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„Фесто Производство” ЕООД е 100% дъщерно дружество на германския концерн 
Festo AG & Co.KG, специализиран в областта на  индустриалната автоматизация и световен 
лидер в пневмоавтоматиката.  

Концернът Фесто влиза в България през 1986 г. с отварянето на първото си търговско 
представителство в страната, а производствената дейност започва през 1990 г., когато фирма-
та купува малкото българско предприятие „Пневмоавтоматика”.  

На 21.11.2000 г. се учредява самостоятелното производствено дружество „Фесто Про-
изводство” ЕООД. Персоналът в края на 2001 г. наброява 155 сътрудници, а оборотът е в раз-
мер на 6 418 хиляди евро. 

През 2002 г. дружеството се нанася в собствена нова сграда с обща площ 9 400 кв. м, 
от които 5 000 кв. м – производствена и 1 300 кв. м – складова и логистична площ.   

Важен етап от развитието на дружеството е създаването през 2006 г. на звеното за 
производство на инструментална екипировка в гр. Смолян. 

Очакваният оборот през 2013 г. е 38 милиона евро, персоналът наброява в момента 
522 сътрудници, производствената програма обхваща около 1100 изделия - освен всички маг-
нитни сензори, много кабелни приложения за сензори и вентили, изделия от процесната ав-
томатизация, както и фамилия от флуидни сензори. „Фесто Производство” е най-големият в 
света производител на магнитни сензори, които са не само самостоятелно изделие, но и най-
важната част от окомплектовката на пневматични цилиндри. Цялата продукция се изнася в 
напълно автоматизиран склад в Германия и от там се дистрибутира по цял свят. 

Като напълно интегриран член в производствения съюз на Фесто и като производител 
на сензори не само в заводската, но и в процесната автоматизация „Фесто Производство” 
ЕООД има важна роля за стратегическото развитие на концерна.  

Дългосрочните бизнес планове на дружеството са свързани с непрекъсната актуализа-
ция на продуктовата гама от сензори, основно за дискретна автоматизация, и разширяването 
й с продукти за процесната автоматизация или автоматизация на аналогови процеси в индус-
трията. С това се цели да се обхване цялата област за индустриална автоматизация. За да се 
постигне тази цел, се предвижда изграждането на новото производствено хале, както и зна-
чително нарастване броя на персонала. Вече е започната процедурата по планиране и строеж 
на ново производствено хале с обща площ приблизително 7 600 кв. м., като общата инвести-
ция възлиза на над 12 милиона евро. 

Марката Фесто е синоним на качество. От 1990 г. концернът Фесто пръв в областта на 
пневматиката въвежда системата TQM съгласно ISO 9001. „Фесто Производство” ЕООД е 
сертифицирано през 2001 г. по EN ISO 9001:1994, през 2006 г. по ISO 9001:2000  и EN ISO 
14001:2004, а през 2009 г. е отново сертифицирано по  ISO 9001:2008 и14001:2004 като дру-
жество на концерна Фесто, внедрило корпоративната система за управление на качество, бе-
зопасност и околна среда. Производството е екологично чисто, има собствен водоизточник, 
отпадъците се събират разделно и се спазват всички законови изисквания в това отношение.  
Освен с високото си качество продукцията на „Фесто Производство” се отличава и със сроч-
ност на доставките и с гъвкавост по отношение на клиентите. 
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COMMUNICATION TECHNICS 

Wireless traffic monitoring system  
for Sofia downtown area – a network design proposal 

Emil E. Vladkov  

 
The proposed network implementation has the mission to collect statistical information about the 

traffic entering and leaving the Green Zone border of the Sofia downtown area. This measurement 
task is subdivided in two functions: sensing and data accumulation, fulfilled by the respective network 
topologies. The local  ZigBee clusters of AMR sensors collect the actual information in the form of 
local counters for vehicles crossing the zone border through the streets the sensors are positioned on; 
the local information is transferred through a ZigBee/WiFi gateway to a Wireless Token Ring 
implementation of the 802.11g standard. Token and data packet with global counters circulate around 
the metropolitan area network ring in deterministic fashion accumulating the local counter values, so 
the Mean Token Rotation Time can be estimated. There are special mechanisms provided in the WTRP 
implementation to reinsert token and packet in the case of a packet loss and the global counter values 
are restored from local copies in every node of the ring. A theoretical model is proposed to evaluate 
the number of token rotations necessary to reach a stable state of the ring with trustworthy 
information in the global counters in case of packet loss due to realistic BER values of the wireless 
medium. The calculations confirm the applicability of the ring topology of the wireless network as the 
transmission and data collecting medium. One significant advantage of the proposed design is the 
availability of the global statistical traffic information at every node. 

Безжична мрежа за наблюдение на трафика в централната част на София – проект 
за мрежова реализация (Емил Владков). Предложената мрежова топология има за задача 
събирането на статистическа информация за трафика, влизащ и напускащ границата на Зе-
лената Зона на София. Измерването се разделя на две функции: отчитане на трафика и нат-
рупване на данните. Локалните ZigBee клъстери, състоящи се от AMR сензори, събират съ-
щинската информация под формата на локални броячи, отчитащи превозните средства, пре-
косяващи границата на зоната през улиците, където са разположени сензорите; тази локална 
информация се препредава посредством ZigBee/WiFi шлюз към безжично Token Ring приложе-
ние на 802.11g стандарта. Пакет Token и пакет данни, съдържащ глобалните броячи, цирку-
лират по пръстеновидната градска мрежа по предварително известен начин, акумулирайки 
стойностите на локалните броячи, като по такъв начин дават възможност за точното оп-
ределяне на параметъра MTRT. Съществуват специални механизми, осигурени от приложени-
ето на WTRP, за повторно вмъкване на token пакета и пакета с данни в случай на загуба на па-
кети, като стойностите на глобалните броячи се възстановяват от локалните си копия във 
всеки възел на пръстена. Предложен е теоретичен модел за определяне на броя на обиколките 
на token пакетa, необходими за достигане на стабилно състояние на пръстенa, характеризи-
ращо се с достоверна информация в глобалните броячи, в случай на загуба на пакети на база 
реалистични стойности на BER за безжичната среда. Значително предимство на предложе-
ната реализация е достъпността на глобалната статистическа информация за трафика във 
всеки възел на пръстена. 

 

I. Introduction 

The aim of a traffic monitoring system for 
downtown areas is to collect information about the 
incoming and outgoing traffic at different time 

intervals during a day, month or year and so to deduce 
statistical conclusions about effectiveness of traffic 
policy, parking schemes and restrictions. As 
mentioned by Sofia municipality officials several 
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advantages shall arise from the introduction of a 
Green and a Blue parking zones – mainly less vehicles 
in downtown urban areas, less noise and air pollution. 
Although this goals seem to be important ones for a 
sustainable urban environment, no conclusions can be 
made about the effectiveness of these new parking 
regulations without exact quantitative data concerning 
the number of vehicles parked in the streets of Sofia 
downtown area and passing by transit. The purpose of 
the proposed system is to provide this quantitative 
information by automatically counting the vehicles 
entering and leaving the Sofia downtown area at all 
possible roads crossing the Green Zone border. 

II. Sensor types for registering vehicles 

There are several technologies for sensors 
described in [1], [2], which make use of different 
physical effects. Many of the them are too 
complicated and costly to be implemented in a large 
scale deployment as the proposed one – for example 
radar sensors or cameras equipped with machine 
vision algorithms. In the case of the Sofia downtown 
there are nearly 100 roads cutting the Green Zone 
border, some of them one lane roads, which can be 
easy monitored, but also several major roads which 
carry heavy traffic. For the small roads one sensor per 
road-zone intersection shall be sufficient. On major 
roads several sensors per zone border intersection and 
for the different traffic directions have to be applied. 
So one of the system design goals is to provide for a 
robust and cheap sensing subsystem. It seems that the 
ideal candidate in this case is the Anisotropic 
Magneto-Resistive (AMR) sensor, described in 
[2],[3]. The AMR sensors are cheap and very effective 
in detecting a vehicle at up to 15m by sensing the 
distortion of the Earths magnetic field by the high 
ferrous content of the engine block [2]. The AMR 
sensors can be effectively used in vehicle 
classification systems, as every type of vehicle has a 
specific distortion signature. This can be applied to 
differentiate among personal vehicles and public 
transportation network vehicles to exclude them from 
the calculations in the Sofia downtown case. The 
proposed AMR sensor for the specific sensing task in 
the downtown environment is the Honeywell 
HMC1022 [4]. 

III. The sensing node 

The sensors are part of the sensing node, which 
has to fulfill several requirements: 

• Long life, low power consumption; 
• To use a standard communication protocol with 

the collecting node; 

• To be robust to be places in the pavement; 
• To be relatively low price to allow for a large 

scale deployment. 
As communication protocol for the link between 

sensing and data collecting node the industry standard 
IEEE 802.15.4 has been chosen, which is a Low Rate 
Wireless Personal Area Network protocol (LR-
WPAN). As the volumes of data exchanged in the 
Sofia downtown traffic monitoring system (vehicle 
counts) are low, this protocol seems to be the perfect 
fit. There are commercially available products 
deploying this type of protocol for example the 
TelosB mote [5]. 

IV. The local wireless network 

All sensing nodes in the proximity of a collecting 
node form a LR-WPAN as depicted in Fig. 1, so they 
can communicate their data to the collecting node, 
which shall relay that data to the Metropolitan 
Network of collecting nodes. The distance between 
sensing and collecting node and between two sensing 
nodes shall not exceed 100m, which demands for an 
appropriate placement of the collecting node. The 
typical cell diameter of the WPAN around the 
collecting node is 200-500 m in this case, which shall 
suffice in the urban scenario, where two streets are no 
more than 100m apart. Two-or more lane and two-
way streets have to be equipped with one sensing 
mote for every roadbed. 

 
Fig.1. Sensor nodes building a LR-WPAN. 

The IEEE 802.15.4 standard allows for two type of 
topologies – star and peer-to-peer. In case direct 

Green Zone border 

AMR sensing range for 
every mote 
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communication between sensing and data collecting 
node is not feasible some of the sensing nodes can act 
as data relays between sensing and data collecting 
node. In the IEEE 802.15.4 (ZigBee) terminology the 
sensing node is a ZigBee End Device (ZED), the data 
relay node is a ZigBee Router (ZR) and the data 
collecting device is a ZigBee Coordinator (ZC), 
forming the typical ZigBee cluster [6]. 

The data collected consists of a counter (count) for 
the vehicles detected by the AMR sensor connected to 
the respective mote. Depending on the direction of the 
traffic flow (entering or leaving the zone) the value of 
the counter is added to one of the two local cell 
counter variables, maintained by the local data 
collecting node – one for vehicles entering the zone 
LCin and one for the vehicles leaving the zone LCout. 
The data packet transmitted by the sensing mote has a 
flag which shall assist in determining the direction of 
the vehicles flow, which the mote is counting – FL_in 
for incoming traffic and FL_out for traffic leaving the 
zone, so that the data collecting node easily interprets 
to which local counter to add the count value. So 
every data collecting node has local information about 
the increase or decrease in vehicle count in the zone 
due to traffic from its coverage area. The idea behind 
maintaining not one signed difference counter, but 
two directional counters is to build two global 
information counters for the whole zone area – GCin 
and GCout for vehicles entering or leaving the whole 
parking zone area. If only one counter is maintained 
by every node, then only the difference information, 
showing increase or decrease in vehicle count in the 
downtown area will be available, but the information 
about the traffic increase or decrease in both 
directions and the percent of the transit traffic will be 
lost, both locally as globally. 

V. The gateway to the MAN 

The data collecting node has to communicate its 
counter values to the rest of the metropolitan area 
network (MAN), formed by other ZigBee clusters. To 
do so it has to implement a gateway function to the  
MAN (in the presented case a special kind of a IEEE 
802.11 network). There are several commercial units 
available to perform the gateway function – for 
example the PrismaSense ZigBee-toWiFi gateway, the 
Libelium Meshlium Gateway, the REXENSE 
ZigBee/WiFi Gateway RD4000, to mention a few. 
The exact choice will be made during the precise 
equipment specification phase of the project. As 
depicted in Fig.2, the data collecting node is the 
ZigBee/WiFi Gateway and so is part of two coexisting 
networks. The sensing nodes can be both ZigBee End 

Devices (ZED) and ZigBee Routers (ZR) too. The 
Gateway is the ZigBee Coordinator (ZC). 

VI. The wireless metropolitan area network 

The choice of the MAN technology shall reflect 
following criteria: 

• Wide acceptance of the standard with many 
equipment vendor choices available; 

• Easy automated expansion of the network in the 
case new sensing and collecting nodes are added 
to the topology due to changes in the parking 
zone borders; 

• Robustness and resilience of the topology in case 
of equipment failure; 

• The possibility to extract the traffic information 
from every next available node of the network, 
without the need of centralized storage and 
management. 

The best candidate for a wireless network 
conforming to this criteria is the IEEE 802.11 WiFi 
network, but not in the standard star or mesh topology. 
Currently intensive research work is done on a new 
type of topology of the WiFi with new Media Access 
Control Scheme – the Wireless Token Ring Protocol 
(WTRP) [7]. 

Fig.2. Gateway from the LR-WPAN to the MAN. 

VI.1 The WTRP ring implementation 

The WTRP over IEEE 802.11 is a way to build an 
ad-hoc wireless network with a ring topology (Fig.3) 
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and there is no central coordinator in the form of an 
access point as in usual infrastructure WiFi networks. 
So the ring can much easily recover from faults as the 
formation algorithm is a distributed one. Every station 
in the ring (in the case of the proposed architecture 
every ZigBee/WiFi gateway) can initiate the 
formation of the ring adding successor and 
predecessor nodes to the ring. The WTRP version 
proposed [7] includes automated mechanisms for new 
nodes to enter and old ones to leave the ring. An 
equipment failure can be the reason for a station to 
leave the ring. The expansion of the parking zone and 
the moving of the zone border outwards can be the 
reason for new nodes to enter the ring (and some old 
now internal to the ring nodes to leave) as shown in 
Fig.3 with nodes J1, J2, J3 and J4. The joining and 
leaving process are accomplished using special 
Set_Successor and Set_Predecessor frames exchanged 
between neighbor nodes. A prerequisite for the ring 
restructuring process to be successful is the coverage 
area of every node of the ring to include not only the 
neighbor nodes (2 and N) but the new joining nodes 
too (J1). 

 
Fig.3. The WTRP over IEEE 802.11 ring. 

The normal operation flow of the ring assumes that 
the ring is stable (no new stations joining or old 
leaving) and a token with the address of the ring (the 
address of the station which has initiated the ring) 
circulates around the ring. The perimeter of a stable 
ring will be at the border of the Green parking zone.  

The process of data collecting in the ring is 
accomplished by Data frames which are transmitted 

from predecessor node to successor node with a 
Token frame following the data frame, so the next 
ring node is authorized to transmit the data to its 
successor and so on, as depicted on Fig.4. This 
algorithm is of the type “Single Token – Single 
Packet”, as only one information carrying packet and 
only one token exist in every moment in the ring. 
Every station in the possession of the token can 
transmit (and in the depicted scenario will obligatory  
transmit) a data frame with the global information 
counter values GCin and GCout to its successor node 
after updating the frame content with its own local 
counter values LCin and LCout. So the global counter 
values in the circulating data frame accumulate the 
local counter values and after several turns of 
circulation the global counter values converge to a 
stable state. One circulation of the token in the ring 
usually takes a Mean Token Rotation Time (MTRT). 
Every node has the right to update the global counter 
values with its local values only once for a predefined 
traffic accumulation period (for example on a hourly 
basis). If the node is hindered to add its values to the 
global counter due to a busy state in provisioning its 
local ZigBee cluster or another reason, it can transmit 
the frame with unmodified values followed by the free 
token to the next node in the ring. In one of the next 
cycles of the token circulation this node shall be able 
to add its own information to the global counters. 

To obtain the statistical traffic information about 
the whole perimeter of the Green parking zone an 
Information Gathering Station GS can build another 
ring topology with any of the nodes of the MAN ring 
in a multiple rings scenario (as they all have the same 
information propagated through the ring) and retrieve 
the information included in both global counters 
(Fig.3). This is an advantage of the proposed 
architecture – there is no centralized information store 
and the vital information is flooded everywhere and 
can be retrieved on demand in every ring perimeter 
location (for example through a WiFi equipped 
portable computer). 

VI.2 Token reinsertion strategy in the WTRP 
implementation 

There is a mechanism provided in the WTRP for 
token recovery and reissue in the case the token is lost 
[7]. This mechanism uses an implicit 
acknowledgement in the form of a transmission of the 
successive node (which means the node has received 
the token enabling this transmission). If there is no 
transmission and an idle_timer expires, the station 
where the token was lost reinserts the token (Fig.5 – 
Strategy 1). If the successor node implicitly 
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acknowledges the token by transmitting the data frame 
but fails to transmit its own token to its successor due 
to failure or leaving the ring this strategy for token 
reinsertion will fail. In this case the station which has 
not received the token shall wait a timeout interval 
Ttimeout and generate a new token together with the data 
frame (Fig.5 – Strategy 2). An universal strategy for 
token reinsertion is to let every station monitor the 
ring for the token and after waiting the time 
MTRT+Ttimeout+Trandom let the station generate a new 
token. (Fig.5 – Strategy 3). The additional random 
time to wait will allow for a fair token reinsertion 
chance for every node of the ring, not only the node 
successor to the missing token.  

To recover the data frame with the global counters 
in this situation a local copy of the last transmitted and 
updated data frame shall be maintained in every node 
of the ring in the form of the local global counter 
values LGCin and LGCout to be transmitted with the 
reinserted token and data frame (Fig.4). 

 
Fig.4. Data collecting process with token passing in the 

WTRP ring. 

Fig.5. Token reinsertion strategies in the WTRP ring. 

The local copy is continuously updated with the 
latest values of the counters in the circulating data 
frame in normal converged operation of the ring 
(stable not changing values of the counters) and can 
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everywhere on the ring. The station which reinserts 
the token starts with the transmission of its own stored 
frame. Every station next compares the values of the 
global counters in the new data frame and reinserts its 
own stored local copy of the global counters in the 
case the counter values received are smaller than its 
own stored counter values (so data converges to the 
latest global counter values before the token was lost). 
So the exchange of local copy and frame counter 
values is bidirectional with direction from greater to 
lower values, depending on the time the token was 
lost (during the initial accumulating cycle or later) and 
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the position of the token reinserting node in the ring in 
respect to the missing token. So in one cycle of the 
token ring rotation the information of the global 
counters is recovered as depicted in Fig.5. 

VI.3 Token Rotation Time Calculation for the 
WTRP implementation 

The Token Rotation Time is a typical parameter of 
a Token Ring Structure and in the case of a wireless 
implementation for traffic information gathering it has 
two components – a deterministic and a statistical one. 
The proposed topology and algorithm implementation 
is an ad-hoc WiFi network, but carrying only one type 
of traffic from station to station in the ring – the global 
counter values. This deterministic traffic is very 
different from the normal statistically distributed 
traffic found in a typical wireless network. As it is 
deterministic exact and not mean values of the 
different timing components which add to the token 
rotation time can be estimated: 

• Signal propagation component Tprop – the time 
necessary for the packet transmissions to travel 
the perimeter of the ring PRing at the speed of the 
electromagnetic wave in air v. This component 
includes all propagation times from node to node 
as an integral time component of the ring; 

• The data packet and token transmission time 
components TPacket and TToken, which depend on 
the data carrying packet size LPacket and the token 
size LToken and the data transmission speed of the 
technology used R. This components shall 
include the technology dependent physical and 
convergence (PLCP) header transmission time 
TPLCP, as these headers are appended to every 
packet. Additionally there is a DIFS timing 
component between packet and tocken 
transmission TDIFS. As the transmission of this 
packets occurs on every node of the ring, these 
timing components shall be included N times in 
the calculation with N being the number of nodes 
(NoN) in the ring; 

• The node processing time TNode – the time which 
is necessary to validate the packet, to add the 
local to the global counter values and to 
continuously monitor and update local counter 
values. This timing component if found on every 
one of the N nodes in the ring; 

The statistical component of the TRT ist the access 
delay for every node TAccess, which is an average 
estimate of the time between the moment the packet or 
token is ready for transmission and the moment the 
actual transmission takes place. This component 
depends on the coexistence of the WTRP ring network 

with other WiFi networks and is an estimate over 
different load and number of interfering stations 
conditions. Due to this statistical component the term 
Mean TRT (MTRT) is used and the complete 
expression of this parameter of the design is given 
with (1): 
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VI.4 Number of Token Rotations to reach stable 
state of the ring with reliable counter information 

Interference from other WiFi networks, noise, 
stations leaving or equipment failure can cause token 
or data packet loss. This is an unstable state of the ring 
and the information in the global counters both in data 
packets reinserted or in local copies in nodes can not 
be trusted. To have a stable converged counter values 
the data packet/token combination has to make a 
whole rotation cycle without errors. The assumption is 
made that the main reason for the token or data packet 
loss is the interference, causing a specified BER, 
which is the probability of a bit error p. The 
probability for the packet to have errors (which is 
equivalent to packet loss) is given with (2): 

(2)  
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To have a whole token rotation without errors the 
event of errorless transmission has to be repeated 
sequentially N times over all N segments of the ring. 
The estimation of the mean value of the number of  
token rotations to reach the stable state of one 
errorless cycle assumes integration of the probabilities 
for all token rotation numbers i, where the i-th rotation 
is errorless with all (i-1) rotations before being 
compromised by errors, as given by expression (3): 

(3)  
( )[ ] ( )

( )
( ) ( )[ ]

( ) ( )N
Packet

N
Loss

i

iN
LossN

Loss

N
Loss

N
Loss

i

i

N
Loss

i
errorlesscyclethierrorswithcyclesiTR

pLP

Pi
P

P

PPi

PPin

−
≈

−
=

=−−⋅⋅
−−

−=

=−⋅−−⋅=

=⋅⋅=







∞

=

−∞

=

∞

=
−−

1

1

1

1

11
11

1

111

1

1

1

1
_____)1(

 

This calculation of the time the information 
becomes stable expressed in MTRTs assumes the 
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worst case scenario. Actually the different token 
reinsertion strategies described in the proposed system 
design with the help of the global counter copies in 
every node of the ring and the continuous update will 
significantly shorten the time interval to reach the 
stable state, as there will be no need to make a whole 
errorless ring rotation to have the reliable counter 
values propagated to all nodes. Here the worst case 
calculation is used as a form of reliability reinsurance. 

VII. Proposed implementation of the WTRP 
ring composed of ZigBee cluster nodes in Sofia 
downtown parking zones 

The traffic monitoring system for the Sofia 
downtown area is build upon a WTRP WiFi ring 
structure, composed of ZigBee sensor nodes clusters, 
as depicted on Fig.6. The network topology is overlaid 
over the Green and Blue parking zones map, provided 
by [11]. The proposed number of nodes (NoN=22) 
can be subject to further evaluation and changes in 
accordance with test results. The diameter of every 
LR-WPAN has been chosen to be roughly 500m, 
which enables efficient ZigBee communications. 
Table 1 lists the network parameters used in 
calculation of the MTRT. The global counter dynamic 
is determined by the field length of 2 bytes per 
counter (65535 vehicles/integration period).  

Table 1 Network parameters used in MTRT calculations 
Network parameter Value 
PRing 11.2 km 
v 299 890 km/s 
Tprop 37.3 μs 
N 22 nodes 
LPacket 32 octets 

MAC header 24 octets 

Global 
Counters GCin 
and GCout 

2 x 2 octets = 4 
octets  

FCS 

 

4 octets 
LToken MAC header 38 octets 24 octets 

NoN, GenSeq, 
Seq [7] 

 10 octets  

FCS  4 octets 
R 54 Mbps (802.11g/n) 

TPacket 
2 Symbols x 4 μs (@216 

bits/symbol, 64QAM, R=3/4) 

TToken 
2 Symbols x 4 μs (@216 

bits/symbol, 64QAM, R=3/4) 
TDIFS 50 μs 

TPLCP 
20 μs (preamble + header) + 6 

μs (signal extension) 
TNode 250 μs [8] 

TAccess 
400 μs (10-20 stations dep. on 

traffic pattern) [9], [10] 

 
Fig.6. Proposed implementation of the ZigBee WPAN sensor clusters connected in a WTRP over IEEE 802.11 ring 

topology for the Sofia downtown Green and Blue parking zones . 
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The length of the counters can be doubled if an 
overflow is observed. With the given parameters 
substituted in (1) the MTRT is evaluated to be 
16.933ms. The packet loss rate (PER) and the mean 
number of token rotations to reach the stable state is 
evaluated for two realistic values of the BER – 10-4 
and 10-5 which are common in wireless 
communications, as shown in Table 2. The packet 
length used in equation (2) is 1000 bits. The exact 
calculation of the packet + token combination (both 
packet and token loss compromise the ring, so they 
are treated as one packet with combined length of 70 
bytes) and the use of OFDM symbols (containing 
fixed number of bits) shows that packet + token fit in 
4 symbols with 216 bits/symbol or 864 bits. This 
justifies the 1000 bits approximation. 

Table 2 
Mean number of token rotations to reach a stable state 

p (BER) PLoss (PER) E(nTR) E(nTR).MTRT 
1.10-4 10-1 10.15 172 ms 
1.10-5 10-2 1.25 21 ms 

 
In the worst case scenario with the higher BER 

(10-4), the ring has to be traversed 10 times to reach 
stable state – this takes 172 ms. This means that the 
data collecting system of the proposed architecture is 
capable of providing accurate collected traffic data 5 
times a second even at a high bit error rate. Of course 
such a speed will be not necessary, as the reasonable 
traffic integration time will be at least 10 min 
(proposed 1 hour, including the ZigBee information 
aggregation time needed), but the calculations are the 
proof that the ring architecture is adequate for this 
measurement task in both reliability and speed. 

VIII. Conclusion 

The aim of this design effort was to propose an 
architecture of a hybrid network – one that 
incorporates the local nature of the ZigBee enabled 
sensor nodes with the metropolitan area network build 
in somehow unusual way, through a typical WLAN 
technology but running a wireless version of the well 
known Token Ring Protocol. The calculations done 
clearly demonstrated such design is feasible as 
reliability, speed and the hardware and protocol 
availability are concerned. Of course the future 
experimental work, initially as local ZigBee clusters 
implementations and later on a wider scale will prove 
the effectiveness of the proposed traffic information 
system. 
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Performance evaluation of adaptive systems for prediction  
in cognitive radio networks 

Vasil A. Shterev, Aleksander K. Tsenov, Georgi L. Iliev  

 
Wireless communications are essential part of our live. There are many standards and 

organizations behind these standards. Hence, the radio spectrum is crowded with various technologies 
for access and data transmission (reception). One of the last standards which attempt to consolidate 
these diverse standards is IEEE 802.22, also called cognitive radio. Generally there are two types of 
users: primary users, who pay for utilization of the wireless channel and secondary users that use 
channel only when it is available. This manner of operation requires a system that observes the air, 
recognizes it and possibly predicts when channel is available. Here available means that there is not 
primary user activity. This paper is focused on performance evaluation of adaptive systems, which can 
relatively accurately predict primary user activity. Computational mechanism is based on neural 
networks due to their ability to predict and work in uncertain environment. It is well known that 
wireless channel generally can be characterized with uncertainties. 

Оценка на производителността на адаптивна система за предсказване в 
познавателни радиомрежи (Васил Щерев, Александър Ценов, Георги Илиев). Безжичните 
комуникации са съществена част от нашия живот. Съществуват множество стандарти и 
организации зад тях. Така радио-честотният спектър се явява претъпкан с различни 
технологии за достъп и предаване (приемане) на информация. Един от последните стандарти 
опитващ се да обедини тези разнородни технологии е IEEE 802.22, наричан още познавателно 
радио. Най-общо съществуват два вида потребители: основни, които плащат за 
използването на безжичния канал и второстепенни потребители, ползващи канала само, 
когато той е свободен. Начинът на работа изисква система, която следи ефира, разпознава 
го и по възможност предсказва, кога канала е наличен. Тук наличен означава липса на 
активност от страна на основните потребители. Настоящата статия е насочен към оценка 
на производителността на адаптивна система, която може относително точно да 
предсказва активността на основните потребители. Изчислителният механизъм се базира на 
невронни мрежи поради вградената им способност да предсказват и работят в среда с 
голяма степен на неопределеност. Добре известно е, че безжичните канали се 
характеризират с хаотичност. 

 

Introduction 

Today one of the most important challenges in 
wireless communications is the proper management of 
the radio spectrum, which is a limited natural re-
source. Currently, static assignment is yet widespread 
practice. This state of the art along with criticized 
governments’ regulation, leads to underutilization 
situations, as discussed in [1, 2]. Hence there is a great 
need for efficient spectrum management, which 
should be capable of exploiting the available fre-
quency band that is often used or totally unutilized. 

One possible way to improve spectrum efficiency 
is to equip the present infrastructure with cognitive 
radio capabilities. Generally cognitive systems define 
their behavior based on external stimulus, but also 

they give an account of its own principles, experience, 
goals, knowledge and capabilities. In more general 
sense, the term radio configuration refers to a chosen 
carrier frequency and a specific radio access technol-
ogy (RAT) as well as other operating parameters like 
modulation type, transmit power, etc. This definition 
allows a spectrum bands to be used for operating in 
different RATs, in accordance with concept for flexi-
ble management [3]. 

Typical operation of cognitive radio is presented in 
[4], as a simplification to the cognition cycle, which is 
initially described in [5] and [6]. This cycle consists 
from three tightly connected phases. The first one is 
radio scene analysis, during which different 
configurations are probed, and the respective 
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environment conditions are sensed. The second phase 
includes channel estimation and predictive modeling. 
The aim here is to discover the capabilities of 
configurations (the process is also known as discovery 
process). It is based on the measurements during the 
first phase. The milestone here is possibly usage of 
past experience and knowledge. The final phase is the 
configuration selection. On this step, the transmitter 
sends a desired signal by means of the “best” radio 
configuration (transmit power, RAT, modulation, 
frequency, etc.), as derived from available information 
of the previous two phases. It is important to note, that 
the first and the second phases are realized in receiver 
part of the device, whereas the third is realized in 
transmitter. 

Cognitive radio enhances software radio with 
cognitive capabilities. These capabilities are provided 
by an intelligent software package called cognitive 
engine [7]. Within the cognition cycle, the cognitive 
engine derives and enforces decisions to the software 
based radio by continuously adjusting its parameters, 
observing and measuring the outcomes and taking 
actions to move the radio toward some desired 
operational state [8]. Cognitive radios are also capable 
of learning lessons and storing them into a knowledge 
base, from where they can be retrieved, when needed. 
In such а way it is easy to assist future decisions and 
actions. 

The integration of learning engine is important 
especially for the channel estimation and predictive 
modeling phase, for improving the reliability and 
stability of the discovery and evaluation of 
configuration capabilities, without relying solely on 
the recent measurements. Thus many different 
learning techniques are available and can be used by a 
cognitive radio ranging from pure look-up table to 
arbitrary combinations of machine learning techniques 
that can include artificial neural networks, genetic and 
evolutionary algorithms, hidden Markov’s models, 
reinforcement learning, etc. An overview of the 
cognitive radio cycle, cognitive radio engine, relation 
between them and proposed neural structures are 
presented in Fig.1.  

This paper contributes in this way by developing 
learning schemes which rely on artificial neural 
networks and aim at solving the problem related to the 
channel estimation and predictive modeling phase of 
cognitive radio systems. The main purpose of the 
paper is to facilitate the devices involved in the entire 
cognitive system with a priori information about 
available wireless channel which can be used 
potentially from secondary users. To achieve the goal 
some tasks are performed: 

 
Fig.1. Cognitive radio and cognitive engine. A simple 

representation of relation between them. 

- First, to propose two different types of traffic 
distribution, which represent the behavior of 
primary users. 

- Second, to extend traffic types, including 
various probability parameters, such as 
deviation and mean value. 

- Third, to perform benchmark work upon the 
proposed neural network based schemes. 

- Fourth, to compare performance of different 
schemes. This comparison is performed 
according various criterions. 

Motivation and related work 

If cognitive radio can predict the exact moment of 
appearance (and respectively release) of users on 
wireless channels, this would greatly improve 
utilization and quality of service (QoS) of the whole 
network, because if there are a free channel it will be 
utilized immediately [9]. 

Nowadays, several research efforts that aim at 
combining different artificial intelligence and machine 
learning techniques with cognitive radio are published 
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in the literature. 
A distributed cognitive network access scheme is 

presented in [10]. Its objective is to provide the best 
QoS, with respect to both core network performance, 
radio link and user application requirements, by using 
fuzzy logic based techniques. Fuzzy logic is also 
involved in [11] for the representation of cross-layer 
information targeted to the implementation of a cross-
layer optimization strategy in cognitive networks. 

Genetic algorithm technique is proposed in [12] for 
developing a biologically inspired model for a 
cognitive engine (algorithmic mechanisms and radio 
architecture). Even if such algorithms seem to be well 
suited to deal with large sets of variables, a major 
drawback is relatively slow convergence which makes 
them unusable in real time applications. 

Neural networks on the other hand are very 
flexible generally and as such they can be successfully 
utilized for modeling in real time and accordingly to 
follow the highly varying nature of cognitive radio 
systems. Especially neural networks can be used in 
any of the three phases (described earlier) of the 
cognition cycle. For example, during the radio scene 
analysis, temporal statistics of radio interface can be 
used to isolate characteristics which correspond to 
different modulation types. Next, this statistic can feed 
a neural network in order to classify a signal’s 
modulation types as proposed in [13]. Further, 
extracted modulation type can help to characterize the 
whole radio configuration (QPSK modulation type, 
can unveil the existence of a WCDMA RAT). 

In [14], two neural networks classifiers are 
presented and compared to each other. They are used 
to identify two communication modes: the first one is 
frequency hopping based Bluetooth, and the second - 
a direct sequence based WLAN 802.11b. Both modes 
coexist in the identical ISM band. 

Authors in [15] and [16], proposed neural networks 
based learning schemes, which can predict next value 
of achievable raw bit rate. In these papers, schemes 
are extended and take into account hours of the day. 
Structures that are investigated are of an extremely 
large number. One of the main conclusions is 
undoubtedly performance of FTDNN (Focused Time 
Delay Neural Network) structures. These type neural 
networks are very suitable for time series prediction, 
as shown in [17]. Because of this reason, in present 
paper the accent is only on FTDNN. Also, the focus 
here is on the channel estimation (mean duration of 
busy or free) and predictive modeling phases of the 
cognition cycle. The proposed neural networks based 
schemes assist in making the optimum decisions, 
hiding the complexity of surrounding environment 

with many uncertainties. This mechanism is called 
black box modeling, where input is transformed to 
output by hiding the calculation logic. 

The main shortcoming in the paper is the 
admission that wireless device has inherent 
knowledge when primary users start to manipulate 
with one or several wireless channels. This drawback 
can be overcome with some techniques proposed in 
literature like [18], [19] and [20]. Methods are very 
diverse, but generally they can be divided into two 
groups: cooperative sensing and non-cooperative 
sensing [21]. In this paper, the assumption is that 
wireless device has this knowledge nevertheless 
circumstances. 

Methodology 

Most of the traffic in real time applications is 
related to voice services, especially when a large part 
of devices is mobile [22]. In this paper, the 
assumption is that primary users use mostly such 
services. So, the more this assumption is truth, the 
more distribution of the time interval is true (in this 
respect, its mean ratio between voice services to all 
types of services like video, file transfer, etc.). 

Mean value for duration of “calls”, when the 
primary users take-up of the channel is 100 seconds 
which is very near to the reality [23]. In this research 
there are two types of probability density functions: 
Gaussian and exponential. For Gaussian probability, 
the divergence (respectively deviation - ϭ) takes two 
values, but mean values are equal. The dimension of 
deviation is the same as for the time interval which is 
generated (seconds). The second type of probability 
function is exponential, with two mean values (for 
detail information see below). In both of Gaussian 
cases, negative time intervals are not generated, 
because deviation has relatively low value. This is 
important, because negative interval does not have 
physical meaning. In such case, primary users should 
have to release channel, before taking it. So if 
negative values are generated, they will be excluded 
and consequently median and mean values will be 
moved away. 

The main goal of present study is to determine the 
most appropriate neural structure, amongst all which 
have being investigated. For realization of the goal, 
some tasks are set: 

- Generate 12 pseudo-random sequences. Each 
sequence comprises 600 samples. Six are with 
normal (Gaussian) distribution and other six 
represent exponential distribution. 

- Each type distribution, have two “rate parameter” 
(respectively λ in exponential and σ  in 
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Gaussian distribution). So three sequences (two 
for validation and one for training) are with same 
stochastic parameters and thus compose generally 
four groups. 

- For simulation is used “MATLAB®” of 
MathWorks, version 2009a (March 2009) with 
special toolbox “Neural Network ToolboxTM 6”. 

The pdf function through which are generated 
Gaussian samples is represent by equation (1). 
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where x – is time axis and represents the length of 
time interval. μ – mean (expectation) value. In this 

study μ =100 seconds, e=2,718281…, π=3,14159… 

and σ – deviation, which takes two values for every 
groups (8 and 20 seconds). 

The second equation, (2) represents method for 
generating negative exponential distribution. MSE 
(mean square error) is chosen metric in this paper. 
Definition of error is difference between real value of 
time interval and predicted value. Alternative metrics 
can slightly alter the results (modification will be 
minimal). 
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All arguments represent the same things as in 
equation (1). The only different parameter here is λ  

which is the reciprocal of the mean value. So 1−λ  

takes two values – 100 and 80 seconds respectively. 
In this study 30 types of Neural Networks (NN) are 

analyzed. Including 4, 8 and 20 elements tapped delay 
lines. The networks consist of 1, 2 and 4 hidden 
layers. In general, using more than one hidden layer is 
almost never beneficial. The only situation in which a 
NN with two hidden layers may be required in 
practice is when the neural structure has to learn a 
function having discontinuities. However it is 
interesting to compare the performance of four layers 
neural network with other structures. 

Performance evaluation and analysis 

Table 1 demonstrates MSE for all types of 
networks. Index MSE_train, shows the errors occurred 
during the train procedure of the network.  

 

Table 1 
Mean square error for training and validations sets. 

 Network > 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

8 sigma MSE_train 8,03 7,83 8,03 8,04 7,53 6,62 7,71 7,31 5,37 7,55 6,52 7,22 7,36 5,9 2,47

8 sigma MSE_val1 8,14 8,37 7,89 8,02 8,39 9,18 9,35 8,86 10,81 11,91 10,99 8,5 9,14 10,88 14,88

8 sigma MSE_val2 7,98 7,82 8,09 7,99 7,7 7,55 7,75 7,61 7,53 8,15 7,15 7,69 7,89 7,41 8,13

20 sigma MSE_train 19,33 19,01 17,44 19,11 17,99 16,22 18,58 18,33 15,68 17,86 16,69 19,46 17,9 19,39 7,17

20 sigma MSE_val1 20,03 20,65 21,92 21,71 21,52 23,09 25,98 20,65 24,12 23,49 22,44 19,66 22,78 19,86 44,49

20 sigma MSE_val2 21,01 21,25 22,7 23,1 22,73 24,17 30,79 21,47 24,85 29 23,89 20,7 23,09 21,11 51,27

exp 80 MSE_train 81,25 77,97 79,91 77,71 79,4 63,1 74,53 75,07 64,47 73,29 69,91 70,6 72,9 66,47 27,7

exp 80 MSE_val1 77,89 84,1 80,57 82,01 78,8 238,25 87,65 84,99 94,58 85,24 91,63 90,92 90,97 98,81 178,76

exp 80 MSE_val2 73,75 76,34 74,89 78,15 75,46 239,24 83,74 79,35 93,72 79,49 88,06 85,09 84,79 91,28 167,65

exp 100 MSE_train 98,78 96,66 98,24 96,08 88,87 98,8 92,89 88,3 56,5 92,72 78,38 82,39 90,51 74,72 43,38

exp 100 MSE_val1 102,54 118,72 105,38 104,68 150,68 103,94 120,1 111,3 635,83 108,27 135,31 115,35 131,67 191,03 172,24

exp 100 MSE_val2 97,27 102,66 101,69 100,96 112,69 99,21 105,3 108,6 449,01 102,11 129,06 115,34 110,86 167,07 168,33

 Network > 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

8 sigma MSE_train 7,03 5,46 8 7,85 7,47 7,4 7,62 6,11 4,39 2,77 0,093 6,5E-14 3,59 8,04 4,1E-14 

8 sigma MSE_val1 12,96 13,38 7,87 12,31 20,59 8,32 8,62 9,68 18,67 30,56 20,97 16,56 21,29 7,99 16,76

8 sigma MSE_val2 7,76 6,97 8,11 9,1 12,38 7,88 7,91 7,19 8,78 14,01 10,33 7,56 11,15 8,12 9,61

20 sigma MSE_train 16,63 13,17 2,43 19,04 18,76 15,86 16,29 13,94 19,4 7,58 2,31 18,83 5,39 1,24 19,42

20 sigma MSE_val1 25,3 30,13 38,57 40,8 28,86 23,84 30,18 29,17 19,99 62,33 61,16 20,64 62,04 54,57 20,2

20 sigma MSE_val2 28,07 36,93 37,87 38,33 30,79 23,86 33,21 29,32 20,72 58,83 66,08 21,74 55,91 57,96 20,46

exp 80 MSE_train 70,8 63,98 18,34 81,25 77 67,43 67,56 75,98 40,68 58,75 20,67 7,63 41,48 14,44 33,49

exp 80 MSE_val1 104,3 130,3 213,2 78,17 107,09 138,8 111,4 84,41 277,9 113 276,03 191,98 146,84 280,71 133,58

exp 80 MSE_val2 97,16 122,6 227 73,37 103,01 111,7 120,5 80,1 326,8 132,1 264,42 187,1 164,47 263,62 123,49

exp 100 MSE_train 85,96 69,8 21,28 93,69 87,2 78,66 82,9 71,05 101,4 56,05 14,75 97 47,84 46 9,72

exp 100 MSE_val1 157 173,2 387 125,64 235,75 513,5 138,8 214,1 102,5 179,9 318,62 107,17 202,62 199,33 266,75
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For the duration of training, neural networks adjust 
its weights connection between separate neurons.  

This action is implemented according some rules. 
One of the most powerful rules is the back-
propagation, where an error is computing for every 
vector. The difference between actual neural output 
and the desired value tunes the weights among 
neurons. An appropriate stop criterion for the training 
process can be the number of iterations, threshold for 
errors or several united rules. Here a small value 
(MSE_train) does not mean obligatory great 
performance. When some network has very low 
training error rate, this neural structure usually has big 
error performance during operational state. Index 
MSE_val1/2 illustrates error in work state. Both 
validation sets are necessary, because this is a wide 
spread practice in case of work with neural networks. 
During validation process, neural structures work in 
“real world stage” and connection weights remain 
constant, as they were at the end of the training 
process. Index “Network >” which takes values from 
1 to 30 symbolizes type of the networks. Table 2 
represents the congruence between numbers and 
neural structures. For example: network with number 
29, means neural network with four hidden layers, 
each contains 13 neurons. On the input there are 8 
units in tapped delay line. Number 9 represents 
structure with one hidden layer (8 neurons) and 20 
units in tapped delay line. Table 1 shows that the 
minimum MSE_val1 (from first validation set ϭ=8 
sec.) equals to 7,87 for structure 18 (20N 20D). 
MSE_val2 reaches minimum value of 6,97 for 17 
structure. When deviation increases to ϭ=20 sec. 
MSE_val1=19,66 for 12 type and MSE_val2=20,46 
for 30 structure. 

Table 2  
Congruence between numbers and neural structures. 

1 3N 4D 9 8N 20D 17 20N 8D 
2 3N 8D 10 11N 4D 18 20N 20D 
3 3N 20D 11 11N 8D 19 3=3N 4D 
4 5N 4D 12 11N 20D 20 3=3N 8D 
5 5N 8D 13 15N 4D 21 3=3N 20D 
6 5N 20D 14 15N 8D 22 8=8N 4D 
7 8N 4D 15 15N 20D 23 8=8N 8D 
8 8N 8D 16 20N 4D 24 8=8N 20D 
25 20=20N 4D 28 13=13=13=13N 4D 

26 20=20N 8D 29 13=13=13=13N 8D 

27 20=20N 20D 30 13=13=13=13N 20D

 
When probability density function is negative 

exponential and 1−λ =80 sec. then MSE_val1=77,89 

(1). MSE_val2=73,37 (19). Respectively when 

1−λ =100 sec. than MSE_val1=102,46 (24) and 

MSE_val2=96,65 (24). These are minimum values of 
error. Digit in brackets is number of structure. 

Structures performance 

Fig.2 shows the absolute difference between 
training and validation sets for ϭ=8 sec. This 
parameter is very essential, because it depicts 
performance in different conditions (working and 
training). 

 

 
Fig.2. Absolute difference between training and validation 

sets for ϭ=8 sec. 

It can be seen, that there is some correlation 
between both graphics. Structures with numbers 1 to 5 
show good performance, as well as 18, 21, 22 and 29. 

Fig.3 shows the absolute difference between 
training and validation sets for ϭ=20 sec. Again first 
five networks show relatively passably performance 
like 12, 14, 24, 27 and 30. Here six networks from all 
have unsatisfactory performance. These are structures 
number 15, 18, 25, 26, 28 and 29. They have large 
number of elements – neurons, delay units in tapped 
delay line and connection between them. 

 

 
Fig.3. Absolute difference between training and validation 

sets for ϭ=20 sec. 

Next Fig.4 illustrates the absolute differences 

between training and validation sets for 1−λ =80 sec. 

Again 1 to 5, as well as 19 and 23 have great 
performance in both cases. Following Fig.5 depicts 

the same parameters like Fig.4 for 1−λ =100 sec. 
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Fig.4. Absolute difference between training and validation 

sets for 1−λ = 80 sec. 

 
Fig.5. Absolute difference between training and validation 

sets for 1−λ = 100 sec. 

Numbers 1 to 5 and 8, 10, 19 have minimum value 
in both cases. 

Structure degradation 

In this subsection, performance degradation of 
neural network is examined. This is very important, 
because it is the case when working in real conditions. 
Results are derived by division mean square error at 
great rate parameter to lower rate parameter 

(( 1−λ =100)/( 1−λ =80) for negative exponential 

distribution and (ϭ=20sec.)/(ϭ=8sec.) for normal 
distribution). It is essential to remark that, when rate 
parameters increase, both distributions tend to uniform 
distribution. When probability distribution is uniform, 
this means that whole time intervals (x axis) are with 
equal probability. This is hardest case to predict. Fig.6 
depicts all four variants for Gaussian distribution. The 
closer the values to 1, the smaller degradation of 
network.  

For first graphic (upper left) best results achieve 
structure 24, but 20 and 26 are closer. The second 
graphic (upper right) shows some correlation with first 
one. 30 is the best in this case, together with 24 and 
30. Third case (bottom left) 24 is better than other. 20, 
26 and 30 also have good performance. It is difficult 
to choose only one structure that has excellent 
performance in whole study, because this is the nature 
of data, model and manner of computing the 
information. Altogether structures have to suit the 

following requirements, which are not comprehensive, 
but summarize most important feature:  

 

 
Fig.6. Degradations of neural structures for Gaussian 

distribution. 

- low error rate 
- low degradation coefficient (closer to 1) and 
- small number of elements (neurons, delay units 

and connections). 
These requirements are different and cannot 

compare directly to each other (some networks have 
low error rate but degradation is much larger than 1 
and vice versa). Thus various classifications can exist, 
each with different weights for particular parameters. 
In the section “conclusion and future work” in present 
work, considered opinion and deduction which in 
most appropriate network is made. 

In fourth case, again the 30-th structure has little 
advantage over 24. 20 and 1 also obtained good 
results. 

Fig.7 depicts the degradation for other four groups, 
for negative exponential distribution. First important 
thing that have to be marked is the presence of values 
under 1. Thus, the more stochastic distribution of time 
interval the more relatively exact prediction. This can 
be explained with manner for generating time 
intervals – pseudo random (one of the causes, to have 
two validation sets). 

Second key moment is the very high degree of 
correlation between whole graphics. First graphic (top 
left) shows priority for structure 24, followed by 6. 
Networks 27 and 29 have also good results. In second 
(upper right), top result is again for 24. Other efficient 
structures are 6, 27 and 29. The third one shows little 
advance for 24, followed by 6, 27 and 29. In the final 
graphic the results are similar - 24, 6, 27 and 29. 
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These artificial neural networks have great 
performance in all cases. 

 

 
Fig.7. Degradations of neural structure for exponential 

distribution. 

When efforts are made for analysis of whole result, 
then there is not one structure which protrudes over 
other. On the other hand, worst results are more than 
good. This is overall generalization. In Table 1 there 
are results (MSE) like 635,83 for 9 structure and some 
above 500 (21). Architecture of these neural networks 
does not match with input data (information). 
Therefore the last structures are not proper for this 
kind of prediction. 

Other deduction from this section is the average 
percent that system helps to predict. If forecast of 
some neural network is 100% accurate, then device 
equipped with in question system will know the exact 
moment at which primary user releases 
communication channel. In practice, error of 
prediction is 10 to 15 percent smaller than rate 
parameter (ϭ or 1/λ). Thus FTDNN structure can catch 
one of the most important parameters from probability 
theory – variance which is tightly connected with 
entropy of distribution (independently from type of 
probability density function). 

Another conclusion is made for the dependence 
from the number of elements in structures. Not always 
higher number of neurons means better performance. 
This is similar to overtraining – errors during train 
process strive to zero, but the amount of errors for 
validation sets is very large. In case of overfitting, 
networks do not learn the basic structure of the data, 
but rather learn irrelevant details of the individual 
cases. 

Situation with tapped delay line is a little bit 
different. Generally, more delay units – means better 

performance. Explanation is simple, because one part 
in the prediction is how much memory the system has. 
This is directly related with number of delay units. 

One of the main disadvantages using MSE as 
metric is impossibility to have knowledge about sign 
of error. In practice, it is very essential when 
secondary user equipment changes frequency band 
(communication channel) – 10 seconds before or after 
primary user releases the channel. In first case, 
switching to this band is impossible (because channel 
is not free). Second case is possible, but system wastes 
resource of band, because channel is free until 
secondary user occupies the band. 

From all above, most appropriate structure is 
number 1. Fig.8 depicts this neural network. 
Presentation of this structure is not first on any 
graphics (or Table 1) but its productivity is close to 
the best ones. The performance of validations and 
training sets is one of the best compared to others. 
Degradation of performance is less than 5 percent 
compared with average results.  

 

 
Fig.8. Most effective neural structure. This network is 

optimal from all examined structures. 

Last but not least first the proposed neural structure 
has the least number of elements (both delay units and 
neurons) and respectively connections between them. 
These facts make it the most robust for failures and 
negative outside influences. Small number of elements 
also means lower price especially when devices are 
produce in large scale.  

Conclusion and future work 

In this paper a comparison between different 
neural structures is done. Thus their performances are 
studied in order to define most appropriate for 
implementation in cognitive radio engine. 

Future improvement and development of this work 
will include test bench with real data, test with Pareto 
distribution as well as the definition of a “secure” time 
interval against overlap with primary user activity. 
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ELECTRONICS  

Strictly periodic maintenance strategy for electronic systems 

Anton Sl. Georgiev, Toncho H. Papanchev  

 

Many scientific studies have noted that almost a third of the failures occurring in operational life 
of electronic systems (ES) are caused by mistakes during operation, in particular - from inadequate 
maintenance. Such a disturbing conclusion necessitates a serious analysis of the causes of the 
deterioration of the operational reliability of electronic devices, and, on that basis, investigation and 
formulation of suitable means for improving their reliability performance. This paper focuses on the 
composition, size and sequence of recovery procedures performed during the operation in various 
types of ES. The impact of these procedures on service reliability is studied. Several strategies for 
implementation of maintenance are formulated, and the emphasis in the analysis is put on the Strictly 
periodic maintenance strategy. The features of the maintenance of electronic equipments are analyzed 
by application of a principally new concept for assessing the maintenance rationality.  

Строго периодична стратегия за техническо обслужване на електронни системи 
(Антон Георгиев, Тончо Папанчев) Установено е, че почти една трета от отказите, проявя-
ващи се по време на експлоатация на електронните системи (ЕС) са причинени от грешки при 
експлоатацията, и в частност - от неподходящо техническо обслужване (ТО). Подобна обез-
покоителна констатация налага необходимостта от сериозен анализ на причините за влоша-
ването на експлоатационната надеждност на електронните изделия и търсене и предлагане 
на способи за подобряване на надеждностните им показатели. Настоящата статия поставя 
акцент върху състава, обема и начина на редуване на възстановителните процедури, провеж-
дани по време на експлоатацията на различните типове ЕС и влиянието им върху експлоата-
ционната надеждност. Формулирани са няколко стратегии за провеждане на техническо об-
служване, като акцентът е поставен върху Строго периодичната стратегия. Анализирани са 
особеностите на ТО, чрез прилагане на принципно нова концепция за оценка на неговата раци-
оналност.  

 

I. Introduction 

The process of degradation (deterioration of para-
meters) of electronic products is an objective process, 
which is determined by many external and internal 
factors such as aging of the material, high temperature, 
change in atmospheric pressure, peak currents, voltages 
and power, sharp changes in temperature, hidden ma-
nufacturing defects and more. They all lead to gradual 
or sudden passing of ES from operating state to a state 
of failure. To restore the total or partial performance 
of the ES, the maintenance staff or the repair team has 
to implement numerous recovery activities. The further 
operational reliability of the ES is highly dependent 
on the composition, relevance and consistency of these 
activities.  

The process of degradation causes changes in the 
condition of the systems, which themselves determine 
the objective necessity of technical maintenance. So 

speaking, the maintenance can be formulated as a set 
of purposeful activities designed to counter the effects 
of degradation processes. Moreover, the degree of 
activities for restoring the ES in working condition 
should be proportional to the degree of degradation. 

In [1], [2] and [3] Murthy et al. considered the prob-
lems related to ensuring the desired level of reliability 
and associated costs for designing, manufacture and 
sales service. Тhe methods for ensuring а high opera-
tional reliability by means of maintenance, and the cost 
of maintenance, are discussed in details in [4] and [5]. 
In addition, it is necessary to be done a comparative 
analysis of different maintenance strategies, which to 
explore the relationships between time characteristics 
and financial aspects of the operation of ES, such as 
losses and lost profits, profits and more. This article 
discusses such approach, and Strictly periodic main-
tenance strategy is discussed in details. 
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With sufficient accuracy for practice, the vast 
majority of possible states can be reduced to four 
summarized and practically significant states, through 
which is easier to interpret mathematically the process 
of maintenance: working state, pre-failure state, state 
of failure and state of recovery.  

In modern ES the pre-failure states are not so 
typically expressed and recognizable as they were in 
electronic equipment in the middle of the last century. 
Moreover, parametric failures (for which the 
knowledge of the pre-failure states is of practical 
significance) become increasingly not typical for 
modern ES, composed of elements whose technical 
resources are nearly always more than 100,000 hours. 

In classic reliability, when one has to express the 
probability of failure or probability of flawless opera-
tion of the system, even the models with consolidated 
and summarized states often have to be simplified by 
reducing to the "classical model" for the reliability 
representation, known as the Boolean model "failed or 
good state”. The model assumes that the full set of 
random events is composed of only two opposite, mu-
tually exclusive events - failure and flawless operation 
of ES. The state of failure (SF) and working state (SO) 
are characterized by probabilities of residence in each 
of them - probability of failure Q(t) and probability for 
flawless operation P(t). The graph of transitions for 
such a model has a type shown in Figure 1. 

 
Fig.1. Diagram of transitions in the Boolean model 

The matrix of transitions P in this case can be 
written as 

(1) 

μ−μ
λλ−=

1

1

10

1

0

P  , 

and the equation of the state is  

(2)  )1)(()()( dttPdttQttP λ−+μ=Δ+  , 

where λ is the transition rate from working state SO to 
state of failure SF, and μ is the transition rate from 
state of failure SF to working state SO. 

Since the Boolean model hypothesis is a priori 
based on the postulate that random events “failure” 
and “flawless operation” form a full set of opposite, 

mutually exclusive random events, then the sum of 
probabilities of occurrence of these events is always 
one, i.e. Q(t)+P(t)=1, which in turn allows us to write 
solutions of the equation of state in the form: 

(3) 
μ+λ

λ+
μ+λ

μ−λ−λ−= )exp(.
)(

tt
tQ , 

(4) 
μ+λ

μ+
μ+λ

μ−λ−λ= )exp(.
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tt
tP . 

As can be seen from the chart of transitions (Fig. 
1) and equations (3) and (4), which described failure 
probability and probability of flawless work of the 
system, the Boolean model is simple enough and con-
venient for use in modeling the reliability processes, 
phenomena and states, which makes it extremely 
popular in the evaluation of sudden failures. However, 
its simplicity makes it inefficient in modeling the 
processes related to maintenance. Boolean model does 
not allow the assessment of such important components 
of maintenance, such as the moments and duration of 
time when the ES is in a state of recovery (either 
preventative or emergency), which in turn makes it 
impossible to evaluate the downtime for emergency 
recovery or preventative recovery, waiting time (time 
from detection of the failure until the start of the next 
recovery) due to inefficient organization of repair acti-
vities or due to accepted concept for waiting in failures, 
occurring  just before the next launch of scheduled 
preventative maintenance, areas of inactivity for hidden 
failures and more. Because of this, new more accurate 
models of the maintenance process had to be created, 
as well as to be formulated new notions to describe 
these models. The presented in this study new models 
allow not only to correctly analyze ongoing processes, 
aimed at maintaining high operational reliability of the 
ES, but also to offer new estimating criteria (such as 
the ratio of costs and lost profits, profit, etc.). Analytical 
relationships are derived, describing the proposed 
criteria for maintenance assessment, which allow the 
evaluation of a particular maintenance conception. 
Several different strategies for maintenance are created 
and analyzed, which effectiveness is evaluated using 
the new assessment criteria.  

Regrettably the maintenance is accompanied by at 
least three unwanted effects: 

• significant financial costs due to the need to use 
highly skilled staff and expensive specialized equip-
ment;  

• worsening of the availability, due to the reduction 
of time in which EA operates; 

• occurring of "post-maintenance” failures.  

λ 

SO 

SF 

μ
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II.  Strategies for maintenance of electronic systems 

To reduce the negative impact of the listed above 
phenomena, it is necessary to optimize both the orga-
nization and timing of maintenance, and the content 
and sequence of preventive actions. These activities 
are the main attributes that characterize the mainten-
ance strategy (SM). The term “maintenance strategy” 
can be formulated as a regulated system of rules 
included in a maintenance, according to which 
decisions are made regarding: the size and compos-
ition of the preventive and emergency recovery of the 
ES, the size of the term for maintenance, the starting 
point for reporting the term for maintenance, the way 
of alternating preventive and emergency recovery, the 
dominant criterion for deciding on the type and size of 
preventive activities and more. Unfortunately, the 
theory of reliability does not focus sufficiently on 
problems related to preventive actions, and decisions 
on above mentioned aspects of maintenance, and on 
the criteria for deciding on the scope of recoveries, are 
solved intuitively - according to the subjective judg-
ment of the maintenance staff. This is the main reason 
for admission of serious mistakes in the maintenance 
of ES, causing a reduction of its operational 
reliability. Analysis of the maintenance of electronic 
equipment with a control system, set out in this article, 
is based on the definitions of several applicable 
strategies of maintenance of ES [6], [7], [8].  

The maintenance strategies for ES could be classi-
fied according to different criteria, but the most 
important are the following two: 

• According to the way of the alternation of 
preventive and emergency recovery -  SM can 
be classified as: strategy for emergency main-
tenance; block strategy for maintenance; strictly 
periodic maintenance strategy. In blocks strategy 
for maintenance the time for the next preventive 
maintenance is known in advance. Strictly periodic 
maintenance strategy can be named that SM, at 
which: after uninterrupted operation of the ES for 
a time equal to the term of preventive maintenance 
(TPM), it is performed preventive recovery; and if 
failure occurred before the expiration of TPM, it is 
performed a full emergency recovery of ES, and 
the duration of the preventive maintenance term 
starts from the moment of completion of the 
emergency recovery.  

• According to the determining factor in deciding 
on the type and scope of preventive activities 
the SM can be divided into: maintenance strategy 
according to operating time, and maintenance 
strategy according to the state.  

III. Strictly periodic maintenance strategy (SPSM) 

“Strictly periodic” can be named this maintenance 
strategy, in which, if the ES has worked flawlessly for 
a time equal to the term of preventive maintenance 
TPM, the electronic system must be subjected to a 
preventive recovery, regardless of its technical 
condition at that time, but if a failure has occurred 
before the expiry of the TPM, then a full emergency 
recovery is performed in the ES, and the duration of 
next term of preventive maintenance starts from the 
moment of completion of emergency recovery. 

If two or more failures have occurred between two 
consecutive preventive maintenances, the starting point 
for accounting for the next maintenance period shall 
be taken upon completion of the last emergency reco-
very. The preventive recoveries are complete and in 
their implementation, together with setting the mode 
of operation and control, and adjustment the parame-
ters of the ES until entering into the recommended 
limits, there are detected, located and removed all 
hidden failures, if they occur. To achieve a negligible 
amount of hidden failures, this strategy, as any other, 
requires a well-functioning system for continuous 
monitoring of the condition (SCMC) [9]. Moreover, 
the effective implementation of SPSM requires moni-
toring of the state of ES by SCMC, which: to provide 
fixing the exact moment of the completion of any 
recovery (whether it is an emergency or preventive), 
to recalculate the time to start the next maintenance 
and in forthcoming expiration of TPM to signal the 
approach of another preventive maintenance and in 
this way to enable the service staff to plan preventive 
activities. The diagram of transitions of SPSM is 
shown in Figure 2. 

 
Fig.2. Diagram of transitions of SPSM 

When studying the SPSM, we describe a random 
process X(t), describing changes in the states of the ES 
in time through five discrete values in which it may 
reside: operating state SO; state caused by evident fai-
lure SEF; state of downtime caused by "hidden" failure 

SPR

SO

SEF 

SHF 

SER

ZI 

recalculation the beginning 
of the next maintenance 
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SHF; state of emergency (full) recovery SER; state of 
preventive (full) recovery SPR; zone of inactivity ZI 
(Fig. 2). 

The time diagram is shown in Fig. 3. The moments  
and intervals on the diagram mean as follow: TPM – 
term of preventive maintenance; tPM – starting point of 
preventive recovery; τPR – duration of preventive reco-
very; tR – end of recovery and starting point of next 
term of preventive maintenance; tEF – moment of evi-
dent failure occurrence; τER – duration of emergency 
(full) recovery. 

When describing the mean (expected value) of the 
residence time of the ES in each of the five states (SO, 
SEF, SHF, SPM and SEM) we assume that: the duration of 
intervals from completion of consecutive recovery 
(emergency or preventive) to the occurrence of failure 
(in the absence of failure - to launch the next mainte-
nance) is distributed according to the law R(x); 
emergency recovery activities start immediately after 
the occurrence of evident failure and therefore the 
value of the mean time to stay in a state of evident fai-
lure can be ignored; the duration of time intervals in a 
state of hidden failure is distributed according to the 
law P(x); the mean time (expected value) ТRPR of the 
random variable “time for preventive recovery” τPR 
has a probability density function fPR(t); the mean time 
(expected value) ТRER of the random variable “time for 
emergency recovery” τER has a probability density 
function fER(t). Because the emergency recoveries, as 
well as preventive, are full recoveries but, unlike the 
preventive, they start at random moments of time 
(implying not planned intervention by the service 
staff), usually ТRPR<ТRER. The mean time to stay of the 
ES in each of the five states shown in the diagram of 
transitions (Fig. 2) can be written in the forms:  

(5) 
∞

−==
0

)(1 dxxRTM AVt
OS

][ , 

and ТAV ≤ТPR. In practice TAV < TPR, and only in the 
absence of failure throughout the system’s lifetime it 
can be fulfilled the equality TAV=TPR. However, in such 
improbable situation, providing preventive maintenance 
is meaningless to a great extent; 

(6) 0≈=
EFEFS St TM , 

as the moment of the launch of emergency recovery is 
usually located close enough to the time of occurrence 
of  evident failure, in SPSM, and the mean time to 
stay of ES in a state of evident failure is negligible; 
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.   

For weaknesses in the organization of maintenance, 
the elimination of evident failures could not start im-
mediately after the establishment of an evident failure, 
so it is not reasonable to ignore the value of the time 
to stay in this state, in other words,  MSEF = ТSEF ≠ 0. In 
this situation, we can express the mean time to stay of 
the ES in a state of evident failure by the law Q(x), 
describing the distribution of these random variables:  

(10) 
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The availability KA of the SPSM is  

(11) 
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where 

(14) 
∞∞∞∞
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The availability of this SPSM is largely dependent 
on the ability of the control system SCMC to detect 
immediately the occurred failures and to locate accu-
rately the failed unit/module. In good working SCMC, 
which guarantees that 0≈=

HFHF SS TM , and  well opti-

mized algorithm of recovery activities, which ensures 
0

EFS ≈=TM
EFSt

, the availability in SPSM can be better 

than the availability in most versions of the Block 
maintenance strategy, and significantly better than that 
of emergency maintenance strategy, as can be seen 
from the obtained after transformation equations: 
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where KU is unavailability of the system, KU=1-KA. 
We express the coefficient of costs and loss of 

yield KCLY [6] by: the proportion of time in which ES 
is in working condition - KSО; proportion of time that 
ES is in a state of hidden failure - KSHF; the proportion 
of time in which ES resides in a state of evident 
failure - КSEF; proportion of time in which ES is in a 
state of preventive recovery - КSPR; and the proportion 
of time in a state of emergency recovery - КSER: 
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and for KCLY we receive the following equation: 
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where: СSPR is an aggregated coefficient, taking into 
account the losses per unit of downtime of ES and the 
incurred expenditures for its prevention;  and СSER is 
an aggregated coefficient, taking into account the 
losses per unit of downtime of ES and the incurred 
expenditures for its repair. 

For the mean of a relative profit PR from the 
operation of the ES, calculated per unit of time, can be 
written: 
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where the inequality KA <KCLY, the equality KA=KCLY 
and the small value of the difference KA –KCLY indicate 
badly implemented or inefficiently selected strategy of 
maintenance.  

IV. Results 

The research [10],[11]  on the practical implemen-
tation of discussed here strategies show a number of 
advantages of strictly periodic maintenance system 
SPSM compared to emergency or block strategies. 
The values of TAV in the studied communication 
systems in all cities covered by the survey (Sofia, 
Burgas, Veliko Tarnovo, Pernik, Blagoevgrad and 
Smolyan), was increased by 8.15% in Smolyan, as a 
minimum, and by 8.84% in Burgas, as a maximum. 

It was found that significant increase in the mean 
time between failures is mainly due to fewer post-
maintenance failures, studied in telecommunications 
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equipment. 
Minor decreases were found in ТRPR (from 2.37% 

for Blagoevgrad to 2.88% for Sofia) and ТRER (from 
2.44% for Pernik and 2.69 for Sofia). The reported 
improvement in ТRPR and ТRER does not seem 
particularly significant, but given the unexpected 
effect of SPSM on these two variables, the reasons for 
this phenomenon were analyzed. As a major cause for 
the lower value of ТRER may be indicated the small 
number of post-maintenance failures. The main reason 
to achieve reductions in ТRPR is abolished globality in 
implementing the maintenance. Before applying the 
SPSM the studied communication devices, ranging 
from a few thousand (in Smolyan, Blagoevgrad and 
Sofia) to tens of thousands (in Sofia), are subjected to 
preventive maintenance almost simultaneously, every 
three months. The improvement of these three reliabili-
ty indicators (TAV, ТRPR and ТRER), and associated 
smaller losses per unit time of staying the ES in a state 
of preventive maintenance or in a state of repair, has 
led to serious increase in the relative profit (calculated 
by last expression) of 4.4% in Smolyan to over 5.3% 
for Sofia.  

V. Conclusions 

The article deals with some approaches to improve 
the operational reliability of electronic systems. The 
characteristics of maintenance are analyzed, and 
several strategies for its implementation are defined. 
The analysis is based on a principally new conception 
for assessing the effectiveness of maintenance. The 
focus in the analysis is on the Strictly periodic main-
tenance strategy (SPSM). Analytical expressions are 
derived and proposed for estimation the effectiveness 
of this strategy.  
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Characteristics and design of power supply  
for image intensifier tube 

 
Yavor I. Dzhenkov, Slavka Tzanova  

 
The most popular night vision devises available today can be divided as based on thermal vision 

and as such that are based on image intensifiers. They differ in their principal-of operation. The image 
of thermo vision devices is created capturing the wave specter emitted by objects which is result of 
their internal temperature. The function of image intensifier is disparate. In that case the image is 
generated by amplifying the brightness of very faint optical images. Nowadays the use of night vision 
devices with image intensifiers, become more often. As technology evolves, they become applicable 
into more areas, their prices become more affordable and the interest toward them increases. The 
Direction of development today is optimization of operation, with objective to increase functionalities 
and respective capabilities of such a device. The article aims to present the power supply of a night 
vision device based on a image intensifier. 

Особености на захранващия блок на електронно оптичен преобразувател (ЕОП) (Явор 
И. Дженков, Славка Цанова.) Най-масовите уреди за нощно виждане разпространени днес, 
могат да се разделят на базирани на термовизията и такива базирани на електронно 
оптични преобразуватели. Те се различават по принципа си на действие. Термовизионните 
уреди изграждат образа си улавяйки спектъра на вълната, която излъчва всяко тяло, според 
вътрешната си температура. Принципът на действие на оптичния преобразувател е коренно 
различен, при него изображението се изгражда, като се усилва многократно отразената от 
телата светлина. В днешно време все повече навлиза употребата на електронно оптични 
преобразуватели интегрирани в уреди за наблюдение. С развитието на технологиите, те 
навлизат във все повече сфери на приложение, цените им стават все по-достъпни и интереса 
към тях се засилва. Насоката на разработките в днешно време е оптимизиране начина на 
работа, с цел увеличаване на функционалността и съответно възможностите на един такъв 
прибор. В статията по-долу е представена конкретна блок схема за захранване на 
електронно-оптичен преобразувател. 

 

Introduction 

The capability to observe in a night- time, low light 
conditions is such a challenge. This is the reason for 
the dynamic development of these technologies. The 
interest in these phenomenon dates back to the early 
1928 and become successful for first time in 1934. 

Today there are several countries that developed 
the described technology.  Nowadays there are known 
five generations image intensifiers [2]: 

• Generation 0 – early infrared electro-optical 
image converters; 

• Generation 1 – significant amplification 
• Generation 2 – the micro-channel plate 
• Generation 3 – high sensitive and improved 

frequency response 
• Generation 4             

 
The field of application of devices like that one is 

very wide. The image intensifiers are used for 
exploring physical processes that passes in short 
times, in aerospace, military and hunting devices and 
others. The difficulties in design of image intensifier 
power supply are provided by the high voltages that 
are required. To operate the EOP needs voltages in 
range of negative 800 volts to positive 5500 volts. To 
achieve a small size and compactness of the unit, the 
power supply needs to operate whit self-voltage 
source such as batteries.       

General requirements of power supplyThe main 
units of each EOP are the image intensifier tube and 
the power supply (fig. 1) 
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Fig.1 Image intensifier tube (left), power supply (right). 

The image intensifier tubes can be separated in two 
types inverting and no inverting ones, they differ in 
that if there is a fiber optic in front of screen. For these 
with fiber optics the image is projected in 180 
degrees, in place of other benefits.  

To make the EOP smaller, the power supply is 
mounted over the image intensifier tube. The tube 
consists of photo cathode, micro channel plate and 
screen (fig. 2). At the front of the tube enters light 
(photons), which are converted in to electrons, then 
they are multiplied by about 10 000 times in the micro 
channel plate and the object is projected on the screen 
[3].     

 
Fig.2. 

 
But to complete this process, there are required a 

voltages of different polarity. To separate already 
converted electrons form the surface of the photo 
cathode, it is require a voltage of about 300 volts. For 
the multiplication of the electrons in the micro 
channel plate, it is applied a voltage of about 900 
volts. There are applied also 5000 volts on screen, 
thus the electrons are directed to screen, to project the 
observed scene. Because of a complicated process that 
is passed in the tube, it is not possible to define 
specific values of applied voltages to micro channel 
plate, photo cathode and the screen. This requires 
presetting the power supply for each individual tube 
before final integration in to device. To provide 
maximum opportunities of a tube, the power supply 
must offer regulation of voltage in range of 600-900 
volts for micro channel plate, 4900-5300 volts for the 
screen. Each tube is accompanied with a passport 

from the manufacturer showing the values that should 
be achieved in the initial setup. Once the values are 
achieved, they are monitored and controlled by the 
power supply, to prevent a screen form burning or a 
malfunction of the unit. If the scene with high 
intensity is observed the screen can get burned. In 
observing that kinds of scene in the photo cathode are 
deposed photons with higher energy, these photons 
separate a big number of electrons form the photo 
cathode which are multiplied by micro channel plate. 
As result an enormous number of electrons are 
directed to screen and the phosphor get burned. This 
scenario can be avoided if the difference in potentials 
between photo cathode and micro channel plate is 
damp in time. In fact that kind of protection is 
mandatory, so the power unit must provide a setting 
threshold at which to trigger this screen protection. 
Fields of application of this type of equipment require 
a small and versatile power supply. In the article is 
observed a image intensifier power supply generation 
2+. The power supply is designed to provide 
aforementioned voltages necessary for the operation. 
The Most commonly used are 2+ generation image 
intensifier tubes. They differ of second generation, 
with the material, of which the photo cathode is made. 
This contributes to its sensitivity and modifies the 
overall quality of the tube [3]. This generation offers a 
good price quality ratio.           

Design of power supply for image intensifier 
tube generation 2+   

Power supply unit for the second generation plus 
image intensifier tube should ensure stable negative 
voltage 800 volts for photocathode operation, from 
600 – 900 volts for the micro channel plate and from 
4500 to 5300 volts for the fluorescent screen [1]. 
Figure 3 present bloc scheme of that type of power 
supply unit:        

 
Fig.3 Bloc scheme power supply. 
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The power source is two batteries type AA, form 
1.5 volts, bloc 1 figure 3. Blocks number 3 and 4 form 
the oscillation circuit, the frequency of which enters in 
the primary of the transformer (block number 5). 
From the seconds 56 and 57, with the help of six step 
voltage multiplier 6X12, is made the high voltage of 
the photocathode. When the value of the photo 
cathode current is zero, the output voltage of the block 
number 6 figure 3 is maximum, it is about 800 volts 
and it’s generated by coil 56, followed by a voltage 
multiplier. Scheme of that kind of multiplier is 
represented on figure 4.  

   

 
Fig. 4 Voltage multiplier (parallel mode). 

 
Providing the photo cathode voltage, there is set a 

screen protection from burning. The protection is 
achieved by drastically reducing the difference in 
potential between micro channel plate and the photo 
cathode. To create the protection, the photo cathode 
current passes through the resistance R6, figure 3. The 
value of the resistance is chosen to limit the maximum 
value of the photo cathode current on which to trigger 
the protection. As the increasing of photo cathode 
current, R6 create a bigger voltage drop. This voltage 
drop is limited by the coil 57, the diode D2 and the 
capacitor C2. This group of current flow doesn’t pass 
through R6, so it produces a fixed minimal voltage of 
about 30 volts. With this value the electrons can’t 
cross the space between the photo cathode and the 
micro channel plate entre, so there is no more 
electrons directed to screen and he is protected. This 
implementation of protection ensures quick and timely 
release. The emission is stopped before the 
multiplication of electrons so secure action is 
guaranteed.  

The next voltage, which will be discussed is the 
tension of the screen, it is achieved through the 
secondary winding 59 as a voltage induced in it comes 
in 9 step voltage multiplier 9x12 [4]. A more detailed 

examination of current that flows through the screen 
will be made in the explications of the micro channel 
plate.         

The higher value of the micro channel plate 
voltage is provided by the secondary 58 of the 
transformer 5 on figure 3, the induced tension is 
multiplied by 8 step voltage multiplier, thus between 
exits 22 and 23 in figure 3 can be received voltage up  
to 900 volts.   

 
Fig. 5. 

 
Adjustment in the range of 600 to 900 volts of the 

micro channel plate is performed by block number 13 
and 13 in figure 5, using the trimmer R34. R34 define 
the value of the voltage applied on the inverting input 
of the operational amplifier. He, in turn, seeks to 
maintain the voltage of the MKP defined by the 
trimmer, as it directly influences the high voltage 
transformer 13. The resistor R33 and the capacitor 
C33 serve to stabilize the feedback of the operational 
amplifier 33. Thus the initial setup of the micro 
channel plate voltage is done, and the predefined 
value of the voltage is set. This voltage is set once and 
not changed in the progress. This setting is designed 
to achieve optimal performance of the tube.  

In blocks 13 and 14 run another function of 
regulating the voltages, which achieves automatic 
brightness adjustment (ABA). The screen current 
passes through a R2 resistor and enters in no inverting 
input of the operating amplifier 32, figure 5. The 
threshold of activation is defined by the trimmer 31. 
The principle of operation is the following the 
operational amplifier track the value of the screen 
current, his output is linked through the diode D3 and 
the resistor R7 to the inverting input of the operational 
amplifier 33. Thus, until the screen current is smaller 
than the specified threshold, the amplifier 32 keep D3 
blocked so amplifier 32 haven’t influence over 
amplifier 33. The moment the screen current pass 
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threshold, the output of 32 is changed and D3 is 
conducting and affects the inverting input of amplifier 
33, he in turn affects the high voltage transformer and 
changes the micro channel plate voltage. The value 
around which maintains tension on MCP before 
reaching the threshold for brightness control, in 
practice is combination of two values. One is 
determined by the trimmer 34, and other is the output 
value of the amplifier 32. This value is under the 
determined threshold and is function of the screen 
current. This process occurs quickly and is designed to 
keep the average brightness of the screen when the 
brightness of the observed scene is changing.   

Conclusion  

With the proposed design of power supply for 
image intensifier is achieved significant dynamic and 
fast action. The unit can be integrated in small spaces, 
and this is advantage in terms of importing in product. 
There mostly used analog devices, which are resistant 
to outside interference and vibration.  

With direct involvement in the difference in 
potentials between the micro channel plate and photo 
cathode, this protection ensures fast and reliable 
service without disturbing the rest of the scheme. 

The field of application of devices like that one is 
very wide. The image intensifiers are used for 
exploring physical processes that passes in short 
times, in aerospace, military and hunting devices. 

The advantage of the image intensifier is the 
capability to create a full detailed image, since the 
thermo vision devices create only a thermal image of 
the scene, or if we observe the same scene with image 
intensifier device and thermal one, we can see much 
more details with image intensifier as compared with 
the thermal vision device.   
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Analysis and study of single transistor 
resonant converters for induction heating 

George Kraev, Nikolay Hinov 

 

In present work are studied and analysed single transistor resonant converters with application 
in electric technologies. The examinations are made under the following conditions: the transistors 
operate with zero-voltage switching (ZVS) and start directly in steady mode. One of their main ad-
vantages is the option in operating with short circuit in load. The features of such converters made 
them suitable for other applications as: realisation of high-effective lighting, chargers for capacitors 
with high value of capacitance and supercapacitors. Analysis of electromagnetic processes has been 
done and results from simulation and experiments have been presented. 

Keywords: induction heating, resonant converters, single transistor inverters, improved features, 
soft commutation. 

Aнализ и изследване на еднотранзисторни резонансни преобразуватели за индукцион-
но нагряване (Георги Краев, Николай Хинов). В работата са анализирани и изследвани ед-
нотранзисторни резонансни преобразуватели с електротехнологично приложение. Разглеж-
данията са направени, при условие, че те работят при нулеви комутации по напрежение и че 
при стартиране започват работа директно в установен режим. Съществено тяхно предимс-
тво е и възможността за нормално функциониране  при късо съединение в товара. Качества-
та на разглежданите схеми ги прави подходящи и за други приложения като: реализация на 
високоефективно осветление, източници за зареждане на кондензатори с голяма стойност на 
капацитета и суперкондензатори. Направен е анализ на електромагнитните процеси в после-
дователната схема и са представени резултати от симулационни и експериментални изслед-
вания.  

Ключови думи: индукционно нагряване, резонансни преобразуватели, еднотранзисторни 
инвертори, подобрени характеристики, меки комутации. 

 

Outline 

Induction heating is a technology which has broad 
appliance in industrial production and mechanical 
engineering technology [1, 2, 7, 8, 10]. This process is 
distinguished by greater efficiency, productivity and 
performance compared to resistance heating. Combin-
ing the a.m. advantages with lower prices and in-
creased quality of semiconductor devices, highlight 
the trend of application of induction heating in house-
hold – for cooking, heating and hot water production. 

Peculiarity of induction heating installation is its 
equivalent load circuit, which consist of RL resistance 
with low power factor (cos φТ). Thus, to compensate 
the inductance usually capacitors are used [1, 2, 8, 9]. 
Another peculiarity is that the changes of load’s pa-
rameters during operation are significant [1, 9, 13]. 

The choice of specific power circuits for realisa-
tion of induction heating converters is considered also 
[1, 2, 11, 12]: energetic performance, price, possibility 

of operation in wide range of the load, broad scale of 
power control, size, volume and weight, etc. [1, 2, 11, 
12] 

The major setbacks in the use thereof are as fol-
lows: [1, 2, 4, 8, 9]: great voltage changes over cir-
cuit’s elements and over load during the technologic 
process; potential problems at start, especially when 
the loads are unknown and at certain stages of the 
process; deterioration of the energy performance of 
the converter when it is necessary to adjust the con-
trolled rectifier; significant installed power of the ap-
pliances due to the high reactive power compensation 
capacitors of parallel load and poor efficiency of in-
ductor-heated body due to the loss of the major cur-
rents in reactive elements; the need of optimisation of 
the controlling system with the possibility of real-time 
monitoring and control of the two or more parameter. 
Moreover, in the majority of practical cases, the 
equipment is used by untrained and under-qualified 
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staff, which places additional requirements relating to 
the safety and reliability of the installations for induc-
tion heating. 

Combining these criteria necessitate in-depth ap-
plied research for the optimal choice of this type of 
converters. 

Goal of the study 

The aim of this work is an analysis, simulation and 
experimental studies of single transistor resonant con-
verters with AC output, with the primary task of set-
ting the conditions for direct change in steady-state 
operation, operation in soft switching voltage and 
remain operable in the event of short circuit in the 
load. 

Circuits of single transistor resonant converters 
for induction heating 

Single transistor resonant converters are widely 
used in capacities up to 2–3kW because they consist 
of a small number of items, have a simple topology of 
the circuit and high efficiency compared with bridges 
and half-bridge configurations. 

There are known many circuits of single transistor 
resonant converters with an AC output [2, 8, 9, 10]. 
Achievement good energetic, size and weight indica-
tors is provided by switching the power electronic 
keys at zero current (ZCS) and zero voltage switching 
(ZVS). The work will examine single transistor in-
verter circuits which start working directly in steady 
mode. 

Figure 1a shows circuit of a resonant converter in 
series compensated loads, while Fig.1b – a parallel 
compensated load. The circuit consists of LR load, 
transistor T, capacitor C and reverse diode D in paral-
lel with the transistor. 

 
a 

 
b 

Fig.1. Single transistor resonant converters. 

According to studies in [2, 3, 4, 5], their work is 
typified with the following 3 stages: 

1st stage: load current is increasing by exponential 
law (practically linear when cos φT is small) when 
transistor is ON and at the same time the capacitor 
voltage is: UC = 0 for the case of Fig.1a or UC = Ud for 
Fig.1b. 

2nd stage: current through RLC circuit has a reso-
nant nature when transistor is OFF. At that time the 
capacitor is charging to its maximal value and starts 
discharging (Fig.1a), while in Fig.1b it starts recharg-
ing. 

3rd stage: reverse diode starts conducting, stored 
energy returns back to the power supply and the cur-
rent through the load drops to zero. To ensure the ZVS 
operation mode of transistor, it is necessary at the 
moment of diode’s switching ON to submit a control 
pulse to transistor, which is going to ON state when 
load current starts increasing. 

Circuits analysis 

In present work analysis is made only for the cir-
cuit of Fig.1a, while equations for Fig.1b could be 
obtained by the same manner and with same coeffi-
cient. The analysis is done with some assumptions, 
scilicet the power devices and source are ideal. 

In Fig.2 are shown waveforms for the circuit dur-
ing the different stages. 

 
Fig.2. Waveforms of serial asymmetric resonant inverter. 

During the 1st stage, when transistor T is ON, the 
equivalent circuit is shown in Fig.3a. Through load is 
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flowing current provided by the power supply unit and 
its equation is: 

(1) 
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By the end of that stage the load current is: 
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where ti is the time when transistor is ON. 
 

 

 
Fig.3.Equivalent circuit of serial resonant different during 

the three stages of operation. 

If the time of transistor conduction is converted in 
relative units to the period of circuit operation T, and 
in the expression for the current we introduce the duty 

cycle 
T

t i=γ , then (2) would look as follows: 
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=  – oscillation coefficient. For obtaining 

shorter expression we introduce the constant A, which 
depends on the resonant frequency, duty cycle and 
resonant ratio. 

With the switch OFF of transistor T starts the 2nd 
stage of circuit operation, which is shown in Fig.3b. 
Fulfilling the condition of resonance of serial RLC 
circuit the current load of capacitor voltage have al-
most sine waveform and their expressions are: 
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We end up with replacing the value of initial cur-

rent I0 (carried down at the end of the 1st stage) in (4) 
and (5), thus:  
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To facilitate further analysis are presented the 
above expressions with the respective initial phase: 
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The second stage of circuit operation ends up with 
the switching ON of the diode D. This happens in 
moment t2 (as shown in Fig.2) and as we assumed the 
diode is ideal, thus its voltage drop and respectively 
capacitor voltage are zero. Therefore from the condi-
tion uC(t2) =0 we can determine the end of 2nd and 
beginning of 3rd stage of circuit operation. Hence from 
(9) we can obtain the expression, whose solution is the 
searched quantity t2: 

 

(10) ( ) 0sin)( 202
2 =−+= − ϕωδ tCeUUtu t

ddC  

 
After some transformations a transcendent equa-

tion is obtained: 
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During the 3rd stage of operation (with equivalent 

circuit shown in Fig.3b), load current is decreasing to 
zero, thus is provided the ZCS (when the transistor 
will switch ON) in the next stage. Throughout this 
stage the current is: 

 

(12) 
t

L

R

01

t
L

R
d eIe1

R

U
)t(i

−−
+








−=  = ( ) t2

01
t2d eIe1

R

U δ−δ− +−  

 
where I01 is the value of current load in the end of the 
2nd stage of operation – the moment t2, while capacitor 
voltage is zero. 

Controlling pulse is submitted to transistor during 
the diode conduction and when load current reaches 
zero, the device starts conducting. With that the pro-
cesses in the circuit commence from the beginning. 

The maximum voltage across the capacitor is at the 
moment t1 (shown in Fig.2), when load current reach-
es zero. Making (5) equal to zero, which is describing 
the current throughout this stage, we can obtain t1: 
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Thus for the maximum value of capacitor voltage 

(ant the transistor respectively) we have: 
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Load voltage is the difference between the capaci-

tor voltage and power source voltage: 
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With that we have all necessary quantities for de-

signing the converter. 

Simulating studies 

In Fig.4 are shown the results from the simulation 
of the circuit from Fig.1a. Top to bottom are displayed 
transistor’s controlling pulses, load current and ca-
pacitor voltage. From the waveforms is obvious that 
the converters starts directly in steady mode, i.e. no 
transient processes can be observed. Conducted stud-
ies show the main disadvantage of the serial circuit – 
high value of voltage across transistor and capacitor 
(in the selected example over 3 times the power sup-
ply voltage). This may lead to the need for series con-
nection of several transistors. 

Simulations are carried out with Orcad 9.2 soft-
ware package with the models of real devices, pre-
sented by their manufacturers. The same studies are 
conducted also for the parallel circuit and its wave-
forms are shown in Fig.5. From top to bottom are 
displayed: transistor’s controlling pulses, transistor 
voltage, capacitor voltage and load current. 

Comparing results for both circuits we ascertain 
that when ceteris paribus (equal parameters of RL 
load, power source voltage, close controlling frequen-
cies), the parallel circuit has lower voltage over the 
capacitor and the transistor, which could be consid-
ered as an advantage. 

Experimental studies 

On laboratory model are conducted laboratory 
studies of the serial circuit with the following parame-
ters: L=70.4μH and R=0,1Ω, commutating capacitor 
C=30μF, power supply voltage 30V, transistor 
IRF540, which has built-in reverse diode. The circuit 
is shown in Fig.6. The Control System is realised with 
the Integrated Circuit IC494, which allows the altera-
tion the continuance and frequency of controlling 
pulses. This permits the realisation of required mode 
of operation – without transient processes and ZVS. 

In this circuit the transistor switch on is with zero 
current which additionally decreases switching losses. 
The transistor is controlled with 15V pulses, duration 
20 μs and period 61,7 μs. 

Another advantage of circuit shown in Fig.6 is the 
lack of need of galvanic isolation between the power 
and control circuits, thus it makes easy practical reali-
sation of circuit. 

The waveforms from operation of serial single 
transistor converter are shown in Fig.7. From top to 
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bottom: capacitor voltage and load current. The volt-
age selector knob is set at 20 V/div., while the current 
is displayed with current transformer with resistance 
toward winding 0,8 Ω. This transformer could be used 
for the realisation of current protection system for 
power circuit. 

 
Fig.6. Laboratory model circuit. 

 

 
Fig.7. Capacitor voltage and load current. 

 

L R 

C
IRF 540 Power 

supply
CS

 
Fig.4. Simulating results of serial single transistor converter. 

 
Fig.5. Simulating results of parallel single transistor converter. 
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Conclusion 

As a result of theoretical analysis, simulations and 
experiments the following deductions can be made: 

1) Important quality of studied circuits is their lack 
of transient processes at start and the ability of opera-
tion in load short circuit. 

2) During resonant process the transistor is OFF, 
thus the maximum value of load current aren’t flow-
ing through it and this decreases conductance losses. 

3) The soft switching conditions of transistor’s op-
eration are determined. 

4) The main disadvantages of such type of con-
verters are related with the higher voltages over tran-
sistor and capacitor and also the returning of energy 
back to power source. 

 

REFERENCES 

[1] Antchev, M. Technologies for Electrical Power 
Conversion: Efficiency and Distribution, Methods and 
Processes, IGI Global, USA, 2010. 

[2] Cerezo, Jorge. IGBT Definition for Single Ended 
Induction Heating Cookers, Bodo´s Power Systems® – 
Electronics in Motion and Conversion, April 2012, ISSN: 
1863-5598, 22-30. 

[3] Gradinarov, N., N., Hinov, G. Kraev, D. Arnau-
dov. Multi-phase resonant inverters for supercapacitor 
charging. Official Proceedings of The International exhibi-
tion and conference for Power Electronics, Intelligent Mo-
tion, Renewable Energy and Energy Management – PCIM 
Europe 2012, Nuremberg, Ger-many, 8-10 May 2012, pp. 
1078-1085, ISBN-978-3-8007-3431-3, ISSN-2191-3358 

[4] Kraev, G., N. Hinov, L. Okoliyski. Analysis and 
Design of Serial ZVS Resonant Inverter. Annual Journal of 
Electronics, Volume 5, Book 1, Technical University of 
Sofia, Faculty of Electronic Engineering and Technologies, 
ISSN 1313-1842, pp.169-172, 2011. 

[5] Kraev, G. Analysis of parallel single transistor res-
onant inverter with direct launch in steady mode of opera-
tion. Conference proceedings of XII national conference 

with international participation Electronics 2012, Sofia 
2012, pp. 162-167. 

[6] Liu, K.H., F.C.Lee. Resonant switches – A unified 
approach to improve performances of switching converters. 
IEEE INTELEC Conference Record, pp.344–351, 1984. 

[7] Llorente S., F. Monterde, J. M. Burdío, and J. Ac-
ero. A Comparative Study of Resonant Inverter Topologies 
Used in Induction Cookers. Applied Power Electronics 
Conference and Exposition, APEC 2002, Seventeenth An-
nual IEEE, Volume: 2, pp.1168-1174. 

[8] Mohan, N., T.M. Undeland, W.P. Robbins. Power 
Electronics - Converters, Applications, and Design. 3rd 
Edition, © 2003 John Wiley & Sons. 

[9] Rashid, M.H. Power Electronics: Circuits, Devices 
and Applications, 3rd Edition. Pearson Education, 2003. 

[10] Rashid M.H. Power Electronics handbook: devic-
es, circuits, and applications. Academic Press, 2007. 

[11] Sokal, N.O., A.D. Sokal. Class E – a new class of 
high-efficiency tuned single-ended switching power ampli-
fiers. IEEE J. Solid-State Circuits SC-10(3), 168–176, 
1975. 

[12] Sung, H.H. Zero-voltage switching induction heat-
ing power supply. Power System, 2008. 

[13] Szychta, E. Analysis of Operation of Class E ZVS 
Resonant Inverter. Electrical Power Quality and Utilisation, 
Journal Vol. XI, No. 1, 2005, Poland, pp.57-67, 2005. 

 

Assist. Prof. George Kraev is from the Department of 
Power Electronics at the Technical University of Sofia. 
Main fields of interest: resonant converters, electronic 
converters of energy, single transistor inverters, industrial 
technologies.  

tel.: (+359 2) 965 2269          е-mail: kraev@tu-sofia.bg 

Assoc. Prof. Dr. Nikolay L. Hinov - Technical Univer-
sity of Sofia, Department of Power Electronics, graduated 
in 1995 in TUS, fields of interest: resonant converters, 
induction heating, soft commutation, analysis of power 
converters, modeling and simulation. 

tel.: (+359 2) 965 2569.             е-mail: hinov@tu-sofia.bg 

Received on: 29.04.2013 
 



“Е+Е”, 3-4/2013 34 

Delay lines with optoelectronic elements 

Ivan Kolev 

 
In electronics it is required to introduce delay lines with an adjustable time delay when the 

digital signal is held. There is a well known way of introducing a delay by using the signal delay upon 
passing through the logic elements. However, these delays are within a range of a few ns to tens of ns 
[1, 9]. The following author’s developments are proposed for delays within the μs range. 

One of the disadvantages of contemporary optocouplers is their low response time. For example, 
within phototransistor optocouplers the switch-on time is a few μs, within Darlington phototransistor 
optocoupplers – up to hundreds of μs, and within photodiode optocouplers – several hundred ns. This 
drawback is used in the author’s patented circuits for building nonreactive monostable and bistable 
multivibrators [2, 3, 4, 5, 6], neuristors [7] and optocoupler delay lines. Several delay lines with 
optocouplers and TTL ICs are proposed. Their time delays are defined as well. There are no 
capacitors in those delay lines.  

Закъснителни линии с оптоелектронни елементи (Иван Ст. Колев). В електрониката 
се налага да се въведат закъснителни линии с регулируемо времезакъснение при задържане на 
цифровия сигнал. Известен е начин за въвеждане на закъснение чрез използване закъснението 
на сигнала при преминаване през логически елементи. Но тези закъснения са от порядъка на 
няколко ns до десетки ns [1, 9]. За закъснения в  μs диапазон предлагаме следващите авторски 
разработки. 

Един недостатък на съвременните оптрони е тяхното ниско бързодействие. Например 
при фототранзисторните оптрони времето на включване е няколко μs, при дарлингтоновите 
фототранзисторни оптрони– до стотици μs, а при фотодиодните оптрони– няколко 
стотици ns. Този недостатък на оптроните се използва при патентованите схеми на автора 
за реализиране на безреактивни автоколебателни и чакащи мултивибратори  [2, 3, 4, 5, 6], 
нейристори [7] и оптоелектронни закъснителни линии. Предложени са няколко  закъснителни 
линии с оптрони и ТТЛ ИС, като са определени времената на закъснението им. В тези 
закъснителни линии липсват кондензатори. 

 

Within the delay line in fig.1 the optocoupler LED 
is governed by an output of a logic circuit - an inverter 
DD1.  

 

 
Fig. 1. A delay line with a phototransistor optocoupler in a 

common collector circuit  

The phototransistor of the optocoupler О1 is 
connected as a switch– an emitter follower. To 

stabilize the delay line, a Schmitt trigger with a 
hysteresis and an input signal inversion (intergrated 
circuit DD2) is used. The action of the delay line is 
illustrated by a time chart. The voltage across the 
phototransistor, needed to switch on the Schmitt 
trigger (IC DD2 ), has to be changed from +UCC2 to 
UCEon: 

(1)   onCCCEon UUU −= 2    

The current through the optocoupler 
phototransistor has to be changed from zero to the 
value of ICon: 

(2)   on
on

Con I
R

U
I −=

2

     

The collector-emitter resistance of the 
phototransistor is actually changed from infinity to the 
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value of RCEon: 

(3) 
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The typical values for the Schmitt trigger 7414 
(К155ТЛ2) are: switch-on voltage Uon = 1,7V, switch-
off voltage Uoff = 0,9 V, switch-on current Ion = 0,65 
mA, switch-off current Ioff = 0,85 mA. Then from (1), 
(2) and (3) when UCC2= 5 V, R2 = 510 Ω the following 
is obtained:  UCEon = 3,3 V, 
 ICon = 2,68 mA, RCEon = 1230 Ω. 

When the phototransistor is ON, the current 
through it changes according to an exponential law  

(4) 
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where CTR- current transmission coefficient of the 
optocoupler; IF- LED current; ton- switch-on time of 
the optocoupler. 

The current transmission coefficient of the 
optocoupler is determined by the well known 
expression [8]:  

F

ph

I

I
CTR = , where Iph is the photocurrent of the 

phototransistor (in this case collector current). 
Then the delay time of the line is: 

(5) 
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F
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The LED current of the optocoupler is: 

(6) 
1

1

R

UUU
I OLFCC

F

−−
=      

When UCC1 = 5 V, UF = 1,2 V, UOL = 0,2 V, R1= 
330 Ω , ton = 5 μs, Ki = 70 %,  ICon=2,68 mA from (5) 
and (6) the minimal value of the holding time is 
obtained - t3 ≈ 2,2 μs, where UOL  is the level of the 
logical unit at the output of IC DD1, UF- the forward 
voltage of the LED of the optocoupler О1. 

Within the delay line in fig. 2 the optocoupler 
phototransistor is connected as a common emitter 
switch. The voltage across the phototransistor, needed 
to switch on the Schmitt trigger, has to be changed 
from +UCC2 to the value of UOff: 

(7) offCE UU =                    

The current through the phototransistor will change 
from zero to the value of ICoff 

(8) off
offCC

Coff I
R

UU
I +

−
=

2

2
   

 

Fig. 2. A delay line with a phototransistor optocoupler in a 
common emitter  circuit 

The collector-emitter resistance of the 
phototransistor changes from infinity to the value of 
RCEoff 

(9) 
Coff

off
CEoff I

U
R =       

From (7), (8) and (9), when R2 = 1 k Ω , the 
following is obtained: UCE = 0,9 V, ICoff = 4,95 mA, 
RCEoff = 1,82 kΩ. 

The current through the optocoupler LED is 
defined by expression (6), and the delay of the circuit 
- by the following expression. 

(10) 
CoffF

F
on ICTRI

CTRI
tt

−
=

.

.
ln.3     

From expressions (6) and (10), when UCC1 = 5 V, 
UF = 1,2 V, UOL = 0,2 V, R1 = 330 Ω и ton = 5 μs, the 
minimal value of the line delay time is obtained to be 
t3 ≈ 5,22 μs (when ICoff = 4,95 mA). 

Within the delay line in fig. 3 the optocoupler 
phototransistor is connected to the Schmitt trigger 
without a collector resistor.  

To switch on the Schmitt trigger, the following is 
required: 

(11) onCE UU =  

(12) onC II =  

(13) 
on

on
CEon I

U
R =  
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Fig. 3. A delay line with a phototransistor optocoupler 

without a collector resistor 

From expressions (11), (12) and (13) the following 
is obtained: UCE = 1,7 V, IC = 0,65 mA, RCE ≈ 2,62 
KΩ. 
    The above delay lines are implemented by means of 
phototransistor optocouplers. The delay lines below 
use Darlington phototransistor optocouplers and 
optical positive feedbacks (OPFs). 

Within the delay line in fig. 4 the optocoupler is 
connected to a circuit of an optical positive feedback. 
 

 
 

 
Fig. 4. A delay line with a Darlington phototransistor 

optocoupler and OPFs 

To switch on the Schmitt trigger, the collector-
emitter voltage has to be decreased to the value of 
UCEoff. 

(14) offOLCEsat UUU =+    

(15) VUUU OLoffCEsat 7,02,09,0 =−=−= , 

where UCESAT  is the voltage between the collector and 
the emitter of the phototransistor in saturation mode.                           

In addition the following is required: 

(16) 11 .RIUUU FoffoffFCC ++=                      

(17)  
1

1

R

UUU
I offFCC

Foff

−−
=     

Then the current through the phototransistor is: 

(18) offFoffCoff III +=      

From expressions (15) and (18), when Uoff = 0,9 V, 
UOL = 0,2 V, UCC1 = 5 V, UF = 1,2 V, R1 = 330 Ω , Ioff 
= 0,85 mA, UCEsat = 0,7 V , the following is obtained: 
ICoff = 10,85 mA. 

Therefore the voltage across the phototransistor 
changes from +UCC1 to the value of UCEsat, and the 
current through the phototransistor changes from 0 to 
the value of ICoff. The delay is determined by 
expression (10), where ton = 50 μs (for a Darlington 
phototransistor optocoupler), IF = 10 mA,  
CTR= 200 %, ICoff = 10,85 mA, and the delay time of 
the line is t3 ≈ 39 μs. 

The delay time at the line in fig. 5 consists of two 
components: 

(19) 32313 ttt +=  

where the delay time t31 is defined by the optocoupler 
О2, and for fig.2 – from expression (10). 

 

 
Fig. 5. A delay line with a Darlington phototransistor 

optocoupler and OPFs 

The delay time t32 is determined by the optical 
positive feedback with the optocoupler О1. Then 
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(20) 11211 .RIUUUUU FonCEsatOLFFCC ++++=   

(21) 

mA

R

UUUUU
I CEsatOLFFCC

Fon

13
200

8,02,02,12,15
1

211
1

=−−−−=

=−−−−=
  

In this case the currents through the LED and the 
phototransistor are equal  

(22) 11 ConFon II =                                     

The line delay t32 is defined by expression (10). 
where ton = 50 μs, CTR = 200 %,  
IF = IFon1 = 13 mA – t32 = 34,7 μs. 
Equivalents of the elements and integrated circuits 
(ICs) used in the delay lines – table 1.  
 

Table 1 

Element Type Equiva-
lent 

Com-
pany 

Countr
y 

Opto- 
coupler 

6Н2111 H11A1, 
TIL 111 

GE* 
TI** 

USA, 
USA 

Opto-
coupler 

6Н2112 TIL 112 TI USA 

Opto-
coupler 

6Н2113 H11B2, 
TIL 113 

GE, 
TI 

USA, 
USA 

IC 
 

К155ЛН
1 

7404 TI USA 

IC К155ТЛ
2 

7414 TI USA 

GE*- General Electric, TI**- Texas Instruments.  

Delay lines can be implemented not only by means 
of optocouplers but also by digital optocoupler ICs or 
discrete light sources and photodetectors. The delay 
lines can be realized not only by means of TTL ICs 
but also by CMOS ICs. For example, CMOS logical 
elements - inverters (4009, 4069), CMOS Schmitt 
triggers (74НС14). 

Conclusions 

Delay lines can be applied into the following areas: 
starting several devices with a time interval between 
them, functional conversions – with correlation and 
autocorrelation, data coding and decoding, pulse 
selection, measuring equipments, etc. 

Here are proposed delay lines with optoelectronic 
elements with or without the presence of optical 
positive feedbacks with holding time adjustable in 
three possible ways: - through the LED current, 
through a change of the type of the optocoupler, 
which is related to the optocoupler switch-on time, 
and through the current transfer ratio. There are not 
any capacitors in the delay circuits proposed. Another 
advantage of the proposed delay lines shown in fig. 1, 
2, 3 and 5 is that the input signal is galvanically 
separated from the output signal. Therefore the two 
masses in the circuits are different, and respectively 
denoted by mass (1) and mass (2). The delay lines can 
form the signal and amplify its power at the output. 
The proposed delay lines are more noise-immune than 
the common bistable multivibrators with RC time-
setting elements. 
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Novel resistance deviation to voltage converter 

Hristo I. Gigov, Stanimir K. Stankov 

_______________________________ 

This work presents a novel resistance deviation to voltage converter which covers most of the 

requirements that are taking place in practice – linear conversion of the informative parameter, 

elimination of the initial resistance of the sensor, low output resistance, full compensation for the lead 

wires resistance when using three-wire connection, single ended output, single supply voltage, high 

sensitivity and accuracy and last but not least, simplicity of the design. On the base of a comparative 

analysis of the existing schematic solutions a new circuit is proposed which covers all of the 

mentioned  requirements.   For the circuit, the transfer function is worked out, the main properties are 

investigated and recommendations for applications are commented. Simulation and experimental 

results are provided. These results confirm the theoretical analysis.  In conclusion, the converter can 

be used as a base to develop a converter in a microelectronic chip. 

 

 Преобразувател на изменение на съпротивление в напрежение (Христо Гигов, 

Станимир Станков). В работата е предложен оригинален преобразувател на изменението 

на съпротивление в напрежение, отговарящ на редица изисквания за приложението на такъв 

тип преобразуватели в практиката: пълна компенсация на съпротивлението на  свързващите 

проводници при трипроводно свързване, несиметричен изход, ниско изходно съпротивление, 

еднополярно захранващо напрежение, висока чувствителност, точност и не на последно 

място - простота на схемната реализация. Направен е сравнителен анализ на известните 

схемни решения, на базата на който е предложен нов преобразувател, удовлетворяващ всички 

посочени изисквания. Извършен е теоретичен анализ на свойствата на предложения 

преобразувател и е получено уравнението на преобразуване. Приведени са резултати от 

симулационни и експериментални изследвания, потвърждаващи направения анализ. 

 

 Introduction 

When it comes to measuring temperature, one of 

the most common approaches is to use 

thermoresistive sensors which informative 

parameter is the deviation of their resistance by 

temperature. To measure this parameter, it has to be 

transformed into uniform output signal which in 

most cases is DC voltage. For that purpose a 

resistance deviation to voltage converter (RDVC) is 

used. For practical applications these converters 

must meet a few requirements*: linear conversion 

of the informative parameter, elimination of  the 

initial resistance of the sensor, low output 

resistance, full compensation for the lead wires 

resistance when using three-wire connection, single 

ended output, single supply voltage, high sensitivity 

and accuracy and last but not least, simplicity of the 

design. 

In this work an original circuit is proposed for 

RDVC which covers all of the listed requirements.    

Analysis of the existing schematic solutions 

One of the possible realizations for RDVC is to 

include the resistive sensor in a Wheatstone bridge 

which output signal is amplified by a differential 

amplifier [1], [2] – Fig.1, Fig.2. In the schematics in 

Fig.1, Fig.2 and later in the text, the resistive sensor is 

marked with RX=R0+∆R, where R0 is the initial 

resistance of the sensor  and ∆R is the deviation of the 

resistance – the informative parameter of the sensor. 

In Fig.1 [1] is shown a Wheatstone bridge schematic 

and instrumentation differential amplifier with 

variable gain G depending on the resistor Rg. The 

output voltage of the converter is brought by 

expression (1). 

Expression (1) shows that the conversion is non-

linear. That disadvantage is eliminated in the scheme 

shown in Fig.2 [2]. In order to make the transfer 

function linear a positive feedback is applied. Keeping 

the conditions in (2), the transfer function of this 

converter is given with expression (3).  
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Fig.1. Converter with passive bridge circuit. 
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Fig.2. Converter with passive bridge circuit and linear 

transfer function. 

(2)                 1/R1=1/R2+1/R3  1+R0/R3=2R1/R2 

(3)                       
2

1

0

0
R

R

R

R
UUOUT

∆
=                                                     

One of the main advantages of the circuit in Fig.2 

is that this schematic meets most of the requirements*, 

but applying exactly the ratios from (2) in practice is 

very difficult and ultimately the practical reached 

accuracy is low.    

A common disadvantage of the two circuits is the  

non-full compensation for the lead wires resistance 

when using three-wire connection, as the 

compensation is full only at balanced bridge (RX=R0) 

and in unbalanced bridge mode an additional gain 

error appears.   

In Fig.3 and Fig.4 [1] are presented two ‘active 

bridge’ converters in which the resistive sensor is 

connected in a constant current source  circuit. In this 

order a complete linear conversion is achieved. High 

sensitivity can also be reached by using additional 

amplifier Fig.4.    

 Keeping the ratios for the resistors as shown in 

Fig.3 and Fig.4, the following expressions for the 

transfer functions are presented: 

(4)                        0

02
OUT

R
U U

R

∆
= −                               

                            

 

 

for the converter in Fig.3, and 

(5)                 2
0

0 1

1
2

OUT

RR
U U

R R

 ∆
= + 

 
                                      

for the converter in Fig.4. 

 

 

 

 

Fig.3. Active bridge circuit with linearization. 

 

 

 

 

 

 

Fig.4. Active bridge circuit with linearization and high 

sensitivity. 

 The qualities of the circuits in Fig.3, Fig.4 are: 

linear conversion, high sensitivity for the schematic in 

Fig.4 and simplicity of the design. However, they 

have two major disadvantages: the need of bipolar 

supply voltage and the lack of full compensation for 

the lead wires resistance when using three-wire 

connection. 

 In Fig.5 is shown a converter with full 

compensation for the lead resistances and linear 

resistance deviation to voltage conversion [2], [4]. 

      

 

 

 

 

 

 

 

Fig.5. Converter with full compensation for the lead wires 

resistance and differential output. 

For the transfer function for this converter the 

following expression is presented: 

(6)                    ( )21
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where r1, r2, r3 are the lead wires resistance of the 

sensor.                                                                     

 

 

As it can be seen from equation (6), keeping the 

condition r1=r2, the lead wires don’t lead to output 

variation. 

The main disadvantages of this converter are the 

differential output, the relatively high output 

resistance and the low sensitivity. To deal with these 

issues, it is necessary to use a differential amplifier 

with high input resistance which significantly makes 

the design more complicated. 

In Fig.6 is shown a converter with linear 

conversion, full compensation for the lead wires 

resistance, single-ended output and low output 

resistance [3]. 

 

 

 

 

 

 

 

 

 

 

Fig.6. Converter with full compensation for the lead wires 

resistance and single-ended output. 

 Keeping the ratios for the resistors shown in Fig.6 

and the condition r1 = r2 , expression (7) is presented 

for the transfer function. 

 (7)                       ( )0

0

OUT

U
U R

R
= − ∆                                

 

 

 The converter shown in Fig.6 meets all of the  

requirements*, except for the necessity of a bipolar 

supply voltage and the low sensitivity depending on 

the parity of the two resistors marked with R: the 

equality of the two resistors  is necessary to achieve 

full compensation for the lead wires resistance r1 and 

r2. To increase the sensitivity, it is necessary to use 

additional operational amplifier which makes the 

design realization more complicated. 

 From the comparison between the known 

schematic solutions it is seen that the circuits partially 

cover the mentioned practical requirements*. This 

limits their practical realization. To a large extent, the 

requirements* are met in the schematic shown in 

Fig.6. The main goal of this report is to present a 

circuit on the base of the schematic in Fig.6 which 

eliminates its disadvantages  and in that way to 

accomplish realization for RDVC that fulfills all the 

requirements*. This will lead to a realization of a 

converter  with universal application.   

Main part 

Fig.7 shows the circuit diagram of the proposed 

converter. The circuit is built on the base of the 

converter shown in Fig.6. The first stage, which 

includes operational amplifier OA1, resistor R1,  

reference voltage source U0, and representing a 

current source I0=U0/R1 with load the sensor RX, is 

completely identical to the one in Fig.6. The second 

stage, which includes operational amplifier OA2, 

resistors R2, R3, R4, R5, represents a pseudo-

differential amplifier which non-inverting input is 

connected to the output of  OA1, and the inverting 

input is connected to the common junction of the 

sensor RX, the resistor R1 and the inverting input of 

OA1.  

 

 

 

 

 

      Fig.7. Circuit diagram of the proposed resistance 

deviation to voltage converter 

For the analysis of the circuit in Fig.7 the 

operational amplifiers were considered ideal, the lead 

wires resistance r1 and r2 were considered equal 

(r1=r2), and the lead resistance r3 and the current 

through R2 were not taken into consideration. The 

effect of the both parameters are commented later in 

the text. 

The voltages U1 and U2 are defined with the 

expressions: 

(8)         
( )

( )

0 5
1 1 2 1

1 4 5

0
2 2 1

1

X

U R
U r R r R

R R R

U
U r R

R

= + + +
+

= +

          

The output voltage UOUT can be determined using the 

superposition principle: 

( ) ( )

1 2

0 5 3 0 3
1 2 1 2 1

1 4 2 1 2

(9) ( 0) ( 0)

1 1

OUT OUT OUT

X

U U U U U

U R R U R
r R r R r R

R R R R R

= = + = =

  
= + + + + + − +  

  

 

       For the equation (9) it is worthwhile to apply the 

following conditions:  

(10)      R1=R0 ,   respecting that  RX=R0+∆R  and 

(11)             
5 4

2

k
R R

k
=

+
, where k=R3/R2 
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Keeping the conditions (10) and (11), the transfer 

function becomes: 

(12)             0 3 0

0 2 02 2
OUT

U R U
U R k R

R R R
= ∆ = ∆     

 From (12) it can be seen that the circuit realizes 

full compensation for the lead wires resistance (when 

r1=r2 ,(10) and (11)), the gain can be set to the desired 

value by adjusting the ratio k=R3/R2 and the converter 

can be realized with unipolar supply voltage. Thus, 

the RDVC from Fig.7 meets all requirements*. 

One easy  practical way to achieve the condition 

(11) is to apply: 

(13)                        R4=2R2, R5=R4||R3  

 Simulation results 

 The schematic shown in Fig.7. is simulated with 

component values as shown in Fig.8. The reference 

voltage is derived form a DC voltage source 2,5V and 

voltage divider formed by the two resistors (R8, R9) 

with which 1mA current is formed through the sensor 

in order to prevent it from self-heating. The actual 

reference voltage is 106.17mV. The results are given 

in Table1. The sensor is simulated in the range 

0÷400◦C – column 1 with step 50◦C. Column 2 shows 

the corresponding to the temperature sensor’s 

resistance. The values are taken from the Pt100 

reference table. The calculated by (12) value Uout for 

the output voltage is shown in column 3. In column 4 

is the simulated value Uouts for the output voltage 

without the interference of the lead wires resistance.   

In column 5 is shown the simulated value Uoutsr for the 

output voltage when the lead wires are taken into 

consideration.  In column 6 is shown the percent error 

of range γ calculated by the formula: 

(13)              %100
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OUTSOUTSR
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=γ        
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     Fig.8. Circuit of the converter for the simulation 

experiment. 

    It can be seen that the simulation results confirm the 

analysis from the main part. The error caused by the 

lead resistances is negligible and is probably due to 

rounding of the simulation program. Moreover, the  

correlation between the calculated and the simulation 

values for the output voltage confirms the correctness 

of the analysis made in the main part.   

Table1 
Simulation results 

 

Here is the place to comment the interference of 

the third lead wire resistance. The third resistance is 

connected directly to the resistor R2 which defines the 

gain of the circuit. Therefore, the third wire resistance 

is adding additional gain error: 

(14)                       3
3

2

( )G

r
r

R
δ = −  

However, another issue also has to be taken into 

consideration. The inverting input’s voltage of OA2, 

that is equal to the noninverting input’s voltage, is 

forming an additional current flowing through the 

resistor R2 and the resistor R1 (Fig.9). 

 

1U

XRI

2RI

1RI

 

Fig.9. Circuit diagram with the additional current. 

Since the current source formed with OA1 is 

keeping the current IR1 constant, this additional current 

is forcing the current through the sensor to decrease: 

(15)                          
1 2XR R RI I I= −                     

 

So, to eliminate this additional error it is necessary 

1 2 3 4 5 6 

T,◦C RX, Ω  Uout,mV Uouts,mV Uoutsr,mV γ , %  

0 100,00 0,00 0,71 0,71 0,00 

50 119,40 222,71 221,90 221,80 -0,01 

100 138,51 442,09 441,10 441,00 -0,01 

150 157,31 657,92 656,70 656,60 -0,01 

200 175,84 870,64 869,10 869,10 0,00 

250 194,07 1079,92 1078,00 1078,00 0,00 

300 212,02 1285,99 1284,00 1284,00 0,00 

350 229,67 1488,61 1486,00 1486,00 0,00 

400 247,04 1688,02 1685,00 1685,00 0,00 
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to make the value of the resistor R2 big. That way  

both the errors coming from the third wire resistance 

and from the additional current will be suppressed. 

With simulation it was determined that keeping 

R2≥100kΩ, there is no significant variation of the 

output voltage. Another approach to eliminate this 

additional error is to connect a voltage follower from 

the third terminal of the sensor to the resistor R2 

which will make the converter completely invariant to 

the lead wire r3.  

 Experimental results 

To confirm the simulation results an experimental 

model was made for the circuit in Fig.8. To simulate 

the resistance of the platinum sensor, an exemplary 

decade MCP-60M with accuracy 0.02 was used. 

Resistors with tolerance ±1% and ТCR  ±50ppm are 

used  for the elements R1-R9. TLC27L2BC was used 

for the operational amplifier. The results are given in 

Table2. Column 4 is with the measured value Uoutm 

of the output voltage. Column 5 is with the measured 

value of the output voltage Uoutmr when the lead 

wires are taken into consideration. Resistors with 

value 10Ω and tolerance ±1% were used to simulate 

the lead wires resistance. These resistors are not 

specially selected with  same values. There is a 

difference between the calculated output voltage Uout 

in Table1 and Table2. This is due to a difference in 

the reference voltage U0, directly involved in the 

transfer function. For the experimental model the 

reference voltage is 114.8mV.  

It is seen that there is compliance of the 

experimental and the simulation results.  

Table 2 
Experimental results 

 

In the practical applications of the converter, when 

it is necessary to measure temperatures below zero, it 

is sufficient to make the resistance of R1 equal to the 

lowest temperature of the temperature range. For 

example, if the lowest input temperature is -50°C, the 

resistor R1 have to be selected 80.3Ω or below. 

Conclusion                                                                                                                

 In this report a resistance deviation to voltage 

converter is proposed, which covers all practical 

requirements for such converters: linear conversion of 

the informative parameter, elimination of the initial  

resistance of the sensor, low output resistance, full 

compensation of the lead wires resistance when using 

three-wire connection, single ended output, single 

supply voltage, high sensitivity and accuracy and 

simplicity of the design. With simulation and 

experimental results the performed analysis and 

conclusions are confirmed. The interference of the 

resistor r3 and the current I3 is analyzed, and 

recommendations for reducing the additional errors 

are given. As a conclusion the converter can take 

place in serial devices or can be used in the 

development of a microelectronic chip.  
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2 3 4 5 6 

T,◦C RX, Ω  Uout,mV Uoutm,mV Uoutmr,mV γ, %  

0 100,00 0,00 5,70 5,20 -0,03 

50 119,40 205,97 212,23 210,83 -0,09 

100 138,51 408,86 412,93 411,76 0,08 

150 157,31 608,46 610,80 610,20 -0,04 

200 175,84 805,19 806,70 805,80 -0,06 

250 194,07 998,74 999,30 998,80 -0,03 

300 212,02 1189,32 1188,60 1188,80 0,01 

350 229,67 1376,71 1375,20 1374,90 -0,02 

400 247,04 1561,12 1558,50 1558,40 -0,01 
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ELECTRICAL ENGINEERING  

Visualization of Lorenz force vectors in  

vacuum chamber under test 

Raina T. Tzeneva 

 

This paper describes a program, created by the author, for visualizing the vectors of Lorentz 

force. The studied force acts on electrons in testing vacuum chambers after the chambers have been 

manufactured. Testing is based on indirect measurement of pressure in the volume of the arc-

extinguishing chamber. The testing process goes through investigation of the magnetron discharge 

that occurs as a result of the simultaneous application of crossed electric and magnetic fields. The 

program operates with a database in the form of Excel tables for the electric field intensity, magnetic 

flux density, and calculated Lorentz force. Three specific zones of possible discharge are taken into 

account – central zone C around the contact system, upper zone A – between the end of the central 

shield and the static contact and zone B - between the other end of the shield and the envelope of the 

movable contact, obtained by modeling the two fields in the chamber volume. Through the 

implementation of the program, the Lorentz force vectors are visualized in these 3 most characteristic 

zones for initiating the magnetron discharge. 

Визуализация на Лоренцовата сила при изпитване на вакуумни камери (Райна 

Ценева). В статията е представена програма, създадена от автора, за визуализиране на 

векторите на Лоренцовата сила. Изследваната сила действа върху електроните при 

изпитването на вакуумните камери, след като са били произведени. Тестването се основава 

на косвено измерване на налягането в обема на дъгогасителната камера. Процесът на 

изпитване  преминава през изследване на магнетронен разряд, който се появява в резултат на 

едновременното прилагане на кръстосани електрическо и магнитно поле. Програмата работи 

с база данни под формата на таблици на Excel за интензитета на електрическото поле и 

магнитната индукция и изчислява Лоренцовата сила. Три специфични зони на възможен 

разряд са взети предвид - централната зона C около контактната система; горната зона А - 

между края на централния екран и неподвижния контакт и зона B - между другия край на 

екрана и обвивката на подвижния контакт, получен чрез моделиране на двете полета в обема 

на камерата. Чрез използването на програмата векторите на силата на Лоренц се 

визуализират в тези три най-характерни зони за започване на магнетронния разряд. 

 

Introduction 

The most frequently used principle of indirect 

measurement of pressure inside the vacuum chamber 

of a vacuum interrupter is that of the magnetron 

discharge. 

Issues related to testing of vacuum chambers after 

their manufacture are of extreme importance. The 

magnetron discharge is obtained as a result of 

simultaneous application of crossed electric and 

magnetic fields. In order to create a uniform magnetic 

field, two Helmholtz coils are used and the vacuum 

chamber under test is placed into their volume. Two 

basic testing methods are considered: electric field 

applied between the two open contact pieces of the 

chamber and electric field applied between the closed 

contact pieces and a central shield tap. The first 

method is used in modern vacuum chambers for they 

have no tap from the central shield. 

The analysis of initiating the magnetron discharge 

has been made on the basis of numerous models of the 

electrical and magnetic fields within the chamber 

volume [1], [2], and [3]. The electric field distribution 

in the entire space of the vacuum chamber has been 

modeled for both of the investigated cases. It has been 

found out that the electric field intensity has high 

values not only in the central zone of the main contact 
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system (called zone C), but also in two additional 

zones: zone A – between the end of the central shield 

and the static contact, and zone B - between the other 

end of the shield and the envelope of the movable 

contact. It has been found that it is possible for the 

magnetron discharge to be initiated in those two 

additional areas. All three zones are shown in Fig. 1. 

 
Fig.1. Electric field intensity distribution in the space of a 

vacuum chamber interrupter (VCI) with open contact 

system. 

Under the impact of the two simultaneously 

applied fields, the Lorenz force acting on the electron 

is: 

(1) zre FFBxEeEeF
rrrrrr

+=µ+= }[  

where:  

e is the electron charge =1,60217733×10
-19

C; E – the 

electric field strength; B – the magnetic flux density; 

µe – the magnetic moment of electron = 9,2847701 × 

10
-24

 J.T
-1

; Fr and Fz – the radial and axial force 

components. 

This imposes the necessity of having good 

knowledge about the electric and magnetic field 

distribution. 

Based on the models of electric and magnetic 

fields distribution, a database has been created for the 

electric field intensity, magnetic flux density, and 

calculated Lorentz force. The database is in the form 

of Excel tables for the three zones in the vacuum 

chamber, in which a magnetron discharge is initiated. 

The objective of the present work consists in 

demonstrating the program created for visualization of 

the Lorentz force vectors in the volume of the vacuum 

arc-extinguishing chamber under test. 

Description of the program 

Lorentz force vectors are visualized by using the 

software product Visual Net Studio developed with 

the help of the Microsoft Foundation Classes (MFC) 

[4]. The software system design involves several basic 

assemblies. Each basic assembly consists of multiple 

sub-assemblies, the combination of which builds up 

the basic assembly. The application represents a 

software system for visualizing the vectors on the 

basis of input data taken from a database (an Excel 

file). By the help of the application, it is possible to 

modify the scales and magnitudes of the vectors to be 

visualized. The following steps are performed: 

1. Preparing and shaping the frame for vectors 

visualization. 

2. Reading input data out of the database (an Excel 

file). 

3. Calculating coordinates of vectors to be 

visualized (input data are the starting points, angle and 

magnitude of the vector). 

Based on these characteristic quantities, the 

starting and ending vector points are calculated by 

means of an algorithm for vector point calculation. 

4. Choosing the appropriate scale for vector 

visualization. 

5. Choosing the appropriate magnification of the 

picture (Zoom). 

6. Calculating newly obtained vector coordinates 

with respect to the picture scale and magnification. 

7. Visualizing the vectors by means of the software 

system. 

The algorithm of the basic stages in realizing the 

program is shown in Fig. 2. The input data from the 

visualization database is an Excel table of 4166 lines 

and 42 columns, which contains: starting point, 

magnitude and angle of vectors of electric field 

intensity E in VAEC volume; starting point, 

magnitude and angle of vectors of magnetic flux 

density B of the magnetic field in VAEC volume; 

starting point, magnitude and angle of vectors of 

Lorentz force. Data also include seven variants of the 

magnetic field created by Helmholtz coils – for 7 

distances between the coils: 9, 19, 29, 39, 49, 59, and 

69 mm. These numbers are given in the table for the 

two typical cases of VAEC testing – with open contact 

bodies, when the magnetron discharge is between the 

contact bodies, and when it is between the closed 
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contact bodies and the tap from shields. The Excel 

table data have been obtained from models developed 

for the electrical and magnetic fields in the volume of 

VAEC.  

Start

Preparation of 

visualization frame

Reading data from 

database 

Algorithm for calculation 

of vectors coordinates 

(first and last point)

Choice of proper 

scale

Calculation of the new 

vectors coordinates and 

preparation for 

visualization

Depending  on 

scale choice

Choice of 

proper 

magnification

Depending on 

magnification

 choice

Vectors visualization

Visualization

 change

Choice of program’s 

end

End

 
Fig.2. Program algorithm. 

Modeling is performed through the software 

product FEMM (Finite Element Method Magnetics) 

which is based on the finite-element method. The 

program for visualization of Lorentz force vectors has 

been realized only for the case of open vacuum 

chamber contact pieces. It is due to the fact that most 

of the modern vacuum chambers have no taps on their 

shields and only that method of testing the pressure 

with a magnetron discharge is practically possible.  

The developed software product has main menu, 

falling menu for rapid access and window for object 

visualization. 

The main menu includes: Vectors, View, Settings, 

Zoom and Help. Each of these menus contains 

submenus which perform various functions and help 

working with the software system. 

The menu Vectors is shown in Fig. 3 and has the 

following submenus: 

 
Fig.3. Vectors submenu. 

� Select Vectors – this submenu serves for 

selecting the desired vector of Lorentz force. 

Each of the available vectors is in different color 

to facilitate the user. Clicking on this submenu 

calls the interactive window shown in Fig. 4: 

Entering a number for the First or the Last Vector 

presets the corresponding line from the database (an 

Excel file) for visualization of the first or last vector. 

Upon starting the software product all zones are 

visualized and depending on the user’s choice it is 

possible, by using the submenu Select Vector By 

Zone, to preset one by one the three most probable 

zones for igniting a magnetron discharge in the VAEC 

volume. This allows for better examination of a given 

zone. 

 

 

Fig.4. Select vectors submenu. 
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• Top Zone – by selecting this submenu only the 

top-zone vectors are drawn; 

• Middle Zone – visualization of the middle zone; 

• Bottom Zone – only the bottom zone is selected 

for visualization; 

• All Zones – the program draws all vectors in the 

VAEC volume.  

The View menu, shown in Fig. 5, contains the 

following submenus: Status Bar, Split, View 

Coordinate, Coordinate Lines, View Arrows, View 

Circles.  

 
Fig.5. View menu. 

� Status Bar is a bar for the current state of the 

program; 

� Split – splits the display into 1 to 4 parts for 

better visualization of individual zones; 

� View coordinate – displays the coordinate 

system; 

� Coordinate lines – displays the coordinate 

lines; 

� View arrows – displays the vectors arrows; 

� View circles – displays circles marking the 

vectors starting point 

By means of Settings menu the user can adjust the 

vectors magnitude. It contains the submenus Vector`s 

Coordination Setting and Vector`s Coordination 

Setting By Value, as shown in Fig. 6. 

 
Fig.6. Settings menu. 

� Vector`s Coordination Setting – opens a 

window that helps the user enter the vectors 

scaling, i.e. the degree, which will be used for 

multiplying the real vector coordinates in order 

to be appropriately visualized on the display. 

When this submenu is selected the following 

interactive window opens, as shown in Fig. 7  

 

 
Fig.7. Vector Setting submenu. 

The user can modify these parameters for better 

visualization, but the real parameters in the database 

(Excel file) are as follows (Fig. 8): 

 

Fig.8. Vector Setting submenu initial parameters. 

� Vector`s Coordination Setting By Value  – serves 

for finer adjustment of vectors. Here, the modification 

of the vectors magnitude is performed through the 

multiplication or division of parameters in terms of 

percentage. After clicking on this submenu, the 

interactive window, shown in Fig. 9, comes out  

 

Fig.9. Vector setting by value submenu. 
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The Zoom menu is used for magnifying or 

reducing the picture size. It has the following 

appearance (Fig. 10): 

  
Fig.10. Zoom menu. 

The menu could be selected from the main menu 

but it is also possible to use keyboard shortcuts, 

respectively “+” for zoom in and “-” for zoom out. 

If Select Zoom is selected, the interactive window 

Zoom Setting, Fig. 11, comes out. It is used for 

manually setting the picture zoom. 

 
Fig.11. Zoom setting submenu. 

Fig. 12 shows the distribution of the Lorentz force 

vectors in the top zone with two characteristic sectors 

– 1 between the central shield and fixed contact flange 

and 2 between the central and upper shields. 

 
Fig. 12. Lorenz force vectors distribution in higher region 

Conclusion 
A program for visualization of Lorentz force 

vectors has been developed. The force that acts on the 

electrons is due to the simultaneous application of 

crossed electric and magnetic fields in testing vacuum 

arc-extinguishing chambers.  

The program allows for more detailed imaging of 

the processes of magnetron discharge initiation in the 

three most characteristic zones in the chamber 

volume. 
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