N  

7,5.10-3
 

7,0.10-3
 

6,9.10-3 

7,0.10-3 

3,8.10-3 -1/2 
s

m/s 
  

 
ТABLE 3.  Allan variance for Z axis for single sensors  

and quad sensor structure 

Z acceleration 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

3,01.10-3 

2,25.10-3 

3,76.10-3 

3.16.10-3 

1,28.10-3 0 2/ sm   

Acceleration 

random 

walk

( )3σ=K  

8,5.10-4 

- 

9,0.10-4 

6,0.10-4 

2,2.10-4 +1/2 
s

m/s 
2

  

Velocity 

random walk 

( )1σ=N  

9,5.10-3
 

9,5.10-3
 

1,0.10-2 

9,5.10-3 

5,1.10-3 -1/2 
s

m/s 
  

 

 The AV parameters are calculated for each axis 

acceleration of the single sensor and the resulting acceleration 

for the quad sensor structure according to the equation (1) and 

the results are shown at Table 1, Table 2 and Table 3 for the 

X, Y and Z linear acceleration respectively. It is clearly 

visible that all values of the quad sensor structure are lower 

than the corresponding noise parameter of the single sensor. 

The bias value theoretically may be reduced to zero according 

to the equation (1) because the bias values are summed with 

the opposite sign of the different values. 
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Figure 2. Allan deviation plot for all axes 

 

The Figure 2 represents the AV plots for all axes of the 

single sensors and the quad sensor structure. The graphics 

shows that the noise components are lower for all values of 

the time cluster. 

CONCLUSION 

The Allan Variance is a simple and efficient method for 

identifying and characterizing different stochastic processes 

and their coefficients. It is shown by this method that the quad 

sensor structure is distinguished with better noise parameters 

(acceleration random walk, velocity random walk and bias 

instability) in comparison with the single MEMS 

accelerometer. If the structure is manufactured as a single chip 

it may be used in many different applications like free-fall 

detection, precise tracking, kinetic measurements, tilt 

measurements, vehicle vibration monitoring, etc. 
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Abstract – The current paper discusses the analysis of the 

noise parameters of quad sensor structure of angular rate 

sensors in comparison to the same parameters of the single 

sensors. It is shown that the signal processing of quad 

gyroscopes may result to the improved noise parameters 

of the whole structure. The Allan variance method is used 

to calculate the bias instability, rate random walk and 

аngle random walk according to the curve slope. 
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INTRODUCTION 

Inertial sensors, gyroscopes and accelerometers are widely 

applied. The sensor noises, bias variations, drifts and scale 

factor instabilities are the main error sources which cause the 

accuracy degradation of the modern navigation systems 

especially based on low cost MEMS inertial sensors. Two 

main parameters representing the quality of inertial sensors 

are the angle random walk and the bias instability for 

gyroscopes. These two parameters may be obtained by the 

Allan variance (AV) method [1-3] or by power spectral 

density (PSD) [4-6].  

The PSD is the most commonly used representation of the 

spectral decomposition of a time series. It is a powerful tool 

for analyzing or characterizing data and stochastic modeling. 

The PSD, or spectrum analysis, is also better suited for 

analyzing periodic or aperiodic signals than other methods. 

Allan Variance (AV) is a simple and efficient method for 

verifying and modeling these errors by representing the root 

mean square (RMS) random drift error as a function of 

averaging time. The AV can be used to determine the 

characteristics of different random processes. The details of 

the AV and how it is applied to the frequency and time 

metrology can be found in the literatures e.g. [7]. The most 

attractive feature of AV is its ability to sort out various noise 

components by the slopes on the root AV (Allan deviation) 

plot provided the different noise mechanisms are reasonably 

separated in the frequency and time domain 

The current paper discusses the noise parameters of the 

quad sensor structure, build by four identical digital output 

inertial sensors with synchronization inputs and 

microcontroller to compare the error values according to the 

single sensor using AV method.  

SYSTEM DESCRIPTION 

The inertial measurement systems consists of four identical 

MEMS inertial sensors MPU-6000 [8], which are placed in 

such way that each two sensors have one common axis and 

two opposite axes (Figure 1) [9]. The proposed quad sensor 

structure is based on MPU-6000 MEMS sensors which 

combines a 3-axis gyroscope, 3-axis accelerometer, and a 

Digital Motion Processor™ (DMP). One of the most 

important special feature of the selected MEMS sensors is the 

FSYNC (Frame synchronization) input, which may be used to 

start the measurement process. The sync signal connected to 

the FSYNC pin may support image, video and GPS 

synchronization. The system synchronization is carried out by 

the multiple output clock generator. The MPU-6000 inertial 

sensor has external clock inputs of 32.768kHz or 19.2MHz, 

but the first one is too slow to obtain high speed 

measurements. Therefore the 19.2MHz oscillator is connected 

to the crystal oscillator interface of the clock generator. It is 

based on the Ultra-low Jitter LVCMOS Fanout Buffer/Level 

Translator LMK00105 [10] with 5 ultra low jitter clocks from 

a differential, single ended or crystal input. The four of these 5 

clocks are used in the quad sensor structure to ensure the 

sensors synchronization and the fifth one is connected to the 

microcontroller clock input (Figure 1).  

 

 
Figure 1. Measurement system design 
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The synchronous mode is distinguished with simultaneous 

sampling of the signal for all four sensors. This mode is 

realized by a simultaneous activation of the FSYNC inputs of 

the MEMS sensors. This action is possible because all 

FSYNC inputs are connected to the same port (PORTA) of 

the microcontroller and only one instruction is required to set 

all PORTA outputs simultaneously. 

Two of the inertial sensors (Q1 and Q3) are placed on the 

top plate of PCB, while the other pair of the inertial sensors 

(Q2 and Q4) are placed on the bottom plate. The inertial 

sensor pairs (Q1-Q3) and (Q2-Q4) are connected to the 

different hardware based I
2
C based ports of the 

microcontroller type PIC18F25K22 (µC). This allows reading 

the inertial data from two sensor pairs simultaneously. 

EXPERIMENTAL RESULTS 

The experimental data are obtained and processed in the 

MATLAB environment. The sensor update time is set to 1 

kHz (accelerometers and gyroscopes) while the sampling 

frequency is set to 100Hz due to the limited time to transfer 

the inertial data to PC via RS232 interface. The system reads 

the XYZ linear and angular accelerations and temperature (14 

bytes) from each sensor and sends the data to PC. The total 

amount of transferred data is equal to 57 bytes per one time 

sample (4 sensors multiplied by 14 bytes per sensor plus 1 

SYNC byte). The measurement time is set to 2 hours. 

The errors in typical inertial sensors include white noise, 

quantization noise, white rate noise, correlated (Markov) 

random drift, bias instability (1/f or flicker rate), flicker rate 

ramp (ramp instability), and random rate ramp. The AV 

method is used to analyze the bias instability, rate random 

walk and angle random walk of the quad sensor structure and 

the single sensors. 
 

 

ТABLE 1. Allan variance for X axis for single sensor  

and quad sensor structure 

X gyro axis 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

7,22.10-3 

6,47.10-3 

7,37.10-3 

6,32.10-3 

1,65.10-3 0 sdeg/   

Rate random 

walk

( )3σ=K  

1,7.10-3 

9,0.10-4 

- 

1,0.10-3 

1,2.10-4 +1/2 
s

deg/s   

Angle random 

walk  

( )1σ=N  

2,3.10-2
 

2,8.10-2
 

2,2.10-2 

2,4.10-2 

1,2.10-2 -1/2 
s

deg   

ТABLE 2. Allan variance for Y axis for single sensor  

and quad sensor structure 

Y gyro axis 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

7,37.10-3 

8,28.10-3 

6,92.10-3 

8,88.10-3 

2,4.10-3 0 sdeg/   

Rate random 

walk

( )3σ=K  

1,8.10-3 

2,1.10-3 

- 

2,2.10-3 

2,0.10-4 +1/2 
s

deg/s   

Angle random 

walk 

( )1σ=N  

2,2.10-2
 

2,5.10-2
 

2,3.10-2 

2,5.10-2 

1,3.10-2 -1/2 
s

deg   

ТABLE 3.  Allan variance for Z axis for single sensor  

and quad sensor structure 

Z gyro axis 
Curve 

slope 
Units 

Error type 
Sensor #1 

Sensor #2 

Sensor #3 

Sensor #4 

Quad 

sensor 

structure 

  

Bias 

instability 

( )
664.0

0fB
σ

=  

7,22.10-3 

6,92.10-3 

7,22.10-3 

6,32.10-3 

1,65.10-3 0 sdeg/   

Rate random 

walk

( )3σ=K  

1,6.10-3 

1,0.10-3 

1,3.10-3 

1,0.10-3 

1,2.10-4 +1/2 
s

deg/s   

Angle random 

walk 

( )1σ=N  

2,3.10-2
 

2,6.10-2
 

2,2.10-2 

2,5.10-2 

1,2.10-2 -1/2 
s

deg   

 

The resulting angular accelerations of the quad sensor 

structure are calculated according to the equations: 

zqz

yqy

xqx
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+
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4321
,

4321
,

4321
,

,  (1) 

where Gx,q, Gy,q, Gz,q – angular rate of the structure, Gi – bias 

of the i-th sensor, Gx, Gy, Gz – angular rate  



 

The AV parameters are calculated for each axis angular rate 

of the single sensor and the resulting angular rate for the quad 

sensor structure according to the equation (1) and the results 

are shown at Table 1, Table 2 and Table 3 for the X, Y and Z 

angular rate respectively. It is clearly visible that all values of 

the quad sensor structure are lower than the corresponding 

noise parameter of the single sensor. The bias value is also 

less than the single sensor value and theoretically may be 

reduced to zero according to the equation (1) because the bias 

values are summed with the opposite sign of the different 

sensors. 
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Figure 2. Allan deviation plot for all axes 

 

The Figure 2 represents the AV plots for all axes of the single 

sensor and the quad sensor structure. The graphics shows that 

the noise components are lower for all values of the time 

cluster. 

CONCLUSION 

The Allan-variance method presented in this paper allows a 

systematic characterization of the various random errors 

contained in the output data of the inertial sensor. By 

performing a simple operation on the entire length of data, a 

characteristic curve is obtained whose inspection facilitates 

the determination of the different types and magnitude of error 

terms existing in the inertial sensors. 

It is shown by this method that the quad sensor structure is 

distinguished with better noise parameters (rate random walk, 

angle random walk and bias instability) in comparison with 

the single MEMS gyroscopes. If the structure is manufactured 

as a single chip it may be used in many different applications 

like free-fall detection, precise tracking, kinetic 

measurements, tilt measurements, vehicle vibration 

monitoring, etc. 
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Laboratory Performance Studies of WPA IEEE 802.11a 
PTP Links 
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Cláudia F. F. P. Ribeiro Pacheco2, Hugo Veiga3, António D. Reis4

Abstract – The increasing importance of wireless 
communications, involving electronic devices, has been widely 
recognized. Performance is a crucial issue, leading to more 
reliable and efficient communications. Security is also critically 
important. Laboratory performance measurements are 
presented for Wi-Fi IEEE 802.11 a WPA point-to-point links. 
Our study contributes to performance evaluation of this 
technology under WPA encryption, using available equipments 
(HP V-M200 access points and Linksys WPC600N adapters). 
New detailed results are presented and discussed, namely at OSI 
levels 4 and 7, from TCP, UDP and FTP experiments: TCP 
throughput, jitter, percentage datagram loss and FTP transfer 
rate. Comparisons are made to corresponding results of Open 
point-to-point links. Conclusions are drawn about the 
comparative performance of the links. 

 
Keywords – Wi-Fi, WLAN, IEEE 802.11a, WPA Point-to-Point 

Links, Wireless Network Laboratory Performance.  
 

I. INTRODUCTION 

The development of wireless communications technologies, 
e.g. Wi-Fi and FSO, has been possible using electromagnetic 
waves in several frequency intervals, propagating in the air. 
Their importance and utilization have been increasing.  

Wi-Fi uses microwaves. It is an important and versatile 
technology that gives mobility and favorable prices. Wi-Fi has 
been increasing used for complementing wired networks. 
Although it can be used in ad-hoc, its main use is in 
infrastructure mode. Here an access point, AP, permits 
communications of Wi-Fi electronic devices with a wired 
based LAN through a switch/router, resulting in a WLAN, 
based on the AP. Wi-Fi has reached the personal home, where 

a WPAN allows personal devices to communicate. Point-to-
point (PTP) and point-to-multipoint (PTMP) setups are used 
both indoors and outdoors, with specific directional and 
omnidirectional antennas. PTP and PTMP links use 
microwaves in the 2.4 and 5 GHz frequency bands and IEEE 
802.11a, b, g, n standards [1]. The 2.4 GHz band has been 
intensively used and is having increasing interferences. The 5 
GHz band overcomes this problem, however, absorption is 
higher and ranges diminish. 

Specifications permit nominal transfer rates up to 11 
(802.11b), 54 Mbps (802.11 a, g) and 600 Mbps (802.11n). 
The medium access control is CSMA/CA. Studies were 
published on wireless communications, wave propagation 
[2,3], practical implementations of WLANs [4], performance 
analysis of the effective transfer rate for 802.11b PTP links 
[5], 802.11b performance in crowded indoor environments 
[6]. 

Performance has been a very important criterion to evaluate 
communications quality, resulting in more reliable and 
efficient communications. In comparison to traditional 
applications, new telematic applications are specially sensitive 
to performances. Requirements have been pointed out [7]. 

Wi-Fi security is essential. However, as microwave radio 
waves propagate in the air, they can be very easily captured. 
WEP was initially intended to provide security like that of a 
wired LAN. In spite of its weaknesses, WEP is still widely 
used in Wi-Fi networks for security reasons, mainly in point-
to-point links. More advanced and reliable security methods 
exist to provide authentication e.g., by increasing security 
order, WPA and WPA2. WPA implements the majority of the 
IEEE 802.11i standard [1]. It includes a message integrity 
check, replacing the CRC used in WEP. 

Several performance measurements have been made for 2.4 
and 5 GHz Wi-Fi open [8,9], WEP [10,11] and WPA links 
[12], as well as very high speed FSO [13]. In the present work 
new Wi-Fi (IEEE 802.11 a) results arise, using WPA links, 
namely through OSI levels 4 and 7. Performance is evaluated 
through laboratory measurements of WPA PTP links, using 
available equipments. Comparisons are made to 
corresponding results obtained for Open PTP links. 

The rest of the paper is structured as follows: Section II 
presents the experimental details i.e. the measurement setup 
and procedure. Results and discussion are presented in Section 
III. Conclusions are drawn in Section IV. 

II. EXPERIMENTAL DETAILS 

The measurements used a HP V-M200 access point [14], 
with three external dual-band 3x3 MIMO antennas, IEEE 
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802.11 a/b/g/n, software version 5.4.1.0-01-16481 and a 100-
Base-TX/10-Base-T Allied Telesis AT-8000S/16 level 2 
switch [15]. Two out of three PCs were used having a 
PCMCIA IEEE.802.11 a/b/g/n Linksys WPC600N wireless 
adapter with three internal antennas [16], to enable PTMP 
(two-node) links to the access point. In every type of 
experiment, interference free communication channels were 
used (ch 8 for 802.11 b, g). This was checked through a 
portable computer, equipped with a Wi-Fi 802.11 a/b/g/n 
adapter, running Acrylic WiFi software [17]. WPA encryption 
was activated in the AP and the wireless adapters of the PCs 
with a key composed of twenty six hexadecimal characters.. 
The experiments were made under far-field conditions. No 
power levels above 30 mW (15 dBm) were required, as the 
wireless equipments were close. 

A laboratory setup has been planned and implemented for 
the measurements, as shown in Fig. 1. It can involve up to 
three wireless links to the AP. At OSI level 4, measurements 
were made for TCP connections and UDP communications 
using Iperf software [18]. For a TCP connection, TCP 
throughput was obtained. For a UDP communication with a 
given bandwidth parameter, UDP throughput, jitter and 
percentage loss of datagrams were determined. 
Parameterizations of TCP packets, UDP datagrams and 
window size were as in [10]. One PC, with IP 192.168.0.2 
was the Iperf server and the others, with IP 192.168.0.6, and 
192.168.0.50 could be the Iperf clients. Jitter, representing the 
smooth mean of differences between consecutive transit 
times, was continuously computed by the server, as specified 
by the real time protocol RTP, in RFC 1889 [19]. The scheme 
of Fig. 1 was also used for FTP measurements, where FTP 
server and client applications were installed in the PCs. 
Another PC, with IP 192.168.0.20, was used to control the 
settings in the AP. The laboratory setup permitted three types 
of experiments to be made: PTP, using the client1 and the 
control PC as server; PTMP, using the client1 and the 
192.168.0.2 PC as server; 4N-PTMP, using simultaneous 
connections/communications between the two clients and the 
192.168.0.2 PC as server.  

The scheme of Fig. 1 was also used for FTP measurements, 
where FTP server and client applications were installed in the 
PCs. 

The server and client PCs were HP nx9030 and nx9010 
portable computers, respectively, running Windows XP 
Professional. They were set to optimize the resources 
allocated to the present work. Batch command files have been 
re-written to enable the new TCP, UDP and FTP tests. The 
results were obtained in batch mode and written as data files 
to the client PC disk. Each PC had a second network adapter, 
to permit remote control from the official IP R&D Unit 
network, via switch. 

III. RESULTS AND DISCUSSION 

The PC wireless network adapter were manually 
configured, for IEEE 802.11 a, with typical nominal transfer 
rates (6, 9, 12, 18, 24, 36, 48, 54 Mbps).  For every fixed 
transfer rate, data were obtained for comparison of the 

laboratory performance of WPA and Open PTP links at OSI 
layers 1 (physical layer), 4 (transport layer) and 7 (application 
layer) using the setup of Fig. 1. For each standard and every 
nominal fixed transfer rate, an average TCP throughput was 
determined from several experiments. This value was used as 
the bandwidth parameter for every corresponding UDP test, 
giving average jitter and average percentage datagram loss.  

At OSI level 1, signal to noise ratios (SNR, in dB) and 
noise levels (N, in dBm) were monitored and typical values 
are shown in Fig. 2. The main average TCP and UDP results 
are summarized in Table I, both for WPA and Open PTP 
links. The statistical analysis, including calculations of 
confidence intervals, was carried out as in [20]. 

In Figs. 3-4 polynomial fits were made to the 802.11 a TCP 
throughput data for WPA and Open PTP links, respectively, 
where R2 is the coefficient of determination. It was found that, 
on average, TCP throughput is slightly better for Open than 
WPA PTP links (Table I). This is due to increase in data 
length due to WPA encryption. In Figs. 5-6, the data points 
representing 802.11 a jitter data for WPA and Open PTP 
links, respectively, were joined by smoothed lines. It was 
found that, on average, the best jitter performances are for 
Open PTP links (Table I). Figs. 5-6 show decreases in jitter 
with increasing nominal transfer rate. In Fig. 7, percentage 
datagram loss data for 802.11 a are shown for WPA PTP 
links. The best performances were found for Open PTP links 
(Table I). 

At OSI level 7 FTP transfer rates were measured versus 
nominal transfer rates configured in the access point and the 
wireless network adapters of the PCs for IEEE 802.11 a, as in 
[10]. The results show the same trends found for TCP 
throughput. 

In comparison to Open links, for WPA links, TCP 
throughput, jitter and percentage datagram loss were found to 
show performance degradations, as data length is increased 
due to encryption. 

 
Fig. 1- Wi-Fi laboratory setup scheme. 



 
Fig. 2- Typical SNR (dB) and N (dBm); WPA. 

 
 

TABLE I 
AVERAGE WI-FI (IEEE 802.11A) RESULTS;  

WPA AND OPEN PTP LINKS.  

Link type WPA Open 

TCP throughput 
(Mbps) 14.6 +- 0.4 15.0 +- 0.5 

UDP-jitter (ms) 2.3 +- 0.2 2.2 +- 0.1 

UDP-% datagram loss 1.9 +- 0.3 1.4 +- 0.1 

 
 

 
Fig. 3- TCP throughput versus technology and nominal transfer rate; 

WPA, PTP. 

 
Fig. 4- TCP throughput versus technology and nominal transfer rate; 

Open, PTP. 

 
Fig. 5- UDP - jitter results versus technology and nominal transfer 

rate; WPA, PTP. 

 
Fig. 6- UDP - jitter results versus technology and nominal transfer 

rate; Open, PTP. 



 
Fig. 7- UDP – percentage datagram loss versus technology and 

nominal transfer rate; WPA, PTP. 

IV. CONCLUSION 

A versatile laboratory setup arrangement has been planned 
and implemented, that permitted systematic performance 
measurements of available wireless equipments (V-M200 
access points from HP and WPC600N adapters from Linksys) 
for Wi-Fi (IEEE 802.11 a) in WPA PTP  links. 

Through OSI layer 4, TCP throughput, jitter and percentage 
datagram loss were measured and compared for each standard 
to corresponding results obtained for Open PTP links. In 
comparison to Open links, TCP throughput, jitter and 
percentage datagram loss were found to show performance 
degradations for WPA links, where data length is increased 
due to encryption. However performance decreases in TCP 
throughput were found to be within the experimental error. 

At OSI layer 7, FTP performance results have shown the 
same trends found for TCP throughput. 

Further performance studies are planned using several 
equipments, topologies, security settings and noise conditions, 
not only in laboratory but also in outdoor environments 
involving, mainly, medium range links. 
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