
167 8

  

  



ELECTROTECHNICA & ELECTRONICA  E+E   
Vol. 51. No 7-8/2016  
Monthly scientific and technical journal  
Published by:  
The Union of Electronics, Electrical Engineering and Telecommunications /CEEC/, BULGARIA 
 

Editor-in-chief: 
Prof. Ivan Yatchev, Bulgaria 

Deputy Editor-in-chief: 
Assoc. Prof. Seferin Mirtchev, Bulgaria 
Editorial Board: 
Prof. Anatoliy Aleksandrov, Bulgaria 
Acad. Prof. Chavdar Rumenin, Bulgaria 
Prof. Christian Magele, Austria 
Prof. Georgi Stoyanov, Bulgaria 
Assoc. Prof. Evdokia Sotirova, Bulgaria 
Prof. Ewen Ritchie, Denmark 
Prof. Hannes Toepfer, Germany 
Dr. Hartmut Brauer, Germany 
Prof. Marin Hristov, Bulgaria 
Prof. Maurizio Repetto, Italy 
Prof. Mihail Antchev, Bulgaria 
Prof. Nikolay Mihailov, Bulgaria 
Prof. Radi Romansky, Bulgaria 
Prof. Rosen Vasilev, Bulgaria 
Prof. Takeshi Tanaka, Japan 
Prof. Ventsislav Valchev, Bulgaria 
Dr. Vladimir Shelyagin, Ukraine 
Acad. Prof. Yuriy I. Yakymenko, Ukraine 
Assoc. Prof. Zahari Zarkov, Bulgaria 
Advisory Board: 
Prof. Dimitar Rachev, Bulgaria 
Prof. Emil Sokolov, Bulgaria 
Prof. Ervin Ferdinandov, Bulgaria 
Corr. Member Prof. Georgi Mladenov, Bulgaria 
Prof. Ivan Dotsinski, Bulgaria 
Assoc. Prof. Ivan Vassilev, Bulgaria 
Assoc. Prof. Ivan Shishkov, Bulgaria 
Prof. Jecho Kostov, Bulgaria 
Prof. Lyudmil Dakovski, Bulgaria 
Prof. Mintcho Mintchev, Bulgaria 
Prof. Nickolay Velchev, Bulgaria 
Assoc. Prof. Petar Popov, Bulgaria 
Prof. Sava Papazov, Bulgaria 
Prof. Rumena Stancheva, Bulgaria 
Prof. Stefan Tabakov, Bulgaria 
Technical editor:   Zahari Zarkov 
Corresponding address: 
108 “Rakovski” str. 
Sofia 1000 
BULGARIA 
Tel. +359 2 987 97 67 
e-mail: epluse@mail.bg 
http://epluse.fnts.bg 
ISSN 0861-4717 

C O N T E N T S 

TELECOMMUNICATIONS SCIENCE 

Seferin T. Mirtchev 
Generalized Erlang-B model in case of state-dependent  
arrival and departure processes 1 

Veselin B. Demirev 
SCP-RPSC  -  the key technology in the next  
generation steerable lines for satellite communications 7 

Milena D. Terzieva 
Overview of bulk acoustic wave technology  
and its applications 15 

COMPUTER SCIENCE 

Anastas N. Nikolov 
Autonomous management issues in Future Internet 24 

ELECTRICAL ENGINEERING 

Hristiyan C. Kanchev, Nikolay L. Hinov 
Study of combined heating and power generation as 
distributed energy resource 31 

Nikola Georgiev  
A model of a three-phase disk type synchronous  
generator with rare earth magnets 38 

Vencislav C. Valchev 
Advantages and applications of nanocrystalline  
magnetic materials 44 



TELECOMMUNICATIONS SCIENCE 

Generalized Erlang-B model in case of state-dependent  
arrival and departure processes 

Seferin T. Mirtchev 

 
In this article, a generalization of the classic full availability multi-server loss system with 

generalized Poisson arrival process and generalized Bernoulli departure process is proposed. The 
generalized full availability loss system has a nonlinear dependence of the arrival and departure 
intensities from the system states, which allow defining different arrival and departure flows with two 
parameters – mean value and variance. For the generalized system, formulas are defined and the state 
probabilities and the time congestion probabilities are calculated and shown graphically. Investigated 
teletraffic system is marked by Kendall notation as - Mg/Mg/n/0/S and it is described by a birth and 
death process. The proposed approach allows with one model to study full availability multi-server 
loss systems with smooth, regular and peaked distribution of the system states. The numerical results 
and experience show that the proposed generalized Erlang-B model has interesting features and it is 
useful for analysis of teletraffic systems. 

Обобщен Ерланг-В модел при зависещи от състоянията процеси на постъпване и 
освобождаване (Сеферин Т. Мирчев). В този доклад се предлага обобщение на класическия 
пълнодостъпен сноп със загуби при обобщен поасонов процес на постъпване и обобщен 
бернулиев процес на освобождаване. Обобщеният пълнодостъпен сноп има нелинейна 
зависимост на интензивностите на постъпване и на освобождаване от състоянието на 
системата, което дава възможност да се задават различни потоци на постъпване и на 
освобождаване с два параметъра - математическо очакване и дисперсия. За обобщената 
система са изведени формули, изчислени са и са показани в графичен вид вероятностите на 
състоянията и вероятностите за загуби по време. Изследваната телетрафична система се 
означава със символичните означения на Кендал по следния начин: Mg/Mg/n/0 и се описва с 
процес на раждане и умиране. Предложеният подход дава възможност с един модел да се 
изследват телетрафични системи със загуби при изгладено, равномерно и неравномерно 
разпределение на състоянията на системата. Числените резултати и натрупания опит 
показват, че предложеният обобщен Ерланг-В модел има интересни характеристики и е 
полезен за анализ на телетрафични системи. 

 

1. Introduction 

One of the most widespread teletraffic distributions 
used in the modeling and design of telecom-
munications networks is exponential. Usually it is 
assumed that the incoming stream of calls is Poisson, 
and that the service time is exponentially distributed. 
In practice, much of modern traffic sources in the 
networks generate peaked traffic that has long term 
dependences. As a result, the models and methods, 
giving an account of traffic flows peakedness, became 
vary important for the study and planning of broad-
band telecommunications networks [1]. 

Variety of models and methods for description of 
random processes in advanced broadband networks is 
developed and analyzed, as it is not possible to pro-
pose a single model describing traffic characteristics 
of all networks. The development of better and more 
appropriate models is a key requirement in the plan-
ning of such networks. In [2] is proposed a model of a 
full availability loss system with retrials based mainly 
on the analysis of traffic sources. For analysis of 
broadband networks with peaked traffic flows can be 
used Pareto distribution, which reflects the long histo-
ry dependencies. 
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The Bernoulli-Poisson-Pascal (BPP) method is 
used to evaluate the congestion probabilities of tel-
etraffic systems associated in case of smooth, regular 
and peaked traffic [3]. By this method the smooth, 
regular and peaked traffic is presented through three 
separate models and there are limits to any smooth 
traffic. The traffic model of Markov Modulated Pois-
son Process (MMPP), which accurately approximates 
internet traffic, is presented in [4]. 

To evaluate the influence of the traffic inflows 
peakedness on the quality of service in broadband 
networks it is suggested to use a nonlinear dependence 
of the arrival and departure intensity from the system 
states. The aim of this article is to generalize the clas-
sic full availability loss system by generalized Poisson 
arrival process and generalized Bernoulli departure 
process through a nonlinear dependence of the arrival 
and departure intensities from the system states. 

2. Full availability multi-server loss system 

Various models of full availability loss systems 
with identical servers were tested and analyzed for 
decades [5]. The calculation of the congestion proba-
bility and its minimizing is a difficult task. The most 
famous classical model of loss system M/M/n/0 has 
been studied for the first time in Erlang (1917). He 
obtained the following formula (Erlang-B formula) for 
the loss probability 

(1)       
 =

=
n

0i

i

n

!iA

!nA
B , 

where A = λτ  is offered traffic,  
n  is the number of the servers. 

1/λ and τ are respectively the average length of 
time between the moments of arrivals and the average 
service time, both of which are exponentially distrib-
uted. This formula is known as the first or Erlang-B 
formula. 

Palm (1943) is investigated the system Gi/M/n/0 
with general distributing independent interval time. 
He is analyzed the lost calls flow and calculated the 
probability of losses in the system as follows 

(2)       , 

where ci are constants calculated in the following way 

(3)        

where ϕ is the Laplace-Stiltes transformation of the 
intervals between moments of arrival. 

Visual evidence of formula 3 is made by Takacs 
(1957) by using the method of finite difference equa-
tions. 

The full availability multi-server loss systems 
GI/M/m/0 is a model with special attention. It is 
known as a good model for telephone systems and is 
the subject of study for many decades. It is investigat-
ed intensively multi-server loss systems with repeated 
attempts and retrials in connection with the analysis of 
call centers and cellular networks. Recently, it is focus 
on nonstationary multi-server loss systems and of such 
systems with heterogeneous servers [6, 7].  

In [8] it is studied multi-server loss system 
GI/M/m/0 at heterogeneous services. The first formula 
of Erlang in state dependant arrival intensity is sum-
marized in [9]. In [10] it is proposed generalization of 
the Erlang-B formula by the Polya distribution. 

In [11] it is investigated a queueing network of 
multi-server loss systems by analyzing individual 
queue with GI/G/s/0 system. It is using approxima-
tions to obtain the state probabilities of the system. 

Despite the large number of studies in the literature 
on the loss system GI/G/c/0 simple expression for the 
state probabilities has not been received. 

3. Generalized Erlang-B model description 

According to the Kendall notation the studied tel-
etraffic systems recorded symbolically as 
Mg/Mg/n/0/S. It represents full availability multi-
server loss system with generalized Poisson arrival 
process Mg, generalized Bernoulli departure process 
Mg, number of servers n, waiting position 0 and num-
ber of sources S (S>n). 

This multi-server loss system with generalized 
arrival and departure processes, which can be smooth, 
regular and peaked, is a birth and death process with 
nonlinear dependence of the arrival and departure 
intensities from the system states. It is possible to use 
the general solution of the birth and death processes 
for calculation of the states probabilities of the gener-
alized multi-server loss system. 

Let's look at one full availability loss system with n 
number of servers and generalized arrival and depar-
ture processes for which λ is the arrival intensity when 
the system is empty, p is an parameter – peakedness 
factor, characterizing the nonlinear dependence of 
generalized Poisson arrival flow from the system stats, 
μ is the service intensity when only one server is busy 
and q is an parameter - peakedness factor, characteriz-
ing the nonlinear dependence of generalized Bernoulli 
departure process from the system stats (fig.1). The 
investigated multi-server loss system with generalized 
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arrival and departure processes is described by follow-
ing arrival and departure intensities 

(4)      
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Fig.1. Generalized multi-server loss system - 

M(g)/M(g)/n/0/S. 

The generalized Poisson arrival processes are said 
to be peaked, regular or smooth according to whether 
peakedness factor p >1, p =1 or p <1, respectively. 
The generalized Bernoulli departure processes are said 
to be peaked, regular or smooth according to whether 
peakedness factor q >1, q =1 or q <1, respectively. 

The finite state-transition diagram of the investi-
gated multi-server loss system with generalized arrival 
and service rates is shown in Fig.2. 

The arrival λk and service μk intensities depend on 
the system states by the peakedness factors p and q 
respectively. This teletraffic system always has sta-
tionary behavior. 

4. Generalized first Erlang distribution 

Applying the presented coefficients for the general 
solution of the birth and death process and using traf-

fic intensity when the system is empty a = λ/μ we 
obtain the steady state probabilities of the generalized 
first Erlang distribution 
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The state probabilities are described by generalized 
first Erlang distribution, which is generalized truncat-
ed Poisson distribution. When the peakedness factors, 
defined the peakedness of the arrival and service pro-
cesses, are equal to one p = q = 1, we get the first 
discrete Erlang distribution. 

After calculating the states probabilities it can easy 
calculate the mean value and the variance of the num-
ber of busy servers by formulas for their definition.  

The offered traffic is calculated using the average 
arrival intensity λ and the mean service intensity μ  
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The carried traffic is equal to the average number 
of simultaneous calls in the system 

(9)      
=

=
n

0k
kc PkA , 

The time congestion probability Bt describes the 
fraction of time that all n servers of the loss system are 
busy  

(10)      nt P)n,q,p,a(B =  , 

We assume that traffic flow is generated by a finite 
number of sources S. Usually in practice, S >> n. We 
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Fig.2. A state-transition diagram – M(g)/M(g)/n/o/S system. 
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assume that each source has a server. Then this system 
is ideal (without losses and delays). The offered traffic 
is equal to the carried and it is called intended traffic 
Ai. For the ideal system the states probabilities are 
determined analogous to the formula (5) 

(11)      ( ) Sk0
)!i(a

)!k(a
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S
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k ≤≤=
 =
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The intended traffic is the equilibrium number of 
busy servers 

(12)      Erl,'PjA j
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The variance of the intended traffic is 

(13)      
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The peakedness of the intended traffic is the vari-
ance to mean ratio 

(14)      
i

i

A

)A(V
z =  , 

It is necessary to define the traffic intensity a (by λ 
- arrival intensity when the system is empty and μ - 
service intensity when only one server is busy) and the 
peakedness factors p and q for calculation of the state 
probabilities by formula (5). Then it is easy to calcu-
late the average arrival and service intensities λ (7) 
and μ  (8) and to determine the offered traffic A by 
formula (6). In many cases from the practical point of 
view it is better to define the offered traffic and then 
analyze the system. For evaluation of the generalized 
Erlang-B model it is possible to define the intended 
traffic Ai and the peakedness factors p and q and then 
to calculate the traffic intensity a by the method of 
successive approximations. To calculate the intended 
traffic, it is necessary to define a finite number of 
sources S. 

5. Numerical results  

To obtain numerical results and to present them in 
graphical form it is written a computer program on a 
personal computer. The proposed method for evalua-
tion of the multi-server loss systems has been tested 
on a computer over a wide range of arguments. 

Figure 3 shows the state probabilities Pi of the 
generalized first Erlang distribution with different 

values of the equal peakedness factors p = q when the 
number of the sources is 200 and the intended traffic 
is 15 Erl. It is seen that the larger values of the 
peakedness factors (greater variances) lead to the 
greater values of the probabilities, which are removed 
from the mean value, which is equal to 15. 

On Figure 4 it is presented the dependence of the 
time congestion probability Bt from the intended traf-
fic on one server Ai/n when the number of the sources 
is 200, the number of the servers is 20 and different 
values of the equal peakedness factors p = q. 

The figure shows that when the intended traffic is 
10 Erl (intended traffic per server is 0.5 Erl) the time 
congestion probability increase by more than an order 
of magnitude by changing the peakedness factors from 
0.8 to 1.2 (change the generalized Poisson arrival and 
Bernoulli departure processes from smooth to 
peaked). 

6. Conclusion 

In this article it is made a generalization of the Er-
lang-B formula. It is proposed a method for analyzing 
generalized full availability multi-server loss system 
with generalized Poisson arrival and Bernoulli depar-
ture processes through a nonlinear dependence of the 
arrival and departure intensities from the system 
states. The proposed method allows with a single 
model to define peaked, regular or smooth arrival 
processes and also peaked, regular or smooth depar-
ture processes. The presented numerical results and 
the subsequent experience showed that this method is 
accurate and useful for analysis of teletraffic systems. 

There are differences between presented results 
and calculated losses by the method of Equivalent 
Random Theory - ERT and the method by Bernoulli-
Poisson-Pascal - BPP. The ERT model uses equiva-
lent traffic as a generator of peaked overflow traffic, 
which is a part of the Poisson distribution. The BPP 
model uses linear dependence of the arrival intensity 
from the system states. 

An important advantage of the presented results of 
full availability multi-server loss system with general-
ized Poisson arrival and Bernoulli departure processes 
comes from the ability to describe behaviors into more 
complex real queueing systems. In this case, only with 
one generalized model is describing the behavior of 
the real teletraffic systems, which is useful in the de-
sign of telecommunications networks and systems. 
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Fig. 3. State probabilities of the generalized first Erlang distribution for the system Mg/Mg/S/0/S. 

 
Fig. 4. Changing the time congestion probabilities at different values of the peakedness factors  

for the system Mg/Mg/S/0/S. 
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SCP-RPSC  -  the key technology in the next generation  
steerable lines for satellite communications 

Veselin B. Demirev 

 

A retrospective review of the author research, dealing with possible applications of SCP-RPSC 
technology in the next generation steerable lines for satellite communications, is given in this report. 
The analysis  shows that there is very wide area of different SCP-RPSC applications in satellite 
communications where it is necessary: to direct a narrow beam over a sector angle and give coverage 
like a sector antenna; to obtain high antenna gain and thus to reduce power and amplification 
requirements on radios; to narrow the antenna beam width in order to reduce multipath propagation 
problems; to create complex and dynamically re-configurable radio networks exhibiting high 
spectrum efficiency; to reuse the frequencies and timeslots in different directions; to obtain secure and 
reliable satellite communications, resistive to the enemy active jamming, as well as to use “multiple 
spot beams” approach from unstable or mobile communication platforms at microwaves. 

SCP-RPSC – базисна технология в новите поколения сканиращи линии за спътникови 
комуникации (Веселин Б. Демирев). В доклада авторът е представил ретроспективен 
преглед на изследователската си работа в областта на приложението на технологията SCP-
RPSC в следващите генерации спътникови комуникации. Специално внимание е обърнато на 
системите, използващи сканиращи антенни лъчи. Анализът показва извънредно широката 
област на приложение на технологията SCP-RPSC в спътниковите комуникации, когато е 
необходимо: насочване на тесен лъч в определен ъглов сектор и осигуряване на покритие, 
подобно на това на секторна антена; реализиране на голям коефициент на усилване на 
антенната система с оглед  намаляване мощностите на излъчваните сигнали; елиминиране на 
проблемите, свързани с многолъчевото разпространение на радиовълните; създаване на 
комплексни и динамично преконфигуеми радио мрежи с висока спектрална ефективност; 
координиране на сканирането на антенния лъч с оглед преизползване на честотно орбиталния 
ресурс и времевите интервали в различните направления; елиминиране на ефектите, свързани 
с пространствена нестабилност или движение на спътниковата комуникационна платформа 
в сантиметровия и милиметровия диапазон на радиовълните, както и реализиране на 
надеждни и засекретени спътникови комуникации, устойчиви на активно 
радиопротиводействие. 

 

Introduction 

Satellites have been successfully serving the 
traditional markets i.e. telephony and broadcasting, 
covering large geographical areas using single beam 
transmission [1]. There is a great demand for fixed and 
mobile two-way broadband access over large 
geographical areas not served by telecommunication 
infrastructure. Satellite broadband is expected to serve 
as a “local-loop” in such areas. Satellite 
telecommunication technology has the potential to 
accelerate the availability of high-speed Internet 
services in developing countries, land-locked and 
island nations, as well as in mobile platforms. There is 
a close link between the availability of a large-scale 

broadband infrastructure and the provision of public 
education, health and trade services, on-line access to 
e-government, e-trade information and in flight 
connectivity.  

One of the biggest technical problems of the 
broadband satellite is the way of access to the satellite 
segment, particular the used antenna systems. The 
need to reuse the orthogonal polarizations, to track 
Low Earth Orbiting Satellites (LEO,s) or High 
Altitude Platforms (HAPS), to select one of several 
Geo Stationary Orbit Satellites (GEO,s) positions, as 
well as the requirements for two way broadband 
mobile communications at low price and mass market 
production leads to unsolved by traditional antennas 
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problems. Their solution could be based on 
Electronically Steerable Antennas (ESA) [2]. Their 
benefits include: 

• An ESA can direct a narrow beam over a sector 
angle and give coverage like a sector antenna; 

• The narrow beam corresponds to a high antenna 
gain and thus reduces power and amplification 
requirements on radios; 

• The narrow beam width reduces multipath 
propagation problems; 

• Complex and dynamically re-configurable radio 
networks can be created exhibiting high 
spectrum efficiency; 

• If the steering of antennas is coordinated it 
potentially enables the reuse of frequencies and 
timeslots in different directions; 

• The used until now "multiple spot beams" 
approach is not effective when there is instability 
or motion of the communication platform. It is 
due to the necessity of permanent handover 
among the different spot beams. The ESA 
approach is good solution in such cases. 

The drawbacks of the ESA include: 

• There is an increase of complexity in the 
antenna; 

• There will be losses in the RF electronics of the 
antenna which lowers the antenna efficiency; 

• The use of non-linear devices in the antenna will 
demand that spectrum issues be addressed; 

• The existing ESA designs have only one steering 
beam. In the case of mobile or unstable platforms 
we need several hundred independently steering 
and isolated each other antenna beams. 

A new solution, cancelling the above mentioned 
ESA drawbacks, was proposed by the author [3], [4], 
[5]. The name of the new technical solution is Spatial 
Correlation Processing – Random Phase Spread 
Coding (SCP-RPSC).  

A retrospective review of the research, dealing with 
possible applications of SCP-RPSC technology in the 
next generation steerable lines for satellite 
communications, is given in the report with the main 
bibliography for details. 

SCP-RPSC in the steerable satellite feeder lines 
of the onboard public access broadband 
communications 

Introduction in the satellite on-board 
communications 

Recently there has been an increase in the use of 
Fixed-Satellite Service (FSS) networks by Earth 

Stations mounted On Mobile Platforms (ESOMPs) to 
provide telecommunications services to aircrafts, 
ships, trains and other vehicles using both the C- and 
Ku-band. As the demand for these systems evolves, 
service providers are turning to other FSS bands, in 
particular Ka-band, to meet this growing need [6, 7]. 
The architecture of Ku band GEO broadband on-board 
system Mowgly is shown in fig.1. 

 

Fig. 1. Architecture of the on-board Ku band satellite 
system Mowgly. 

To address potential interference with other co-
frequency GEO FSS networks, ESOMPs should 
comply with the same constraints, such as off-axis 
EIRP limits, as those for other FSS earth stations. Such 
limits would be determined by both the inter-system 
satellite coordination agreements and the limits in the 
ETSI standards. In considering aggregate interference 
levels, it should be noted that there is no evidence that 
FSS systems, supporting ESOMPs, will have more 
spot beams or better frequency reuse than other FSS 
systems, thus by applying existing FSS rules the same 
level of protection will be provided to neighbouring 
satellite networks as is currently the case. Hence, from 
the perspective of potential uplink interference to other 
satellite networks, these requirements will ensure that 
such earth stations are essentially equivalent to 
stationary FSS earth stations.  

The design, coordination and operation of ESOMPs 
should be such that the interference levels, generated 
by such earth stations, account for the following 
factors: 

• Mis-pointing of the earth station antenna;  
• Variations in the antenna pattern of the earth 

station antenna;  
• Variations in the transmit power from the earth 

station.  
ESOMP,s that use closed loop tracking of the 

satellite signal need to employ an algorithm that is 
resistant to capturing and tracking adjacent satellite 
signals. Such earth stations must be designed and 
operated such that they immediately inhibit 
transmission when they detect that unintended satellite 
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tracking has occurred or is about to occur. Such earth 
stations must also immediately inhibit transmission 
when their mis-pointing would result in off-axis EIRP 
levels in the direction of neighbouring satellite 
networks above those of other specific and/or typical 
FSS earth stations operating in compliance with 
Recommendation ITU R S.524 or with any other limits 
coordinated with neighbouring satellite networks.  
These earth stations also need to be self-monitoring 
and, should harmful interference to FSS networks be 
detected, must automatically mute any transmissions. 

The tracking of a satellite independently of mobile 
motion is an essential function for directional antenna 
systems, used by ESOMPs. The tracking function 
needs two capabilities – beam steering and tracking 
control [3].  

On the other hand the tasks, performed by the 
ESOMP,s satellite tracking system, include satellite 
acquisition and automatic tracking. The acquisition 
system acquires the desired satellite by moving the 
antenna around the expected position of the satellite. 
Automatic tracking is initiated only after the received 
signal strength due to the beacon signal transmitted by 
the satellite is above a certain threshold value, which 
allows the tracking receiver to lock to the beacon. The 
automatic tracking ensures continuous tracking of the 
satellite. The main disadvantages of the most popular 
closed loop tracking methods when used in ESOMP,s 
are: 

• The use of satellite signals as essential factor. 
This is because received signal levels from 
satellites are not stable because of the severe 
propagation environment, due to fading, 
blocking and shadowing; 

• Long acquisition time period during the starting 
procedures, which is in order of one minute in 
real Ku band systems and several minutes in Ka 
band systems. The same acquisition time is 
needed after the loose of the signal due to 
blocking in urban environment; 

• The listed methods can be used for tracking of 
only one communication satellite. In some cases, 
where very high reliability is necessary, the 
space diversity approach should be used. It 
includes simultaneous communications and 
tracking of several satellites.  

The SCP-RPSC approach in the satellite on-board 
communications 

The listed drawbacks of satellite tracking ESOMP,s 
methods could be successfully solved by the SCP-
RPSC approach [7], [8], [9], [10]. According to the 
basic SCP principle, the cooperative satellite is chosen 
for communications by means of the corresponding 
synchronized Pseudo-Noise (PN) code, using the well-

known Code Division Multiple Access (CDMA) 
approach. This specific SCP-RPSC feature should be 
taken in the first place when short acquisition time of 
the ESOMP,s systems is of great importance. Code 
synchronization consists of two steps, acquisition and 
tracking [7]. The most widely used algorithm for code 
acquisition is the so-called serial search strategy. Here 
the phase of the local code is changed step by step, in 
equal increments, resulting in serial search of the code 
delay uncertainty region until the synchro position is 
found. For each value of the phase of the local 
sequence, a correlation between the input signal and 
the local signal replica is formed and compared to a 
threshold. A high value of the correlation (above the 
threshold) indicates the synchro position. The 
acquisition time period is reduced in the modern 
CDMA systems by well-developed methods of parallel 
and combined search up to several tenths milliseconds. 
It is incomparable small with the acquisition time of 
the classical methods, used in Ku and Ka frequency 
bands. 

The theory of code tracking in the modern CDMA 
systems is very well developed too. Similar to 
acquisition procedures, it is made by software and 
does not need multichannel RF coherent receiver as it 
is in classical monopulse tracking. SCP-RPSC gives 
the possibility of simultaneous tracking of several 
cooperative satellites, insuring space diversity.  

Another very important issue in the field of 
microwave ESOMP,s is the Doppler effect. It was 
proven in [10] that it cancels in SCP-RPSC systems 
due to the correlation of the information and pilot 
signals, suffering in identical way by the Doppler shift. 

SCP-RPSC in the steerable inter satellite and 
inter orbit feeder lines 

Introduction in the LEO satellite mobile feeder 
lines 

The space segment of the future global satellite 
systems for broadband communications can be 
designed in a number of ways, depending on the 
orbital type of the satellites and the payload 
technology available on board [11]. The use of 
different satellite orbits to provide complementary 
services, each optimised for the particular orbital type, 
is certainly feasible. Satellites can be used to connect 
with each other, through the use of Inter- Satellite 
Links (ISL) or Inter-Orbit Links (IOL), which when 
combined with on-board routing facilities, can be used 
to form a network in the sky. Fig. 2, 3 and 4 show a set 
of several possible Satellite-Personal Communication 
Network (S-PCN) architectures as identified by ETSI, 
concentrating on the use of LEO,s, which in some 
cases interwork with GEO,s. The same satellite 
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architectures could be used for the developing of the 
future global satellite systems for broadband 
communications. 

In option A in fig.2 transparent transponders are 
used in the space segment and the network relies on 
the ground segment Fixed Earth Stations (FES) to 
connect gateways. Satellites do not have the capability 
to perform ISLs. 

The main problems of the FES-satellite feeder lines 
deal with the pointing of the high gain satellite 
antennas to the tracking FES antennas because of 
LEO,s continuous relative movement to the earth. For 
this reason low gain omnidirectional antennas are used 
in the LEO satellites at the moment. It leads to low 
feeder lines link margins and poor frequency reuse 
capabilities. 

Option B in fig.3 uses ISLs to establish links with 
other satellites within the same orbital configuration. 
The ground segment may still perform some network 
functions, but the need for FES is reduced. 

 

Fig. 2.  The satellite system architecture option A. 

 

 

Fig. 3.  The satellite system architecture option B. 

 
Fig. 4.  The satellite system architecture option C. 

In the final option in fig.4, a two-tier satellite 
network is formed through the use of a hybrid 
constellation. Interconnection between LEO satellites 
is established through ISL, as in the previous case, and 
inter-satellite inter-orbit links (ISL-IOL) via a data 
relay GSO satellite is employed. In this configuration, 
the GEO satellite is directly accessed by an LEO,s. 

SCP-RPSC approach in the steerable feeder lines 
of the LEO,s communication systems 

The unique properties of the SCP-RPSC 
technology could be very useful if it will be 
implemented in the feeder lines, ISL and IOL of the 
future LEO satellite communication networks. In the 
analysis below the considered options A, B and C are 
discussed from SCP-RPSC technology implementation 
point of view [12].  

In option A (fig.2) the existing satellite 
omnidirectional antennas of the satellite-FES feeder 
lines can be replaced with SCP (up-link) and RPSC 
(down-link) with the following benefits: 

In the up-links FES-LEO,s (SCP approach): 

• The LEO,s receiving antenna systems will be 
omnidirectional for the cooperative FES, but 
with high figure of merit G/T; 

• The different FES and polarizations could be 
selected simply by the use of specific allocated 
PN-codes; 

• Soft handover between different FES is feasible 
because of the LEO,s movement and multiple 
beam forming properties of the SCP technology; 

• Space diversity scheme: one LEO,s – several 
FES with possible frequency reuse is feasible 
too. 
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In the down-links LEO,s-FES  (RPSC approach): 

• Providing full duplex system with one simple 
and cheap transmit-receive antenna (particularly 
in Ku band where up and down link frequencies 
are relatively close); 

• The transmitted random poly-phase spread 
signals will not cause significant harmful 
interference to the conventional FES, using the 
same frequency channels. The interference will 
be similar to that, caused by the sidelobes of a 
phased antenna array with random inter elements 
spacing; 

• The transmitted random poly-phase spread 
signals are uniformly radiated in the space below 
the LEOs. Several FES, equipped with the same 
SCP receivers and providing space diversity, 
receive them. The knowledge of the receiving 
FES positions for the transmitting LEOs is not 
necessary. 

In option B (fig.3) the SCP-RPSC feeder lines 
FES-LEOs are the same as in option A. In the SCP-
RPSC ISL feeder lines the existing directional 
antennas of the ISL feeder lines can be replaced with 
SCP (both directions) and RPSC (both directions) with 
the following benefits: 

• The virtual electronic scanning of the LEO,s ISL 
antenna patterns, typical for SCP-RPSC 
technology,  will reduce significantly the 
limitations over station keeping characteristics 
and increase the satellite system reliability;  

• LEOs constellations with random orbits could be 
implemented instead the existing deterministic 
LEO,s orbits with their specific problems. 

In option C (fig.4) the SCP-RPSC feeder lines 
FES-LEOs are the same as in option A. The SCP-
RPSC ISL feeder lines are the same as in option B. In 
LEOs-GEOs IOL feeder lines the LEOs 
omnidirectional antennas can be replaced with SCP 
(down-link) and RPSC (up-link) with the following 
benefits: 

In the down-links GEOs-LEOs (SCP approach): 

• The LEO,s receiving antenna system will be 
omnidirectional for the cooperative GEO,s, but 
with high figure of merit G/T; 

• The different GEOs and polarizations could be 
selected simply by the use of specific allocated 
PN-codes; 

• Soft handover between different GEOs is 
feasible because of the LEOs movement and 
multiple beam forming properties of the SCP 
technology; 

• Space diversity scheme: one LEOs – several 
GEO,s with possible frequency reuse is feasible 
too. 

In the up-links LEOs-GEOs (RPSC approach): 

• Providing full duplex system with one simple 
and cheap transmit-receive antenna in Ku band; 

• The transmitted random poly-phase spread 
signals will not cause significant harmful 
interference to the conventional GEO,s, using the 
same frequency channels; 

• The transmitted random poly-phase spread 
signals are uniformly radiated in the space above 
the LEOs. The knowledge of the receiving GEOs 
positions for the transmitting LEOs is not 
necessary. 

Phased array antennas with electronic scanning – 
problems in space environment 

Some of the above mentioned existing problems of 
the LEO,s feeder lines antennas could be solved by 
means of ESA. It will raise series of new problems, as 
follows: 

• The radiation hazard of the space environment is 
very high for the electronic components of the 
unprotected active ESA. It is not dangerous for 
the simple and passive Random Phased Radial 
Line Slot Antennas (RP-RLSA), used by SCP-
RPSC technology.  

• The temperature variations of the outer parts of 
LEO,s, where the antennas are situated, are in 
order of  400 deg. Very dangerous for active 
antennas too!  

• The lack of the gases and humidity attenuations 
in space environment make the choice of W-
frequency band very attractive. ESA in this band 
are unpractical, which is not the same for RP-
RLSA, used in SCP-RPSC approach. 

SCP-RPSC approach in the steerable feeder lines 
of Solar Powered Satellite systems 

One of the most important use of satellite technolo-
gies in the future will be in Solar Power Satellites 
(SPS). The concept of generating solar power in space 
for wireless transmission to receivers on the ground 
has been discussed in details during the last four dec-
ades. The next wave of SPS proposals and ideas will 
come as a result of the recent developments in the field 
of the broadband satellite communication and infor-
mation technologies. They will support the practical 
implementations of SPS systems in the real life. Sev-
eral related but distinct architectural approaches to the 
problem of space solar power were identified as a part 
of a “Fresh Look” study. This includes: 
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• Low Earth Orbit (LEO) constellations of SPS 
with relatively low frequency power 
transmission; 

• Middle Earth Orbit (MEO) constellations of 5 
SPS satellites with relatively low to intermediate 
frequency power transmission;  

• LEO power generation with higher orbit Power 
Relay Satellites (PRS) in MEO or GEO with a 
range of potential frequencies for power 
transmission;  

• Small scale GEO SPS with high frequency 
power transmission;  

• Large scale GEO SPS with various potential 
frequencies for power transmission; 

• Extremely large scale systems involving multiple 
SPS and PRS with various potential frequencies 
for power transmission in LEO, MEO and GEO. 

All of the above listed sophisticated SPS systems 
will need broadband wireless communications for 
telemetry and control purposes among the different 
parts of their architectures. Another important problem 
of the future SPS systems will be the transmission of 
video and telemetric information among SPS 
mounting robots (SPS mobile terminals- MT) and 
satellite or ground based control centres (SPS base 
stations - BS). 

One of the biggest technical problems of the future 
SPS broadband mobile communications will be the 
SPS MT and BS antenna systems. The need to change 
the polarisation, to select one of several SPS MT or BS 
positions, as well as the requirements for mobile 
communications in the heavy space environment, high 
reliability and low price leads to unsolved by 
traditional antennas problems. The unique properties 
of the SCP-RPSC approach will give a new support for 
the future SPS mobile broadband communication 
systems [13]. 

SCP-RPSC in the backbone of the terrestrial 
base stations for mobile communications and IP 
LAN 

There are attempts of some Internet providers to 
build new networks of MEO satellites with steerable 
Ka-band beams to provide lower-cost, fiber-grade 
access for cellular backhaul and IP backbone trunking 
in traditionally underserved areas [14]. The main O3b 
network parameters and architecture are presented in 
the report. Information concerning the satellite 
constellation and orbit, satellite and ground antenna 
beam steering, as well as inter-satellite handover 
procedures are given in the report too. 

The possible applications of SCP-RPSC technology 
in O3b MEO satellite system is discussed in the report 
[15]. If this approach is used in the ground segment, 

the following new capabilities will improve the system 
work: 

• Soft handoff  between Setting Satellite (SS) and 
Rising Satellites (RS) with a single and cheap 
antenna system without mechanical movement, 
mounted not only on FES, but on ESOMP,s too 
(fig.5);  

• Space diversity, giving the opportunities for 
simultaneous communications with more than 
one O3b satellite; 

• Frequency sharing with GEO satellite 
communication systems; 

• The system knowledge for the spatial 
distribution of the O3b satellites is not necessary;  

• Proposed by the author new mobile access to the 
satellite segment named Random Phase Spread 
Coding Multiple Access (RPSC-MA) [16] is 
possible to be used in order to increase the O3b 
satellite segment capacity; 

• Protection of satellite constellation against space 
terrorism by means of RPSC-MA is feasible too. 

 

 
Fig.5. System architecture of a SCP based receiving earth 
station, ensuring soft handoff between SS and RS satellites. 

According to the published information, the 
obtained maximum RLSA gain is about 40 dB. The 
FES and ESOMPs of the proposed MEO system will 
need higher antenna gains. In such cases it is possible 
to use SCP based receiving earth station, ensuring 
increased gain by means of several individual SCP 
receiver units and Signal Adding at Baseband (SCP-
SAB), as it is shown in fig. 6. 
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Fig.6. System architecture of a SCP-SAB receiving earth 

station. 

SCP-RPSC in Global Navigation Satellite 
Systems 

Historically, the Global Navigation Satellite 
Services (GNSS) have been delivered through the use 
of satellites transmitting in L-band. Targeted to 
military navigations at first, these services have 
evolved towards hundreds of civil applications, some 
of them (for example railway transport) with great 
accuracy. The use of L-band gives important benefits, 
such as small on-board antenna size and little or no 
attenuation due to rain. However, the amount of L-
band available, and more specifically the portion 
allocated to GNSS, is limited. Moreover, frequency 
reuse due to different orbital slots is extremely limited. 
The possible transport applications require a much 
greater accuracy than normally in L-band because of 
the ionosphere propagation effects. 

To definitely overcome the problems due to the L-
band, the only choice is to move GNSS to a higher 
frequency band. Ku-band (frequencies between 11 and 
14 GHz) is an ideal candidate to offer error frees 
GNSS. An analysis of the possibilities to create new 
GNSS, working in Ku–band, is given in the reports 
[17], [18]. SCP approach is proposed as solution of the 
existing antenna problems. The possible advantages of 
such kind systems are discussed. 

A possible architecture of a SCP based GNSS is 
shown in fig. 7.  

The signals from different navigation satellites 
(Sat.1….Sat.M) are received by a RP RLSA, down 
converted and separated by means of coarse code 
recovery circuits (C1, C2,…CM recovery). The sum of 
the output signals is Gaussian random with Rayleigh 
distribution. It is strong correlated with the sum of the 
precise code signals (P1, P2….PM), coming from the 

corresponding satellites. The outputs of the P-codes 
recovery units are used for pseudo range navigation 
measurements in convenient way.  

 

 
Fig. 7. Architecture of the proposed SCP GNSS. 

The advantages of GNSS in Ku-band are: 
• Improving the fade margin of GNSS in Ku-band; 
• Significant reduction of ionosphere propagation 

errors; 
• Better isolation among signals of the different 

satellites;  
• Better pseudo-satellite compatibility; 
• Better anti-jamming  properties; 
• Better anti multi-path propagation properties. 

Conclusions 

A retrospective review of the author research, 
dealing with possible applications of SCP-RPSC 
technology in the next generation steerable lines for 
satellite communications, is given in the report as 
follows: 

• SCP-RPSC in the steerable satellite feeder lines 
of the on-board public access broadband 
communications;  

• SCP-RPSC approach in the steerable feeder lines 
of the LEO,s Communication Systems; 

• SCP-RPSC approach in the steerable feeder lines 
of Solar Powered Satellite systems; 

• SCP-RPSC  in the backbone of the terrestrial 
base stations for mobile communications and IP 
LAN,s; 

• SCP-RPSC in Global Navigation Satellite 
Systems. 

The analysis, given in the report, shows very wide 
area of the different SCP-RPSC applications in 
satellite communications, when it is necessary to: 
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• Direct a narrow beam over a sector angle and 
give coverage like a sector antenna; 

• Obtain high antenna gain and thus to reduce 
power and amplification requirements on radios; 

• Narrow the antenna beam width in order to 
reduce multipath propagation problems; 

• Create complex and dynamically re-configurable 
radio networks exhibiting high spectrum 
efficiency; 

• Reuse the frequencies and timeslots in different 
directions; 

• Obtain secure and reliable satellite 
communications, resistive to the enemy active 
jamming;  

• Use “multiple spot beams” approach from 
unstable or mobile communication platform at 
microwaves.  

The practical SCP-RPSC principles 
implementations will drastically change the existing 
paradigm in the satellite communication steering lines 
in general. Many of the existing problems of the 
proposed satellite systems, using steering lines, will be 
solved successfully. 
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Overview of bulk acoustic wave technology  
and its applications 

Milena D. Terzieva 

 
Abstract. During the last years Bulk Acoustic Wave (BAW) devices became compelling for 

frequencies above 1.5GHz, and demonstrated their competitive advantages compared to Surface 
Acoustic Wave (SAW) devices for applications with up to 2GHz. This paper describes common types of 
BAW device architectures, thin-film Bulk Acoustic Resonator (FBAR) and Solidly Mounted Resonator 
(SMR), and their basic physical principle. Moreover, the key BAW performance parameters are 
introduced and comparison with Surface acoustic Wave (SAW) technology is made.  An overview of 
the key BAW parameters and applications of BAW-FBAR are presented.  

Преглед на технологията с обемно-акустични вълни и нейните приложения (Милена 
Д. Терзиева). През последните години устройствата с обемни акустични резонатори (BAW) 
са конкурентни за честоти над 1.5GHz и показват своите основни предимства в сравнение с 
устройства с повърхностно-акустични вълни за приложения с честота над 2GHz. Този доклад 
описва основните архитектури на едно BAW устройство -  тънкослойни обемни акустични 
резонатори (FBAR) и стабилно монтирани резонатори (SMR), и техният физически принцип 
на работа. Представени са основните параметри на BAW устройствата и е направено 
сравнение с устройствата, работещи с повърхностно-акустични вълни (SAW). Направен е 
преглед на основните параметри и приложения на BAW-FBAR устройствата.  

 

Introduction 

Film bulk acoustic wave resonator (FBAR) has 
been under the scientific research interest over the last 
three decades - first investigations of bulk acoustic 
wave resonator was published in early 1980s. In his 
paper [1] from 1982 K. M. Lakin presented emerging 
at that time technology of thin film resonators (TFR), 
operating in GHz range. Although it was not 
completely new technology some advance in 
microelectronics - material growth and device 
processing etc., led to its enhanced study and film 
bulk devices seemed to offer a promising applications 
because of its compatibility with standard IC 
manufacturing. It took some years for thin film 
resonators to go to mass production phase due to 
specific difficulties in fabrication of air-vacuum 
interface and achievement of the desired high Q factor 
but finally in 2001 Agilent presented its first duplexer 
based on thin film resonator working on PCS 
(Personal Communications Service) band 1900 MHz 
[2], [3]. During the last few years efforts have been 
directed at design improvements of the technology 
and realizations of different filter architectures. 
FBARs are reported to have applications as basic 
components for duplexers for Wideband Code 

Division Multiple Access, Multiple-input and 
multiple-output multiplexers, as well as RF voltage 
transformers, dual-band filters, etc.   

Boosting of electronics in recent years is one of the 
key factors for the great expanding of BAW 
resonators in mobile communications market. State of 
the art electronic devices became smaller and smaller 
in size scaling their dimensions to a quazi-nanometer 
level enabling building of complex systems integrated 
on a chip. As a building block of wireless systems 
radio frequency filters must have a good performance 
even in this continuing scaling down of sizes. One of 
the most crucial parts for mobile phones performance 
are duplexers, consisting of tuned transmitting and 
receive filters for the respective bands. Good isolation 
between input and output signals of these filters (R  
and T ) is of significant importance because thus led 
to decreased inter-modulation distortion. Bulk 
acoustic wave (BAW) devices could meet these 
expectations with their low volume and cost, higher Q 
factor compared to on-chip LC tanks, and etc. which 
leads to reduction in device power consumption and a 
dimensions optimization.    

For many years surface acoustic wave (SAW) 
technology has provided mobile telecommunication 
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industry with reliable devices such as filters, 
oscillators and duplexers. SAW filters have low 
insertion loss and shows a stable declining cost 
structure. However, with development of mobile 
communications and transition to new generation 
networks SAW devices have faced some limitations. 
Working on frequencies above 1.5 - 2 GHz their 
selectivity decrease and from this point the filter 
performance is reduced. In comparison to SAW 
devices BAW technology is much more compelling 
and effective with high frequencies. Moreover, BAW 
devices are far less sensitive to temperature variations, 
having temperature sensitivity close to the sensitivity 
of the quartz-crystal resonator. Also, they have a 
better power handling and higher Q factor. However, 
their greatest advantage is compatibility with standard 
IC CMOS and GaAs technology which make BAW 
devices suitable for integrated radio solutions. 

This paper present overview of the BAW 
technology – structure and physical working principle 
of resonator, resonances of the BAW devices, and its 
equivalent scheme are summarized. A comparison 
between BAW and SAW technology is made pointing 
their strengths and weaknesses. Two types of bulk 
acoustic wave resonator - FBAR and SMR - are 
reviewed including their architectures, important 
performance parameters and methods for modelling. 
Additionally, different types of BAW filters are 
considered. Finally, this paper summarizes the 
applications of bulk acoustic wave devices in 
communications.  

BAW devices technology 

Conventional piezoelectric resonator faces 
difficulties to work at high frequencies because of a 
production limitations - to achieve higher frequencies 
resonators’ crystal plates have to be thinned resulting 
in need of mechanical support of the thin plate. BAW 
resonators technology uses another approach - instead 
of thinning the plates the resonator material is grown 
and fabricated over silicon substrates [4].  

In BAW devices acoustic waves propagate 
through the bulk structure of device active layer, 
causing typical for piezoelectric materials 
deformation, thus giving their name. The stack BAW 
structure consist of piezoelectric thin film sandwiched 
between two metal electrodes placed on top of 
carrying silicon substrate (Fig.1.a). The thickness of 
piezoelectric layer varies in the range of few µm and it 
is typically composed from aluminum nitride (AlN) or 
zinc oxide (ZnO). AlN has excellent chemical and 
electro-mechanical properties, stability at high 
temperatures in inert atmospheres and also has good 

dielectric properties and high thermal conductivity. 
However, ZnO provides larger bandwidth between 
series and parallel resonance compared to AlN but its 
temperature coefficient of resonance is more than two 
times lower (see Table 1. Piezoelectric materials 
properties) [5]. Lead zirconate titanate (PZT) is also 
reported to be used as piezoelectric layer in BAW 
devices [6]. The two metal electrodes of the resonator 
are usually made from platinum (Pt), Wolfram (Wo) 
or titanium (Ti).  
 

 
a) 

 

 
b) 

 
c) 

Fig.1. BAW resonator: a) Cross-section view; 

b) Butterworth-Van Dyke equivalent circuit; c) modified 
Butterworth-Van Dyke equivalent circuit. 

One of the most important characteristics of BAW 
resonator is thickness t of the active piezoelectric 
layer because it determines to great extent the 
resonant frequency of a BAW resonator in operating 
mode. The resonant frequency is inversely 
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proportional to the bulk film thickness. This 
dependency is stated with the expression: 

(1)    f  =  

where Θ is acoustic wave phase, υ – mechanical wave 
velocity, and f – resonant frequency of the acoustic 
wave propagation through the bulk; t is thickness of 
the bulk film. 

Fig.1.b) shows the Butterworth-Van Dyke (BVD) 
equivalent circuit of a BAW resonator which consist 
of a constant capacitance in parallel with the 
frequency dependent electro-mechanical resonant 
circuit. Acoustic properties of the resonator are 
defined from the acoustic arm (motional inductance, L , motional capacitance, C , and motional resistance R ), aiming to store maximum acoustic energy within 
resonator structure [7]. An acoustic resonance means 
acoustic wave with maximal amplitude, to which 
corresponds maximal current in the electrical 
equivalent circuit. This is represented by the series 
resonance circuit		L , C  and R  in BVD model. On 
the other hand the sandwich structure in Fig.1.a) 
(upper electrode – AlN layer – bottom electrode) is in 
fact a capacitor in parallel to the series resonance 
circuit and it is represented by C  in the equivalent 
circuit. For simplified circuit of resonator working on 
main resonance (other harmonics are not considered) 
the input impedance is given by [9]:  

(2)    ( ) =  

This formula is valid if the losses are neglected. A 
typical frequency response of FBAR is shown on 
Fig.2. The series resonance is reached when the 
impedance is minimal, while the parallel resonance is 
reached at maximum impedance.  

 

Fig.2. RLC acoustic arm resonance characteristics. 

The expressions for the corresponding angular 
resonance frequencies are as follows:  

(3)     =  

(4)     = = 1 +  . 

There are three types of models used to examine 
the BAW-FBAR resonator behaviour - modified BVD 
(mBVD) model, Mason model and Finite Element 
Methods (FEM) analysis. Each model has different 
benefits in BAW filter design flow that is way they 
are used complementary during the process steps. 

The mBVD differs from the original BVD model 
by two additional resistors – R  and R  (Fig.1.c). The 
resistor R  represents ohmic resistance of the 
connecting wires, while R  models the acoustic 
losses. In fact there are two resistors which model the 
acoustic losses, R  and R . This is because acoustic 
losses have different influence in the series and the 
parallel resonance and one resistance in not enough to 
model it. The resistor R  defines basically the losses 
at the series resonance, while the major effect of R  is 
at the parallel resonance.   

The mBVD model (Fig.1.c) is used for extraction 
of parasitic parameters such as R  and R  and for filter 
response calculation and optimization. These 
parameters can be used for simulating the circuits with 
BAW resonators by using of mBVD and also could be 
embedded in Mason model [8]. 

Mason model gives electrical response as a 
function of the physical parameters and play a crucial 
role in filter optimization steps during the design. The 
method predicts the effect of layer thickness and 
electrode material on frequency and the relative ratio 
of electrode thickness to piezoelectric material 
thickness. It is highly useful in investigation of 
resonant frequency, coupling coefficient and harmonic 
response by optimizing electrode material and 
thickness. 

The third model is FEM analysis based on a 
framework of Newton’s motion equations and 
Maxwell’s electromagnetic wave equations of the 
resonator. Three dimensional effects of the resonator 
are predicted with FEM - the model is used for 
simulating the different frequency modes in resonator, 
optimizing the gasket, etc. [8] However, this model 
severe some difficulties: 1) it requires a great amount 
of computing resources allocated in order to perform 
all simulation because of the structure meshing which 
would result in number of millions of elements; 2) the 
material parameters are not always known.  
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Key parameters of BAW resonators  

All three basic methods for modelling FBAR are 
based on behavioural compact models resonators with 
built-in parameters. For this reason it is from 
significant importance to know in depth the 
performance parameters of the resonators through the 
design process - BAW filters design is easier when 
resonator performance is predictable. Designer is 
responsible for the overall process choosing resonator 
characteristics. Thus setting them with the proper 
functions the process could be finished in proper time 
achieving the acceptable resonator characteristics. The 
fundamental performance parameters, describing 
resonator behaviour, are [9]: 

• Series and parallel resonance frequencies: the 
basic FBAR parameters determining frequency 
area of operation of FBAR resonator. They are 
given by formulas (3) and (4).  

• Q-factor: Quality factor Q of a resonator is 
extremely important parameter representing losses 
in resonator. It determines inland losses of the 
BAW filters as well as phase noise in the 
oscillators within this type of resonators. In order 
to keep Q-factor at desirable high values the types 
of losses and limitations they led must be studied 
and eliminated if possible (e.g. by minimizing 
electrical resistance in electrodes, substrate losses, 
viscous losses, acoustic leakage in all directions). 
With recent advancement of technologies Q-values 
grows from around 1 000 to 2 500 and above. The 
three resistors in mBVD model define in fact two 
different Q factors - at the series resonance and at 
the parallel resonance. They can be written 
approximately as:   

(5)     Q = ( ) 
(6)					Qp = Qs 1+ CaC0  

There are different methods of determining Q and 
also a method for determining unloaded Q vs. 
frequency [12]. Despite of the resonance type Q can 
be expressed as:  

(7)     Q = ω × τ × |Г| (1 − |Г|⁄ ) 

where τ  is the group delay, |Г| is magnitude of 
reflection coefficient, both measured at the 
corresponding frequency. 
• Electromechanical Coupling Coefficient k : 

Electromechanical Coupling Coefficient is 

defined as a ratio between the stored mechanical 
energy in the resonator and applied electrical 
energy and it connects both resonance 
frequencies:  

(8)    k = cot ≈	  

The Electromechanical Coupling Coefficient 
depends on the resonator structure, frequency and 
thin-film properties, as shown in Fig.3. It could be 
obviously seen that k  is decreasing when the 
electrode thickness is increased so the maximum k  
could be achieved with the appropriate ratio between 
electrode and piezoelectric thickness. If coupling is 
insufficient additional inductances and shunt 
resonators are put in the design, but this increases the 
attenuation in the stopband. Typical values of k   are 
6-7% for AlN and 7.5% for ZnO.   

 

 
Fig.3. Experimentally calculated relationship between 

frequency, film thickness and  of FBAR [14]. 

• Power Handling: BAW devices are tolerant to 
work at high power levels due to their distributed 
electrical currents over the resonator area. 
Moreover, silicon has high thermal conductivity 
148 W/(m.K) which is prerequisite for a good heat 
sinks [4]. The BAW chip must be kept as cold as 
possible because the power handling is in a 
dependency from the ambient temperature. This 
effect could be achieved with the usage of reflector 
stack with metal layers instead of dielectric one or 
through improvement of the electro- and stress-
migration properties of the weakest material in the 
stack. 

• Spurious Modes: Spurious modes effects create 
deviation in the impedance and phase of a 
resonator damaging its performance in a great way. 
Suppression of these modes improves the filter 
behavior in the stop band area.  

18 “Е+Е”, 7-8/2016



 

• Temperature Coefficient of Frequency: FBARs 
stands to a bit great values of temperature varia-
tions compared to SAW devices - typical SAWs 
have temperature coefficient of frequency (TCF) 
−42 ppm/K, while FBARs can achieve around −25 
ppm/K. TCF is considerable parameter - its lower 
levels prevent thermal runaway of the filter. TCF 
values of BAW-SMR could be improved to even 
lower levels by placing the SiO 	layer close to the 
high-stress regions in the stack. There are also oth-
er approaches for decreasing the TCF but all of 
them contribute to the harm of k  and are not 
practical for resonators with big fractional band-
width. 

• Robustness: Robustness influence manufacturing 
process and reliability. There is a few types of ro-
bustness: mechanical, which include steps such as 
spin coating, handling, testing, and sawing the 
structures on the wafer surface; environmental, 
which is defined by humidity, temperature and 
pressure that resonator components could survive; 
electrostatic discharge (ESD): BAW/ FBAR de-
vices have an excellent ESD parameters; however, 
ESD robustness could be increased by using cas-
caded series resonators at input and output of each 
filter [4], [9]. 

• Nonlinear behaviour: BAW devices shows nonlin-
ear behaviour which led to some problems in their 
performance, for example changing of the piezoe-
lectric constants when the crystal lattice suffers de-
formation. Higher electrical field and mechanical 
stress led to higher energy density which is factor 
for deviation from linear approximation of elastic 
constants [4]. The influence of nonlinearities could 
be overcome by cascading two double-sized reso-
nators replacing one resonator in a filter, but this 
not a reliable solution - it is not applicable for all 
resonators in a filter because of the increased size 
of a BAW by a factor of four. 

• Area Efficiency: This parameter in strongly de-
pendent by the BAW layer stack and the applied 
design rules. The area efficiency is defined by the 
thickness of the piezolayer at a given frequency 
(thinner layer allows small size of the resonator), 
dead area between resonators, and area consumed 
by interconnects and packaging [9]. 
Table 1 gives a summary of some of the above 

parameters comparing their values depending of the 
piezoelectric material properties. 

BAW devices architectures 

BAW devices are manufactured under two 
technologies and this forms two types of different 

resonator topologies: FBAR, or so called free standing 
membrane resonator, and SMR [8]. The basic 
difference of FBARs and SMRs architectures is 
defined in terms of the way they trapped acoustic 
energy into the bottom electrode. FBAR need 
air/crystal interface on both surfaces so an air cavity is 
created between bottom electrode and the wafer. In 
contrast in SMR the resonator layers are placed 
directly over the substrate. 

Table 1 
Piezoelectric materials properties 

Property AlN ZnO 

Velocity 11.3E5 cm/sec 6.08E5 cm/sec K  in SMR films 6% 7.5% 

Temperature 
coefficient -25 ppm/C  -60 ppm/C  

Temperature 
coefficient, SMR -22 ppm/C  -48 ppm/C  

Required Filter BW 
over Temp. 3.2% 3.2% 

Design Filter BW 
required 3.4% 3.74% 

The cross section view of FBAR architecture is 
shown at Fig. 4. Its structure consists of a 
piezoelectric material sandwiched between the two 
metal electrodes.  

 

 
a) 
 

 
b) 

Fig.4. Cross section view of a thin film bulk acoustic 
wave resonator (FBAR) through: a) surface 

micromachining; b) back side etching. 
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Applying an electric field over the two metal 
electrodes deforms the FBAR according to the inverse 
piezoelectric effect and resonator uses this effect to 
generate mechanical resonance from electrical input 
[10]. The reflected wave by the electrode - air surface 
propagates in the same direction with the applied 
electric field. FBAR thin film could be achieved with 
the help of a sacrificial layer supporting resonator 
which is removed on the next manufacturing step 
(Fig.4.a); the other way is to etch the backside of the 
wafer to the front (Fig.4.b) [7], [10].  

The other BAW topology is SMR (Fig.5), which 
architecture is similar to FBAR one but the air gap is 
replaced with Bragg reflector. It is placed between Si 
wafer and resonator aiming to reduce the losses in the 
substrate. The Bragg reflector is built of quarter 
wavelength thick layers with changing high and low 
values of acoustic velocity. Depending of the substrate 
acoustic impedance value the first layer of the 
reflector is chosen to be opposite, the next layer is 
opposite to the first and so on. Examples for typically 
used low impedance materials are SiO , AlN and 
ZnO, while Molybdenum (M) and Wolfram (Wo) are 
used for the high impedance layers. The Bragg 
reflector provides a reflectance function of the 
resonator - the more layers are put at the stack, the 
higher reflection coefficient is achieved [9]. 

 

 
Fig.5. Cross section view of a solidly mounted resonator 

(SMR). 

In comparison to SMR FBAR achieve better 
electromechanical coupling coefficient (FBAR  k  ≈ 6.9%, SMR k  ≈ 6.5%) and slightly better  
Q-factor because of the lack of additional reflector 
layers where losses from attenuation could appear. On 
the other hand, SMR gives better values of 
temperature coefficient of frequency than FBAR 
(SMR TCF ≈ -22 ppm/C , FBAR TCF ≈ -30 ppm/C ) 
and shows more reliability considering mechanical 
robustness because Bragg reflector is used for 
mechanical support of the electrodes.    

Most of the piezoelectric thin films used for 
resonators composition are not temperature 
compensated layers and typically have negative 
temperature coefficients. In these cases temperature 
compensation could be achieved by adding SiO  
layers with positive coefficients to the resonator stack 
structure which offsets other layers negative 
temperature characteristics and brings balance to 
overall resonator temperature performance [4], [9]. 
However, this approach is limited due to material 
properties and cannot achieve zero TCF in wide 
temperature ranges. The other way to realize balance 
in terms of temperature is to integrate external air-gap 
capacitor or varactor in series which will passively 
reduce resonator TCF [11]. 

The essence of temperature compensation process 
is to increase materials with positive TC compared to 
those with negative one in order to maintain the same 
frequency. Fig.6 depicts some experimental results for 
SMR with nominal frequency 2 GHz in comparison to 
At-cut quartz [4]. 

 

 
Fig.6. Experimentally measured results for temperature 

compensation for SMR using AlN for piezoelectric layer 
and  as compensation material referred to the AT-cut 

of quartz [4]. 

Comparison between SAW and BAW 

SAW devices have been used predominantly in 
wireless communication market but in the last decade 
BAW devices seems to be rather compelling for such 
applications. It is from significant importance for 
implementation of both technologies to explore and 
compare their parameters and essential advantages. 
The main difference between SAW and BAW is in the 
way that waves propagate through their structures - 
SAW devices uses LiTaO  as a substrate, utilising 
shear horizontal mode (SHM) waves, while BAW 
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technology substrates (AlN or ZnO) use thickness 
extension mode (TEM) waves [9]. 

SAW devices are proved to be effective for 
frequencies below 2 GHz. Their great advantage over 
BAW is connected with the lithography steps during 
manufacturing process - basically SAW technology 
need about four layers of masks and metal depositions 
to be produced. In the contrary, BAW process 
patterning require between 9 - 13 mask layers and 
many layers for metals deposition [15]. This makes 
SAW devices less time - consuming and more cost 
effective compared to BAW. Moreover, ladder filters 
are easily produced with SAW technology due to its 
planar structure which allows a good interaction with 
surface structures.      

However, with development of broadband 
networks BAW technology become highly 
competitive to SAW handling with frequencies above 
2 GHz. BAW resonators have better Q-factor 
compared to SAW resonators, which led to improved 
selectivity and lower insertion losses. FBAR has also 
better TCF in comparison to SAW: -20ppm/℃ versus 
-45ppm/℃. BAW has better power handling 
characteristic, while SAW filters suffer decreased 
power durability as a consequence of electro- and 
stress-migration in the filter [9], [15].  In terms of 
robustness BAW is one step forward demonstrating 
better resistance to electrostatic discharge than SAW 
showing low ESD rating due to especially when they 
are placed close to the antenna. Finally, one of the 
major advantages of BAW is compatibility with 
standard wafer processing which make them suitable 
for RF applications. 

Applications of FBAR technology 

During the last couple of years BAW-FBAR tech-
nology became extremely popular finding different 
RF applications. Telecommunications market is the 
key driver of development of the BAW devices, but in 
the recent times new sensing FBAR applications in 
different industries has emerged. 

FBARs are primary used for RF filters and 
duplexers in wireless communications above 2 GHz 
(in 2G/3G/4G communications networks), because of 
its good selectivity and temperature drift. These 
characteristics are better compared to SAW devices, 
which are typically used for up to 1GHz due to 
performance limitations, or etc. In RF filters the 
wavelength is in proportional correlation to the 
velocity and inversely proportional to the frequency. 
Acoustic wave filters seems to appear a good 
alternative to the electromagnetic wave filters. 

BAW devices have two basic filter configurations - 

ladder and lattice filter. Ladder configuration, shown 
in Fig.7, is widely used for high-frequency 
applications. This filter topology consists of 
consequence of series and parallel (shunt) resonators 
[17]. Resonators in the shunt branches are tuned at 
lower frequency than series ones and they define 
symmetry in the bandpass led to a lower insertion loss 
this way. Working principle of the ladder filter could 
be explained by determining series resonance 
frequency f  and parallel resonance frequency f  
defined by series and shunt resonant branches. When 
device is working on f  the impedance Z  is about 
0.7 - 1.0 Ω, while on the parallel frequency the 
maximum Z  is observed with valuеs in range of 
1.500 - 4.000	Ω [8]. Filters could be designed with 
more resonator sections and increasing their number 
will determine stronger filter rejection but this will 
bring also increased insertion loss.  

 
Fig.7. BAW filter ladder configuration. 

The other typical BAW filter configuration is 
lattice configuration shown in Fig.8. Lattice 
configuration is also of a great interest in high-
frequency applications because of its balanced 
networks creating a direct connection with RF ICs.  

 

 
Fig.8. Balanced input and output lattice configuration. 

The lattice topology is type of a balanced bridge 
filter- it suppresses the typical pole-zero response of a 
resonator giving multipole response through this 
balanced network configuration [9]. Lattice filters are 
used to provide balanced input and output and could 
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improve selectivity through cascade chaining finding 
applications for input/ output transformers. 

BAW devices are used for design of filters for 
third-generation standards in mobile communications. 
FBAR is reported to be utilized for transmitter filter in 
hybrid duplexer for WCDMA Band I combined with 
single balanced SAW receiver filter [19]. The realized 
ladder FBAR filter is low loss and power durable 
improving the overall duplexer performance. FBAR 
find applications for balanced or unbalanced filters in 
TD-SCDMA Band to ensure the sharp transition 
between passband and nearby stop bands in order to 
suppress interference between signals [20].  FBAR are 
also used for construction of microwave bandpass 
filter with a large ratio between input and output 
impedances to gaining from usage of interrogation 
signal energy for triggering a low threshold electronic 
switch [21].    

In recent years FBAR has been reported to be im-
plemented in oscillators with low phase noise for fre-
quencies up to 2 GHz. Schemes using FBAR oscilla-
tors are variation of those using oscillators with quartz 
crystal resonators because both oscillator types could 
be modelled with mBVD scheme and have the same 
frequency behaviour. Of the great importance for this 
achievement is Q-factor of FBARs which could be 
maintained even up to 5GHz or above. Oscillators 
based on high Q BAW resonators are proved to have 
better phase noise, power consumption performance 
and supply pushing [22]. BAW resonators are used as 
a tuning element to trade-off between oscillator power 
consumption and phase noise and reduce wasted die 
area [23]. Moreover, the temperature stability of the 
oscillator could be improved by a by adding additional SiO  layer in the design between one of electrodes 
and the piezoelectric layer [9]. Different implementa-
tions of BAW resonators in temperature stable oscilla-
tors and voltage tunable oscillators are reported in 
[22], [24], [25]. 

FBARs are used for development of variety of 
sensors with applications in science, medicine, 
ecology, robotics, etc. FBAR could be used for stress 
sensor measuring gas and fluid pressures where some 
chemical processes require so. They could be used 
also in medicine for monitoring the human blood 
pressure. Fig. 9 shows FBAR sensor for measurement 
of a fluid pressure [26]. It is supplied with silicon 
membrane which measures the difference between 
pressures of the two fluids: the fluid above the 
membrane is surveyed fluid and the other below the 
membrane is а reference fluid with constant pressure. 

 

 
 

Fig.9. FBAR sensor for fluid pressure. 

   Another sensor application of FBAR is as 
chemical/biological sensor where the device is 
covered with a film allowing the desired substance to 
be detected. In general frequency shift (Hz) for a 
certain mass load [kg m⁄ ] is proportional to the 
resonance frequency squared [9]. FBARs are also 
used for realization of up-to-date inertial gyroscopic 
sensors. 

Conclusion 
BAW devices have proven their advantages over 

the SAW ones for high frequencies above 2 GHz. 
They are expanding their application field in the 
communication devices, thus leading to potential for 
future growing of BAW technology.  

This paper presents overview of BAW technology. 
Both types of BAW resonators - FBAR and SMR - 
have been analyzed considering their architectures, 
parameters and application areas. A comparison 
between BAW and SAW devices was made in terms 
of their parameters and advantages.  
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COMPUTER SCIENCE 

Autonomous management issues in Future Internet 

Anastas N. Nikolov 

 

Internet becomes more and more scalable infrastructure that steadies the social and economic 
life on the earth. This circumstance leads the need to develop new networks or to expand the old ones 
in way to meet user and device requirements. Future Internet is a network architecture which aims to 
realize a concept like this one, networks to be more flexible and adaptive. Current publication studies 
the need for implementation of autonomy in future networks. Autonomic Behavior is identified as an 
action that is formed of a set of sub-actions initiated by a Decision Element. Models of Decision 
Element and Managed Entity with their corresponding interfaces are exposed. There are discussed 
three use cases–the necessity of self-configuration of services, of self-configuration of devices and of 
way to locate, to inspect and to resolve faults or intrusions. The establishment of similar properties 
saves much time and costs while improves the quality of the provided services. 

Предизвикателства пред автономния мениджмънт в Интернет на бъдещето 
(Анастас Н. Николов). Интернет се превръща във все по–голяма инфраструктура, която 
крепи социалния и икономическия живот на планетата. Този факт неимоверно води със себе 
си и нуждата към развитие на настоящите мрежи или създаването на нови такива, които да 
посрещнат изискванията на потребителите и различните по вид устройства. Интернет на 
бъдещето е мрежова архитектура, която е насочена към осъществяването на тази идея, 
осигурявайки възможности за по–гъвкави и по-адаптивни мрежи. Настоящата публикация 
разглежда потребността от вграждане на автономност в бъдещите мрежи. Анализирани са 
три случая, а именно - нуждата от самоконфигуриране на услуги, от самоконфигуриране на 
устройства и от откриване, отстраняване на неизправности и смущения. 
Имплементирането на подобен тип елементи би спестило време и разходи, като 
същевременно би подобрило качеството на предлаганите услуги. 

 

1. Introduction 

Nowadays Internet is such a critical infrastructure 
that changes our way of life, work, production and 
consumption. Contemporary Internet faces some 
challenges: exhausted address space of widely 
adopted IPv4; lack of immanent mobile-oriented 
network architecture; predominant number of 
solutions that provide neither quality of service 
management nor security functions; growth of energy 
consumption caused by its size increase and usage; 
slow and expensive applications development. 

There are new technological opportunities that 
might be used to cope with the above mentioned 
limitation: wideband optical transport; advanced 
mobile and wireless technologies; huge capacity to 
store data effectively; innovations in industrial 
technologies especially regarding sensor, processors, 
memories and power supply. 

The growing social role of Internet leads to more 
requirements to the network: ubiquitous connectivity, 
at any time, of everything; access to 3D content and 
intuitive user interface; data and knowledge 
engineering that are extensible and adapted to the 
needs; plenty of intelligent and secured applications 
that address users' demands.  

2. The concept of autonomous network 
management 

The challenges facing today's Internet, the poten-
tial requirements and the technical capabilities define 
critical directions for scientific research and concept 
reconstruction about the Internet as we know it into 
vision about Future Internet.  

The Future Internet is envisioned as idea about 
fast and flexible networks, meeting the requirements 
of both users and machines. It is about content acces-
sibility, applications and services that take into ac-
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count both the context and user location. The evolu-
tion of Future Internet is Internet of services, things 
and infrastructure. During the evolution toward Fu-
ture Internet the architectures of underlying networks 
extend the amount of necessary equipment, but at the 
same time it causes operational costs reduction. That 
assumes the necessity to embed autonomic functions 
as in the network equipment, so in the systems in-
volved into the configuration operation. The future 
network infrastructure incorporates more autonomous 
features in order to keep low operational costs while 
deploying in large scale. This implicitly means fea-
tures like self-configuration, self-healing, self-
optimization and self-protection. 

The autonomic computing is a concept that is in-
fluenced by biological systems and it aims develop-
ment of systems capable of self-management when 
coping with the complexity problem. The evolution 
toward autonomic computing includes five levels: 
basic, controllable, predictable, adaptive and auto-
nomic. For automating of management tasks, reduc-
ing the response delay and management costs it is 
possible to use approaches like software agents, pro-
active networks and policy-based systems. The solu-
tion for communications complexity problem is 
mechanisms that allow the systems to manage the 
communications. The autonomic management is 
purposed to cope with the increasing complexity of 
computing systems management and to allow a pos-
sible dynamic expansion. 

Self-configuration is the capability of the system 
to (re)-configure with respect of predetermined high-
level policies and seamlessly to adapt to the changes 
caused by the reconfiguration. Self-optimization is 
the capability of the system to monitor and to manage 
its resources in order to improve its performance and 
effectiveness. Self-healing is the capability of the 
system to discover problems through fault-detection, 
diagnosis and triggering appropriate actions to pre-
vent disruptions. Self-protection is the capability of 
the system proactively to identify and protect from 
malicious actions or overlapping faults that self-
healing can't cope with. An autonomic system im-
plements the respective features in either reactive or 
proactive manner of behavior. A reactive autonomic 
system tries to detect faults or significant events and 
after that looks for appropriate action or solution. A 
proactive autonomic system uses preventive measures 
in order to sustain, improve or optimize its 
performance. The measures are based on analysis of 
current state, past and expected events, and predicted 
system reactions. 

The deregulated markets, the open competition, 
the variety of digital services, the convergence of 
services, the convergence of communications and 

information technologies (e.g. virtualization/clouds) 
lead to new business and technological challenges. 
This is the reason why networks and network man-
agement must become intelligent, open, secured and 
autonomic i.e. to function with minimal human inter-
vention. 

3. State-of-art in autonomous network man-
agement 

The introduction of autonomy into the networks is 
related to the so called knowledge (wisdom) which is 
on top of the pyramid data-information-knowledge. 
The research related to autonomic management in 
Internet of Thing (IoT) is still at initial phase but the 
scientific community has realized the importance and 
necessity of the reduction to a minimal human inter-
vention. The autonomic features introduction into the 
IoT systems for dynamic management of resource 
constrained devices is an effective solution consider-
ing the exponentially increasing number of connected 
devices. At the same time the autonomic computing 
allows innovative use of different security schemes. 

The autonomic features are applicable to different 
functions, management and energy efficiency in IoT 
systems [1]. In [2], it is presented a state-of-art re-
view of Machine-to-Machine (M2M) type cognitive 
communications from protocol stack viewpoint. The 
authors discuss the emerging standards and latest 
developments of protocols in cognitive M2M net-
works. Additionally, a centralized cognitive protocol 
for access control and a cognitive routing protocol for 
M2M networks are presented. An autonomic IoT 
architecture and communication protocol of services 
are proposed in [3] and both are based on the auto-
nomic framework of IBM. When designing dynamic 
techniques, architectures and frameworks for future 
IoT the autonomous security should be considered as 
a priority. In [4] the authors examined and analyzed 
specific approaches, in relation to the autonomous 
security, that require minimal human intervention in 
IoT and thus can reduce threats. The main advantages 
of using an autonomous protection management in 
IoT are presented in [5]. In [6] the author proposes an 
approach based on the semi-automatic, policy-based 
agent for collection of personal data, which can take 
decisions. The agent includes algorithm for context-
binding and modeling of behavior that keeps personal 
data under control of the user. 

In addition to increased security, autonomous be-
havior can be used for self-healing. An extension of 
Open Mobile Alliance’s Lightweight M2M protocol 
for device management with autonomous capabilities 
is proposed in [7]. In [8], it is studied the autonomous 
behavior of fault management of IoT services. The 
authors propose a scheme for fault management of 
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self-organizing software platform on top of which 
IoT services are deployed, and IoT devices are con-
nected to. A mechanism for autonomic management 
of services and devices which depends on the system 
context and locations of devices is presented in [9]. 
The developed mechanism is part of middleware for 
distributed and autonomic M2M systems and it is 
aimed at device authentication, device status monitor-
ing, device management, and services reconfigura-
tion. An autonomous system is presented in [10] that 
can train itself from personalized service require-
ments by drawing conclusion of the service usage in 
specific environments such as different location, 
temperature, time, etc., and emotional information 
from the user. The autonomous agents are software 
entities that perform multiple operations for a user or 
another program with a degree of independence or 
autonomy, using the knowledge or representation of 
consumer goals and desires. The autonomous agents 
are used within smart energy grids, processing big data 
and intelligent transport systems [11], [12], [13], [14]. 

4. Enabling mechanisms  

Fig.1 illustrates an abstract model of autonomous 
network system defined by European Telecommuni-
cations Standard Institute (ETSI).  

 
Fig.1. Model of abstract autonomous networking 

system (ETSI GS AFI 002). 

ETSI applies the classical architectural principles 
of autonomic computing at protocol level, network 
element level, and at network level. These principles 
identify managed entity (entities) and autonomous 
control element that takes decisions. The autonomous 
control element is a functional entity that drives the 
control loop tuning and adapting the behavior of 
managed resources by processing sensory 
information from managed resources and other types 
of information sources and by responding to the 

observed conditions by treating the behavior of 
managed resources in achieving particular goal. It is 
regarded as a Decision Element (DE).  

The Managed Entity (ME) is a protocol or 
mechanism implemented by a particular functional 
entity that performs a specific task and can be 
managed by autonomous control element. The DE the 
ME form the core of an autonomous system with 
cognitive abilities whose behavior is reactive or 
proactive based on external stimuli and objectives to 
be achieved, principles of work, opportunities, 
experience and knowledge. In the case of 
telecommunication network, the autonomous system 
with cognitive abilities have capabilities for dynamic 
choice of network configuration through self-
functionality that reaches optimal solutions, taking 
into account the operational context (the requirements 
and characteristics of the environment) objectives and 
policies (consistent with the operational principles), 
profiles (corresponding to the abilities) and machine 
learning (for management and usage of knowledge 
and experience). 

In order to design the control loop and abstract 
levels the following methods and techniques are used. 

Methods of information and knowledge 
management cover all mechanisms enabling 
information exchange and retrieval without any 
manual intervention and taking into account the 
system’s dynamic. These procedures aim at designing 
mechanisms for data acquisition, training and 
management of linked knowledge, which allow 
creation of a self-aware system. Cognitive methods 
and techniques include learning and reasoning, and 
assume the system to be self-descriptive, to increase 
its self-awareness and to improve the decision-
making process. Service models are used for proper 
management of network resources in order to meet 
different services requirements (such as availability, 
reliability, quality of service). Network management 
mechanisms are needed for policies creation and 
validation, to link a policy to objectives and 
configuration data in network profiles and to 
distribute these profiles over the network. Various 
methods of network modeling exist, which allow 
easier description as well as network definition and 
performance evaluation. An autonomous system or a 
system unit adapt their behavior in response to 
changes in the system itself or changes in its 
environment. Information for such changes is 
obtained by means of environmental monitoring and 
is realized by sensors. All the information gathered is 
processed and distributed to other system units. In 
order to model, design and implement an autonomous 
control system, programmability of resources is used. 
Resource programmability provides primitives 
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operations of management interfaces for different 
kinds of managed units. 

5. Models of autonomic behavior 

Autonomic Behavior (AB) is identified as an 
action that is formed of a set of sub-actions initiated 
by a DE. The AB is an action initiated as an effect of 
received information from information suppliers of a 
DE. Such kind of supplier is its related МЕ. There are 
a couple of examples of AB as follow: self-
description, self-advertisement, self-healing and self-
configuration. They all are initiated by a DE. 
Significant note is that an AB is linked to a DE. 
Possibly it is linked to the information suppliers from 
the control loop executed by the DE together with the 
ME which is under its control.  

5.1 State Transitions of a Decision Element  

Fig. 2 provides a review of the state transitions of 
a DE. After DE is started it comes in a condition 
where it permanently listens for several kinds of 
signals: policies or commands from the upper DE; 
events from the MEs of this DE; information from 
sibling DEs or from different sources in the same 
aura. 

 
Fig.2. State Transitions of a Decision Element. 

If an event is sent by a ME, the DE reacts to the 
event in case of some kind of activity should be 
performed. If a command from upper DE is received, 
the DE executes the required operation, e.g. MEs 
behavior change, reconfiguration of an ME, etc. In 
case of received policy from upper DE, the 
corresponding policy is applied to the MEs related to 
this DE. If information from sibling DEs is received, 
the DE takes a decision based on the behavior of the 
controlled ME. 

5.2 Model of a Decision Element  

The model of a DE shows the interface names via 
Fig. 3. There are several main interfaces observed: 
Management Interface, DE-ME Interface, DE-
PeerDE Interface and Other Interaction Interface.  

Both Management and DE-ME Interface have 
sub-interfaces: Management Effector Interface, 

Management Sensory Interface, Management General 
Non Sensory Information Retrieval Interface, ME-to-
DE Sensory Information Retrieval Interface, ME-to-
DE General Non Sensory Information Retrieval 
Interface and DE-to-ME Effector Interface.   

 

 
Fig.3. Decision Element’s Interfaces. 

Several primitives that ought to be supported from 
a corresponding sub-interface are listed in Table 1. 
All of the primitives supported by Management 
Sensory Interface are called by the upper DE. 
Deactivate policy used by Management Effector 
Interface brings the ME in default state of behavior. 
Primitives related to the sub-interfaces of DE-ME 
interface are initiated by the DE via the 
corresponding sub-interface. The rest of the 
primitives and their behavioral attributes are object of 
future research. 

5.3. Model of a Managed Entity  

Design of a ME at lowest level of Generic 
Autonomic Network Architecture (GANA) is shown 
per Fig. 4.  

 
Fig.4. Model of ME. 

In addition to the Management Interface and its 
sub-interfaces there are two more interfaces: Service 
Providing Interface and Service Requesting Interface. 
Service Providing Interface is used to request ME’s 
services for different “user-entity”. Service 
Requesting Interface is used from a ME to request 
services supplied by some other entity.  

The sub-interfaces of Management Interface and 
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the corresponding Management Primitives are listed 
in Table 2. The primitives of Management Sensory 
Interface are called on the ME by its DE. As in the 
previous case with the primitives discussed in sub-
section 5.2, their behavioral attributes are object of 
future research. 

 

Table 1 Primitives supported by the sub-interfaces of a DE 

Sub-interface Primitives 

Management 
Effector 
Interface 

Start, Pause, Resume, 
Terminate(Time); 
Enforce and\or Deactivate 
policy(Policy specification); 
Set(Variable list and new 
values); 
Apply control 
strategy(Behavior model 
specification); 

Management 
Sensory Interface 

Get(Variable list); 
Pull(Data specification); 
Push(Data specification); 

Management General 
Non Sensory 
Information 

Retrieval Interface 

GetCapabilityDescription(); 
GetFiniteStateMachine(); 
GetVariable(VariableList); 
GetFaultError 
FailureAlarmCausalityModel(); 

ME-to-DE Sensory 
Information 

Retrieval Interface 

Get(Variable list); 
Pull(Data specification); 
Push(Data specification); 

ME-to-DE General 
Non Sensory 
Information 

Retrieval Interface 

GetCapabilityDescription(); 
GetFiniteStateMachine(); 
GetVariable(VariableList); 
GetFaultError 
FailureAlarmCausalityModel(); 

DE-to-ME Effector 
Interface 

Start, Pause, Resume, 
Terminate(Time); 
Enforce and\or Deactivate 
policy(Policy specification); 

 

Table 2 Primitives supported by the sub-interfaces of 
Management Interface of a ME 

Sub-interface Primitives 

Management 
Effector 
Interface 

Start, Pause, Resume, 
Terminate(Time); 
Enforce and\or Deactivate 
policy(Policy specification); 
Set(Variable list and new values); 

Management 
Sensory Interface 

Get(Variable list); 
Pull(Data specification); 
Push(Data specification); 

Management 
General Non 

Sensory 
Information 

Retrieval Interface 

GetCapabilityDescription(); 
GetFiniteStateMachine(); 
GetVariable(VariableList); 
GetFaultError 
FailureAlarmCausalityModel(); 

6. Use cases for autonomous management 

The evolution to the Future Internet requires 
incorporation of capabilities for self-management in 
modern network infrastructure in meeting the needs 
of services and preserving the efficiency of the 
network.  

There is a need to automate multiple processes 
(many of which affect the business) in the networks 
of the future, i.e. execution of processes based on the 
relevant autonomous decisions without human 
intervention. Modern Information and 
communications technology (ICT) systems have not 
inherent capabilities for "training" of the past (or 
current) experience and cannot contextualize and 
adapt to evolutionary processes based on their own 
monitoring processes and training. Many ICT 
applications can't be developed further without 
embedding intelligence and cognition. In the context 
of the Future Internet, networks having cognitive 
properties are regarded as key communication next-
generation technologies and it is expected to 
significantly improve the communication service, 
providing effective solutions. A couple of research 
tasks in the field of autonomous management of the 
Internet of the future are examined in the next three 
subsections. 

6.1 Self-configuration of services in Future 
Internet 

When developing new services that meet new 
consumer demand, the number of network equipment 
and stakeholders is constantly increasing, while 
opportunities for management and cooperation have 
reached the limits of human capacity. Adding new 
service is a challenge because it is necessary 
cooperation between all parties. This is done 
manually without automatic process by considering 
each case individually, taking into account the 
limitations of each party. The service provider 
expects service provisioning through a common 
infrastructure and transparent management through 
virtualization of resources. Users do not have specific 
telecommunication skills and require ease service 
usage without configuration. With the introduction of 
new services increases the possibility of unexpected 
interaction between them. Unexpected interactions 
are resolved manually. Continuity of service is 
difficult to achieve as services are configured 
statically for a certain type of network access and 
multiple users.  There is a need for mechanisms for 
self-configuration of services, detection and 
resolution of conflicts between services. 
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6.2 Self-configuration of network devices in 
Future Internet 

With current practices for network management, 
network administrator initialize the network node, to 
create manually a configuration profile, to connect 
the node to the network, taking into account the 
requirements for scalability and network topology. 
With modern technology equipment, produced by the 
manufacturer, it only activates its default settings at 
initialization, while the operator manually configures 
its interfaces and communications protocols. The 
possibilities for remote configuration management 
are limited and implemented only after initial manual 
configuration of interfaces for device management. 
The configuration commands or data do not cover the 
full configuration profiles of devices. Modern 
technologies do not provide discovery of supported 
capabilities for self-management features, device 
description and properties notification. On the one 
hand, capabilities for autonomous element discovery 
are necessary that take control for devices 
configuration. On the other hand, capabilities for 
device self-description need to be available on 
managing autonomous elements. Such knowledge is 
required to define the role of the new device and to 
provide a configuration profile that is used for self-
reconfiguration. 

6.3 Discovery, analyses and solving faults and 
intrusions in Future Internet  

The detection of unusual and undesirable behavior 
in the network requires addressing issues like fault 
diagnosis, troubleshooting and problem resolution. 
This task is hard in a distributed wireless 
environment, where it is necessary to correlate 
information from different network levels and 
network elements. Typical problems such as anomaly 
detection, fault prediction and intrusions detection are 
addressed by identifying undesirable behavior. 
Usually fault notifications and malfunction alarms 
follow a pattern that in recognition are used to predict 
the failures. This means that preventive actions are 
taken beforehand in order to prevent malfunction. 
These processes are automated with minimal human 
intervention. Upon detection of an anomaly, the 
involved network elements use alternative setting 
profiles and configurations. Traffic anomaly 
detection in the wireless environment is hard because 
of the unpredictable nature of radio conditions and 
constrained resources of mobile devices, but it is 
important to prevent overloading and to detect 
failures. In a distributed environment, it is important 
to collect statistics at local level, as undetected 
abnormality of one network level is found on another 
level using monitoring data at the different levels. 

Another problem is the intrusion detection. The used 
techniques in most existing systems for intrusion 
detection rely on training data, which is expensive 
and not applicable to detect new types of attacks. 
Therefore it is necessary to use various cognitive 
methods to detect anomalies that rely on 
unsupervised training. 

6.4 Service self-management in overlay virtual 
networks in Future Internet 

Overlay virtual networks are virtual networks, al-
lowing users to access services and content. Problems 
with connectivity or equipment failures can lead to 
the temporary absence of a service or interruption. 
Diagnostics is a complex task due to its distributed 
nature and need to access all events and context-
based information. Self-learning algorithms are need-
ed to automatically improve diagnostic algorithms 
through experience. Self-recovery should follow the 
operator policies and results in system stable state. 
Service quality deterioration is another problem with 
the overlay virtual networks. The problem can be 
solved by autonomous application that monitors the 
quality of service parameters and compares them with 
predefined values while adapting measurement fre-
quency in case of thresholds approaching. The task is 
difficult because the quality of service can degrade in 
the following cases: at home network where the ser-
vice is initiated; at home network where the content is 
extracted; at access network; end to end insufficient 
bandwidth; signal degradation from the application 
server providing the service. It is necessary an intelli-
gent access management to perform a comprehensive 
assessment of the environment in case of a new ses-
sion initiation to access the home network content. 

6.5  Coverage and capacity self-management of 
wireless systems in Future Internet 

Network planning and management of wireless in-
frastructure are difficult tasks due to the varying na-
ture of radio space and terminals mobility models. 
Available radio resources must be applied efficiently, 
which requires expertise, including the traffic intensi-
ty and services used. Conflicts may arise in the effec-
tive channel distribution among heterogeneous radio 
access technology. Activation and de-activation of 
the access points/base stations is connected to evalu-
ating the specific performance of the network area. 
Network managed vertical and horizontal handovers 
must be taken into account during the planning and 
management process. Mechanisms for autonomous 
and local management of varying capacity and cover-
age requirements, as well as actions in case of over-
load and high levels of interference are needed. This 
includes decision making regarding operational sta-
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tus, internal and external stimulus proactive response 
and implementing the necessary solution-based ac-
tions. 

6.6 Coordination mechanisms for self-
management in autonomous networks in Future 
Internet 

Different self-management mechanisms to net-
work elements have different requirements. Autono-
mous functions and management cycle’s coordination 
of each network element, that may have the same or 
different purposes in an integrated self-management 
system, is required. Typically, each element performs 
autonomous government in "selfish" way by imple-
menting its own control loop independently and this 
can contribute to efficiency deterioration. It is possi-
ble to predefine the individual component actions by 
the control cycles Interactions in order to avoid lack 
of consistency and denial of system. 

7. Conclusion 

The affair with expanding global network occurs 
with increasing force. Systems that are able to man-
age themselves resist of his push. When considering 
self-configuration of services it is perceptible the 
necessity of an appliance that resolves controversy 
between them. If it comes to self-configuration of 
network devices we talk about a mechanism with 
specific knowledge that defines the role of a new 
device and implement the necessary configuration. In 
case of proactive discovery of faults or intrusions 
methods should be developed to detect and resolve 
them. The true logic shows that the autonomous man-
agement plays an ever–greater role in Future Internet.  

This paper is an extension of work originally re-
ported in the national conference with international 
participation ”Telecom 2016”, Sofia, Bulgaria, 2016. 

REFERENCES 

[1] Wan, J., M. Chen, F. Xia, Di Li, K. Zhou. From 
Machine-to-Machine Communications towards Cyber-
Physical Systems. Computer Science and Information 
Systems, ComSIS vol. 10, No. 3, 2013, pp.1105-1128, doi: 
10.2298/CSIS120326018W. 

[2] Aijaz, A., A.H. Aghvami. Cognitive Machine-to-
Machine Communications for Internet-of-Things: A Proto-
col Stack Perspective. Internet of Things Journal, IEEE, 
vol.2, no.2, 2015, pp.103-112. 

[3] Ashraf, Q.M., M.H. Habaebi. Introducing Auton-
omy in Internet of Things. Recent Advances in Computer 
Science, 2015, pp.215-221. 

[4] Ashraf, Q.M., M.H. Habaebi. Autonomic schemes 
for threat mitigation in Internet of Things. Journal of Net-
work and Computer Applications, vol.49, issue C, 2015, 
pp. 112-127. 

[5] Ashraf, Q.M., M. H. Habaebi, G. Sinniah, M. 
Ahmed, S. Khan, S. Hameed. Autonomic protocol and 
architecture for devices in Internet of Things. IEEE Inno-
vative Smart Grid Technologies - Asia (ISGT Asia), Kuala 
Lumpur, 2014. 

[6] Copigneaux, B. Semi-autonomous, context-aware, 
agent using behaviour modelling and reputation systems to 
authorize data operation in the Internet of Things. IEEE 
World Forum on Internet of Things (WF-IoT), 2014, 
pp.411-416, doi: 10.1109/WF-IoT.2014.6803201. 

[7] Meddeb, M., M. Ben Alaya, T. Monteil, A. 
Dhraief, K. Drira. M2M Platform with Autonomic Device 
Management Service. Priced Computer Science, vol.32, 
2014, pp. 1063–1070, International Conference on Ambi-
ent Systems, Networks and Technologies (ANT-2014), 
International Conference on Sustainable Energy Infor-
mation Technology (SEIT-2014). 

[8] Jung, I.Y., G.J. Jang, J.M. Yang, J. Yoo. Design 
of a Situation Aware Service for Internet of Things. Inter-
national Journal of Distributed Sensor Networks, vol. 
2015, Article ID 641312, 8 pages, 
http://dx.doi.org/10.1155/2015/641312. 

[9] Shih, C.S., K.J. Lin, J.J. Chou. C.C. Chuang. Au-
tonomous Service Management for Location and Context 
Aware Service. IEEE 7th International Conference on 
Service-Oriented Computing and Applications (SOCA), 
2014, pp.246-251, doi: 10.1109/SOCA.2014.10. 

[10] Kamal, R., J.H Lee,. C.K. Hwang, S.I. Moon, C.S. 
Hong, M.J. Choi. Psychic: An autonomic inference engine 
for M2M management in Future Internet. Asia-Pacific 
Network Operations and Management Symposium 
(APNOMS), 2013, pp.1-6, 25-27. 

[11] Andren, F., G. Lauss, R. Brundlinger, P. Svec, T. 
Strasser. An Open Source-Based and Standard-Complient 
Smart Grid Laboratory Automation System: The AIT 
SmartEST Approach. Industrial Applications of Holonic 
and Multi-Agent Systems, Springer, 2015, pp.195-205. 

[12] Kadera, P., M. Macas. Applying Agents and Ge-
netic Algorithms for Reducing Peak Consumption in Dis-
trict Heating. Industrial Applications of Holonic and Multi-
Agent Systems, Springer, 2015, pp.206-216. 

[13] Obitko, M., V. Jirkonsky. Big Data Semantics in 
Industry 4.0. Industrial Applications of Holonic and Multi-
Agent Systems, Springer, 2015, pp.217-229. 

[14] Zhabelova, G., V. Vyatkin. Towards a Design 
Methodology for Agent-Based Automation of Smart Grid. 
Industrial Applications of Holonic and Multi-Agent Sys-
tems, Springer, 2015, pp.181-194. 
 

Mag. Ing. Anastas N. Nikolov - Ph.D. student at TU-
Sofia. The Ph.D. research is oriented towards investigation 
of methods and models for autonomous management.  

tel.:+359 886 891 333  
e-mail: nikolov.anastas@gmail.com 

Received on: 31.08.2016 

30 “Е+Е”, 7-8/2016



ELECTRICAL ENGINEERING 

Study of combined heating and power generation  
as distributed energy resource 

Hristiyan C. Kanchev, Nikolay L. Hinov  

 
This paper presents a study on the possibilities for implementation of local cogeneration 

and trigeneration (heating, air-conditioning and electricity generation) as distributed energy 
resource. By the means of microturbine-based generators and absorption chillers, domestic 
consumers are able to satisfy partially their demand on electrical energy or supply power to the 
grid by following their heating or air-conditioning load curve. The principle of operation of 
small-scale cooling, heating and power generation systems is presented at first, then the 
thermal calculations of an example building are performed: the heat losses due to thermal 
conductivity and the estimated daily heating and air-conditioning load curves. By considering 
typical domestic power consumption curves and weather data, the monthly available electrical 
energy is estimated and the profitability of micro-cogeneration as a distributed energy resource 
in urban grids is validated. 

Изследване на възможностите за когенерация като разпределен енергиен ресурс 
(Християн Кънчев, Николай Хинов). В доклада са разгледани възможностите за 
използване на локална когенерация и тригенерация (комбинирано отопление, 
климатизация и производство на електроенергия) като разпределен енергиен ресурс. 
Посредством газови микротурбини и абсорбционни климатизатори битовите 
потребители имат възможност да задоволяват част от потреблението си на 
електроенергия или да я отдават в мрежата, докато следват топлинния товаров 
график на своята жилищна сграда. Разгледано е принципното устройство на системи с 
малка мощност за локално отопление, климатизация и генериране на електроенергия, 
след което са извършено топлинни пресмятания на примерна жилищна сграда: загубите 
от топлопреминаване и прогнозните товарови графици за отопление и климатизация. 
Чрез използване на метеорологични данни и типови електрически товарови графици е 
пресметната месечната налични електроенергия, като по този начин е доказана 
потенциалната полза от използването на микро-когенерация като децентрализиран 
енергиен ресурс.    

 

Introduction 

The term Cooling, Heating and Power (CHP), 
referred to in some sources also as “combined heating 
and power generation” or “cogeneration” is used for 
describing all power generation systems that use the 
prime mover exhaust heat for secondary purposes: 
building heating/air conditioning and domestic hot 
water or even for propelling an additional electric 
generator [1]-[4]. This concept is well known since 
decades and is used large-scale power plants for their 
proper Heating, Ventilation and Air-Conditioning 
(HVAC) needs, but also for centralized heating of 

urban districts located nearby. In this way an overall 
plant efficiency of up to 85-90% can be achieved 
without taking into account the losses due to the 
distance between the power plant and the consumers.    

Micro-CHP are CHP systems with rated electric 
power output less than 100-120 kW [5]. During the 
last decade it has been proven beneficial for 
consumers located in remote areas. Micro-CHP 
systems have slightly higher efficiency than large-
scale CHP plants because of the fact that usually they 
are located at consumer’s site. Also prototypes of 
CHP systems at even smaller scale have been 
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developed recently [6] which lead to the introduction 
of a new term: “nano-CHP systems” – systems with 
relatively low power output, designed for electricity 
generation and HVAC needs of a single home. 

The main principle in CHP systems of all size is 
the same: fuel combustion (through internal 
combustion engine or gas turbine) is used as prime 
mover of an electrical generator. The exhaust heat is 
then recovered by a heat exchanger and the coolant 
fluid and used for building HVAC (fig.1). The fuel is 
most often either methane or low pressure gas (LPG). 
There are also micro CHP systems that use fuels 
derived from biomass and thus can be considered as 
renewable energy-based generators [7]. 

 
Fig. 1. Schematic representation of a micro CHP system. 

Following the development of small-scale CHP 
systems, possibilities of their application in urban 
microgrids and integration into the Smart Grid are 
becoming an interesting research topic. These could 

provide improved flexibility for autonomous power 
supply or in combination with other sources, for 
example compensation of PV or wind energy 
fluctuations [1]. In the Smart Grid concept microgrids 
called also virtual power plants are local clusters of 
loads, energy storage devices, conventional and 
renewable energy-based generators. Virtual power 
plants act as a single entity from the grid operator’s 
point of view (either as a load or as a generator) and 
are capable of being dispatched, to operate 
autonomously or connected to the grid. 

 CHP systems at micro- or nano-scale have the 
option to be directly integrated in residential buildings 
replacing or upgrading existing centralized HVAC 
systems [1], [2]. From the consumer point of view this 
can be beneficial, because of the possibility to sell the 
excess of electricity to the grid while following their 
heating loads. Moreover, in this way the consumers 
are able to participate in grid services such as peak 
load shaving or grid voltage and frequency support. 
Taking into account the trends in electricity prices, 
power demand and mass integration of intermittent 
renewable energy-based generators in low-voltage 
distribution networks, the implementation of CHP 
systems can lead to a more flexible and resilient 
power supply for the consumers and possibly reduce 
the investments for grid infrastructure reinforcement 
[1]-[3]. 

CHP systems based on micro gas turbine 

Generators driven by a small gas turbine engine 
are increasingly used for autonomous power supply 
in remote areas or for backup generators ensuring 
uninterruptible power supply [4]-[7]. For fuel they 
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Fig. 2. Schematic representation of a micro gas turbine for CHP applications. 
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use either methane, LPG or have the option to use 
both fuels. Their principle of operation is as follows: 
the inlet air (whose temperature is maintained in a 
narrow range in order to improve engine efficiency) 
is compressed in a radial centrifugal compressor and 
after being mixed with the pressurized fuel is 
supplied to the combustion chamber. The mechanical 
force generated by the expansion of the burning air-
fuel mixture drives a radial turbine mounted on the 
same axe with the inlet compressor and with a high 
speed permanent magnet synchronous generator (fig. 
2). On some models the electrical generator can also 
be coupled to the main axe through a gearbox, but 
often it is directly coupled and its rotational speed is 
in the range of 60 000 to 180 000 rpm [12]. The 
generated three-phase voltage system with high 
frequency is rectified and then converted to AC with 
frequency and amplitude conforming to the load 
requirements (or the grid in the case of a grid-
connected system). As presented on fig. 2, the 
generation control system is capable of automatic 
switching between autonomous and grid-connected 
mode (corresponding to grid-forming and grid-
supporting applications). In autonomous mode, the 
voltage amplitude and frequency references can be 
configured to suit the load requirements. In grid-
connected mode these references are imposed by the 
grid and the system can be dispatched by references 
for the generated active and reactive power. 

Micro gas turbines are often preferred rather than 
diesel groups for autonomous or backup power supply 
because of their fast response to load changes and 
lower emissions at partial load. The electrical effi-
ciency of a micro gas turbine is up to 25% and in CHP 
the overall efficiency can reach up to 80-85% [7].    

In areas with cold or moderate winter and hot 
summer, appliance of CHP systems is even more 
interesting: in conjunction with an absorption chiller 
it can be used for heating during the winter as well as 
air conditioning in the summer (fig. 1). Air 
conditioning in CHP systems is achieved by adding 
an absorption chiller to the building heating circuit. 
The absorption chiller is a device that converts heat 
in cooling power through evaporation and 
condensation of its working fluid. The cooled 
working fluid is then injected in the building’s 
heating circuit and is used for air conditioning by 
convectional heat exchangers mounted in the rooms. 
The typical coefficient of performance (COP) of an 
absorption chiller is around 75%. The room heat 
exchangers are equipped with thermostats allowing 

an individual temperature setting in each room. This 
eliminates the expenses for separate air conditioners 
in the rooms and allows for the usage of the CHP 
system during all seasons. 

Thermal performance of a building  

Modeling and estimation of the heat transfer 
between a building and its environment is called 
building thermal performance calculation. For the 
needs of HVAC system sizing, the building thermal 
performance is calculated with the highest summer 
and lowest winter temperatures usual for the area. The 
difference between the room temperature and the 
outside air temperature is calculated by considering 
that all habitable rooms are populated and the inside 
temperature should be maintained in a range 
conforming to the regional sanitary norms - in 
Bulgaria the temperature in inhabited rooms should be 
between 22 C˜ and 25 C˜ (295,15 K and 298,15 K 
respectively) and 20 C˜  (293,15 K) in the non-
inhabited rooms.  

Apart from the temperature difference and the heat 
exchange with the environment (due to the properties 
of the construction materials), the thermal 
performance of a building depends on a number of 
other factors: design and situation of the building, 
microclimate in the area, obtained solar irradiation, 
shading by the surrounding buildings, air infiltration 
from the outside, ventilation, internal gains due to the 
inhabitants and the working electrical equipment, etc. 
[10], [13].  

In the case of typical buildings with similar 
design and located in the same area, an 
approximation of the HVAC power demand can be 
calculated relatively easy and with decent accuracy 
by multiplying the volume of the building envelope 
by a certain constant (derived from the practice). But 
if the building is designed conforming to the 
contemporary tendencies in energy efficiency, the 
sizing of HVAC system implies individual 
calculations for each element of the building 
envelope: outer walls, windows, bottom, roof etc. 

The studied building has three identical floors, 
each of them comprising three flats. On fig. 3 is 
presented the plan of the second floor.  

A thermal conductivity of the outer walls 
conforming to the actual norms will be adopted - they 
should have a thermal conductivity less than 
0,35W/m2K (which corresponds to a brick wall with 
7cm polystyrene plate mounted at the outside) [14]. 
The inner walls should have a thermal conductivity 
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less than 0,50W/m2K, the bottom and the ceiling plate 
- 0,40W/m2K and the air gap between the ceiling plate 
and the roof should exceed 0,3m.   

 
Fig. 3. Plan of the studied building. 

The thermal conductivity of the windows is 
strongly dependent on the type of glassing installed. 
The woodwork (supposing that there are no 
deformations) has an area several times smaller than 
the glassing, so the thermal performance will be 
influenced mostly by the glassing installed. In table 1 
are presented the thermal conductivities of the usual 
glassing types. The studied building has windows with 
double KA-glassing filled with argon. 

Table 1 
Thermal conductivity of common glassing types 

Single glassing 5,9 W/m2K 

Double glassing 2,9 W/m2K 
Double KA-glassing 1,7 W/m2K 
Double KA-glassing filled with 
argon 

1,5 W/m2K 

Triple KA-glassing   1,4 W/m2K 

Triple KA-glassing filled with 
argon 

1,2 W/m2K 

 
When the thermal performance of the separate 

building envelope elements is known, the heat transfer 
between the building and its environment can be 
calculated. The thermal conduction of each building 
envelope element is calculated using the following 
equation [13], [14]: 

(1) TSkQi Δ= .. , (W)                          

Where k is the thermal conductivity of the 
corresponding element (W/m2K), S is the surface 
(m2), и ΔТ is the difference between the room 
temperature and the environment (K). For the bottom 
plate ΔТ is calculated by adopting that the 
temperature of the earth’s surface is constant: 10 C⁰ (283,15 K). 

The cumulative thermal conduction of the entire 
building envelope is then obtained using the following 
equation: 

(2) 
=

=
n

i
itot QQ

1
 , W   

The thermal conduction of the building envelope 
calculated at the lowest usual winter temperature in 
the region: -18 С  ̊(255,15 K) is the amount of heating 
power necessary for only maintaining the given 
temperature reference in the rooms. The maximum 
installed heating power should be higher than that 
because the heating installation should be able to raise 
the room temperature up to the abovementioned 
reference even if they have not been inhabited for a 
few days.  

According to [4], [13] and [14] The required 
heating power can be estimated by multiplication of 
the building thermal conduction by a sizing factor 
(1+z) where z has a value between 1,15 and 1,25: 

(3) )1( zQQ totheating +=  , W 

Calculation of the building’s heating power 
demand for other temperatures and room temperature 
references is performed in the same way by modifying 
Δt in equation (1) for all building envelope elements 
except of the bottom plate, because the earth surface 
temperature is considered constant.  

An approximation of the worst-case cooling 
power demand during the summer is calculated by 
the same equations by adopting an outside 
temperature of 35 С ̊. The absorption chiller 
efficiency ηchiller should be taken into account – for 
this study it is considered 75%. Also the internal heat 
gains Qgains due to human activity (table 2) and 
electrical appliances (refrigerators, computers, 
lighting etc.) should be taken into account. The 
values in table 2 are given for an average person 
(whose skin surface is 1,8 m2). The estimate of the 
building cooling power demand is: 

(4) 
gains

chiller

tot
cooling Q

zQ
Q ++=

η
)1(   , W 
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Table 2 
Average heat production of the human body 

Activity Power, W 

Sleeping 60 
Resting 80 
Sitting, normal office work 100 
Mind-intensive work 150 
Walking 200 
Workout 250 
 
By using the correlation between the 

heating/cooling power demand and ΔТ and available 
hourly meteorological data, the daily thermal load 
curve of the studied building is obtained. On fig. 4 are 
plotted the estimated thermal load curves of the 
studied building for four days: a summer day with hot 
and moderate temperatures and a winter’s day with 
cold and moderate temperatures. 

 

 
Fig. 4. Estimated daily thermal load curves.  

For this case study a CHP system with 60kW 
nominal heating power and absorption chiller with 
30kW nominal cooling power is sufficient. 

Potential of micro-CHP systems for 
decentralized power generation  

A micro-gas turbine CHP system with rated 
electrical output of 30kW has an electrical efficiency 
of 25% at nominal load [13] and recoverable exhaust 
heat of 60kW, in other words 50% of the total thermal 
power supplied to the combustion chamber. The 
partial load characteristics of micro-gas turbine CHP 
systems have already been discussed in previous 
works [7], [8], [11]. Considering that the system 

follows the thermal load, the available electrical 
power was simulated. The results are presented on fig. 
5 along with the electrical load curve of the studied 
building.    

On fig. 6 are presented the building’s electrical 
load curves for the case study as seen from the grid 
operator point of view: a negative load means that the 
entity is acting as a generator, supplying power to the 
grid. The considered electrical appliances in one 
apartment with their peak power consumption are 
given in table 3.    

 
Table 3 

Average heat production of the human body 

Appliance Power, W 

Kitchen furnace 2 000 
Water heater 2 000 
Lighting 350 
Computer 250 
Refrigerator 100 
TV 50 
Other small appliances  250 

Total 5 000 
 

 
  Fig. 5. Available electrical power from CHP compared to 

the building electric load curve.  

From these curves it is clearly visible that 
installing cogeneration systems will reduce the grid 
congestion during the peak load periods (i.e. between 
17h and 22h). 

Based on this case study and meteorological data 
for one year, a simulation was performed of the 
monthly energy consumption for heating/cooling 
along with the generated electrical energy from the 
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CHP system. The results on fig. 7 demonstrate that 
during all seasons the users could benefit from the 
CHP system by covering partly their power 
consumption or supplying power to the grid. 

 

 
Fig. 6. Load curve of the studied building from the grid 

operator point of view. 

 
Fig. 7. Monthly estimated heating and cooling energy 

consumption and the available electrical energy, generated 
from a CHP system.  

Conclusion 

Micro-cogeneration systems are a relatively new 
concept, although the same principle is used in power 
plants and has been proven beneficial for heating and 
power generation over several decades. The scale 
reduction of CHP systems due to the usage of micro 
gas turbine-driven generators has made possible their 
application in residential buildings. By adding an 
absorption chiller to the system it is able to serve for 
air conditioning as well. A case study for CHP in a 
residential building located in Sofia is presented in 
this paper. First, the building heating/air-conditioning 
power demand is estimated for proper sizing of the 
system. Then by using hourly meteorological data for 
two summer and winter days the building thermal load 

curves are estimated. Using partial load characteristics 
of micro-CHP systems, the available electric power in 
thermal load following mode is obtained. The results 
demonstrate that, depending on the season and 
temperatures, a CHP system can produce enough 
electrical power to supply partially its electrical load 
and even sell power to the grid. The hourly thermal 
and electrical load curves demonstrate that the usage 
of building-integrated CHP systems can reduce the 
electrical consumption and grid congestion during 
peak hours. 
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A model of a three-phase disk type synchronous generator 
with rare earth magnets 

Nikola Georgiev  

 
This paper makes a study of a three-phase disk type synchronous 8 pair-pole generator with axial 

magnetic field and rare earth magnets. The generator consists of one rotor with sixteen rare earth 
magnets and two stators with twenty four windings each, connected in a star, eight in a phase. A 
preliminary obtained expression for calculating the e.m.f. in a winding is used initially, where the 
geometric dimensions of the generator, the materials it is made of, as well as the parameters of both 
its windings and its rare earth magnets have been taken into consideration. Then the equivalent 
parameters of the two stators, connected in parallel, are found. By means of the obtained model the 
phase voltages of the model structure at idle running are calculated. Then a three-phase symmetric 
active load, also connected in a star, is added to the equivalent circuit, and the output electrical 
parameters are calculated – the phase voltages on the three-phase load and the currents through it, as 
well as the emitted full r.m.s.value. Experimental studies of the output electrical parameters of the 
considered three-phase generator under the modes of idle running and at an active three-phase load 
have been conducted with both stators connected in parallel. The basic output characteristics, 
obtained from the model, have been compared to those, from the conducted experimental 
measurements. 

Модел на трифазен синхронен генератор с редкоземни магнити (Никола Георгиев). 
Изследва се трифазен синхронен дисков осем чифтополюсен  генератор  с аксиално магнитно 
поле и редкоземни магнити. Генераторът се състои от един ротор с шестнадесет 
редкоземни магнита и два статора с по двадесет и четири намотки, свързани в звезда по 
осем във фаза. Първоначално се използва предварително  получен израз за изчисляване на 
индуктираното е.д.н. в една намотка, в който са отчетени геометричните му размери, 
материалите, от които е изработен, както и параметрите на намотките и редкоземните му 
магнити. След това са намерени еквивалентните параметри на двата статора свързани в 
паралел. С помощта на полученият модел са изчислени фазовите напреженията на празен ход 
на съставната структура. Към еквивалентната схема е добавен трифазен, симетричен, 
активен товар също свързан в звезда и са изчислени изходните електрически параметри – 
фазови напрежения върху и токовете през трифазния товар, както  и отдавана пълна, 
активна мощност. Направени са експериментални изследвания на изходните електрически 
параметри на разглеждания трифазен генератор в режими на празен ход и при активен, 
трифазен товар при включени в паралел двата статора. Сравнени са основните изходни 
характеристики получени от модела с тези от извършените експериментални измервания. 

 
 

Introduction  

The three-phase generators with permanent 
magnets and axial magnetic field are with a simple, 
reliable and easy to manufacture construction and high 
power per unit of weight. Their other advantages are 
the absence of excitation winding and current, which 
leads to high efficiency in operation. In recent times 
high power rare earth magnets NdFeB are used in 
their rotors, what additionally improves their 
characteristics [1]. 

The advantages of the three-phase axial generators 

with permanent magnets to the single-phase ones 
consist in the fact that the generated power is 
distributed in the three phases, what leads to lower 
phase voltages and lower currents.  

The magnetic attraction between the rotor and the 
stator is avoided in these machines and thus the 
resistive moment is decreased. Due to the lack of 
losses in the core, these machines are much more 
efficient than the conventional ones [2].  

An axial three-phase generator with permanent 
magnets is modeled in [3], an expression of the 
induced e.m.f. in one of the stator phases is given and 
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an equivalent circuit is offered, taking into account the 
three-phase generator, the connecting cable, the 
rectifier and the accumulator batteries.  

A three-phase generator with permanent magnets, 
consisting of two rotors with 8 magnets in each of 
them and a stator with 6 windings /two for each phase/  
is modeled in [4]. An expression for the induced e.m.f 
in one of the stator windings is obtained and an 
equivalent circuit for one of the phases, with an 
accumulator battery connected to it, is worked out. 

A three-phase generator with permanent magnets 
and axial magnetic field, consisting of two stators 
connected in parallel /star-star/ with 12 windings and 
two rotors with 16 magnets in each, is studied in [5].  

In [6] an expression is obtained for the full r.m.s. 
value of the e.m.f. of a winding from the 
corresponding section in a three-phase generator with 
rare earth magnets and axial magnetic field. The 
expression takes into consideration the geometric 
dimensions of the generator, the parameters of its 
windings and its permanent magnets, the number of 
pole pairs, as well as its revolutions per minute. 

This paper models and studies a low power three-
phase synchronous 8 pair-pole generator with axial 
magnetic field, created by the rare earth magnets in is 
rotor. The stators have eight windings per phase each 
(connected in a star) and work in parallel.  

Exposition  

Fig. 1 shows the construction scheme of the 
considered two-stator three-phase generator with a 
view from the left, where the following notations are 
used: 1 - the aluminum rotor;  2 – the rare earth 
magnets; 3 – the windings for section A and section B 
of the generator; 4 – the steel stators, and 5 – the shaft 
of the rotor. 

Fig. 2 presents a top view of the construction 
scheme of the generator and the magnetic circuit.    
The magnet reluctances of both the air gap BRμ  and 

the steel stator СТRμ are presented in the two figures 
by a dotted line.  

By means of the basic laws of electromagnetic 
fields an expression for the r.m.s. value of the e.m.f. in 
a stator winding is obtained [6]: 

(1)  1
. . 2. .

260
m

СТr В r В

В В СТ

W l B р
E n

ll l
S S S

π
μ μ

=
 ′ ′′

+ + ′ ′′ 

  , 

where:   W     is the number of turns in a winding;  
mB     -  the maximum value of the magnetic 

induction of the magnets; 

р       - the number of the pole pairs of the 
generator; 

l          - the length of the average magnetic 
line of force; 

Вl       - the length of the air gap; 

СТl      - the length of the magnetic line of 
force through the steel stator; 

 n  -   the revolutions per minute of the 
generator; 

rμ  -  the relative magnetic permeability of the 
steel stators; 

SСТ  - the cross-section of the stator used for 
defining the magnetic reluctance; 

SВ  - the cross-section of the air used for 
defining the magnetic reluctance. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    

 
 

 
 

  
    
 
 
 
 

Fig. 1. Constructive scheme of the two-stator three-
phase generator, view from the left.  

Fig. 2. Constructive scheme of part of the 
generator, top view.   
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   Since each phase in both stators consists of eight 
connected in series windings, then the full r.m.s. value 
of the phase e.m.f. for each stator will be equal to  

 (2)  8
8. . . 2. .

2.60
m

СТr В r В

В В СТ

W l B р
E n

ll l
S S S

π
μ μ

=
 ′ ′′

+ + ′ ′′ 

,  

(3)  в стl l l= +  . 
 

Thus the final expression for the full r.m.s. value 
for the corresponding phase is obtained, in which the 
following parameters have been taken into account: 
the geometric dimensions of the generator, the 
parameters of its windings and permanent magnets, 
the number of pole pairs of the generator and its 
revolutions per minute.  

The full magnetic reluctance here is obtained from 
an equivalent magnetic circuit, fig. 3, and it is equal to 
the sum of: the air magnetic reluctances for stator A - 

BRμ′ , stator B - BRμ′′ , and the magnetic reluctance of 

the steel stator СТRμ  

(4)  2. 2. 2.B B СТR R R Rμ μ μ μ′ ′′= + +   , 

 
while the absolute permeability μ is the product of 
the air permeability 0μ and the relative permeability 
of the corresponding material rμ  
(5)  0. rμ μ μ=    . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The magnetic reluctances are respectively equal to  
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The permanent magnets are presented by their 
parallel equivalent circuit, consisting of a generator of 
flux Фr(t) and its magnetic conductivity MGμ  

(7) 0. . ,r M
M

M

S
G

lμ
μ μ=  

The magnetic flux in a short circuit can be 
calculated in the following way: 
 
(8)   . .r r mB SΦ =  

 
The magnetic flux through the air gap and the 

windings of the generator is Ф(t)=0,8.Фr(t)  [7].  Fig. 4 presents the electrical circuits of the 
connected in parallel phases А` and А``of the two 
stators and their equivalent circuit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 

After converting the two real sources of voltage – 
the two phases of the generator А` и А``, connected in 
parallel (fig.4) – into two real sources of electricity, 
and after finding their equivalent parameters and 
converting them again into a real source of voltage, it 
is obtained that  

 (8)   

,

,
2 2 2 2 2 2

, .
2 2 2 2

A A A

A A A A A A
A

A A A A
A A

Е Е Е

Z Z R L R L
Z j j

R R L L
R L

ω ω

′ ′′= =
′ ′′ ′ ′ ′′ ′′

= = = + = +

′ ′′ ′ ′′
= = = =

 

 
  

Fig. 3. Equivalent magnetic circuit. 

Fig.4. Electrical circuits of the connected in parallel 
phases А` and А``of the two stators and their 
equivalent circuit.  СТRμ
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Hence, the equivalent e.m.f. is equal to the 
electromotive voltages of the two phases А` and А``, 
and the equivalent active resistance and inductivity are 
twice less than those for the corresponding phase.  

Investigation of the three-phase synchronous 
generator at idle running. 

The phase voltages at idle running in case of both 
stators connected in parallel can be calculated by 
using (2), fig. 4.  

The r.m.s. value of the output voltage at idle 
running is equal to the phase e.m.f. of the generator 

(9)       ПХ AO AU U Е= =  . 

Fig. 5 presents the phase voltage at idle running for 
phase A, calculated by means of the model, as well as  
the measured phase voltage for the prototype of the 
generator, for a range of revolutions per minute from 
0 to 1000 min-1. 
 

 
 
 
 
 
 

The maximum relative and fiducial errors at idle 
running in the case of having the stators connected in 
parallel (fig. 5) are correspondingly δmax=19,8%  and 
γmax=5,1%. The fiducial error is much smaller due to 
the fact that the bigger differences between the 
measured and calculated voltage at idle running are at 
low revolutions per minute within the range from 100 
to 300 min-1. 

Investigation of the three-phase synchronous 
generator at active load 

By using (2) and the obtained equivalent 
parameters for phase A (8) and the electrical 
connection of the star-star type of the phases “A” and 
“a” of the generator and the load (fig. 6), the required 

phase current and voltage on the active load, as well 
as the consumed r.m.s. in it, are calculated. In this 
case the three-phase active load, connected in a star, 
has active resistances RT =2Ω and RT =5Ω. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

With the help of the second law of Kirchhoff the 
effective value of the phase current in phase A is 
found  

(10)  
( ) ( )2 2.

A
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+ +
  , 

Thus the r.m.s. values of the phase voltage on the 
active load and the r.m.s, consumed in it, for phase A 
can be defined 
 
(11)  , .ao T A A ao AU R I P U I′ ′= =   . 
 

In this case the reaction of the armature current is 
not taken into account because of the comparatively 
big air gap.  

Since the three-phase generator and the star-star 
connected load are symmetrical, then the full 
consumed power in the load is equal to  

(12)  3. .AP P=    

Figures 7, 8 and 9 present the currents, calculated 
by means of the model, as well as those, measured for 
the crafted generator for phase A at active load, 
connected in a star, with resistances RT =2Ω и RT =5Ω. 
 

Fig. 6. Equivalent scheme phase A of the two stators 
in parallel with a connected active load. 

Fig. 5  Phase voltages at idle running of both the model 
and the generator for phase A.  
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The next two figures present the calculated by 
means of the model phase voltages for phase A on 
active load, connected in a star, as well as the 
corresponding phase voltages, measured for the 
prototype of the generator at resistances RT =2Ω and 
RT =5Ω. 
 

 
 
 
 
 

 
 
 
 
 
 

  Figures 11 and 12 present the full r.m.s. values, 
calculated by the model and measured for the crafted 
generator at active load, connected in a star, with 
resistances RT =2Ω and RT =5Ω. 

 

 
 
 
 
 

 
 
 
 

 
    

Table 1 gives the maximum relative and fiducial 
errors at connected symmetrical active loads of RT=2Ω 
and RT =5Ω. 

 
 

Fig. 7. Phase currents of both the model and the 
generator for phase A at a symmetrical active load 
RT =2Ω.  

Fig. 8. Phase currents of the model and the generator 
for phase A at a symmetrical active load RT =5Ω 

Fig. 9.  Phase voltages of both the model and the 
generator for phase A at a symmetrical load  RT =2Ω. 

Fig. 10.  Phase voltages of both the model and the 
generator for phase A at a symmetrical load RT =5Ω. 

Fig.11. Full r.m.s. of both the model and the generator at 
a symmetrical active load RT =2Ω. 

Fig. 12. Full r.m.s. of both the model and the generator at 
a symmetrical active load RT =5Ω. 
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Table1 
Maximum relative and fiducial errors  

 RT =2Ω RT =5Ω 
 IA Uao` P IA Uao` P 
δmax,  % 7,3 16,5 11,9 5,3 16,9 11,6 
γmax,  % 2,4 5,4 1,3 1,6 5,8 1,1 

 
The calculated maximum relative and fiducial 

errors for the developed mathematical model at active 
load are below 17% and they are at the low revs - 
within the range 0-300 revolutions per minute, when 
the synchronous velocity of 375 min-1 for a 8-pole-
paired generator is not achieved. The fiducial errors 
for the mathematical model are below 6%, since the 
big differences between the measured and calculated 
quantities are at the low revolutions per minute within 
the range 0 до 300 min-1. 

Conclusion  

From the developed model and from the 
measurements of the three-phase synchronous 8 pair-
pole generator with axial magnetic field and rare earth 
magnets the following basic conclusions can be drawn 
up:  

1. The equivalent electrical parameters of the 
connected in parallel two stators of the three-phase 
synchronous 8 pair-pole generator have been obtained. 

2. The obtained model simulates with good 
precision the work of the studied prototype of a 
generator, wherein the maximum relative and fiducial 
errors at idle running with the two stators connected in 
parallel are respectively δmax=16,9%  and γmax=5,8%. 

3. The maximum relative errors for the 
developed mathematical model at active load are 
below 17% and they are observed at low revs - within 
the range 0 – 300 revolutions per minute, when the 
synchronous velocity is not achieved. The fiducial 
errors for the mathematical model at active load are 
lower than 6%, since the big difference between the 
measured and the calculated quantities can be 
observed at low revolutions per minute within the 
range 0-300 min-1. 

4. In order to reduce the maximum relative error, 
as well as the fiducial error, it is necessary to take into 
consideration the asymmetries in the process of 
making the prototype of the generator, as well as the 
chatter in the rotor during its rotation.  

5. The phase currents, voltages and r.m.s. power, 
obtained by means of the model, are always higher 
than the corresponding measurements for the crafted 
generator, what is due to the asymmetries in the 
location of the magnets in the rotor and of the 
windings in the stator.  

6. The phase currents and the voltages on the 
active symmetrical load, calculated by means of the 
model, and the corresponding ones, measured for the 
crafted generator, depend linearly on the revolutions 
per minute.  

7. When the air gap is reduced, part of the 
magnet reluctances decrease and this could lead to 
improvement of the output electrical parameters of the 
generator.  

8. Both the measured and the calculated phase 
currents at active load, connected in a star, with 
resistances RT =2Ω, are twice bigger than those at a 
load RT =5Ω. 

9. Both the measured and the calculated full 
r.m.s. at active load, connected in a star, with 
resistances RT =2Ω, are approximately 1,5 times 
higher than those at a load RT =5Ω. 
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Advantages and applications of  
nanocrystalline magnetic materials 

Vencislav C. Valchev  

 
This paper presents current stage and future trends of magnetic properties, advantages and ap-

plications of nanocrystalline magnetic materials in electronics. The advanced magnetic properties of 
the material are discussed and compared with properties of other magnetic materials. Typical rela-
tions of initial permeability, saturation induction and operating frequency are depicted to prove the 
advantages of these alloys. The ability to control their B-H loop, to operate at high temperatures and 
their low losses are shown to prove the corresponding dominant applications. Novel grades of nano-
crystaline alloys are addressed to focus on the further improved characteristics. Typical and new ap-
plications of nanocrystalline materials in Electronics and Power Electronics are discussed. It is con-
cluded that because of their advanced magnetic and operating properties the nanocrystalline materi-
als are very prospective in future electronic equipment. 

Предимства и приложения на нанокристалните магнитни материали (Венцислав Ц. 
Вълчев). Статията представя текущото състояние и бъдещите тенденции относно 
магнитните  свойства, предимствата и приложенията на нанокристалните магнитни мате-
риали в електрониката. Основните магнитни свойства на материала са представени и срав-
нени с тези на други магнитни материали. Типични зависимости на магнитната проницае-
мост, индукцията на насищане и работната честота са представени графично.  Показани са 
специфични предимства: контролирана B-H крива, малки загуби, приложимост при високи 
температури. Представени са и нови разновидности на материала, фокусиращи върху подобре-
ни свойства. Описани са типични и нови приложения на нанокристалните материали в елект-
рониката и силовата електроника.  

 

I. Introduction 
Fast development and further improvement of 

operating parameters of power semiconductor 
switches reflect to new challenges to power electronic 
equipment as high operating frequency, low volume 
and losses. Magnetic components are the other most 
important elements that define total parameters of the 
power systems. The research towards better soft 
magnetic materials for power electronics yielded the 
use of nanocrystalline alloys in that area.  The results 
of nanocrystalline manufacturing processes suggest 
that these materials are an alternative of ferrites in 
power electronics applications [1], [2].  

The nanocrystalline alloy structure (FeSiBCuNb) 
is close to the amorphous soft magnetic materials. The 
initial amorphous FeSiB alloy, containing small 
additions of Nb and Cu, is elaborated by very rapid 
solidification on ribbons 20µm thick (“Finemet”–
HITACHI, “Vitoperm” – VACUUMSCHMELZE, 
“NanoPhY” – IMPHY). The material is annealed at 
medium temperature (500-550°C) to obtain optimum 

crystallization and the remarkable magnetic properties 
of the nanocrystalline structure discovered at the end 
of the 80’s. First nanocrystalline cores are offered by 
Hitachi Metals FINEMET® [3] and 
VACUUMSCHMELZE, Vitroperm in 1992. 

Anyhow the high prices at that time did not allow 
wide applications of the material. In the last 10 years 
some manufacturers in China started their own 
production and the prices came down. Nowadays 
about 70% of the nanocrystalline cores (about 9000 
t/a) are supposed to be made in China - mostly low 
grade [4]. The initial standard alloy 
Fe73,5Cu1Nb3Si15,5B7 was modified in many other 
structures adding mainly Nickel and Cobalt. For 
example, a new alloy (Fe42Co42Nb7B8Cu1) with 
improved soft-magnetic properties: high Curie 
temperature and low losses are addressed in [5]. 

The purpose of this paper is to presents the current 
stage and future trends of properties and applications 
of nanocrystalline soft magnetic materials in 
Electronics and in Power Electronics. 
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Fig.1. Development road map of ultra low loss 

nanocrystalline alloy "NANOMET®"[6]. 

II. Advantages of nanocrystalline alloys  

The advanced magnetic properties of nanocrystal-
line alloys could be grouped as follows: 

1. High values of saturation induction 

Nanocrystalline alloys indicate saturation induction 
Bsat about 1,2-1,4 T. Some new materials reach even 
higher values. Figure 1 presents the parameters of 
"NANOMET®", a material with high iron-content, 
developed by Tohoku Innovative Materials Technolo-
gy Initiatives for Reconstruction [6]. The material 
shows values of Bsat close to 2T.  

2. High values of initial permeability 

Typical dependencies of initial permeability on 
saturation induction and on operating frequency of 
some Soft Magnetic Materials for Power Electronics 
are shown in Fig. 2 [3] and in Fig. 3.  

It is seen that the nanorystalline material reveals 
both high saturation magnetic flux density and high 
permeability. 

 
Fig. 2. Initial permeability versus saturation induction for 

soft magnetic materials [3]. 

 
Fig. 3. Relative permeability μr versus operating frequency of 
nanocristalline material FINEMET and Mn-Zn ferrites [3]. 

3. Control of B-H loops 

Important advantage of nanocrystalline magnetic 
materials is the ability to control their B-H curve. This 
is obtained by applying a magnetic field during an-
nealing. Figure 4 presents three typical curves for 
FINEMET (Hitachi), high, middle and low remanence 
ratio, corresponding to various applications: 

• H type: a magnetic field is applied in a circum-
ferential direction of the core plane during an-
nealing.  

• M type: no magnetic field is applied during an-
nealing.  

• L type: a magnetic field is applied vertically. 

4. Low high frequency losses 

Next important advantage is low high frequency 
loss of nanocrystalline magnetic materials. Compari-
son of losses under sine wave of typical magnetic 
materials is given in Fig.4 [6], [7]. 

 
 

 
 

Fig. 4. Typical B-H loops for FINEMET [3]. 

Integral magnetic properties are to be considered 
as conclusion when analyzing and assessing magnetic 
materials. The features of the nanocrystalline materi-
als and the corresponding applications are summa-
rized in Fig. 6. 
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Fig. 5. Specific core losses of magnetic materials under 

sine wave, [7],[8]. 

 
Fig. 6. Features and proper applications of nanocrystalline 

materials. 

 III. Novel grades and features of nanocrystal-
line alloys 

1. Very high frequency applications 

Nanocrystalline alloys of (Fe81Co19)84M9B7 where 
M = (Hf, HfTa,Ta) are presented in [9] and intended 
to operate at very high frequencies, up to 2 MHz. 
These alloys are also suitable for high temperature 
applications due to the Co content, which contributes 
to increasing the Curie temperature of the nanocrystal-
line alloys. 

 Nanocrystalline powder prepared by mechanical al-
loying was obtained by covering the Supermalloy parti-
cles with a polymer binder [10]. By increasing of the 
compacting pressure from 600 MPa to 800 MPa perme-
ability of the material is increased by more than 8%.  

2. High temperature applications 

The high temperature properties of nanocrystalline 
soft magnetic materials are discussed in details in [11]. 
Several considerations are proposed to meet the chal-
lenges of using these materials at high temperatures. 
FeCo-based amorphous and nanocrystalline alloys 
have been reported in [12] that have high Curie tem-
peratures and saturation inductions.  

3. Lower core losses 

The nanocrystalline alloy Fe80.5Cu1.5Si4B14 pro-

posed in [13] exhibits high Bs of more than 1.8 T and 
coercivity less than 7Am−1. The core losses at 50 Hz 
and 1.6 T for a toroidal shape are 0.46Wkg−1, which is 
about 2/3 of that of grain-oriented Si steel. The losses 
at 10 kHz and 0.2 T are 7.5Wkg−1, which is about 
25% of that of non-grain-oriented Si steel and about 
60% of that of a Fe-based amorphous alloy. 

The losses of nanocrystalline materials are present-
ed by wide frequency model curves in [14] using wide 
frequency complex permeability µw. 

IV. Applications of nanocrystalline magnetic 
materials 

Proper combination of favourable magnetic prop-
erties of nanocrystalline cores make them well estab-
lished in a wide field of applications. 

Nowadays applications of nanocrystalline materi-
als are in the following areas: 

1. Communications equipment (telephone ex-
change, power supplies, inductors) 

Miniaturization is a requirement for devices in 
communications. Thus, high-permeability FeHfN 
magnetic films are used to enhance the inductance of 
power inductors [15]. Such planar sandwiched power 
inductors containing have a higher inductance than 
air-core power inductors.  

2. Railways technology, mechanical handling 
equipment technology  

3. Switched mode converters and SMPS (Switch-
ing Mode Power Supplies) 

Transformers and inductors made on nanocrystal-
line cores have smaller size, weight and losses, com-
pared to these made of ferrites. 

4. Electric vehicles (battery charging devices, 
motor inverters) 

Improved parameters of the nanocrystalline mag-
netic components lead to including in e-Vehicle indus-
try. Example: Inverter mass: 8kg, volume: 5 liters 
[16]. Similar solutions are used at Volkswagen’s and 
BMW’s eCars. 

5. Common mode chokes 
Common mode chokes in the EMI/EMC filters are 

dominant application, because due to higher permea-
bility and more than  three times higher Bsat nano-
crystalline cores reduce weight, size and  total power 
loss by up to 80% compared to ferrites.  

6. Renewable energy conversion, solar and wind 
technologies 

7. Electromechanical earth leakage circuit 
breakers  

In the recent years, those devices were almost 
completely based on nanocrystalline cores replacing 
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Permalloy cores (e.g. Ni80Fe20) [17].  
8. Induction heating 

9. Smart metering systems  
Because of high linearity and very low power loss-

es the cores are one of the best solutions for high pre-
cision current transformers. 

10. Applications in power converters [18], [19] 

V. Conclusion 

In this paper magnetic properties, operating pa-
rameters and applications of nanocrystalline magnetic 
materials are presented. The advantages of the nano-
crystalline materials can be summarized as: 

• combine both high saturation magnetic flux den-
sity and high permeability; 

• combine high permeability of amorphous materi-
als and low losses of ferrite materials.   

• reduced size and weight of the components; 
• wide range of permeability, up to 800 000; 
• increased operational and Currie temperature; 
• high aging stability and reliability; 
• various hysteresis loops (from Z to flat). 

Nowadays main applications of nanocrystalline 
materials are in the following areas and devices: 

• Communications equipment;  
• Mechanical handling equipment technology;  
• Switched mode converters and SMPS;  
• Railway equipment and devices for electric vehi-

cles; 
• Common mode chokes; 
• Solar and wind technologies; 
• Smart metering systems.  

Summarizing the advanced magnetic and operating 
properties of the nanocrystalline materials leads to 
their are very prospective applications in future elec-
tronic equipment. 
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