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Message from chair

Prof. D.Sc. Blagovest SHISHKOV
Institute of Mathematics & Informatics,
Bulgarian Academy of Sciences
Chair ISRSSP’07
Ladies and Gentlemen, and dear colleagues,
On behalf of the Organizing Committee, I would like to extend to you a warm welcome to this
First International Symposium on Radio Systems and Space Plasma. The symposium provides a
scientific forum covering the topics of traditionally established URSI Commission C and H (toward
space plasma) and Space Solar Power System (SSPS). More exactly it is a three component
scientific body event, concerned with the international development and application of the broad
range of aspects beginning from the intelligent methods of radio-communication systems and signal
processing, through the updated methods for analyzing non-linear interactions of space plasma, up
to radio science aspects of SSPS, ranging from microwave power generation and transmission to the
effects on humans and the potential interference with communications, remote sensing, and radio
astronomy observations. The URSI has been recognized as the scientific body coordinating this
research field on an international basis and open forum for the debate of the above aspects.
Radio and its application has been one of the key/core technologies during the whole 20th
century. It has expanded the horizon of human activity into modern life style and is now
indispensable media to human life. Its main application today is telecommunications, especially
mobile communications and radio links among various computers and computer controlled systems.
However, radio can be used for other purposes in the light of human welfare. To maintain the
human welfare and even to avoid perishing disaster during this century, energy, food and
environmental issues should be seriously discussed, steered and controlled. In this regard, power
transmission via microwave is one of the new technological frontiers in the scope of the Solar
Power Satellite (SPS) which will provide a clean and limitless energy resource from space. Since P.
E. Glaser proposed an idea to place a power station in the geosynchronous orbit in space in 1968,
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the SPS research was booming in the 1970’s in the USA. The SPS research, however, entered into
the dark era in terms of research budget in the USA in the early 1980. During this era, however,
SPS research has been continued in Japan and other countries.
The conference will begin with keynote plenary talks over the following areas covered by
the scientific program and presented by their distinguished leaders:
Radio Communication Systems & Signal Processing – Maurice Bellanger (France)
Waves in Plasmas - Gottfried Mann (Germany)
Solar Power Satellite (SPS) - Kozo Hashimoto & Hiroshi Matsumoto (Japan)
Really these areas could be enlarged due to URSI’s ten Scientific Commissions cover a
broad range of aspects involved in SPS systems.
Our invited, contributed and poster talks present original contributions in the following (but
not limited to) broadly – defined topics: Radio-Communication and Telecommunication Systems;
Spectrum and Medium Utilization; Information Theory, Coding, Modulation and Detection; Signal
and Image Processing in the area of radio science; The generation (i.e. plasma instabilities) and
propagation of waves in plasmas; The interaction between these, and wave particle interactions;
Plasma turbulence and chaos; Spacecraft-plasma interaction; SPS Radio Technologies; Influence
and Effects of SPS-Radio Science Aspects; Radio Science Issues for Further Study; URSI White
Paper.
In order to provide meaningful impact to scientific and engineering communities, we have
created a web page of ISRSSP’07.
This symposium has been organized jointly by the International Union of Radio Science
(URSI), Bulgarian URSI Committee, Institute of Mathematics & Informatics (BAS) and Technical
University of Sofia. The last always has helped us in organization of the ISRSSP. I would like to
express our great thanks to all these organizations for their valuable support in organizing
successfully this international scientific event.
In addition to scientific sessions, you may enjoy beautiful Sofia and nearby historic and
scenic sites such as Rila Monastery in your spare time.
Finally, I wish a successful event to all of you!
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Prof. Dr. François LEFEUVRE,

URSI President
Dear Colleagues,
On behalf of the URSI Board, and on my proper name, allow me to congratulate the
ISRSSP’07 organisation committee for the selected scientific topics. Allow me also to
congratulate the participants for their broad view of radioscience. A priori it is not
obvious to cover both Radio Systems and Space Plasma. However, the subject looks
very exciting and the programme of the symposium is clearly in the line of the priorities
defined two years ago at the 2005 General Assembly of URSI in New Delhi.
One of the points raised in New Delhi was the need to answer societal demands about
the use of electromagnetic waves. The task is not easy. For most burning and
controversial subjects the society cannot expect answers in the form of “yes” or “no”
from the scientific community. However it may expect clear synthesis with fair “pros”
and “cons”. This is what has been done with the first URSI White Paper on Solar Power
Satellite. The writing of a synthetic document accepted by the URSI community was not
that simple. Numerous points had to be double-checked and rewritten several times. But
the White Paper has been completed. I thank Professors Kozo Hashimoto and Hiroshi
Matsumoto for the impressive work they did, with the Inter-commission Working
Group on SPS, on the elaboration of the supporting document and the preparation of the
White Paper. I thank the Bulgarian URSI Committee who supported the White Paper. It
seems to me very appropriate to have a session on that topic during the ISRSSP
symposium. The SPS concept in its present version was first presented at URSI in the
context of a Commission H session. Commission H members are here. As Professor
Gottfried Mann and/or other space plasma experts will probably demonstrate, Waves in
Plasmas are very important for the study of potential environmental effects of SPS and
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more generally for the study of the transport of energy via electromagnetic waves in a
ionised medium.
Another important point raised in New Delhi was the need to reduce the gap between
Radioscience and Telecommunications. As noted by Professor Maurice Bellanger in the
foreword of a special issue of “Comptes rendus, Académie des Sciences” entitled
“towards reconfigurable and cognitive communications” (September 2006): “
Applications implemented through radio communications are in growing numbers. This
trend is likely to accelerate and, accordingly, the operation of many services will
become dependent on the radio communications”. Now, users of passive services, like
the radio-astronomers, but also the Commission H members when they study natural
emissions, probably don’t pay enough attention to potential consequences of this
dependency. All radioscientists, including the Commission H members must be aware
of developments in progress for instance on: reconfigurable and cognitive
communication, enhancement of spectrum efficiency, etc.. For that reason a half day
“Forum on RadioScience and Telecommunication” will be organized at the 2008 URSI
GA in Chicago. The participants to the ISRSSP symposium have the chance to
anticipate that forum. I hope that notes will be taken during the discussions in order to
provide inputs to the Chicago forum.
In conclusion, the International Symposium on Radio Systems and Space Plasmas is of
great interest for URSI. Thank you in advance for providing the URSI Board
conclusions of your discussions.
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Addresses

Prof. D.Sc. Nikola SABOTINOV
Vice-President of the Bulgarian Academy of Sciences

Ladies and Gentlemen, and dear colleagues,
On behalf of the International Program Committee, and as President of Bulgarian URSI
Committee, I would like to take this opportunity to welcome you at the First International
Symposium on Radio Systems and Space Plasma.
This symposium has been organized jointly by the International Union of Radio Science
(URSI), Bulgarian URSI Committee, Institute of Mathematics & Informatics (BAS) and Technical
University of Sofia. I would like to express our great thanks to all these organizations for their
valuable support in organizing successfully this international scientific event.
Two years ago Bulgarian URSI Committee has been reorganized and our URSI’s ten
Scientific Commissions (especially “C” and “H”) are strongly involved in numerous URSI
activities.
In the wake of the Bulgarian URSI activities, the Commission H (Waves in Plasmas) has
been organized BG-URSI School and Workshop on Waves and Turbulence Phenomena in Space
Plasmas (1-9 July, 2006, Kiten, Bulgaria).
Bulgarian URSI Committee has created a fruitful collaboration with many scientific centers
such as CNRS (France), Max Planck Institute (Germany), Advanced Telecommunications Research
Institute International (Japan), Research Institute of Sustainable Humanosphere Kyoto University
(Japan) etc. We are glad to see so many distinguished scientists from Japan, France, Germany,
Russia etc.
The symposium provides a scientific forum covering the topics of traditionally established
URSI Commission C and H (toward space plasma) and Space Solar Power System (SSPS).
Due to the great enthusiasm and efforts of Prof. Blagovest Shishkov this symposium
becomes a forum for the debate of the above aspects and contributes to mutual exchange in this
research field on an international basis.
I wish you a successful event and nice days in beautiful Sofia and our country.
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Prof. Dr. Kamen VESELINOV
Rector of Technical University of Sofia

Ladies and Gentlemen, distinguished guests, dear colleagues,
It is a great pleasure for me to welcome all the participants in the First International
Symposium on Radio Systems and Space Plasma on behalf of one of the co-organising institutions
– the Technical university of Sofia.
I am happy that a number of foreign colleagues and well recognised researchers are
participating in the Symposium and I would like to express a special welcome to them.
Radio systems are a vital part of telecommunication but not only. Microwaves are a subject
of similar importance and their use in the kitchen is common but power transmission by
microwaves is a technology that is still in the development.
We were happy to support the initiative of the Bulgarian URSI Committee to organise this
important event. A number of the talks will present not mere research results but real frontier
research results.
The Technical University of Sofia and especially its Faculty of Telecommunications is
involved in a number of research activities in the fields covered by the Symposium and some of the
results will be presented here. I am convinced that this Symposium, the exchange of results and the
discussions about them will stimulate more extensive research worldwide but what seems important
to me in the present time also in Bulgaria.
Last but not least I would like to thank the Organising Committee and especially B.
Shishkov for the excellent work they have done in preparation of this event.
I wish you a successful Symposium, fruitful discussions, inspiring contacts and of course
nice days in Sofia!
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Commission

Prof. Dr. Maurice BELLANGER
CNAM - Electronique et radiocommunications, France
bellang@cnam.fr
SPECTRUM ANALYSIS IN FUTURE MULTIANTENNA
RADIOCOMMUNICATION SYSTEMS

Summary :
Future radiocommunication systems are expected to deliver significant progress in two key aspects,
namely transmission speed and quality of service. This will be achieved through efficient utilization
of the radio spectrum and dynamic allocation of resources to the users, in the context of packet
transmission, to follow the trend towards all-IP networks. The evolution will have to take place
under severe environmental constraints concerning, in particular, power limitation and
electromagnetic compatibility. The enabling technologies are multicarrier transmission and
multiantenna techniques, designated by MIMO (multi input multi output). Real time spectrum
analysis is part of the combination of both techniques and the objective of the talk is to review the
related approaches and challenges.
In multicarrier transmission systems, spectrum analysis techniques are used to estimate the channel frequency response and the
noise level at the frequencies of the carriers. The measurement results are exploited to equalize the received signals and, whenever
appropriate, to determine the bit loading of the sub-channels. Two phases are distinguished in the tranmission of packets,
initialization to set up the system parameters and tracking to update these parameters over the duration of the packet.
The single antenna case is considered first. The data are transmitted in blocks of symbols, the carrier spacing being the inverse of the
block length, which is chosen much greater than the length of the impulse response of the channel. In these conditions, a least
squares technique exploiting correlation measurements is the optimal approach in the initialization phase with known symbols. Suboptimal simpler techniques can yield sufficiently good performance as well. In the tracking phase, known pilots are inserted in the
data carrying blocks of symbols and they are exploited by the receiver to produce, combined with interpolation, the same amount of
information as in the initialization phase.
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Multiantenna systems lead to channel matrices, with as many elements as the products of the numbers of transmit and receive
antennas. The maximum global system capacity is related to the eigenvalue decomposition of the channel matrix. Therefore, all the
elements of the channel matrix have to be estimated, for all the carrier frequencies, in the shortest possible time during initialization.
In the tracking phase, a known pilot structure is inserted in the multiantenna transmitter, detected in the receiver and extended
through interpolation to update the channel matrix elements. The eigen decomposition of a matrix being sensitive to the matrix
elements, accurate estimations are required. Theoretical results have been obtained and efficient techniques have been worked out to
make the MIMO approach worth the considerable increase in complexity.
When multiantenna systems are deployed, beamforming can take place. In some cases it is a drawback and it has to be avoided. But,
it can also be exploited, for example to enhance the robustness of the system or further increase the capacity and, in any case, it is an
additional flexibility. Spatial spectral analysis techniques can provide the measurements needed for exploitation.
On the long term and beyond multicarrier transmission, the concept of cognitive radio aims at replacing some control algorithms in
terminals with automatic goal-directed reasoning. This requires good knowledge of channel state information and enough data to
perform reliable predictive modelling. Real time spectrum analysis in the multiantenna context is a potential provider of some of the
necessary information.
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Commission "H"

Prof. Dr. Gottfried MANN
Astrophysikalisches Institut Potsdam, Germany

THE RADIO SUN
The Sun is an active star. That does not only manifest in the well-known sun spots
but also in flares. During flares a large amount of stored magnetic energy is suddenly
released within a time period of few seconds up to few hours related with a power of
10$^{22}$~W. The frequency of occurrence of both sun spots and flares is governed by
the 11-year solar cycle. During a flare, an enhanced emission of electromagnetic
radiation from the radio up to the gamma-ray range, mass motion, e.g. jets and coronal
mass ejections, and an enhanced flux of energetic particles (electrons, protons, and
heavy ions) occur. But, a substantial part of the flare released energy is carried by
energetic electrons which are responsible for the enhanced nonthermal radio and X-ray
radiation. Thus, the observation of the solar radio and X-ray radiation gives us a lot of
informations on the flare process. The whole flare scenario will be explained by the
example of the solar event on October 28, 2003. It was the strongest flare, which was
ever observed. Finally, the concept of a novel European radio instrument, called
LOFAR (Low Frequency Array) will be presented under the special focus of monitoring
of the solar activity. Since the solar activity is influencing our Earth's environment and,
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thus, our technical civilization, (also usually called Space Weather), its monitoring is of
general social interest. The Astrophysical Institute Potsdam has the international
leadership of the LOFAR-Key Science Project "Solar Physics and Space Weather with
LOFAR"
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Commission "SPS"

Prof. Dr .Kozo HASHIMOTO and Prof. Dr. Hiroshi MATSUMOTO
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URSI White Paper on Solar Power Satellite (SPS)
Systems and ICWG Report
Abstract—This lecture introduces the recently published URSI White Paper on SPS and outline of SPS.
Index Terms—Solar Power Satellite, White Paper.

INTRODUCTION
The carbon dioxide emission from fossil fuels is a main cause of the global warming. Solar Power Satellites
(SPS) which sends electric energy via microwave from the geostationary earth orbit (GEO) has been
proposed and investigated both technically and theoretically as a potentially clean energy source. URSI
decided to publish a white paper [1] to provide a scientific background for discussions of issues related to
SPS.
URSI established an inter-commission working group (ICWG) on SPS in 2002. The ICWG worked for the
first three years to prepare this white paper. Since 2005, only its executive and extended summaries are
separated, called White Paper, thoroughly discussed within the Board, approved by the scientific
commissions and the national commissions, and published in Radio Science Bulletin. The rest is published as
Report of the URSI Inter-Commission Working Group on SPS [2], which consists of main text and
Appendices and supplies detailed technical and scientific information.
SOLAR POWER SATELLITES[2]
SPS is consist of mainly three segments: a solar energy collector to convert the solar energy into DC
(direct current) electricity, a DC-to-microwave converter, and a large antenna array to beam the microwave
power to the ground. The power beam must be controlled accurately to less than 0.0005 degrees. A 1 GW
SPS power plant has the following typical dimensions. The area of a solar cell panel is approximately 10 km2
for production of 2GW The transmitting antenna array will typically be 1km in diameter. The ground power
receiving site uses a device to receive and rectify the microwave power beam. The device is called a rectenna
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(rectifying antenna). The rectenna system is connected to existing electric power networks. A typical size is
several km in diameter.
Only solar technologies can provide such a huge, clean power source in the near future. The terrestrial
photovoltaics, wind, geothermal, and other natural resources depend on the environmental conditions and are
neither stable nor sufficient.
The SPS system has the advantage of producing electricity with much higher efficiency than a photovoltaic
system on the ground. It should be noted that the received power density is not constant and has a
distribution with a maximum at its center even in the geostationary distance. About 90% of the transmitted
power from the SPS is received on the ground in general SPS designs different from communications.
RELATION WITH URSI COMMISSIONS[2]
SPS is related to all the URSI Commissions. For example, direction finding and self-calibration systems
should be developed to calibrate the SPS antenna array with its huge number of elements. These issues
require signal processing techniques studied in Commission C. Commission D promotes research in
electronic devices, circuits, systems and applications, and it has a broad interest in SPS, particularly in
microwave power transmission (MPT).
Atmospheric effects, including the ozonosphere, produced by and imposed on microwave beams, linear and
nonlinear interactions with the ionosphere and space plasma of the microwave beam should be evaluated
through theories, experiments and computer simulations. (Commissions F, G, and H) The interaction of the
heavy ions ejected from ion engines with the surrounding plasma could change the electromagnetic
environment of the magnetosphere.(Commission H).
The interest of Commission B covers antennas and radiation. A huge antenna array is essential for
microwave transmission from the SPS. Microwave measurements and calibrations are necessary to evaluate
power, interference, and spurious emissions from the SPS and the rectennas (Commission A). Most SPS
systems are assumed to use microwave frequencies for MPT. Compatibility of SPS with radio
communications and radio astronomy are important issues for URSI (Commissions E and J). The evaluation
of possible effects on human health and bio-effects by microwaves transmitted from SPS is essential for
public acceptance. (Commission K).
PROS AND CONS[2]
Arguments for promoting SPS projects have recently been re-activated due to increasing interest in clean
energy. Opinions in favor and against SPS are categorized and listed in the Report [2].
CONCLUSIONS
The White Paper would provide knowledge about the SPS concept based on evidence and an open forum
for debate on the scientific, technical, and environmental aspects of the SPS concept [1].
REFERENCES
[1] URSI White Paper on Solar Power Satellite (SPS) Systems, 2007.
[2] H. Matsumoto and K. Hashimoto (Eds.), Report of the URSI Inter-Commission Working Group on SPS,
2007.
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ABSTRACT
Image restoration is a very important in some cases of image degradations from noise, distortions etc. There are
many methods of image restoration, based on traditional image processing principles: filtering, noise reduction,
spectral estimations etc. The main difficulty in these methods is the necessity to know the features of the noise or
distortion sources. There are also methods based on statistics of noise or distortions, but almost of them used low
order statistics like first or second order statistics mainly for reducing the time of calculations. The results from
these low order statistical methods satisfied some “easy” cases of image degradations, but for the most complicated
situations, when information for source of degradations is missing (blind situation), the results of using mentioned
methods are not effectives.
The goal of this article is the analysis of the performances and disadvantages of the existing methods, the
proposition and investigation of method for blind image restoration based on the well known in signal processing
methods for blind deconvolution or restoration. The proposed high order statistic method is simulated and tested
with some classes of archive photos and documents and the results of the simulations are present and discussed in
conclusion of this article.
1. INTRODUCTION
The main goal of each image restoration method is to process the image in such manner, that the resulting image
will be equal (in ideal case) or similar as possible as can to the original image [1]. It is not possible to realize this
goal in general cases. The existing methods allow to solving this goal only for some concrete situations when it is
necessary to restore only specific part of the images: objects, persons, text etc., for which it is know that they exist
in original image, but are noised or distorted in the available image [2], [3] and [4]. These methods work well in
some applications as image restoration of noising or blurring parts, removing nonlinearity, local contrast and
brightness enhancement, color or geometric corrections etc. But there are also many cases in which there is any
information about the causes of the image degradations. In these cases the only possible method is so called “blind
restoration” of the image. The term “blind” must be treated as processing image without knowing the concrete type
of degradations, noise, distortion, but to use only the statistical characteristics of available distorted image. In both
cases: ordinary or blind image restoration it is necessary to create a model of the image degradation, for which to
define, if it is possible, the type of sources of degradations and its characteristics, or vice versa – to make a blind
restoration. There are many models of image degradation presentation, which are used in cases of image restoration
methods. In the Fig. 1 is present the popular image degradation model.

Fig.1. Image degradation model
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In this model the true image f ( x, y ) is the subject of degradation with a 2-D LSI blur filter h( x, y ) and an
additive noise n( x, y ) . As a result the degraded image g ( x, y ) is described with the equation:

g ( x , y ) = f ( x , y ) * h ( x , y ) + n ( x, y )

(1)

The blur 2-D LSI filter can be expressed for example as the point spread function (PSF) of camera lens or the
similar cases of image blurring. Noise can be explained for example as CCD camera readout noise.
The goals of each method of image restoration are:
^

- to find the best estimation f ( x, y ) of true image, if is given the degraded image g ( x, y ) ;
- to find the characteristic h( x, y ) of blurred filter;
- to find the spectrum of the noise n( x, y ) .
2. BLIND IMAGE RESTORATION
As the mentioned characteristics are unknown in general case, the methods of image restoration are based on so
called blind restoration, which is connected with methods of blind image decovolution. The model of degradation
can be use to find out the general model of blind deconvolution given in Fig.2.

Fig.2. General model of blind deconvolution
A most precise blind algorithm description is presented in Fig. 3.

Fig.3. Most precise blind algorithm
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It is shown from Fig.2 and Fig.3 that the blind deconvolution algorithm can exploit some partial statistical or
physical information for example about the true image or point spread function (PSF). The blocks named “Prior
Knowledge” shows, the existing and using in deconvolution algorithm of partial information about true image and
degradations sources. The presented general model of image decovolution can be realized with different method
each of which, have some advantages and obstacles. It is possible to decide, analyzing and comparing the existing
methods, that each of them haves the advantages and the range of application. As the goal of this article is to use the
high order statistics (HOS) as a method for blind image deconvolution and restoration, it is possible to say, that
these class of methods are accurate for non Gaussian statistics of restored images and noise, which are the cases of
the most occurrence in reality image scenes. The image formation process is in general principle non linear and non
Gaussian in most cases, so it motivate to use the high order statistics (HOS) for capturing of the non Gaussian
effects in the restored image. High order statistics (HOS) are the extensions of the second order statistics (SOS), i.e.
the correlation and covariance functions. In additional in the high order statistics (HOS) is used the popular specific
algebraic combinations of higher order statistical moments called cummulants [5], [6]. The calculations of the
moments and the related cummulants for a given grey level image represented as a matrix can be made on the base
of the n-neighbor model for pixels in an image.
3. BLIND IMAGE RESTORATION USING HIGH-ORDER STATISTICS
^

From the equation (1) it is possible to define that the restored image can be described as f ( x, y ) if there are some
knowledges for distortion function. In general cases and mostly for blind image restoration, it is possible to choose
h( x, y ) from a set Φ{h} of available functions:

h( x, y ) ∈ Φ{h} ,
(2)
But it is not sure that the choice is the best. It is necessary to have a criterion of estimation for this choice. Of
course, one of the most popular criteria of estimation is least mean squares (LMS), which work well for Gaussian
image statistics. In this article the goal is to propose a more precise estimation based on high order statistics (HOS).
As an example it is chosen to describe this estimation for blurred images. It is given a blurred image g ( x, y ) with
a undefined blurring point spread function (PSF) h( x, y ) . It is possible to use an iterative algorithm for deblurring
with a chosen filter for example a Wiener Filter:

G (u, v) =

H * (u, v)
,
| H (u , v) |2 + Pn (u, v) / Pf (u, v)

(3)

where

Pn (u, v) and Pf (u, v) are the power spectral of noise and image, respectively.
At each step i of the algorithm it is possible to calculate the high order statistics (HOS) of the deblurred image. For
a reasonable amount of calculation it is possible to use third or fourth high order cummulants popularly known as
skewness ski and kurtosis ki , respectively, which are generally described as:

^

ski =

E (( f i − µi )3 )

(4)

σ3

^

ki =

E (( f i − µi ) 4 )

(5)

σ4

Then the deblurred image with the smallest skewness ski or kurtosis ki is chosen as a restored image. The
skewness ski and kurtosis ki minimization is made as least mean third (LMT) or least mean fourth (LMF) algorithm:
^

hi ( x, y ) = min ( sk ( f ))
h∈Φ

(6)

^

hi ( x, y ) = min (k ( f ))
h∈Φ
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4. EVALUATION
For an experimental testing it is chosen a popular test image “Camera man”, shown in Fig.4 as original, in Fig. 5 as
blurred and in Fig.6 as deblurred with proposed high order statistics method.

Fig.4.Original test image “Camera man”

Fig.5.Blurred test image “Camera man”

Fig.6.Deblurred test image “Camera man”

It is seen from the presented images, that the deblurred image visually have an acceptable quality comparing them
with the “unknown” original image and with blurred one. Of course, for a precise and more complete analysis of the
proposed method it is necessary to choose a representative image database with different type of images, which
allow to be sure of the precise statistics calculation, existing of degradated images with non Gaussian statistics etc.
Also it is necessary to organize not only objective testing, but in the same time to make and analyzing results from
subjective testing using human estimation and perception of the total image quality for the chosen image database.
All these testing and analysis can be made and presented in some future articles.
REFERENCES
[1] Mark R. Banham, and Aggelos K. Katsaggelos, “Digiatal Image Restoration,” IEEE Signal Processing Magazine,
vol. 14, No. 2, pp. 24-41, March 1997.
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[3] R. Molina, J. Nunez, F.J. Cortijo, and J. Mateos, “Image restoration in Astronomy: a Bayesian perspective,” IEEE
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ABSTRACT
Signal processing algorithms for a compact smart antenna, an Espar antenna, are proposed. An omnipattern and six
sector-patterns are provided for the antenna by experiments. Also, it is verified that interference can be cancelled by
either an adaptive recursive control or a blind control of the antenna. Furthermore it is shown that DoAs can be
estimated by the antenna with its MUSIC spectrum.
INTRODUCTION
Recently compact-sized smart antennas, e.g. an electronically steerable parasitic array radiator (Espar) antenna,
have shown the potential for application to mobile user terminals [1-3]. For the Espar antenna, only a single radiator
is connected to a receiver. This active radiator is surrounded by parasitic radiators loaded with variable reactors.
The radiation directivity of the antenna is controlled by changing the bias voltages in reactance values. In the
antenna, the signal combination is carried out in space by electromagnetic mutual coupling among array elements,
not in circuits. This significantly reduces the antenna’s cost, size, complexity, and power consumption.
For the Espar antenna, however, the signal on the surrounding parasitic elements is not observed. Only the singleport output is observed. This differs from the conventional array antenna, where the received signal on each element
is observed. This characteristic prevents the conventional algorithms for array antennas from being applicable to the
Espar antenna.
In this paper, we consider signal processing, e.g. pattern forming and direction-of-arrival (DoA) estimation, for the
Espar antenna. We describe a) an omnipattern forming algorithm and a sector pattern forming algorithm, b) a
trained adaptive control algorithm and a blind adaptive control algorithm, and c) a DoA estimation algorithm for the
Espar antenna, and report the experimental results of these algorithms. The Espar antenna provides omnipattern and
sector patterns, which are the basic function as a smart antenna. The adaptive beamforming of the antenna makes it
steer its beam towards desired signal and null to interference. The antenna can find the direction of electromagnetic
waves. The Espar antenna with these signal processing algorithms above is of great importance in a variety of
applications, such as wireless communications, personal locating services.
COMPACT SMART ANTENNA
A 2.484-GHz Espar antenna is shown in Figs. 1 and 2. The 7-element monopole elements are arranged on a finite
circular ground structure. The radius of the circular ground plane is 0.5λ, where λ is a free space wavelength
corresponding to the operation frequency of 2.484 GHz. A skirting is used on the ground plane to reduce the main
lobe elevation. The skirting height is 0.25λ, which provides maximum gain of the antenna's radiation in its horizontal
direction. In the Espar antenna, the center element is the feed element. The remaining M=6 elements are parasitic and
make a 0.25λ ring around the center element. The bottom of each parasitic element is loaded with a variable reactance
(varactor). A bias voltage Vm on it adjusts the value of the reactance. Variable beamforming is carried out by
controlling the six bias voltages (control voltages) Vm, (m = 1, 2, …, M), and thus the values of the reactances.
Note that in our experiments, the bias voltage has a value over the range [-0.5 V, 20 V], and is fed to the antenna by
a D/A converter encoded using 12 bits, which corresponding to the digital range [-2048, 2047]. For convenience, we
represent bias voltage by its digital value through this paper.
OMNI- AND SECTOR PATTERN FORMING
Omnipattern forming
In this section, we describe how to find a bias voltage vector such that the Espar antenna behaves as an omnipattern
with its gain as large as possible. Theoretically, the Espar antenna provides its omniradiation pattern when all of the
bias voltages are set to the same value. This is due to the symmetric configuration of the antenna. Therefore, the

C1-I-1303

Page 1 of 4

27

ISRSSP’07 - International symposium on Radio Systems and Space Plasma, Sofia, Bulgaria, Sep. 2-5, 2007

bias voltage vector should be set to V0 1M to form an omnipattern, where 1M is an M-dimensional column vector
whose M components are all one. Given a single-signal source, forming an omnipattern involves finding a digital
voltage value V0 over [-2048, 2047] such that the received power is maximum. Specifically, let P denote the power
of the received signal, which is a function of the bias voltage vector. The voltage vector [Vomni ,Vomni ,K,Vomni ]T , where
the superscript T is the transpose operation, for an omnipattern is given by
Vomni = arg max P (V0 1M ) .
− 2048≤V0 ≤ 2047

In a radio anechoic chamber, we observed that the voltage Vomni=272 gives maximum power. Therefore, the bias
voltage vector [272, 272, 272, 272, 272, 272]T gives an omnipattern with large gain (see Fig. 3). Over all angles [0o,
360o], the average gain of the pattern is -0.83 dBi and the standard deviation is 0.22 dB. The maximum and
minimum gains are -0.40 dBi and -1.20dBi, respectively.
Sector Beamforming
In this section, we give a single-source power maximization algorithm to form a sector pattern towards the direction
of an impinging signal. Let V(n) denote the bias voltage vector impinging on the loaded reactances at time n. The
vector V(n) is M-dimensional. According to the gradient-based algorithm [1], the update value of the voltage vector
at time n+1 is computed using the simple recursive relation
V ( n + 1) = V ( n ) + µ∇P ( n ) / P ( n ) ,
n = 1,2,K, N ,
(1)
where µ is a positive real-valued constant that controls the convergence speed, and ∇P (n ) is a gradient vector of
received signal power P(n). The power P(n) is a function of the control voltage vector and written as
P (n ) = P (V1 (n ),K,VM (n )) . In (1), the gradient vector ∇P (n ) is normalised by the power P(n), which eliminates
the effect of the absolute power value on the convergence result. The gradient vector is estimated using finite
difference approximations of derivatives [1]. In each iteration, one of the control voltages is incremented by a small
amount ∆V, and the power change in the Espar antenna output is measured. This perturbation is done sequentially
through all of the terminations. For the a single signal impinging to the antenna, by using iterations of (1) for a
sufficiently large N, we obtain a good voltage vector V(N+1) in the sense that the power of the received signal is
maximised.
Sector beamforming experiments were conducted in a radio anechoic chamber. We observed the sector
beamforming procedure of (1) when a single source transmitted a signal in the direction 0o. The initial value of the
digital voltage vector V(1) was set to zero, i.e. V(1)=[0, 0, …, 0]T. After Adaptive beamforming N=200 block
iterations with µ = 600 and ∆V=40 (see (1)), the value of the digital voltage vector became V=[2047, 2047, -2048,
-1506, -2048, 2047]T. By freezing the vector, we measured the antenna pattern and found that the main lobe of this
pattern pointed in the desired source direction of 0o (see Fig. 4). As a result, this was the 0o sector pattern to be
found. The gain in the beam direction 0o was 5.6 dBi, and the 3 dB beamwidth of the pattern was about 70.8o. It is
interesting to observe the convergence voltage vector. The bias voltages observed on the loads of elements 1, 2, and
6 are all 2047, the maximum value in the range of digital voltage values. Those on elements 3, 4, and 5 are -2048,
-1506, and -2048, equal to or approaching the minimum value. This implies that elements 1, 2, and 6 seem to play
the role of director, while elements 3, 4, and 5 seem to play the role of reflector, as with the Yagi–Uda array
antenna.
Similarity, we can obtain sector patterns at given directions, e.g. at 60o, 120o, 180o, 240o, 300o, respectively.
ADAPTIVE BEAMFORMING
In this section, we propose two adaptive beamforming algorithms (a trained adaptive control algorithm and a blind
adaptive control algorithm), which make the Espar antenna adaptively steers its beam towards desired signal and its
null to interference signal.
The following two criteria are proposed to optimize the bias voltages of the antenna to form adaptive pattern:
(1) maximum square of cross-correlation coefficient (MCCC), i.e.
(2)
J ρ =| y H r |2 /( y H yr H r )
(2) maximum moment-based criterion (MMC) (blind criterion, without training sequence), i.e.
2
2
K
K
J m =  ∑k =1 | y k ( n ) |  / K ∑k =1 | y k ( n ) |4 .
(3)


Here the superscript H is the transpose and conjugate operation, r = [r1,…,rL]T is a reference signal vector with Kdimension, and y ( n ) = [ y1 ( n ), y 2 ( n ),K y K ( n )]T is a received signal vector also with K-dimension.
The optimization of the antenna bias voltages is based on the gradient-based method [1]. The optimization is utilized
by using the recursion
(4)
V ( n + 1) = V ( n ) + µ∇J ,
n = 1,2,K, N ,

(
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Here, ∇J is a gradient vector of Jρ or Jm, and each component of ∇J is approximated by a perturbation of bias
voltage [1]. For a sufficiently large N, we obtain a good voltage vector V(N+1) in the sense that the square of crosscorrelation coefficient Jρ of (2) or the moment Jm of (3) is maximized.
For the trained adaptive control algorithm (with criterion of (2)), let us consider the case where there were two
signals from the DoAs of 0o (desired signal) and 90o (interference). At the initial step, the value of each digital control
voltage was set to zero. After N = 50 iterations of (4), we obtained a digital control voltage vector V = [454, 2031, -49,
-1994, -2048, -1913]T. Freezing the convergent voltage vector, we measured the radiation pattern. The measured
pattern of Fig. 5 shows that the beam was steered to 0o at the desired direction, while a deep null was formed toward
the interference signal at 90o. In this case, a BNR (ratio of beam (at 0o) to null (90o)) of 38.6 dB was obtained. The
result verified that the Espar antenna can adaptively form its beam to the desired signal, and its null toward the
interference signal.
For the blind adaptive control algorithm (with criterion of (3)), a signal was set from the DoA of 0o, while an
interference was from 225o. The powers of the signal and the interference were adjusted so that the signal-tointerference ratio (SIR) was 3 dB at the received side. After N = 50 iterations of (4), we obtained a digital control
voltage vector V = [1005, −2026, −2022, −1723, −842, −1749]T, which gave a radiation pattern (see Fig. 6). The
beam was steered to 0o at the desired direction, while a deep null was formed towards the interference signal at 225o.
In this case, a BNR (ratio of beam (at 0o) to null (225o)) of 30.6 dB was obtained. This verified the blind adaptive
control of the antenna.
DOA ESTIMATION
Previous sections have shown that the Espar antenna can provides omni-, sector, and adaptive patterns. In this section,
we describe a DoA estimation algorithm for the antenna. The key idea is to estimate the array correlation matrix from
the signal received through the single-port output of the antenna as it switches over a set of antenna patterns [2]. Once
the correlation matrix is available, the conventional MUSIC algorithm can be applied to this matrix, and to estimate
the DoA of multiple incident signals.
The set of antenna patterns can be the six sector-patterns at the directions 0o, 60o,…, 330o obtained above. The six
outputs y1 , y2 , K, y M of the antenna are measured by switching the six patterns under the assumption that impinging
signals are same during the M measures. Thus the accumulated sequences of the antenna output are used to calculated
the correlation matrix R=E(yyH), where y = [ y1 , y2 , K, y M ]T . The estimation of DoA for the Espar antenna is to
calculate the MUSIC spectrum Pmusic = 1 / (a rH (θ ) E N E NH a r (θ ) ) , and then search the values θ that give the local maxima of
Pmusic. Here, EN is a noise subspace matrix obtained by the eigen decomposition of the correlation matrix R. The
vector ar(θ ) is a reactance-domain steering vector.
The vector ar(θ ) can be pre-measured at the radio anechoic chamber with a noise-free assumption. For a constant
impinging signal coming in the direction θ, the M outputs (amplitudes and phases) of the antenna measured at Vm (m
=1, 2,…, M ) form the vector ar(θ ).
Figure 7 illustrates the MUSIC spectrum when two incident signals are from -135o and 0o. The estimated DoA at
local maxima in the spectrum curve are -133o and 1o.
CONCLUSION
We described an omnipattern forming algorithm and a sector pattern forming algorithm, a trained adaptive control
algorithm and a blind adaptive control algorithm, and a DoA estimation algorithm for a compact size array antenna.
First, experiments in a radio anechoic chamber provided an omnipattern with a large gain, and provided six sectorpatterns with maximum gains at beam directions. Second, it was verified that the Espar antenna can adaptively
form its beam to the desired signal, and its null toward the interference signal, by either trained beamforming or
blind beamforming. Third, it was shown that the antenna can find DoAs by search the local maxima of MUSIC
spectrum. The Espar antenna with the signal processing above is of great importance in a variety of applications,
such as wireless communications, personal locating services [3].
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Fig. 4 Sector pattern formed by single-source power
maximization technique.
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Fig. 6 Adaptive antenna pattern (blind) after N=50
block iterations. The desired signal is from 0o
and the interference is from 225 o.
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INTRODUCTION
Space time codes aim to achieve diversity gain and coding gain, by using the spatial and the time domain for
transmission. The information is transmitted over multiple antennas to provide spatial diversity and over multiple time
slots to achieve coding gain. A particular aspect of channel coding theory is generalized concatenated coding. In [1]
generalized concatenated convolutional (GCC) codes were introduced. A partitioned convolution codes (CCs) in the
inner stage and CCs with different rates and error correcting capabilities as outer codes were used. In [2] GCC codes
were applied in the space time domain. Their behaviour was studied in order to define design criteria for constructing
full diversity space time codes. In the present work the performance of full diversity space time codes based on GCC
codes is analyzed. The convergence behaviour of the utilized receiver done by means of the extrinsic information
transfer (EXIT) chart technique is investigated. Due to the fact that the outer decoder of the generalized code
construction consists of K different outer decoders, the task of analyzing the overall performance could be difficult. A
possible solution is the use of an irregular code as an outer code, which provides a single transfer function. An
inequality constrained optimization problem is solved in order to find the required fractions of the information
sequence to build the optimized irregular code. The results indicated that the irregular code, obtained by this method,
performs close enough to the behaviour of the generalized code construction. An optimization algorithm for defining
the parameters of the irregular code depending on the particular generalized convolutional code is developed. Using the
EXIT chart technique is found out that the different strategies applied to the iterative decoding algorithm converge to
the same bit error rate values after certain number of iterations. This could allow the election of the less complex
strategy for decoding, but achieving the same bit error rate performance.
The paper is organized as follows. In the second section the encoding and decoding schemes are shortly discussed. In
the third section the design criterion for constructing full diversity space time codes is briefly reviewed. In the forth
section the EXIT chart method is presented. The optimization algorithm for defining the parameters of the irregular
code depending on the particular generalized convolutional code is described. In the last section some simulation results
are shown followed by concluding remarks.
ENCODING AND DECODING OF GCC CODES
GCC could be considered as a direct generalization of the woven convolutional codes (WCC), introduced by H öst,
Johannesson and Zyablov in 1997. An improvment of ordinary concatenation of codes was introduced through the
concept of generalized concatenation of codes. The reason for partitioning in generalized concatenation schemes is the
gain in distance in the subcodes. The partitioning approach is based on the fact that for one CC there exist many
equivalent encoders. Scrambler matrices are constructed in a way to get equivalent encoders that give improved active
distances and bit error rate behavior in the nested subcodes [1,2]. The information vectors are encoded by K different
outer convolutional encoders. The interleaved output sequences of the outer encoders are fed to the nested inner
convolutional code C with subcodes C(1)=C⊂C(2)⊂…⊂C(K+1) [1,2]. The decoding principle of GCC codes is known
as multistage decoding, which performs the decoding stage by stage and give information for the partitioning of the
inner code to the next stage. The decoding of the first order subcode gives reliability information concerning the first
enumeration sequence. This is the input of the outer decoder of the first stage, which calculates the reliability
information about the information bits, i.e. the decoding result of the first stage. Furthermore, it delivers reliability
information about the first enumeration sequence with respect to the outer decoder, which is given to the second order
subcode. These soft values are used as a priori information for the inner decoder of stage 2 that decodes with respect to
C(1) and not to subcode C(2) . This means that the whole mother code is decoded, not only subset of it. The decoder of
the last stage use as a priori information the soft outputs of all prior stages. The usage of the soft information of the last
stage to improve the first stage leads to the so called iterative decoding algorithm. There exist several possible iteration
strategies applying parallel or vertical iterations [1,2].
FULL DIVERSITY SPACE TIME GCC CODES
The investigated communication system consists of a transmitter equipped with n antennas. Without loss of generality
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our investigations are limited considering a receiver with one antenna. Quasi-static Rayleigh fading channels are
considered. The channel coefficients remain constant within one transmission frame and can be modeled as complex
variables, where the real and the imaginary parts are both zero-mean and Gaussian distributed with variance 1. The
fading is assumed to be statistically independent from one transmit antenna to another. A perfect channel estimation is
assumed. The additive white Gaussian noise is modeled as a complex variable, where the real and the imaginary parts
are both zero-mean and Gaussian distributed with variance 1. To be able to design full diversity space time codes over
the finite field GF(2), Hammons and Gamal derived the Binary Rank Criterion [3]. In [4] space time codes based on
concatenated CCs were investigated. It was shown that, when applied to rate k/n CCs with trellis termination, the
Binary Rank Criterion is equivalent to requiring linear independence of the code generator polynomials of the inner
code C. Design criterion to construct full diversity space time WCC was derived. In [2] was shown that the design
criterion defined in [4] is also satisfied for 1/n CCs blocked to depth K. The following theorem was derived.
Theorem: For binary shift keying transmission the space time GCC code achieves full diversity if and only if the
generator polynomials of the original inner convolutional code C are distinct [2].
The space time GCC codes investigated in the present work are constructed based on the design criterion derived above.
EXIT CHARTS
In this section, a method to predict the behaviour of the iterative decoding algorithm, applied at the receiver side, will
be described. The flow of extrinsic information through the soft in/soft out decoders can be described by means of the
extrinsic information transfer characteristics based on mutual information. This decoding trajectory visualizes the
exchange of extrinsic information between the inner and outer decoders in the Extrinsic Information Transfer Chart
(EXIT chart) [5]. In Fig. 1 the inputs to the inner decoder are the noise corrupted channel observations y, that comes
from the space time detector and the a priori knowledge A on the inner information bits. In the space time detector,
perfect channel estimation is assumed. The inner decoder outputs soft values D, which are fed to the outer warp
decoders through the Ai values. D and Di are the log-likelihood ratios (L-values) of the a posteriori probabilities of all
code bits and information bits, respectively. D(1,I) to D(1,K) are later sorted, considering the multiplexing of the
information bits carried on the encoder. Afterwards, a hard decision is applied to find the sequence transmitted. For a
Rayleigh channel it can be shown that if the discrete-time signal is yc=acs+nc with the transmitted binary symbols s ∈
{-1,1}, the complex fading coefficient is ac, and nc is the complex additive Gaussian noise. The complex fading
coefficient is ac=ai+aq , where ai and aq are Gaussian distributed and their variance is normalized to σ²a such that |a|
=(a²i+ a²q)½ is Rayleigh distributed with Ea² = 1. We noticed that the shapes of the extrinsic density functions at the
decoder output are Gaussian distributed. We have BCJR decoder for each subcode, which outputs L-values Gaussian
distributed [5]. Thus, if we put all the L-values produced for the subcodes together, will produce an overall Gaussian
distributed output also. For that reason, the extrinsic information L-values Ei could be assumed as Gaussian distributed.
It seems appropiate to consider the a-priori L-values A fairly uncorrelated over many iterations, then we can model A as
an independent Gaussian random variable with variance σ²A and mean zero. The information contents of the a-priori
knowledge, and the mutual information IA=I(X;A) is

I A (σ A ) = 1 −

+∞

∫

−∞
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The function IA is monotonically increasing and thus reversible. Mutual information is used to quantify the extrinsic
output IE=(S;E) for the inner encoder. Viewing IE as a function of IA and the Eb/No value, the extrinsic information
transfer is defined as IE=T(IA,Eb/No) or for a fixed Eb/No is given with IE=T(IA). IA can be defined as

I A = T −1 ( I E ) , T ( 0) ≤ I A ≤ T (1) .

The outer extrinsic transfer characteristic is

( )

I E j = T o I A j , j = 1,  , K ,
which describes the input/output relationship between outer coded input Aj and outer coded extrinsic output Ej. It is
not dependent on the Eb/No value. A can be obtained assuming Aj to be Gaussian distributed. To visualize the
exchange of the extrinsic information, we plot both transfer functions into a single diagram, which is referred to as
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EXIT-chart. Due to the fact that EXIT charts for GCC codes are composed by extrinsic information transfer functions
for each outer decoder, the task of analyzing the overall performance of these decoders becomes difficult. For that
reason, we are interested in emulate the behaviour of outer decoders by using an irregular code, which will provide us a
single transfer function in the EXIT chart. This curve together with the produced by the inner decoder, will help us to
predict the behaviour of the iterative decoding algorithm. Thus, we will use the extrinsic information transfer functions
from a GCC code construction in order to find the parameters required by this irregular code. This task will be
performed by minimizing a error function, between the irregular code and GCC code, subject to the constraints defined
by the generalized concatenated convolutional code. For that purpose, we describe the set of outer encoders as an outer
irregular code CIR of rate RIR ∈[0,1]. An irregular code described in this way consists of K subcodes Cj of rate Rj,
j=1,…,K, which we use to encode the K fractions of the sequence of information bits as

αjN code bits cn, where N

are the codebits generated by the outer encoders. Then, αj must satisfy
K

∑α
j =1

j

= 1,

K

∑α R
j

j =1

= RIR ,

j

α j ∈ [ 0,1], ∀j

.
Considering that the outer irregular code consist of K decoders, the transfer function of the decoder for CIR is given by
K

TIR ( I ) = ∑α jT j ( I ),
j =1

where Tj(I) is the transfer function of the decoder for code Cj . Thus, we use the data information obtained from the
outer decoders in the EXIT charts of GCC code to describe the irregular code. Moreover, fixing the generator matrix of
the inner encoder, the transfer function TIR(I) of the outer code should be always smaller than T(I) to achieve
convergence of the decoding algorithm. We can optimize TIR(I) , such the transfer function of the irregular code is
close to the overall outer decoder performance, by minimizing the square of the error function

e( I ) = T i ( I ) − TIR−1 ( I ) , e( I ) > 0

over all I:
1

J (α1 ,  , α K ) = ∫ e( i ) di, e( i ) > 0, ∀i ∈[ 0,1].
2

0

This minimization of J(α1,…,αK) can be described by an inequality constrained minimization problem [6].
Unfortunately, this type of problem is not easy to solve. In constrained optimization, the general aim is to transform the
problem into an easier subproblem that can be solved and used as the basis of an iterative process. One method to solve
this problem is focused on the solution of the Kuhn-Tucker (KT) equations. The KT equations are necessary conditions
for optimality for a constrained optimization problem. The solution of the KT equations forms the basis to many
nonlinear programming algorithms. These methods are commonly referred to as Sequential Quadratic Programming
(SQP) methods. Let us assume that we obtain from the GCC EXIT chart a number P of sample points. The transfer
functions can be combined into a matrix [7]:

T1−1 ( i1 ) TK−1 ( i1 ) 
T i ( i1 ) 




A = 
, b = 
,
T −1 ( i ) T −1 ( i ) 
T i ( i ) 
K
P 
P 
1 P


11

1 
C =
, d =  .

R1  RK 
RIR 

The constrained error is now defined as

e = Aα − b ≤ 0, ∀e p ≤ 0, p = 1,  , P´; J (α ) = e 2 ; e = [ e1 ,  e P ] T .
Therefore, we can define the problem as minimizing J(α1,…,αK), finding the constrained error e and

Cα = d , α i ∈ [ 0,1], ∀i.
SIMULATION RESULTS
Let us assume that a full diversity space time GCC code with K=3 outer encoders is constructed. Three outer encoders
are realized using the same generator matrix G1(D)=[1,(1+D+D²)/(1+D²)]. The code is punctured with a pattern such
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the outer code rates achieved are R=(½, 2/3, ¾) for the first, second and third outer codes, respectively. The number of
the information bits for these three encoders are 200, 500, and 300, respectively. Blocking and scrambling is used for
the output sequences of the outer encoders [2]. The inner encoder is realized using G2(D)=[1+D,1+D+D²]. The overall
code rate obtained by this code construction is RGCC=0.2211. Figure exit1a shows the EXIT chart for the outer
decoders and inner decoder of the GCC code construction. For the inner decoder, two curves for Eb/No=(2,3) dB are
depicted. Looking at the EXIT chart depicted on Figure exit1a it is very difficult to analyse the behaviour of the outer
decoders and to predict the overall performance of the GCC code construction. Depending of the Eb/No chosen, the
optimization algorithm will take different values for the matrix b. For 2dB it is not possible to satisfy all the constraints,
but for 3 dB α=(0.18,0.82,0) is found. A optimized irregular code CIR is constructed using those α. The optimized
irregular code has as parameters an outer encoder realized by a generator matrix G1(D). A puncturing map to achieve a
code rate of R=13/14 is applied. For the inner encoder the same generator matrix is used. The overall code rate is
RIR=0.2267. The EXIT chart for this irregular code is plotted in Fig. 2 together with the EXIT chart of GCC code.
CONCLUSIONS
The behaviour of a generalized concatenated convolutional codes was investigated, considering a multiple
transmit/receive antennas system. EXIT charts were obtained to predict the behaviour of the iterative decoding
algorithms. For that reason, we tried to emulate the outer decoders of the GCC codes by using an irregular code, which
provided us a single transfer function in the EXIT chart. An inequality constrained optimization problem is solved to
find the required fractions α of the information sequence to build the optimized irregular code. The results indicated
that the irregular code, obtained by this method, performed close enough to the behaviour of the GCC code
construction.
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Abstract
This paper treats a novel lumped-element Wilkinson power divider using LC-ladder circuits. The proposed divider consists of
two-section LC-ladder circuits and a series RC/RL circuit connected though two output ports. Dividers with broadband characteristics can be accomplished in comparison with lumped-element Wilkinson power dividers using Π/T networks. Furthermore,
by connecting LC-ladder circuits between two output ports, a design method of dual-band Wilkinson power dividers is also
presented. Finally, verification of this design method is shown by EM simulation and experiment.

I. I NTRODUCTION
For microwave and millimeter-wave circuit systems, power dividers/combiners are important circuit elements. As a three-port
divider, Wilkinson power dividers are usually used because of easy construction [1], [2]. In recent years, wireless communication
systems such as a mobile phone, WLAN, ETC, and etc are remarkably developed. Accordingly various microwave devices
are demanded with high performance, that is, small size, low loss, low cost, wide band, and multi-band. Therefore, many
researchers have made an effort to miniaturize Wilkinson power dividers [3]-[5] and to develop dual-band ones [6]. Authors
have also reported dual-band Wilkinson power dividers consisting of two-section transmission lines and a RLC series circuit
[7].
In this paper, we propose a novel lumped-element Wilkinson power divider in order to downsize devices. The proposed
divider consists of a parallel LC-ladder circuit and a combined one, and a series RC/RL circuit. In section II, theoretical
solutions of the proposed Wilkinson power divider are presented. Then, some design examples of single-band and dual-band
power dividers are described in section III. In section IV, simulation results of lumped-element Wilkinson power dividers are
successfully demonstrated by using a commercial electromagnetic simulator. Finally, experimental verification of this design
method is also shown in section V.
II. D ESIGN M ETHOD
A circuit construction of the proposed Wilkinson power divider is shown in Fig. 1. The input port is connected to a twosection transformer consisting of a LC-ladder circuit with a capacitance of C1 and an inductance L1 , and two parallel same
LC-ladder circuits with C2 and L2 . Here, shunt inductors of two parallel LC-ladder circuits are synthesized. The output ports
are connected though a series circuit of a resistor R and an inductor L3 . These parameters are normalized by a characteristic
impedance of input/output ports and a center angular frequency. This circuit possesses one-fold symmetry, so we can get the
circuit parameters of the power divider by means of the even/odd mode analysis technique.
A. Even-Mode Analysis
In this case, the equivalent circuit of Fig.1 can be described as shown in Fig. 2 (a). Since no current flows through the
symmetry plane, the lumped-elements R and L3 can be neglected. The terminal impedance of port ]1 is doubled in the
equivalent circuit. The circuit parameters are decided for this circuit to operate the impedance transformer converting the
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Fig. 2. Equivalent circuits of the lumped-element Wilkinson power divider for
(a) even-mode excitation and (b) odd-mode excitation.

Fig. 1. Schematic diagram of a lumped-element Wilkinson power
divider using LC-ladder circuits.

terminal impedance 2 at port ]1 into 1 at port ]2 at a design frequency f0 . In order that this condition is satisfied, it is
necessary that
1

2=

,

1

B1 +
X1 +

(1)

1
B2 +

1
X2

1
2
1
1
, X1 =
, B2 =
, X2 =
+1 .
(2a,b,c,d)
j2L1
jC1
j2L2
jC2
If eq. (1) is satisfied, the opposite impedance transformer is also fulfilled at same frequency. Therefore, the input impedance
matching of the power divider is realized at a design frequency f0 .
B1 =

B. Odd-Mode Analysis
In case of an odd-mode excitation, the equivalent circuit can be described
o
as shown in Fig. 2 (b). By calculating the input impedance Zin
indicated in
Fig. 2 (b), we can derive the following equation:
1
.
(3)
1 + jC2
Next, the values of lumped-elements are determined in the following
manner:
o
• The values of L3 /2 is chosen to cancel the imaginary part of Zin at a
design frequency f0 .
o
• The value of R/2 is chosen to equal to the real part of Zin at same
frequency.
Base on the above manner, the values of L3 /2 and R can be determined
by following equations:

S11

S21

S22

S32

0

o
Zin
=

L3 =

2C2
,
1 + C22

R=

2
1 + C22

.

(4a,b)

Through the above design procedure, circuit parameters of the lumpedelement Wilkinson power divider can be obtained.

-10
-20
| [dB]
ij
|S
-30
-40
0.5

1
Normalized Frequency

1.5

Fig. 3. Theoretical scattering parameters of the LC-laddertype Wilkinson power divider operating a single frequency
with L1 =2.01, C1 =1.12, L2 =0.64, C2 =0.91, L3 =1.00, and
R=1.10.

III. D ESIGN OF P OWER D IVIDERS
A. Single-Band Power Dividers
In this section, we try to design a lumped-element Wilkinson power divider using above design procedure. Fig. 3 shows
theoretical frequency characteristics of the scattering parameters of a lumped-element Wilkinson power divider. For -20 dB
return loss, the relative bandwidth is about 34.8 %. This vale is comparable to that of the conventional Wilkinson power divider
based on a distributed circuit theory. Furthermore, by replacing an inductor by a capacitor in fig. 1, power dividers with same
characteristics can be successfully designed.
36
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B. Dual-Band Power Dividers
Next, dual-band Wilkinson power divider connected two-section of LC-ladder circuits between the output ports as shown
in fig.4 is investigated. This circuit also possesses one-fold symmetry, so the even/odd mode analysis technique can be applied
as described in section II. Fig. 5 shows the scattering parameters of the dual-band lumped-element Wilkinson power divider
operating at 0.8f0 and 1.2f0 . Broadband power divider with a relative bandwidth of about 56.1 % can be obtained.

S11

S21

S22

S32

0

#2
-10

#1
-20
| [dB]
S| ij
-30

#3
-40
0.5

Fig. 4. Schematic diagram of a dual-band lumped-element Wilkinson power
divider.

1
Normalized Frequency

1.5

Fig. 5.
Scattering parameters of the dual-band Wilkinson power divider
operating at 0.8f0 and 1.2f0 with L1 =1.21, C1 =1.22, L2 =0.62, C2 =1.20,
L3 =0.74, C3 =1.32, L4 =0.36, C4 =0.17, and R=0.56.

IV. S IMULATION R ESULTS
In order to verify the above design procedure, we draw circuit patterns of lumped-element Wilkinson power dividers
corresponding to Fig. 3 and Fig.5 as a microstrip circuit, and calculated the scattering parameters of these circuit patterns
by using a commercial electromagnetic simulator (Sonnet em). Fig. 6 shows the circuit patterns of the lumped-element singleband and dual-band Wilkinson power divider. Input/output ports are terminated with 50 Ω microstrip transmission lines. The
lumped-elements such as R, L, and C are constructed by a sheet resistor, a rectangular spiral inductor, and a Metal-InsulateMetal (MIM) capacitor, respectively. Fig. 7 exhibits the simulation results of magnitude of scattering parameters for single-band
and dual-band Wilkinson power dividers. These results show nearly agreement with the theoretical results.

Air-Bridge
Sheet Resistor

Sheet Resistor
Air-Bridge

(b)

(a)

Fig. 6. Simulation patterns of (a) the single-band power divider with a dielectric constant of 9.8, a substrate thickness of 0.508 mm, and a center frequency
of 1 GHz and (b) the dual-band power divider with a dielectric constant of 4.5, a substrate thickness of 0.508 mm, and a center frequency of 1.5 GHz. The
size of these circuits are (a) 3.0 × 3.0 mm2 and (b) 3.65 × 3.45 mm2 , respectively.

V. E XPERIMENT
Lumped-element Wilkinson power divider using LC-radar circuits has been fabricated on a 0.508-mm-thick ROGERS TMM4
substrate, which has a relative permittivity of 4.5 and a conductor thickness of 18 µm. The power divider has been designed
for a center frequency of 200 MHz. Fig. 8 exhibits the photograph of the fabricated power divider, which has an area of 25.0
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Simulation results of scattering parameters for (a) the single-band power divider and (b) the dual-band power divider.

× 20.5 mm2 . Although the return loss of output port and the isolation between two output ports are slightly shifted to high
frequency, nearly agreement with simulation results can be obtained as shown in Fig. 9.
S11
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|Sij| [dB]
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|S|[dB]
-30
-40
100
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Frequency[MHz]

300

Fig. 8. Photograph of the fabricated Wilkinson power divider operating a
single frequency corresponding to Fig.3.
Fig. 9.

Experimental results of the single-band Wilkinson power divider.

VI. C ONCLUSIONS
In this paper, a design method of a novel lumped-element Wilkinson power divider using LC-ladder circuits has been
described. Using this design method, the divider with a relative bandwidth of about 34.8 % has successfully designed.
Furthermore, by connecting two-section LC-ladder circuits between two output ports, dual-band power dividers can be realized.
Good agreement between the theoretical and simulation results is obtained for both dividers. Experimental verification for
a single-band divider is also presented. The proposed Wilkinson power dividers would be useful for multi-band wireless
communication systems.
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DEJA-VU FILE FORMAT: A PERSPECTIVE
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ABSTRACT
Deja-vu (DjVu) is a computer file format designed for storing scanned images, especially those containing text
and drawings. It features advanced technologies such as image layer separation of text and background images,
progressive loading, arithmetic coding, and lossy compression. The DjVu technology was developed at AT&T
Laboratories in 1996.
The paper presents a historical view and future perspectives for a wide use of the DjVu technology to store
information (e.g. books and journals), which was originally published in printed forms. Some theoretical
backgrounds are given and a comparative study to other computer files formats is discussed.
INTRODUCTION
DjVu (pronounced "déjà vu") is a digital document format with advanced compression technology and high
performance characteristics. DjVu allows the distribution on the Internet and on DVD high resolution images of
scanned documents, digital documents, and photographs. DjVu viewers are available for the web browser, the
desktop, and PDA devices [1].
The etymology of the term DjVu might be traced back to the 19th century in Psychic Sciences (French for "already
seen", also called paramnesia). This term describes the experience of feeling that one has witnessed or experienced
a new situation previously. The "previous" experience is most frequently attributed to a dream, although in some
cases there is a firm sense that the experience "genuinely happened" in the past. Déjà vu has been described as
"Remembering the future".
The modern DjVu technology [2] was originally developed by Yann Le Cun, Léon Bottou, Patrick Haffner, and
Paul G. Howard at AT&T Laboratories in 1996. DjVu is a free file format [3]. The file format specification is
published as well as source code for the reference library. The ownership rights to the commercial development of
the encoding software have been transferred to different companies over the years, including AT&T and
LizardTech. The original authors maintain a GPL (The GNU General Public License) implementation named
"DjVuLibre".
DIGITAL LIBRARIES
Much of the world's cultural, artistic, and scientific production is currently available only in paper form [2]. While
the World-Wide Web has been heralded as a platform for the world's universal library, progress has been slowed by
the absence of a good way to convert paper documents to a digital form that can be easily distributed over the
networks.
Many of the world's major libraries are started digitizing their collections. Recent studies have shown that it is
already less costly to store documents digitally than to provide for buildings and shelves to house them in paper
form [4]. However, the distribution of these collections over the web has proved somewhat impractical in 1990’s
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due to the large size of scanned document images. Documents can be scanned and simply compressed using JPEG
or GIF. Unfortunately, the resulting files tend to be quite large if one wants to preserve the readability of the text.
Compressed with JPEG, a color image of a typical magazine page scanned at 100 dpi (dots per inch) would be
around 100 to 200 KBytes, and would be barely readable. The same page at 300 dpi would be of acceptable quality,
but would occupy around 500 KBytes. Even worse, not only would the decompressed image fill up the entire
memory of an average PC, but also only a small portion of it would be visible on the screen at once. GIF is often
used on the Web for distributing black and white document images, but it requires 50 to 100 KB per page for decent
quality (150dpi).
An alternative method is to convert existing documents to computer-friendly formats using Document
Understanding techniques and Optical Character Recognition. However, while the accuracy of these systems has
been steadily improving over the last decade, they are still far from being able to faithfully translate a scanned
document without extensive manual correction. Even if pictures and drawings are scanned and integrated into the
web page, much of the visual aspect of the original document is likely to be lost. Visual details, including font
irregularities, paper color and paper texture, are particularly important for historical documents, and may also be
crucial in documents with tables, mathematical or chemical formulae, and handwritten text.
The DjVu document image compression technique is an attempt to solve the problem of distributing high-quality,
high-resolution images of scanned document in color over the Internet. With DjVu, scanned pages at 300 dpi in full
color can be compressed down to 40 to 60 KBytes files from 25 MBytes originals. Black and white pages in DjVu
typically occupy 10 to 30 KBytes. This brings down the size of high-quality scanned pages to the same order of
magnitude as an average HTML page on the Web. DjVu pages are displayed within Web browser windows through
a plug-in.
The basic idea [2, 5] behind DjVu is that characters and line drawings need high spatial resolution but very little
color resolution because they are composed of roughly uniform color areas with sharp edges. On the other hand,
pictures and backgrounds are smoother and can be coded at lower spatial resolution with more bits per pixel. The
DjVu compressor separates the text and drawings on one hand, from the pictures and backgrounds on the other
hand. The text and drawings are compressed with a bi-level compression method at full resolution (typically 300
dpi), while the backgrounds and pictures are compressed with a wavelet-based technique at one-third the resolution
(typically 100 dpi).
THE DJVU COMPRESSION FORMAT
The elements that compose a DjVu encoded image file are [2,5,6]:
1. The text and drawings, also called a mask, are represented by a single bitmap whose bits indicate whether the
corresponding pixel in the document image has been classified as a foreground or a background pixel. This bitmap
typically contains all the text and the high-contrast components of the drawings. It is coded at 300 dpi using an
algorithm called JB2, which is a variation of AT&T's proposal to the JBIG2 fax standard.
2. The background is coded at 100 dpi using the wavelet-based compression algorithm called IW44.
3. The foreground contains the color of the text and line drawings. It generally contains large areas of contiguous
pixels with almost identical colors. This is because characters have generally a single color, and neighboring
characters have generally identical colors. This image is coded as a low-resolution image using the same IW44
algorithm.
The last step of all compression algorithms is entropy coding. The efficiency of IW44 and JB2 heavily draws on
their use of an efficient binary adaptive arithmetic coder called the ZP-coder [7]. The ZP-coder compares favorably
with existing approximate arithmetic coders both in terms of compression ratio and speed.
INDEXING
Building [2] an index for a collection of textual images requires performing Document Layout Analysis and Optical
Character Recognition (OCR). However, since in the DjVu technology the OCR result is used solely for indexing,
and has no effect on the appearance of the document on user's screen, the requirements on the error rate are much
less stringent than if the OCR were used to produce an ASCII transcription. Before the OCR can be performed, the
document image must be analyzed and broken down into paragraphs, lines, and characters.
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First, a black and white image is created using the foreground/background/mask separation algorithms. Then a
connected component analysis is performed on this image. The result is a list of blobs (connected black pixels)
associated with their coordinates and bounding box sizes. From this list, large blobs that are obviously not
characters are eliminated from the image. Then, words and lines are found by iteratively grouping together
connected components that are close to each other and approximately horizontally aligned. The procedure
iteratively builds a tree data structure where the leaves contain single connected components and where the nodes
contain clusters of components grouped into words, lines, and paragraphs.
The lines are then segmented into individual characters using heuristic image-processing techniques. Multiple
segmentation hypotheses are generated and represented as a Directed Acyclic Graph (DAG). Each candidate
segment is sent to a Convolutional Neural Network recognizer [8]. The recognizer produces one label with an
associated likelihood. The range of possible interpretations for all the possible segmentations is again represented
by a DAG. Each path in the DAG corresponds to one interpretation of a particular segmentation. The accumulated
penalty for an interpretation is the sum of the penalties along the corresponding path. A shortest-path algorithm,
such as the Viterbi algorithm, can be used to extract the best interpretations. The interpretation DAG can be
combined with a language model (represented by a directed graph) to extract legal interpretations. More details on
this DAG-based OCR system can be found in [9].

COMPARISON OF THE DJVU AND JPEG FILE FORMATS
When it comes to lossy compression of color document images, the most widely used standard is JPEG. This is the
reason why it can be used as a comparisons baseline.
In [2] there are reported results about seven selected images representing typical color documents. These images
have been scanned at 300dpi and 24 bits/pixel from a variety of sources. The results show that compressing JPEG
documents at 300 dpi with the lowest possible quality setting yields images that are of comparable quality as with
DjVu, but the corresponding file sizes are 5 to 10 times larger than DjVu file sizes.
COMPARISON OF THE DJVU AND PDF FILE FORMATS
The primary difference between DjVu and PDF is that DjVu is a raster format, whereas PDF is primarily a vector
format. This difference has several consequences [10]:
– The maximal resolution of a DjVu file must be specified at creation time. On the other hand, a vector image
represented by a PDF file can usually be magnified at arbitrary resolution without loss of quality.
– DjVu files render characters as images, without using fonts. PDF files usually render characters using fonts. Many
PDF files do not embed the full representation of the necessary fonts, but simply specify their names and properties.
The PDF viewer uses the exact same font if it is available. Otherwise it transforms an available font to compute an
approximation with the metrics of the desired font.
– The PDF format defines various means to store and render raster images. This capability is often used for
representing scanned documents. Such PDF files suffer from the same fundamental limitations as raster formats.
The size of these files depends dramatically on the underlying compression scheme. Some PDF compression
schemes sometimes approach the performance of DjVu. In principle, DjVu compression could be adapted to
represent raster images in PDF files.
Both the DjVu and PDF formats define features that do not address the representation of the document appearance
but aim at creating a document delivery platform. Both DjVu files and PDF files can be enriched with text, table of
contents, hyperlinks, and metadata. The PDF format goes further by allowing sounds, interactive forms, and
JavaScript programs. The DjVu format defines a protocol to transfer document pages on demand over the Internet.
On the other hand, the DjVu format does not specify a way to certify the authenticity of a document or to define
Digital Rights Management policies.
Which format to use (DjVu or PDF)?
With PDF documents one can zoom in on vector-based content to an arbitrary depth or print them at an arbitrarily
high resolution without introducing quality loss or jaggedness inherent to raster formats. On the other hand, if a
PDF is simply used as a container for non-vector images (such as scans) those images will not gain anything.
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Another thing to keep in mind is that one can always convert a vector format into a raster format, usually with
irrevocable data loss, but the other direction is very difficult.
PDF is most useful when the original source is an electronic document such as a Microsoft Word doc or TeX file.
Such documents benefit most from the vector graphics technology that underlies PDF. DjVu files can be marginally
smaller but only deliver a high resolution image, possibly enriched with the associated text.
DjVu is very good for image files, and has especially been optimized for scanned text and images. If one has a set
of scanned pages from a book or article, DjVu is superior to PDF. However, PDF could be better if the scanned
raster images can be transformed into high quality vector graphics, for instance by applying Optical Character
Recognition to the scanned image, identifying the fonts, and carefully proofreading the resulting file. This
procedure is often undesirable or time/cost prohibitive. Suitable fonts might not be available. One may want to
preserve the original document exactly, including signatures, marginal comments, or other markings. Or perhaps
one wants to reproduce the original handwriting or properties of the paper. For example, you have scanned some
old scriptures and hand-code the text. In such cases, the DjVu is the better choice.
CONCLUSION
DjVu has been promoted as an alternative to PDF, actually outperforming PDF on most scanned documents. The DjVu
developers report that color magazine pages compress to 40–70KB, black and white technical papers compress to 15 – 40
KB, and ancient manuscripts compress to around 100 KB; all of these are significantly better than the typical 500 KB
required for a satisfactory JPEG image. Like PDF, DjVu can contain an OCR text layer, making it easy to perform “cut
and paste” and text search operations.
The reader may use internet sources [10] as a starting point to find many applications related to the DjVu technique as
well as a guide to the available digital libraries on the Web.
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ABSTRACT
Broadband mobile access (BWA) is the key of the next generation networks, and is called as “Ubiquitous
Networks” in the u-Japan program. Universal service concepts for the fixed telephone networks have already been
discussed and the universal service charge collection has started from this year. On the other hand, universal service
for BWA is not discussed yet. At the present time, regional divide happens to start in 3G systems. In future BWA,
regional un-uniformity happens in the rural area, because the high frequency and wideband operation requires more
base stations. In this paper, the regional universal service considerations of the BWA are numerically analyzed
based on the number of mobile base stations and subscribers. Some spectrum utilization strategies and figures are
proposed based on the social radio science point of view.
INTRODUCTION
Figure 1 shows the conceptual illustration of the “ubiquitous
network society”, in which almost all of the human activities executed
on the broadband networks, and the facility is available through
wireless at any places. To realize this concept, broad band wireless
access (BWA) indicated by the shadow fringe in the figure is inevitable.
Figure 2 shows the subscriber numbers of various broad band
systems, and this indicates mobile services are rapidly growing and
penetrated in the social usage. It is seen that the mobile services are
moving to broader systems, such as 3rd generations (3G). More than
70% users have already moved to 3G system as shown in Fig.3.
Under these situations, we analyze the regional divide of BWA
considering mobile base stations (MBS), frequency bands, subscribers
and area size.
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Fig.1 Concept of ubiquitous network society
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DISTRICT LEVEL REGIONAL DIVIDE ANALYSIS
District names in Japan are shown in Fig.4, and fundamental data of MBSs, mobile service subscribers and
area sizes, are shown in Table.1. From the table and Fig.5, it is seen that the number of subscribers are concentrated
to the Kanto-Shinetsu district, in that Tokyo metropolitan exists, and regional divide is very large. However the
average subscribers for one base station are about 500 and the difference is relatively small, as shown in the Fig.6.
This is from the operator’s strategy of income and investment balancing.
Figure 7 shows the number of MBSs and the ratio of 3G/2G MBSs. Figure 8 shows the MBS density for unit
subscribers of 1,000 and area size of 100 km2. It is seen that the 3G MBSs are lean and ratio is less than unity for
the rural district as shown in the figure. Average MBS per unit subscribers are almost the same through the districts,
as shown in Fig.8. On the other hand, MBSs per unit area size is very low in rural districts, as shown in Fig.8. It is
concluded from district level analysis, that the higher frequency MBS is lean in the rural area and regional divide
happen to start. More detailed analysis for prefecture level is required because the averaging effects hide the more
severe regional divide. And the following sections show the divide in prefecture and town level.
Table1 Outline of the districts
 

MBS-2G
(800MHz)
3,662

MBS-3G
(1.5GHz)
931

MBS-3G
(2GHz)
2,749

REP-3G
(2GHz)
3,379

4,546

1,191

3,767

5,153

Kanto&Shinetsu

12,960

7,913

13,198

11,103

37,459,600

59,150

Tokai

11,260

4,458

5,540

8,788

11,895,500

28,184

District

 

Hokkaido

 
  


  


 

 
 

 

Tohoku

Subscribers

Aea (km2)

3,917,100

83,409

6,116,100

62,808

Hokuriku

2,686

652

1,076

1,700

2,149,500

7,176

Kinki

10,164

5,053

5,450

9,061

16,052,800

27,142

Chugoku

4,554

1,123

2,585

3,610

5,359,100

31,713

Shikoku

2,924

667

1,273

1,635

2,769,600

18,780

Kyushu

7,070

1,849

5,086

7,705

9,601,700

39,737

Okinawa

754

143

500

669

441,200

2,263

Fig.4 District name of Japan

Fig.6 Density of subscribers per mobile base station

Fig.5 Mobile service subscribers every district

Fig.7 Ratio of 3G to 2G mobile base stations
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PREFECTURE LEVEL DIVIDE ANARYSIS
More detailed analysis for prefecture level is conducted for Kinki district. Figure 9 shows the prefecture
names, and Table 2 shows the number of MBS, area size and population. There are no data for mobile subscribers,
so the population substitutes it. Figure 10 shows the population, area size and population density. It show that the
more than 80% of populations are concentrated in small area of Osaka pref. At the same time, the MBSs are
concentrated in this area, as shown in Fig.11. MBS density for unit area size of 100km2 is very high in Osaka pref.
Regional divide is larger than that seen in the district analysis.
Figure 12 shows the MBS density for unit population of 1,000. It shows that the MBS density for
population is almost the same value of 1.0 through the prefectures. And it is concluded that the mobile service
operator constructs MBS proportional to subscriber volume.
Table.2 Prefecture level data in Kinki district

Fig.9 Prefecture name of the Kinki district

Fig.10 Population in Kinki district

Fig.11 MBS density of Kinki district

Fig.12 MBS density for unit
population of 1000

CITY AND TOWN LEVEL DIVIDE ANALYSIS
More detailed analysis for city and town level is executed to see the detailed divide circumstances. Selected
urban and rural areas are shown in Fig. 13, and MBS numbers are shown in table 3. Population and area size
analysis are omitted to ease the analysis. For the urban area, Minato-ku, in Tokyo pref. and Nishi & Chuou-ku in
Osaka pref. are selected. For rural towns, Chihaya-Akasaka village in Osaka pref., Aki-gun, Takaoka-gun and
Hatada-gun in Kochi pref. are selected. Kochi-city is the example of provincial city. Also the averaged data of the
related prefecture is shown as reference.
Figure 14 shows the MBSs of the 800MHz, 1.5GHz and 2.0GHz. In the same figure, ratio of 3G/2G MBS is
shown for various city, town and prefecture. MBSs are very small for rural area, and also the 3G/2G MBS ratio is
less than 1.0. For provincial city, such as Kochi-city, MBSs are small, however the 3G/2G MBS ratio is 1.3 and
larger than 1.0. For the urban, such as Minato-ku in Tokyo and Nishi & Chuou-ku in Osaka, show very large MBS
numbers and 3G/2G MBS ratio. From the results of these analyses, ratio of 3G/2G MBS can be utilized for the
figure of regional divide .
CONSIDERATIONS
From the regional analysis of district level, prefecture level and town and city level, followings are obtained.
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Table.3 City and Town level MBS numbers

Fig.13 City and town name utilized for the town and
city level analysis
(1) Mobile service operators construct their MBS on the
basis of income and investment balancing. Number of
MBSs per 1000 subscriber indicates this figure, and
this figure is almost the same value of about 2 through
Japan. MBS per 1,000 populations is also used to
figure the regional divide.
(2) Regional divide is clear from the MBSs in the area
and the MBS density per unit area size. However this
figure of uniform MBS construction through the
country is not easy to acceptable for mobile service
Fig.14 MBS density and ratio of city and town level
operators without universal service fund as same as
public switched telephone networks.
(3) Reasonable figure to improve the regional divide is the 3G/2G MBS ratio. This figure shows the results of the
operator’s effort to new system, and divide is defined by less than 1.0. In BWA, operating frequency range
becomes high and the transmission speed becomes high, so this ratio should be improved to 2.0 in future.
(4) As shown in the analysis, lower frequency such as 800MHz is preferable for the rural use, because the
propagation loss is relatively small and narrow bandwidth allotments fits for the low subscriber density. So
spectrum resource management for next generation BWA should consider the regional divide characteristics in
rural area.
CONCLUSION
We have analyzed the regional divide of next generation BWA from the viewpoint of social radio science
matter to enhance the results of natural radio science. The analysis shows that the regional divide among urban and
rural areas is large in the existing 3G systems, and the divide in BWA will become more severe in the future. We
propose the ratio of 3G/2G MBS numbers, as the reasonable figure to improve regional divide.
In future, lower and higher band dual allotments are preferable to prevent regional divide of BWA.
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STUDY OF QUEUEING SYSTEMS WITH
STATE DEPENDENT MEAN SERVICE TIME1
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ABSTRACT
This paper deals with a full accessibility loss system and a single server delay system with a Poisson arrival process and
state dependent exponentially distributed service time. We use the generalized service flow with nonlinear state
dependence mean service time. The idea is based on the analytical continuation of the Binomial distribution and the
classic M/M/n/0 and M/M/1/k teletraffic system.
We consider the system M/M(g)/n/0 and M/M(g)/1/k (by Kendal notation) with a generalized departure process – Mg.
The output intensity depends nonlinear on the system state with a defined parameter: “peaked factor - p”. We obtain the
state probabilities of the system using the general solution of the birth and death processes.
The influence of the peaked factor on the teletraffic system behaviour is studied. It is shown that the state-dependent
service rates changes significantly the characteristics of the queueing systems.
1. INTRODUCTION
Simple classical teletraffic models can often be used to obtain comprehensive results, e.g., to predict the global traffic
behaviour. When modelling network traffic, packet and connection arrivals are often assumed to be Poisson processes
because such processes have attractive theoretical properties. Many studies on traffic measurements from a variety of
packet switching networks, like Ethernet, Internet, ATM and etc., have shown considerable difference between actual
network traffic and assumptions in traditional theoretical traffic models. The basic characteristic of traffic in modern
telecommunications networks is burstness. That is why there are many studies that generalize the queueing systems by
state-dependent arrival and service rates.
In [3] is considered a multiclass single-server queue with batch-Poisson arrival processes and dependence among
successive interarrival times, among successive service times and between service and interarrival times. Reference [6]
is reviewed the Engset multirate loss model and the single-retry loss model for finite sources in which blocked calls of a
service-class may immediately retry once, in order to be connected in the system, with reduced bandwidth and increased
service time requirements.
In [1] a continuous-time M/M/1 queueing system is analyzed in which the server can serve at two different speeds. The
queueing model serves as a mathematical model for a two-level traffic shaper at the edge of an ATM network. In [5] is
introduced and evaluated a generalized Poisson arrival process by state-dependent arrival rates. The proposed single
server delay system provides a unified framework to model peaked and smooth traffic. In [2] is presented a queueing
system with feedback. If the amount of work right after an arrival is smaller or larger than a finite number then the
server starts to work at two different service speeds.
The Bernoulli-Poisson-Pascal (BPP) method is used to approximate the main congestion functions associated with
peaked and smooth traffic in lost-call-cleared systems. The BPP model represents peaked and smooth traffic by two
separate models, and cannot represent arbitrary smooth traffic. The BPP traffic models are insensitive to the holding
time distribution [4].
In this paper, we consider queueing systems with adaptable service speed based on the amount of work right after
customer arrivals or departure. Between these events, the service speeds is held fixed and may not be changed until the
1

This paper is sponsored by the Ministry of Education and Science of the Republic of Bulgaria in the framework of project
ВУ-ТН-105/2005 “Multimedia Telecommunications Networks Planning with Quality of Service and Traffic Management”
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next customer arrival or depart. We generalize the classical loss and delay queueing systems to nonlinear statedependent service rate. We use the generalized service flow with nonlinear state dependence mean service time. The
idea is based on the analytic continuation of the Binomial distribution and the classic M/M/n/0 and M/M/1/k system.
We apply techniques based on birth and death process and state-dependent service rates.
These generalized models can be used to analyze multiplexing, message storage, traffic regulator and communication
network performance.
2. GENERALIZED ERLANG DISTRIBUTION
Let us consider a full availability loss system M/M(g)/S/0/S with a Poisson input stream M, state dependent
exponentially distributed service time M(g), number of servers S, waiting room 0 and number of sources S. This is a
birth and death process and we can use the general solution for the stationary probability [4]. This generalized queueing
system may be described by selecting the birth and death coefficient as follows

λj = λ ,

µ j = j µ j 1− p

j = 0,1,2,..., S

.

(1)

The service rate is state-dependent and depends on the peakedness factor p. This system is always ergodic. The finite
state-transition diagram is shown in Fig.1.

λ

λ
1

0

µ

λ

λ
S

2
2 µ 2 1− p

3 µ 3 1− p

S µ S 1− p

Fig.1. A state-transition diagram - M/M(g)/S/0/S system

As the number of servers is equal to the number of sources the system has not any losses and delay, the whole offered
traffic is carried and it is called the intended traffic load. The stationary probabilities of having j customers in the system
has generalized Erlang distribution when the service time is state dependent
Pj =

( j!)2− p
2− p
∑i=0 a i (i!)
aj
S

j = 0,1,2,..., S ,

(2)

where a = λ/µ is traffic intensity when the system is empty.
The intended traffic is the equilibrium number of busy servers
S

Ai = ∑ j Pj .

(3)

j =1

The peakedness of the intended traffic is the variance to mean ratio
 S

2
zi = ∑ ( j − Ai ) Pj  Ai .
 j =0


(4)

3. MODEL DESCRIPTION
GENERALIZED FULL ACCESSIBILITY LOSS SYSTEM. Let us consider a multi server system M/M(g)/n/0/S when the
number of servers n is smaller than the number of sources S. The steady state probabilities are the similar as in the
upper case when n = S
Pj′ =

( j!)2− p
2− p
∑i=0 a i (i!)
aj
n

j = 0,1,2,..., n .

(5)

The offered traffic is calculated by means of the arrival rate and the mean holding time
n +1
1
A = λτ = a ∑ 1− p Pi′−1 , erl .
i =1 i
The time congestion probability describes the fraction of time that all n servers are busy

(6)

Bt = Pn′ .
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GENERALIZED SINGLE SERVER DELAY SYSTEM. Let us consider a single server queue M/M(g)/1/k with a Poisson
input stream M, state dependent exponentially distributed service time M(g) and limited waiting rooms k. This
generalized queueing system has the birth and death coefficient as follows

λj = λ

µ j = µ j 1− p

j = 0,1,2,..., k + 1 .

(8)

Applying these coefficients to the general solution of the birth and death process and using traffic intensity a = λ/µ we
obtain the steady state probabilities
Pj′′ =

( j!)1− p
k +1
1− p
∑i=0 a i (i!)
aj

j = 0,1,2,..., k + 1 .

(9)

4. NUMERICAL RESULTS
In this section we give numerical results obtained by a Pascal program on a personal computer. The described methods
were tested on a computer over a wide range of arguments. Fig.2 shows the generalized Erlang distribution where the
intended traffic is Ai = 15 erl, the number of the sources is S = 200 and the peakedness zi is change from 0.6 to 1.4. It
will be seen that when the peakedness zi increases the probability distribution becomes broad about the mean.
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Fig.2. Generalized Erlang distribution

Fig.3 presents the time congestion probability in a full availability loss system with 20 servers, 200 sources and
different peakedness zi as function of the intended traffic Ai. When the intended traffic per server is big (0.7 - 1 erl) the
influence of the peakedness to the time congestion probability is negligible.
Fig.4 shows the stationary probability distribution in a single server queue M/M(g)/1/k with a state dependent mean
service time, 40 waiting positions, 0.65 erl traffic intensity and different peakedness factor p. We can see that when the
peakedness factor is bigger than one the probabilities can increase when the number of the calls in the system increases.
It is shown that the influence of the peakedness over the performance measures is significantly.
5. CONCLUSION
In this paper a generalized Erlang distribution as a result of state dependent mean service time is introduced and
evaluated. A basic model for a loss system M/M(g)/n/0/S and delay queue M/M(g)/1/k is examined in detail.
The proposed method provides a unified framework to model peaked, regular and smooth behaviour of the teletraffic
systems. Numerical results and subsequent experience have shown that this method is accurate and useful in analysis of
queueing systems.
The classic teletraffic system – the Full accessibility loss system is independent of the service time distribution. In this
paper is shown that the influence of state dependent service rate over the main parameters of the full availability loss
system is significant. The main parameters of this system – state probabilities and time congestion probabilities are
defined and presented graphically.
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The single server delay system with state dependent service rate can be used as a means for controlling and smoothing
the data flow into the telecommunications networks. This system can be used to explain the behaviour of real traffic
regulator as “leaky bucket” and “congestion window”.
The importance of the teletraffic systems in a case of state dependent mean service time comes from its ability to
describe behaviour that is to be found in up-to-day networks. It is the case in a general teletraffic system, which is an
important feature in designing telecommunications networks.
In conclusion, we believe that the presented generalized Erlang distribution and queueing system will be useful in
practice. As part of future work, we plan to analyze a regulator in the network.
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Fig.3. Time congestion probability in a full availability loss system
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Fig.4. Stationary probability distribution in a single server queue with state dependent mean service time
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ABSTRACT
This paper presents the fundamental configuration and characteristics of an experimental cryogenic receiver front-end
(CRFE) for the 2-GHz band mobile base stations. The CRFE comprises a high-temperature superconducting filter, a
cryogenically-cooled low-noise amplifier, and a highly-reliable compact-sized cryostat. Major characteristics of the
proposed CRFE are a center frequency of 1.95 GHz, pass-band width of 20 MHz, sharp selectivity of 20 dB/100 kHz,
1.4-dB ripple, 31.3-dB average pass-band gain, and average pass-band equivalent noise temperature of 47.9 K, all
measured at 70 K. The CRFE weighs 19 kilograms and occupies 35 liters. Random failure of the cryostat is also
evaluated by a continuous operation test using four identical ones simultaneously. The cryostat used in the CRFE has a
high reliability level of over five years of continuous maintenance-free operation.
INTRODUCTION
Mobile phones, such as cellular phones or Personal Handy-phone System (PHS), are now coming into wide use as an
important means of communications. The frequency bands used in mobile phones have become increasingly higher
with the growing demand for high-speed and high-capacity data transmission in mobile communication. It is of great
importance to improve the sensitivity of the base station receiver systems since the propagation and feeder losses
increase as the frequency band becomes high. High-temperature superconducting filters (HTSFs) have been proposed
for use in mobile base station receivers from the standpoint of efficient frequency utilization and improving the receiver
sensitivity. This is because HTSFs achieve low insertion loss and sharp skirt characteristics. High frequency selectivity
characteristics can also reduce the saturation power level required for the cryogenically-cooled low-noise amplifier
(CLNA) used in the base stations since undesired interference signals in the adjacent passband can be thoroughly
suppressed resulting in mitigation of the cryostat cooling capability. A cryogenic receiver front-end (CRFE),
comprising an HTSF, a CLNA, and a highly reliable compact-sized cryostat, is anticipated to be an effective and
practical way to achieve efficient frequency utilization and high sensitivity performance for mobile base station
receivers [1]-[4]. This paper describes the fundamental configuration and characteristics of an experimental CRFE for
the 2-GHz band mobile base stations together with characteristics of each component [4]. The experimental CRFE
attains sharper characteristics and reduces its volume by 60% than that of the previously proposed one [3] by increasing
the number of the poles of the HTSF and by employing a small-sized cryostat.
CRYOGENIC RECEIVER FRONT-END
Fig. 1 shows the fundamental configuration of a three-sector cellular base station receiver front-end (RFE) including
antennas. Each sector has two antennas (for main and diversity reception). Each antenna is followed by an RF front-end
comprising a receiving bandpass filter (RX-BPF) and low noise amplifier (LNA). The diversity front-end has a simple
RX-BPF, while the main front-end uses a duplexer in order to use the same antenna for simultaneous reception and
transmission. This RFE is located in the vicinity of the antenna (on the tower-top or tower-mounted) as shown in Fig. 2,
which yields highly-sensitive reception.
In base station receiver systems, the CRFE mounted on top of the tower appears to be the most promising approach to
maximize the sensitivity and efficient frequency utilization. Fig. 3 shows the basic configuration of the proposed CRFE.
The CRFE comprises an HTSF, CLNA, and cryostat. A modified duplexer is inserted in front of the HTSF. The CRFE
should be lightweight, small, and highly reliable to offer easy installation and maintenance because it is to be installed
on the tower-top similar to the conventional RFE. Table 1 summarizes target values for each component of the CRFE.
FUNDAMENTAL CHARACTERISTICS OF EACH COMPONENT
High-Temperature Superconducting Filter
The CRFE employs a 22-pole, thin-film HTSF using YBCO (Yttrium-Barium-Copper-Oxide). The previously proposed
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Receiver front-end

Antenna

RX BPF LNA
Duplexer LNA

Sector 1

Diversity signal out
Main signal out

Transmission signal in
Sector 2

Sector 3

Fig. 1. Fundamental configuration of three-sector cellular base station RFE.

Fig. 2. Example of tower-mounted RFE.

Antenna

Modified
duplexer

HTSF

Table 1. Target values for each component of CRFE.
CLNA

HTSF
Received
signal output

Antenna port

CLNA
Transmission
signal input

Cryostat

Cryostat

Fig. 3. Basic configuration of proposed CRFE.

Center frequency: 1.95 GHz
Passband width: 20 MHz
Insertion loss: < 0.5 dB

at 70 K

Passband: 1.9 – 2.0 GHz
Gain : 30 dB
Equivalent noise temperature: < 25 K

at 70 K

Cooling capability: 2 W (77 K)
Durability: Five-year maintenance free
(estimated)

CRFE [3] also employed a thin-film HTSF using YBCO, however, the number of poles is eight. Fig. 4 presents
frequency response of the HTSF. The HTSF offers far steeper skirt performance, which is comparable to that previously
reported [5] for mobile communications. HTSF usage facilitates the required saturation level of the CLNA since the
input of adjacent signals to the CLNA is minimized by the sharp skirt performance.
Cryogenically-Cooled Low-Noise Amplifier
A novel 2-GHz band CLNA was developed based on the cryogenic amplifier construction technologies used in radio
astronomy [6]. The developed CLNA has a two-stage configuration of gallium arsenide (GaAs) high electron mobility
transistor (GaAs-HEMT) and GaAs field-effect transistor (GaAs-FET); its amplification gain and saturation power are
30 dB and 25 dBm, respectively. A GaAs-HEMT is used as the first stage for its low noise characteristic, and a GaAsFET is used as the second stage for its high linearity. Even at normal temperature, GaAs-HEMTs are often exploited to
achieve low noise amplification. Fig. 5 presents the equivalent noise temperature [7] of the developed CLNA. The
CLNA achieves the equivalent noise temperature of 25 K (corresponding to 0.3 dB of noise figure) or less when the
cooling temperature of the CLNA is below 75 K.
Cryostat
The cryostat used in the CRFE is a key device for miniaturization. The proposed CRFE employs a newly developed
cryostat that takes advantage of the high-reliability, high power-efficiency, and compactness of the Stirling-type pulse
tube. The cooling capability is set to be 2W at 77 K to achieve a lightweight CRFE. The cryostat mainly comprises a
Stirling-type non-sliding compressor [8] and a pulse-tube expander. This type of cryostat has no moving parts, so an
infinite service life may be anticipated, while the service life of conventional cryostat [9] is limited due to seal
deterioration. Only random failure need be considered. This random failure has been evaluated by a continuousoperation test using four of the same cryostats simultaneously [4]. If the cryostat has no failure over time interval T, the
lower bound of the confidence level for the mean time to failure (MTTF) of the cryostat obeys the following equation:
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Fig. 4. Frequency response of HTSF.
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Fig. 7. Photograph of experimental 2-GHz band CLNA.

(1)

2T
.
χ ( 2, α )
2

Here, the denominator of (1) represents the chi square distribution where the degree of freedom is 2 and the confidence
level is α. In this evaluation test, the target MTTF was set to 40,000 hours, approximately five years. Fig. 6 shows the
durability of the cryostat. The total operating time, over 170,000 hours, has been achieved to date with no failure. The
confidence level was 98% on August 31, 2005. This means that 98 out of 100 cryostats achieve the MTTF of 40,000
hours, which suggests that the cryostat has a high reliability level of over five years of continuous maintenance-free
operation.
TOTAL CHARACTERISTICS
Fig. 7 shows an experimental 2-GHz band CRFE. It weighs 19 kilograms and occupies 35 liters. The CRFE uses heat
pipes that efficiently remove the heat generated by the cryostat even when it is enclosed in a water-repellent enclosure.
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Efficient cooling can be achieved even under very severe environmental conditions at the top of most towers [10]. The
CRFE has a volume of 15 liters (excluding heat pipes), which is 60% smaller than that previously proposed [3]. Fig. 8
shows the measured equivalent noise temperature and gain of the CRFE. The CRFE has a 31.3-dB average passband
gain and average noise temperature of 47.9 K. Fig. 9 shows the frequency characteristics of the experimental CRFE.
The experimental CRFE has a center frequency of 1.95 GHz, a passband width of 20 MHz, a sharp skirt characteristic
of 20 dB/100 kHz. This device also has a 1.4-dB ripple for a 19-MHz bandwidth (excluding band edges).
CONCLUSION
An experimental 2GHz-band CRFE was constructed using an HTSF and CLNA to confirm sharp skirt characteristics.
The experimental CRFE with sharp skirt characteristics is small and highly reliable which ensures easy installation and
maintenance because it is installed at the top of towers. For practical use, the CRFE must be resilient to all weather
conditions such as lightning surges, corrosion, and wind pressure loads.
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ABSTRACT
Harmony among wireless systems such as cellular networks, wireless local area networks, and ubiquitous sensor
networks will be considered to be a form of future mobile communications. Future mobile terminals will be expected to
function with all of these wireless systems. A band-free radio frequency (RF) front-end is essential to such terminals.
This paper reports on a novel reconfigurable power amplifier (PA) and resonator as key RF circuits for the future bandfree RF front-end. The reconfigurable quad-band PA achieves comparable performance to that of a single-band PA for
different frequency bands. The RF filter employing the proposed reconfigurable resonator achieves individual control of
the center frequency and bandwidth.
INTRODUCTION
In the future, various kinds of wireless systems will form a mobile ubiquitous network that establishes connectivity
anytime and anywhere to anyone. Future mobile terminals will function as a gateway between these different coexisting
wireless systems and will be expected to function in all required frequency bands because the main specification for
wireless systems is the frequency band. In other words, “band-free” mobile terminals will be expected. One of the key
components for band-free terminals is the band-free radio frequency (RF) front-end, which mainly consists of a power
amplifier (PA), RF filter, low noise amplifier (LNA), and frequency converters, as shown in Fig. 1. Among these RF
circuits, the LNA and frequency converters tend to be integrated into the transceiver IC [1].
Broadband or multi-band circuits designed using conventional methods seem to be inferior to a single-band circuit in
terms of performance or size and are unsuitable to future band-free mobile terminals. This is because the mobile
terminal faces constant requirement revisions focusing on minimizing the size and power consumption. RFmicroelectromechanical systems (MEMS) devices have displayed remarkable characteristics as variable devices and
have been applied as tunable or reconfigurable multi-band RF circuits [2-4]. For example, MEMS switches have a low
insertion loss (on state), high isolation (off state), and very low distortion characteristics in a wideband. Therefore, they
have been applied to reconfigurable and/or tunable RF circuits. The PA and RF filter are key components in mobile
terminals and it is considered difficult for these components to achieve even multi-band operation.
This paper reports on a novel reconfigurable PA and resonator for the future mobile terminals focused on band-free
operation. The reconfigurable quad-band PA achieves comparable performance to that of a single-band PA in four
different frequency bands. The reconfigurable resonator as a main component of the tunable RF filter achieves control
of its resonant frequency in a 5-GHz band. By using the resonators with reconfigurable J-inverters, a simple structured
digital tunable bandpass filter is achieved that individually controls the center frequency and bandwidth.
PROPOSED BAND-RECONFIGURABLE POWER AMPLIFIER
A compact PA that achieves band-free and highly efficient operation is expected. A band-reconfigurable PA was
proposed that comprises reconfigurable input and output matching networks with MEMS switches [5, 6]. The quadband configuration of the proposed PA is shown in Fig. 2.
Hereafter is a brief description of the operating principle of the proposed PA. Any topology can be applied to the first
input and output matching networks. The characteristic impedance of the transmission lines is set equal to the source
and load impedance. Each matching block with the appropriate reactance is attached to the first input and output
matching networks through transmission lines with the appropriate length for the impedance matching at each target
frequency band. Then, optimum matching is achieved at each frequency band by controlling the on/off state of the
switches. When all the switches are in the off state, the PA operates in the first frequency band. When only the n-th set
of switches is set to the on state, it operates in the (n + 1)-th frequency band. Since no switches are inserted serially into
the output signal pass in the proposed PA, the configuration is expected to have less of an effect on the output power
and power added efficiency (PAE). A cascade connection of matching networks will form a multi-band PA, even if the
number of bands is large.
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Fig. 1. RF front-end configuration example.
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Sw: Switch

Fig. 2. Quad-band configuration of the reconfigurable PA.

The 0.9/1.5/2/5 GHz triple-band PA shown in Fig. 2 is fabricated with discrete RF-MEMS SPST switches [7]. The
detailed design and the experimental results of the PA are given in [6]. Fig. 3 shows the measured frequency response
of the PA from small signal S-parameters for (a) the fourth frequency (0.9 GHz) mode, (b) the third frequency (1.5
GHz) mode, (c) the second frequency (2 GHz) mode, and (d) the first frequency (5 GHz) mode. In Figs. 3(a)-(d), the
quad-band PA achieves a gain exceeding 10 dB, 9 dB, 10 dB, and 7 dB in the 0.9-GHz, 1.5-GHz, 2-GHz, and 5-GHz
modes, respectively. The bias condition of the transistor in each mode is an identical class-AB bias. The results show
that the quad-band PA successfully changes its frequency response through the activation of MEMS SPST switches and
functions without any undesired oscillation in the four modes. As shown in Fig. 4, the measured maximum PAE of the
four modes is 64%, 58%, 58%, and 45% with the associated gain of 10.7 dB, 8.3 dB, 8.6 dB, and 8.1 dB, respectively.
The saturated output powers of the four modes are 30.5 dBm, 31.0 dBm, 31.0 dBm, and 30.8 dBm, respectively. These
results show that the quad-band PA achieves almost the same PAE level and output power characteristics as those of the
single band PA, which is designed for each band.
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RECONFIGURABLE RF RESONATOR
A reconfigurable RF filter is expected to provide independent control of its center frequency and bandwidth. A tunable
resonator that could aid in achieving the expectations described above was proposed as the first step [8]. It comprises a
λ/4-long microstrip transmission line with a comb-shaped pattern on both sides of the line and multiple switches as
shown in Fig. 5. The switches are located on the surface of the comb teeth, and each switch connects (in the on state) or
disconnects (in the off state) the two adjoining teeth. The resonant frequency of the resonator can be changed by
controlling the length of the high-frequency current path using the switches. Hereafter is a brief description of the
operating principle. The current of the RF signals tends to flow along the edge of the transmission line. On the
transmission line of the proposed resonator, the current of the RF signals also has a tendency to flow along its edge in
the same way. If the switches are in the on state, a high current density appears on the side edge of the comb teeth and
contact metals of the switches as the current takes a shorter route. The difference in length between the on and off states
of the switch leads to a change in the effective length of the resonator, which induces a resonant frequency shift. Thus,
the resonant frequency of the proposed resonator can be discretely changed by controlling the current path using the
switches. The resonant frequency depends on the number and the combination of switches that are in the on state.
Prototypes of the proposed resonator and the filter employing the resonator were fabricated to verify its feasibility [8, 9].
Fig. 6(a) shows a schematic of the two-pole tunable bandpass filter using the shunt resonators and J-inverters. Fig. 6(b)
is a photograph of the fabricated 5-GHz band two-pole tunable bandpass filter. This filter has two microstrip tunable
resonators and three tunable J-inverters. In order to tune both the center frequency (fc) and the bandwidth (Δf), it is
desirable that not only the resonators but also the J-inverters have the ability to change their characteristics. The Jinverters have a gap in which there are two metal bars that protrude into the gap and six metal islands beside the metal
bars. The metal islands are connected by switches. This J-inverter functions as a varactor in which the capacitance
changes discretely. In the prototype, a gold ribbon that connects the teeth of the resonator or gap of the J-inverter was
substituted for an on-state switch. The end of the resonator is grounded through a via-hole filled with silver conductive
paste.
Fig. 7 shows the measured frequency responses of the resonator prototype at different ribbon (switch) statuses,
“000000” and “001111.” The results show that the resonator successfully changes its resonant frequency, which ranges
from 4.82 GHz to 5.58 GHz. The resonators in the filter were slightly modified but they are inherently the same as the
resonator prototype except for the geometric size. Fig. 8 shows three cases of filter frequency responses when the
resonator and J-inverter status are “11111” and “I,” “11111” and “IV,” and “00000” and “I,” respectively. The
measured fractional bandwidth is 4.9% and 12.8% for J-inverter status “I” and “IV,” respectively. The center frequency
at the resonator status of “11111” changes because the phase difference in these J-inverters is not stable among all the
switch statuses. Therefore, the resonant frequency of the resonator should be controlled appropriately if the filter
frequency responses have a different Δf value with a constant fc. The proposed resonator can fulfill the requirement in a
certain range of fc because the resonator can precisely change its resonant frequency. In Fig. 8, the center frequency of
resonator and J-inverter statuses “00000” and “I” is 4.28 GHz and is almost the same as that for resonator and J-inverter
statuses “11111” and “IV.” The details of the statues such as “000000,” “11111,” or “IV” are given in [8, 9].
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Fig. 5. Schematic of the proposed tunable resonator.
(a) Transmission line pattern,
(b) Transmission line pattern with switches.
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Fig. 8. Frequency responses of the filter.
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CONCLUSION
A novel reconfigurable PA and resonator were proposed as examples of a solution for future band-free mobile terminals.
The quad-band PA showed the output power of greater than 30.5 dBm and the PAE of 45% in four different frequency
bands. The 5-GHz resonator exhibited the tuning ratio of the resonant frequency of 15% and can be used to build up the
center frequency and the bandwidth tunable filter. These results showed that the proposed reconfigurable RF circuit is a
strong candidate for future wireless applications.
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ABSTRACT
The paper concentrates on that how the different methods of the high-order statistics can be applies for speech
overlap detection. Speech overlap is the simultaneous occurrence of speech from more then one speakers. It has
some very bad effects in the work of speech recognition systems. Speech overlap detection is one of the main areas
in speech and speaker indexing. In speaker indexing, speech signal is partitioned into segments where each segment
is uttered by only one speaker. So, parts of speech that include two or more speakers simultaneously should be
determined before any following processes. Speaker overlap detection is also useful in some other speech
processing applications including speech and speaker recognition. In this paper the methods, using the high-order
statistics for speech overlap detection are compared with some of the traditional methods, such as Spectral AutoCorrelation Peak Valley Ratio (SAPVR) and the K-nearest method (KNN). Is it clear to see, that the high-order
statistics method shows similar, at time better results, at a cost of slightly increasing the order of the moments, used
for the processing of the mixed signals. At the end of this paper, the results from the work of the third order
moment method are plotted, and also compared with the classical methods.
1. INTRODUCTION
The purpose of the overlap detection and speech identification is the same as the blind source separation, Given a
mixture of two or more independent speech signals and noise, the aim is to separate the audio sources, without
knowing their nature. This mean they could be woman, man or child voices with different pitch. The signals also
may have been recorded in very noisy environment and thus a robust technique for the speech recognition is
required. The classical methods for speech overlap detection are K-Nearest Neighbor, Spectral Autocorrelation
Peak to Valley Ratio, Adjacent Pitch Period Comparison. These methods are either suitable for implementation, or
evaluate the criterion for overlap/non-overlap speech very fast. These methods are also very well studied [1],[2].
These methods use first and second order moments of the processed signals. At present, some other could be used,
such as the high-order statistics methods .They exist for a very long time, but have never been applied for blind
source separation. These methods offer similar, at times better electivity, at a cost of slightly increasing the order of
the moments. They use the third and higher order moments of the mixture of the speech and noise signals. In the
literature, [3], [4], there are some algorithms using high-order statistics, but there is still a long way to go, in order
to take fully advantage of the moments of higher order.
2. GENERAL DESCRIPTION OF MOMENTS
In the classical methods for speech overlap detection several statistical moments of orders one and two are used. In
the Spectral auto-correlation peak to valley ratio, the arithmetical mean is used in order to estimate if the frame is
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voiced or not. They are defined as follows -If x(1), ., x(N) are the N values assumed by the variable X, the relation:
N

x(1) + x(2) + ... + x( N )
x =
=
N

∑ x( j )
j =1

=

N

∑x

(1)

N

is the arithmetic mean x. In the k-nearest neighbor method, the energy of the speech frames is needed. The energy
estimate of the frames is the second order moment
N

x(1) + x(2) + ... + x( N )
x =
=
N
2

2

2

2

∑ x( j )

2

j =1

N

x
=∑

2

N

(2)

The first moment about the mean is called the standard deviation and is simply the square root of the deviation:
N

m1 =

∑ [ x( j ) − x ]

2

j =1

N

=

∑[ x − x ] =
N

[ x − x ]2 (3)

In the spectral autocorrelation peak to valley ratio, the autocorrelation is introduced. It is a first order moment of the
mixed speech signal with itself. If the auto-correlation is computed for delays d=0, 1, 2,…, N-1, then we can write
the formula of the auto-correlation with a length twice the length of the overlapped signal:

∑ [ x (i ) − x ] * [ x (i − d ) − x ]

r (d ) =

i

(4)

N2

The skewness, or the third central moment of a speech signal and the moment coefficient of the skewness are
defined as
N

m3 =

∑ [ x( j ) − x ]

3

j =1

N

=

∑[ x − x ] = ( x − x )
N

3

(5) and a3 =

m3

σ

3

=

(

m3
m2

)

3

=

m3
m23

(6)

3. THE THIRD ORDER MOMENT METHOD FOR SPEECH OVERLAP DETECTION
The classical 3-rd order moment estimation of the sound energy is the arithmetic estimation:

µ 3 ( n) =

1 n
x( j ) 3 (7)
∑
n j =1

Where x(j) is the overlapped speech signal energy of the j-th frame , and n is the number of frames. But this
estimation does not take into account the non-stationarity of the speech signal. Hence, we use the estimation on
exponential windows. This is equivalent to weighted frames with time decreasing weights. Then, for an observed
frame n, the 3-rd order moment estimation is defined as:

µ 3 (n) = µ 3 (n − 1) + (1 − λ )( x(n) 3 − µ 3 (n − 1)) (8)
Where λ is the forgetting factor. The supposed level of the speech signal stationarity determines the factor λ , and
hence the number of considered frames used to calculate the statistics. If we assume the quantity mean equals 0, the
normalized third-order moment is exactly the skewness of the overlapped signal. Some numerical considerations
show that third-order statistics describe well the sound energy distribution and that the estimator standard deviation
is low enough. Hence, we consider the normalized third-order moment, defined as (6), where µ3 and σ are
respectively, the energy third-order moment and standard deviation estimation of the sound energy. They are
estimated like in the previous section with exponential windows. In order to integrate the forgetting factor λ in the
third-order moment method, we calculate m3 with two different forgetting factors, one

(λshort _ term = 0.9)

that

gives a short term estimation of the third order moment and for another (λlong _ term = 0.995) that gives long term
estimation. We calculate the ratio of m3 obtained with

λshort _ term = 0.9

and

λlong _ term = 0.995 [6] . Then for

every frame, where speech is presumed, we compare the ratio to a threshold. The threshold is defined as follows:
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T (n) = T (n − 1) + (1 − λT )(C.ratio(n − 1) − T (n − 1)) (9)

Where ratio(n) is the moment’s ratio estimation, in a speech frame n, C>1, and λT is a forgetting factor. Hence,
T(n) overestimates the moment’s ratio [7]. This approach assumes that both noise and speech third-order moments
are different, and that noise is more stationary than speech. First, the algorithm assumes that noise and speech
distribution are Gaussian, and so noise and speech third-order moments are null.
4. EVALUATION
For the evaluation purposes a single private database has been used. First, speech samples of voices of women and
men are recorded. Then the voices have been mixed with each other, so obtaining overlapped segments of speech.
The levels of the both mixed signals are equal, in order to get the most complicated case of overlap detection, where
the both speech signals and equally gained. Then, a speech recognition technique, including the spectral autocorrelation peak to valley ratio, the k-nearest neighbor method, and the high-order statistics method is performed.
Its goal is to detect if it is possible that one of the voices could be recovered from the overlapped signal. If possible,
each one of the algorithms set a tag, that one of the speakers is recognized. The recovered parts from each algorithm
are compared to the original ones, in order to evaluate the mean square error parameter. The estimation of this
parameter is possible, because we have the original voices. The results are presented in the table below.

overlapped voices/ method
female - female
female - male
male-male
single vowels

Table 1
SAVPR
KNN
2.4276 - 2.4851
2.4709 - 3.0477
2.5275 - 1.9699
4.5871 - 1.7600
2.2713 - 1.9614
2.0483 - 2.2508
5.2890 - 5.3967
5.9314 - 6.5393

Third Order Moment Method
1.9417 - 2.1166
2.1821 - 1.8172
2.0054 - 1.8794
5.2341 - 5.0018

It can be seen from the table that the third order moment method performs similar to the k-nearest neighbor method,
but it doesn’t need a learning phase, so it can be considered as better than the Knn. The third order moment method
also shows results, near to these, obtained by the Savpr method, but with considerably simpler algorithm. With the
Savpr algorithm spectral flatness and spectral autocorrelation with the estimation of peak and lags is needed.
Working with the high order statistics, a considerably simpler algorithm, requiring the evaluation of the third order
moment, is needed, providing similar results.
The graphical results are presented in the figures below. The contain speech overlap as follows - man/man voices,
(fig. 1), woman/man voices (fig. 2) and zoomed segment of man/man voices (fig. 3) and zoomed segment of
woman/man voices (fig. 4). The way to interpret the graphical results is as follows – for every frame the weighted
third order moment is evaluated. If there is speech energy, i.e. one of the voices can be recovered, this moment
becomes very low, and the algorithm sets a tag that the speech can be recovered. For non speech parts, i.e.
overlapped parts, the value of this moment is high and no speech can be recovered. The threshold, that determines
whether the value if the moment is low or high, is given in (9).

Fig 1. High Order Statistics - Third Order Moment
Method Overlapped Male-Male Voices – red,Weighted Third Order Moment – blue
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Fig 2. High Order Statistics - Third Order Moment
Method Overlapped Female -Male Voices – red,Weighted Third Order Moment – blue

Fig 3. High Order Statistics - Third Order Moment
Method Overlapped Male-Male Voices – red,
Weighted Third Order Moment – blue
Zoomed segment

Fig 4. High Order Statistics - Third Order Moment
Method Overlapped Male Vowel – Female – Vowel- red,
Weighted Third Order Moment – blue
Zoomed segment
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ABSTRACT
A highly integrated RF module, the so-called system-on-package module, which employs a multi-layer structure,
is effective in achieving high-speed wireless communication systems that have a transmission rate higher than 1
Gb/s at millimeter-wave frequencies. We present a 12 x 12 x 1.2 mm3 compact monolithic low temperature cofired ceramic (LTCC) transmitter module for 60-GHz wireless communication systems. The MMIC includes the
power amplifier circuit, voltage controlled oscillator, frequency doublers, and the band-pass filter circuit integrated
onto the LTCC multi-layer circuit constructed with a high gain antenna. In this paper, we describe the design and
characteristics of the LTCC transmitter module with the band-pass filter circuit and the antenna at 60 GHz.
INTRODUCTION
System studies and hardware investigations on high-speed wireless communications were conducted at
millimeter and quasi-millimeter-wave frequencies [1]-[3]. These applications require compact, high performance,
and low-cost wireless equipment. A highly integrated RF module, the so-called system-on-package (SOP), which
employs a multi-layer structure, is effective in achieving the above requirements [4]-[6]. Low temperature co-fired
ceramic (LTCC) based modules are developed for high-speed wireless communication systems at 60 GHz [7]-[9].
These modules have achieved good performance; however, they lack an integrated band-pass filter (BPF) circuit
and an antenna to decrease the connection loss.
In this paper, we first show a SOP configuration integrated with the BPF and an antenna. Next, the design and
the characteristics of the BPF and the antenna are presented. We also present the LTCC transmitter module that
integrates the BPF and the antenna at 60 GHz. Finally, we present the spectrum characteristics as a verification of
the operation of the transmitter module.
PROPOSED SYSTEM-ON-PACKAGE STRUCTURE FOR MILLIMETER-WAVE APPLICATION
SYSTEMS
The concept of a SOP module integrated with an antenna is shown in Fig. 1. A multi-layer structure and the
proposed antenna are mounted on the SOP module that incorporates a highly integrated transceiver MMIC. The
multi-layer structure for the MMIC chips and the antenna is vertically stacked. This module includes a high gain
antenna constructed on the package substrate, the transmission MMIC, and the BPF circuit for frequency limitation.
We adopt the multi-layer LTCC for the module to achieve low cost. The antenna and the BPF circuit are mounted
onto this substrate which in turn is mounted onto the motherboard by bump mounting. Exterior connections
provide only a baseband signal and the bias.
BPF AND ANTENNA STRUCTURE
A. BPF Circuit[10]
Fig. 2 shows the structure of the proposed stripline parallel-coupled filter with parasitic elements. The stripline
structure consists of four layers of 50-mm-thick LTCC substrate (εr = 7.7, tanδ = 0.002 at 10 GHz). A signal line is
formed on the middle layer and the parasitic elements are patterned above and below the middle layer. The parasitic
elements only cover the first and last filter sections because these sections are the dominant cause of the process
variation sensitivity.
Fig. 3 shows a photograph of the fabricated prototype BPF and an illustration of the BPF configuration. The
physical dimensions of the designed BPF are wp=200µm, L1=400µm, S1=50µm, w1=50µm, S2=75µm,
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Fig. 1 System-on-package configuration

Fig. 2 Simulation model of BPF circuit

(a) Photograph of the prototype BPF circuit
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Parasitic element
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50um
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Parasi ti c element
Signal
Parasi ti c element
GND

(b) 3-D schematic view
Fig. 3 Fabricated BPF circuit
Fig. 4 Measured characteristics of the fabricated BPF circuit

w2=100µm, w3=125µm. The intrinsic area of the BPF is only 1.6 mm by 0.7 mm. The prototype BPF chip size is
2.7 mm by 1.7 mm. That includes input/output pads, fed lines, and via holes.
The measurement was performed by using GSG on-wafer probes. Fig.4 compares the measured characteristics of
the fabricated prototype BPF with the EM simulation results. The EM simulation ignored the feed lines, via holes,
and pads. However, both plots show similar characteristics. The measured insertion loss is 5 dB and the 1-dB
bandwidth is 6.9 % at the center frequency of 59.1 GHz. The return loss within the pass band is less than -10 dB.
The measured insertion loss is acceptable on the RF module shown in Fig. 1, though it is relatively high value.
B. Antenna Structure[11]
The proposed antenna structure is shown in Fig. 5. This antenna is constructed using a feeding microstrip
antenna and metal rings forming the first and second reflector metals on the multi-layer substrate. The antenna is
based on a short backfire antenna. The operation of this antenna is explained by synthesizing two electromagnetic
radiations. First, the radiation is emitted directly from the microstrip antenna toward the front of the radiation
pattern via the slot. At this time, the slot is used to adjust the phase. Next, the electromagnetic radiation is reflected
by the first and second reflectors and is radiated toward the front of the radiation pattern. A high gain is achieved
through the synthesis of the two electromagnetic radiation patterns. We use the moment method as the calculation
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method and assume that the ground plane is infinite. The size of the antenna substrate is 12 mm x 12 mm x 1.2 mm.
The antenna structure is constructed using six 0.1-mm layers and 12 0.05-mm layers of the LTCC substrate (εr = 7.7,
tanδ= 0.002 at 10 GHz). The size of the feeding element is 0.785 mm x 0.785 mm and the feeding point is 0.10mm away from the center of the patch. The outer radius of the first reflector is 2.60 mm, and the inner radius is 0.9
mm. There are four rings. The width of the metal ring for the second reflector is 0.9 mm. The outer radii of the
metal rings from the inner most ring are 3.40 mm, 4.15 mm, 4.90 mm, and 5.65 mm, respectively. The measured
H-plane radiation pattern is shown in Fig. 6. In this figure, it is clear that the mainlobe characteristics between the
measured and calculated radiation patterns are in good agreement. The measured gain of this antenna is greater than
9.0 dBi.
TRANSMITTING CHARACTERISTICS
We adopt the transmission system that employs a directly modulated voltage controlled oscillator (VCO) and
frequency shift keying (FSK) modulation. The block diagram of the transmission module is shown in Fig. 7. In
order to avoid a decrease in the efficiency of the power amplifier (PA), the BPF circuit was inserted in front of the
PA.
To clarify the transmission operation of the module, we fabricated a prototype module at 60 GHz. A photograph
of the prototype module is shown in Fig. 8. The size of the module is 12 mm x 12 mm, and the chip size of the
MMIC is 4 mm x 2 mm. The figure clearly shows that the bare MMIC chip and the BPF circuit chip are mounted
on the surface of the package substrate. In this study, the BPF circuit is mounted as a chip part. As designed in the
final version, the BPF will be incorporated into the package LTCC substrate. Fig. 9 shows the output spectrum
characteristics of the FSK modulation wave when a random signal of 1 Gb/s is used. The modulation achieved a
level of 0.5. We used the RF connector that was mounted on the antenna side of the LTCC module for this
measurement. The figure clearly shows that the transmission module operates excellently.
CONCLUSION
This paper proposed a 60-GHz monolithic LTCC module mounted with a highly integrated InP MMIC. The
module incorporates a BPF circuit and high gain antenna. Moreover, we fabricated and tested a prototype module
for the 60-GHz band. The spectrum characteristics of the transmission confirm the operation of the module.
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ABSTRACT
This paper deals with solution of phase estimation problem in white Gaussian noise background by means of Markovian
approach together with digital realization of appropriate algorithms. Brief review of the Markovian theory of random
fields processing is given. The examination and computer simulation of synthesized in Gaussian approximation
quasioptimal phase estimation algorithms, represented by interconnected phase-lock loops, one per each receiving
element of the linear finite-size antenna array, are carried out. On the basis of a priori correlation matrix diagonalization
technique the exact solutions of systems of nonlinear equations for a posteriori correlation matrixes are obtained and
analyzed taking into consideration edge effects on the finite size aperture. It is shown, that these algorithms may be
represented approximately in the integral form simplifying considerably their technical realization. Computer
simulation results confirm the proposed integral algorithms effectiveness.
INTRODUCTION
The random fields estimation problem in presence of noise seems to be important in various applications. In particular,
estimation of electromagnetic wave’s phase fluctuations in SPS systems, which may be caused by inhomogeneous
propagation medium as well as random positioning of satellite antenna elements, allows us to compensate these
fluctuations and to direct the e.m. energy beam more precisely from the satellite towards the ground based receiving
antenna. For this purpose the phase estimation together with wave front inversion technique may be used. In general,
observed mixture of signal and noise is obliged to be considered as a random field which probability distribution law is
non-Gaussian. Non-Gaussity may be caused both by a priori data and by nonlinear dependence of received signals on
random variables. Phase distortions caused by inhomogeneous propagation media (troposphere, ionosphere) or by
uncontrollable locations of antenna elements lead to non-Gaussity of observed signals and, as a consequence, – to nonlinearity of their optimal processing techniques.
The grounds of Markovian approach to nonlinear processing problems were founded by R.L.Stratonovich [1], who
developed the theory of temporal processing applicable for signals fluctuating in time only. In present paper we deal
with generalization of this theory to estimation problems of random fields fluctuating both in time and space [2]. Firstly
we consider continuous receiving aperture as a convenient theoretical model, which allows us to make use of
radiophysics investigation results concerning wave propagation in randomly inhomogeneous media. Than we convert
consideration to more realistic discrete antenna array useful for computer simulation of synthesized processing
algorithms.
PRINCIPLES OF THE MARKOVIAN APPROACH
Random Fields A Priori Description
Let ri be the radius-vector of i-th point inside some spatial region D. Imagine that values (ξ(t,r1), ξ(t,r2),…, ξ(t,rm))=
=(ξ1(t), ξ2(t),…, ξm(t)) of random field at these points form m-dimensional Markov process described by stochastic
equations
d ξi
+ f i (t , ξ1 ,..., ξm ) = χi (t ), ξi (t0 ) = ξ0i , χi (t )χ j ( τ) = κ ij (t )δ(t − τ),
(1)
dt
where χi(t) is a component of the random external force vector delta-correlated in time.
If m tends to infinity so that points ri cover continuously the whole region D, then we obtain the random field ξ(t,r),
which obeys stochastic equation
d ξ(t , r )
+ f ( t , r, ξ ) = χ ( t , r ) , ξ(t0 , r ) = ξ0 (r ), χ(t , r )χ(t ′, r ′) = κ (t , r, r ′)δ(t − t ′),
(2)
dt
being a consequence of system (1). The term f is in general a functional of ξ with respect to r.
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Evolution of the probability density functional V(t,ξ)=P(t,ξ(r)/t0,ξ0(r)) is described by linear operator equation with
functional derivatives, which in general case of non-Gaussian external force has the form
∞
∂V (t , ξ)
δ
( −1)l
δlV (t , ξ)
=∫
...
κ
(
t
,
r
,...,
r
)
dr1...drl , V (t0 , ξ) = δ [ ξ(r ) − ξ0 (r ) ] , (3)
[ f (t, r, ξ)V (t, ξ)] dr + ∑
l
l
1
∂t
δξ(r )
l ! ∫D ∫D
δξ(r1 )...δξ(rl )
l =1
D
where κl is the multiplier before temporal delta-functions in external force cumulants of the order l. In particular κ2
coincides with κ in (2).
Equation (3) generalizes to random fields the correspondent equation for multidimensional Markov process. Unlike the
latter it includes integration over the region D instead of summation over components of Markov process and functional
derivatives instead of ordinary ones. In particular case of Gaussian external force it reduces to generalized Fokker-Plank
equation describing diffusion random field. Equations (2) and (3) as well as their further generalizations to vector field
ξ(t , r ) = ( ξ1 (t , r ),..., ξn (t , r ) ) are used in Markovian approach for a priori description of random fields under estimation.
Generalized Stratonovich Equation
Let the field observed on aperture D be in the form y (t , r ) = S (t , r, ξ) + n(t , r ), where n(t,r) is Gaussian noise with
covariance function n(t , r )n( τ, ρ) = N (r, ρ)δ(t − τ). Signal S has deterministic form and depends on the vector field
ξ(t,r) which we need to estimate.
The a posteriori probability density functional may be shown to obey generalized Stratonovich equation
∂W (t , ξ)
= LW (t , ξ) + W (t , ξ)  F (t , ξ) − F (t , ξ)  , W (t0 , ξ) = V0 (ξ),
(4)
∂t

where F (t , ξ) = ∫∫ Q (r, ρ) S (t , ρ, ξ) [ y (t , r ) − 12 S (t , r, ξ)] dr dρ ; Q(r,ρ) is the inverse spatial covariance function of the
D

noise n, i.e. it is solution of the integral equation

∫ N (r, r′)Q(r′, ρ)dr′ = δ(r − ρ) ; L denotes the a priori linear operator
D

analogues to that of the right hand side of (3) and corner brackets denote averaging over a posteriori probability
distribution.
Investigation or modeling of equation (4) is very difficult if possible. Nevertheless one may perform synthesis and
analysis of sub-optimal processing algorithms on its basis in assumption that a posteriori probability density may be
represented in Gaussian form. In this Gaussian approximation, which is valid if estimation error is rather small, one may
obtain equations for mean a posteriori estimates ξˆ k (ρ) and covariance functions Klm(ρ1,ρ2). These equations don’t
include yet functional derivatives with respect to unknown functions unlike the equation (4). Their initial values
coincide with the a priori ones. If observed signal y(t,r) is linear dependent on Gaussian field ξ(t,r), than Gaussian
approximation equations lead to exact solution of the optimal space-time linear estimation problem. The consideration
described may be fulfilled also for more general case, when the random field ξ(t,r) is formed by non-additive influence
of external force χ(t,r) upon dynamic system.
ESTIMATION OF SPATIAL PHASE FLUCTUATIONS
Continuous Aperture Model Employment
Let the observed mixture of signal and noise on the aperture D be in the form y (t , r ) = A cos [ωt + ξ(r )] + n(t , r ) , where
n(t,r) is the space-time white Gaussian noise having constant power spectral density N. Phase field ξ(r) a priori depends
on r only. Its mean a posteriori value is the solution of Gaussian approximation equation
d ξˆ (t , ρ)
(5)
= − ∫ y (t , r ) K (t , ρ, r ) sin  ωt + ξˆ (t , r )  dr ,
dt
D
where a posteriori spatial covariance function K is submitted to the second Gaussian approximation equation
dK (t , ρ1 , ρ 2 )
(6)
= −µ ∫ K (t , ρ1 , r ) K (t , ρ 2 , r )dr, K (0, ρ1 , ρ2 ) = κ ξ (ρ1 − ρ2 ),
dt
D
κξ(ρ) is a priori spatial covariance function of the field ξ ; µ=A2/2N denotes the signal to noise ratio per unit area of
aperture per unit time of observation.
Equation (5) represents the sub-optimal estimation algorithm. It may be realized on discrete antenna array by means of
interactive phase-lock loops (PLL) situated along receiving aperture containing one loop per each receiving element.
The PLL’s interaction and gain are defined by the function K(t,ρ), which is important in the problem under
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consideration. Its value at ρ=0 characterizes also estimation error variance. The PLL’s interaction results in data
acquisition on receiving aperture for optimal estimation of phase on its each element.
The sub-optimal estimation algorithm (5) may be approximately represented in integral form [3]
t

∫ K (t,ρ ,r )∫ ys (τ ,r )dτ dr

ξˆ(t , ρ) = − arctg D

0
t

,

(7)

∫ K (t,ρ ,r )∫ yc (τ ,r )dτ dr
0

D

where y s (t , r ) = y (t , r ) sin ωt , yc (t , r ) = y (t , r ) cos ωt – quadrature components of observed signal and noise mixture.
This integral algorithm is easy realizable, plenty stable and applicable to wide-band input signals, although it
corresponds to sub-optimal algorithm only approximately.
Equation (6) may be solved by means of Fourier transform method under assumption that receiving aperture is large in
comparison with correlation region of estimated field. Letting in this case K(t,ρ1,ρ2) = K(t,ρ1–ρ2), we obtain
∞
κ% ξ (q )e − iqρ
1
K (t , ρ) =
(8)
∫ 1 + µtκ% ξ (q) dq ,
(2π) ν −∞
where κ% ξ (q ) is a priori spatial spectrum of phase fluctuations on the aperture, ν is the aperture dimensions number.
Solution (8) does not take into account real size of aperture and edge effects. It may be evaluated in explicit form only
for some particular a priori covariance functions κξ(ρ). For typical example of linear aperture (ν=1) and exponential
function κ ξ (ρ) = σξ2 exp ( − ρ l ) such evaluation gives K (t , ρ) = σ2ps exp ( − ρ l ps ) , σ2ps = σξ2 1 + τ , l ps = l 1 + τ ,
where τ = 2µ tlσ ξ2 is essential dimensionless parameter proportional to signal/noise ratio during observation time in
correlation region of phase fluctuations. Parameters of such type define also a posteriori characteristics for another a
priori correlation laws of the field ξ.
Reduction in time of a posteriori covariance and spatial correlation radius means that during estimation first of all the
low-frequency part of phase spatial spectrum containing the principal portion of fluctuations energy is selected.
If phase fluctuations are caused by radiowave distortions in turbulent atmosphere, their a priori covariance function
does not exist in general because of statistical homogeneity loss. Nevertheless the phase estimation problem may be
solved so far as the spatial spectrum κ% ξ (q ) and integral (8) exist. We have investigated this integral for plane aperture
and spectrum κ% ξ (q ) = a ( q 2 + κ 02 )

−11/ 6

, which corresponds to geometric optics approximation and Karman spectrum of

the medium dielectric permeability. It is shown that a posteriori correlation function exists (excluding the beginning of
observation) even in absence of saturation (κ0=0) when Karman spectrum reduces to Kolmogorov-Obuhov one.
Computer analysis fulfilled shows that results obtained in geometric optics approximation hold also if more general
Rytov’s method is applied for description of radiowave propagation through turbulent medium.
Phase Estimation on Discrete Aperture
Changing in (5) and (6) continuous radius-vectors by discrete indexes, we obtain discrete analogues of Gaussian
approximation equations
d ξˆ i (t )
A M
(9)
= − ∑ y j (t ) Kij (t ) sin[ωt + ξˆ j (t )] ,
dt
N j =1
dKij (t )
dt

M

= −µ ∑ Kil (t ) K lj (t ) ,
l =1

Kij (0) = κ ijξ ,

which describe sub-optimal estimates ξˆ i and a posteriori covariance matrix Kij =

(10)

( ξ − ξˆ )( ξ
i

i

j

− ξˆ j

)

in the case when

the mixture yi (t ) = A cos ( ωt + ξi ) + ni (t ) is observed on antenna array with i = 1, K , M receiving elements in
presence of mutually independent Gaussian noises ni (t ) delta-correlated in time ni (t )n j (t ′) = N δij δ(t − t ′) . Designation
µ = A2 2 N denotes now signal/noise ratio on a separate receiving element per unit time, κ ijξ is a priori correlation

matrix of spatial phase fluctuations.
For numerical solution of system (10) we apply linear transformation, which converts a priori correlation matrix into
diagonal form κ ′ijξ =
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for diagonal elements of transformed a posteriori matrix Kij′ξ ( t ) =

M

∑T

−1
ik

k ,l =1

K kl ( t ) Tlj = λ i ( t ) δij . Its solution with initial

values λ i ( 0 ) = λ iξ , being returned to initial basis via inverse transformation Kij (t ) =

M

∑T

k ,l =1

ik

K kl′ (t )Tlj−1 , leads to result

λ lξ
T −1
Kij (t ) = ∑ Til
ξ lj .
t
1
+
µ
λ
l =1
l
M

M

The usual system of equations

∑κ
k =1

(11)
ξ

ξ
ik ki

T = λ iξTij holds for eigenvalues λ i of a priori correlation matrix κ ijξ and its

eigenvectors, which form the diagonalising transformation matrix Tij . Its existence and unitarity follows from a
Hermiticity of correlation matrixes. Advantages of described solution consist in that it does not require equidistance of
the antenna array, correctly takes into account a finiteness of its size and attendant edge effects, does not call problems
with convergence and stability of evaluations. As to a numerical evaluation of eigenvalues and eigenvectors, there exist
several effective methods described in literature.
As an illustration in Fig.1 the 3-D diagram of a posteriori correlation matrix Kij is shown. The antenna array is assumed
to be linear and equidistant with unity spacing between receiving elements. The number of array elements M is chosen
ξ
to be 16. A priori space correlation law of phase fluctuations is accepted to be exponential κ ij = σ2ξ exp ( − i − j l ) ,
2
where σξ = 1 and l=8. This figure corresponds to observation duration, when signal/noise ratio at single receiving

element equals to 0.8, i.e it is less than unity. Nevertheless a posteriori variance Kii decreases rather significantly
because of additional information usage available inside phase correlation region around each element. Influence of
edge effect is exhibited in Kii augmentation on edges of the aperture in comparison with its values at antenna center.
Computer simulation of sub-optimal estimation algorithm confirms satisfactory coincidence of experimental and
theoretical results for various forms of a priori correlation functions and parameter values. Sub-optimal and integral
estimates nearly coincide when signal/noise ratio in spatial correlation region during observation time became more
than some unities. This condition is usual for Gaussian approximation applicability.
Example of phase estimates profile along linear array is shown in Fig.2. The same a priori data as in Fig.1 were chosen.
The brown dash line shows unknown phase profile under estimation, the red dadot line shows suboptimal estimates and
blue solid line corresponds to integral estimates. The difference between these estimates decreases with observation
duration (and signal/noise ratio) enhancement.
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ABSTRACT
The traffic of IP packets in difficult HF channels is analyzed. The SIMULINK multipath Raleigh fading channel
model is used. The wavelet analysis of mobile HF channel IP traffic (realized by tactical radios) afford an
opportunity to determine the potentials of this data radio nets in condition of multipath propagation and fast fading.
The practical results, obtained with Harris RF-5880H-MP/RE tactical HF radio, are presented.
I. INTRODUCTION
In the report the transmission IP data in HF channel is considered. It’s built with usage of HF tactical radio sets such
as RF-5800H-MP (Falcon II). HF communications in urban environments may provide a tactical communications
capability via near-vertical incidence skywave and surface wave, what is important for military patrols. It is well
known that the modern data compression and coding techniques (MPEG-4, JPEG 2000) and high rate waveforms
have recently been combined to provide rudimentary videoconferencing using a standard 3 kHz channel.
The problem is of great interest, because of in tactical units, especially executing mission (peace-keeping and postconflict reconstitution), frequently it is necessary for clearing up of tactical circumstances to translate of the images,
sound and other data. It becomes complicated because sometimes channel is multipath and with fast fading,
especially in an urban area [1,2,3]. Besides because of tactical reasons of personnel safety, the velocity of
movement of a radio set is recommended to be more than 100 km/h.
The aim of presented work is IP traffic exploration in concrete HF channel.
II. HF DATA PACKETS MEASUREMENTS
Transmission of data is realized as it is shown in Fig.1. In the stationary conditions, there were transmitted three
files (AM Transport media in the Milennium.pdf, MDL General presentation.pdf and shock12.wav) with size of
324 Kbytes, 1155 Kbytes and 724 Kbytes respectively.
The last file is interesting in sense of its similarity to a signal from explosion, Fig1. Its analysis can be useful to
obtain the relevant parameters of the explosive device and the corresponding countermeasures can be
recommended.
III. DATA ANALYSIS
By contrast the voice networks, where the mean traffic rate is the important measure, data traffic is extremely
bursty. He looks the same over a range of different time scales. Particularly on wireless channels, we need to
change the traditional metrics used to evaluate systems [3].
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Fig.1 Block diagram of the equipment for measurement of HF data packet traffic.
An example of packet traffic, captured by a firewall in a wireless PPP network, is shown in Fig.2. The COM port
monitoring is presented in Fig.2. In this case is used UtilKit DLUL Meter application. On Fig.3. are shown the
packets, transmitted on ports 5076 and 5077, in the last 94 sec. (blast-like signal). As it is known [3], the processes,
whose spectra changes with time, are nonstationary processes. Many (linear and quadratic) techniques have been
developed for nonstationary signal processing. In this paper it is used the Wavelet Transform [3], which is more
complex than the STFT (Short Term Fourier Transform), but offers better time-frequency resolution by trading of
time resolution for frequency resolution and vice versa.

Fig.2. An example of firewall packet traffic and the COM port monitoring
The received data– Fig.4, were processed by MatLab application "One dimensional Wavelet Coefficients Selection
Tool". The approximation coefficients А5 and detailed D1-D5 are presented respectively. Decomposition is realized
by Haar basis up to fifth level. It is shown, that only 1700 coefficients (from 39761 total) are significant for
analysis.
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Port 5076

Port 5077

Fig.3. The packets transmitted on ports 5076 and 5077, in the last 94 sec.

Fig.4. Decomposition by Haar basis of packets traffic
In the future the authors plan to obtain and to analyze the experimental set (Fig.1) in case, when the relative velocity
between the transmitter and receiver is more than 100 km/h.
IV. MODEM SIMULATION
From theoretical reasons, the lower bound for AWGN channel is

⎛ Eb .(1 − ρ ) ⎞
⎟ , Q( x) = 1
Pe = Q ⎜⎜
⎟
N
0
⎝
⎠

∞

2π ∫ exp( − x 2 / 2)dx , ρ-correlation coefficient
x

When the modulation is BPSK (antipode signals), ρ = -1.
The upper bound for Rayleight fading channel with BPSK modulation is [4]

Pe =

Eb N 0
1⎛
⎜1 −
2 ⎜⎝
1 + Eb N 0

⎞
⎟.
⎟
⎠

___________

Pe ≈ 1 / ( Eb N 0 ) ,for noncocherent orthogonal.
The bounds for Rayleight fading channel and for fast fading channel are shown in Appendix, Fig. 6
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Table 1 presents the Doppler spreads (ΔFDopp) for some velocities. By use of Simulink model MIL STD-188-110,
the performance of RF-5800H-MP modem for some Doppler frequencies is estimated. On Fig.5 BER for some
Doppler frequencies is shown.
Table 1. Doppler spreads for some velocities (λ=12m)
V, m/s
V, km/h
F Dopp., Hz
T0, s

0,31
1,1
0,025
19,63
0,051

Dopp. Spread-ΔF,Hz

0,9
3,25
0,075
6,64
0,15

2,08
7,5
0,174
2,88
0,34

5,56
20
0,463
1,08
0,93

11,11
40
0,926
0,54
1,85

16,67
60
1,389
0,36
2,78

22,22 27,78
80
100
1,852 2,315
0,27 0,216
3,70
4,63

33,33
120
2,778
0,18
5,56

BER

0,25
0,2
0,15
0,1
0,05
0
0

0,05

0,1

0,15
0,2
F Dopp., Hz

Fig.5. BER for some Doppler frequencies
CONCLUSIONS
The use of wavelet analysis of mobile HF channel IP traffic (realized by tactical radios) afford an opportunity to
determine the potentials of this data radio nets in condition of multipath propagation and fast fading.
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Applications of Cellular Neural Networks for
Image Processing
Angela Slavova
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One of the most interesting aspects of the world is that it can be considered to
be made up of patterns. It is characterized by the order of the elements of which
it is made rather than by the intrinsic nature of these elements.
Norbert Wiener
Abstract - In this paper introduction to Cellular Neural Networks (CNN) is provided. The
architecture and the dynamics of CNN is studied. Applications for image processing are provided
as well.

INTRODUCTION TO CNN PARADIGM
Many phenomena with complex patterns and structures are widely observed in the
nature. For instance, how does the leopard get its spots, or how does the zebra get its stripes,
or how does the fingerprint get its patterns? These phenomena are some manifestations of a
multidisciplinary paradigm called emergence or complexity. They share a common unifying
principle of dynamic arrays, namely, interconnections of a sufficiently large number of simple
dynamic units can exibit extremely complex and self-organizing behaviors.
The invention, called cellular neural network (CNN), is due to L.Chua and L.Yang
in 1988. Many complex computational problems can be formulated as well-defined tasks
where the signal values are placed on a regular geometric 2-D or 3-D grid, and the direct
interactions between signal values are limited within a finite local neighborhood. CNN is an
analog dynamic processor array which reflects just this property: the processing elements
interact directly within a finite local neighborhood. The concept of CNN is based on some
aspects of neurobiology and adapted to integrated circuits. For example, in the brain,
the active medium is provided by a sheet-like array of massively interconnected excitable
neurons whose energy comes from the burning of glucose with oxygen.In cellular neural
networks the active medium is provided by the local interconnections of active cells, whose
building blocks include active nonlinear devices (e.g., CMOS transistors) powered by dc
batteries.
Cellular Neural Networks have very impressive and promising applications in image processing and pattern recognition. For such applications CNN functions as a two-dimensional
filter. However, unlike the conventional two-dimensional digital filters, our cellular neural
network uses parallel processing of the input image space and delivers its output in continuous time. This remarkable feature makes it possible to process a large-size image in real
1
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time. Moreover, the nearest neighbourhood interactive property of CNN makes them much
more amenable to VLSI implementation.
Chip implementation of Cellular Neural Networks differ by their size and by their degree
of functionality. Some have a fixed template, and 256 cells, whereas others are limited to
about 30 cells, but are electrically controllable. A programmable chip of 1024 cells is
currently implemented. The programmability and the rapidity of the chip makes the CNN
attractive, the nonlinearity, as we will see, allows to obtain a nonlinear signal processing, but
these advanteges are counterbalanced by the need of a large silicon area per cell and a quite
large power consumption. Stimulating applications of CNNs have in fact been developed
into a wide range
After the introduction of the CNN paradigm, CNN Technology got a boost when the
analogic cellular computer architecture, the CNN Universal Machine has been invented. The
most successful chips embedded in a computational infrastucture provided the framework
for analogic cellular software development. The industrial applications rely on the available
Aladdin system, for which more information can be found on the web site:
www.analogic-computers.com.
ARCHITECTURE OF CNN
Let us consider a two-dimensional grid with 3 × 3 neighborhood system as it is shown
in Fig.1.
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Fig.1. CNN with 3 × 3 neighbourhood system.
The squares are the circuit units - cells C(i, j), and the links between the cells indicate
that there are interactions between linked cells. One of the key features of a CNN is that
the individual cells are nonlinear dynamical systems, but that the coupling between them
is linear. Roughly speaking, one could say that these arrays are nonlinear but have a
linear spatial structure, which makes the use of techniques for their investigation common
in engineering or physics attractive.
A typical example of a cell C(i, j) of a CNN is shown in Fig.2, where vxij , vyij , vuij
denote the state, output, and input voltages, respectively. For the state voltage vxij it
is assumed its initial condition to have a magnitude less than or equal to 1. The input
voltage vuij is assumed to be a constant with magnitude less than or equal to 1. Each
cell C(i, j) contains one independent voltage source Eij , one independent current source I,
one linear capacitor C, two linear resistors Rx and Ry . Ixy (i, j; k, l) and Ixu (i, j; k, l) are
linear voltage controlled current sources with the characteristics Ixy (i, j; k, l) = Aij,kl vykl
2
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and Ixu (i, j; k, l) = Bij,kl vukl for all C(k, l) ∈ Nr (i, j). The only nonlinear element in each
cell is a piecewise-linear voltage-controlled current source Iyx = (1/Ry )f (vxij ). The coupling
coefficients Aij,kl and Bij,kl are called feedback template coefficient and control template
coefficient respectively. We assume that all the cells in the CNN have equal parameters and
hence equal templates (space invariance). The term, cloning templates, is used to emphasize
this property of invariance. This means that the set of 2.(2r + 1)2 + 1 real numbers Aij,kl ,
Bij,kl comletely determine the behavior of an arbitrary large two-dimensional CNN. The
templates can be expressed in a compact form by means of tables or matrices.
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Fig.2. A simple cell of the linear CNN.
We shall give two general definitions of a CNN which follows the original one:
Definition 0.1 The CNN is a
a). 2-, 3-, or n- dimensional array of
b). mainly identical dynamical systems, called cells, which satisfies two properties:
c). most interactions are local within a finite radius r, and
d). all state variables are continuous valued signals.
Definition 0.2 A cellular neural network is a high dimensional dynamic nonlinear circuit
composed by locally coupled, spatially recurrent circuit units called cells. The resulting net
may have any architecture, including rectangular, hexagonal, toroidal, spherical and so on.
An M × M CNN is defined mathematically by four specifications:
1). CNN cell dynamics;
2). CNN synaptic law which represents the interactions (spatial coupling) within the
neighbor cells;
3). Boundary conditions;
4). Initial conditions.
MAIN TYPES OF CNN EQUATIONS
In this section we shall formulate the canonical equations describing the CNN analogue
processor. We can define a CNN mathematically as follows. Suppose for simplicity that the
processing elements of a CNN are arranged on a 2-dimensional (2-D) grid (Fig.1). Then
the dynamics of a CNN, in general, can be described by:
ẋij (t) = −xij (t) +

X

Ãij,kl (ykl (t), yij (t)) +

(1)

C(k,l)∈Nr (i,j)

3
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X

+

B̃ij,kl (ukl , uij ) + Iij ,

C(k,l)∈Nr (i,j)

yij (t) = f (xij ),

(2)

1 ≤ i ≤ M, 1 ≤ j ≤ M,
xij , yij , uij refer to the state, output and input voltage (i.e. vxij , vyij , vuij ) of a cell C(i, j);
C(i, j) refers to a grid point associated with a cell on the 2-D grid, C(k, l) ∈ Nr (i, j)
is a grid point (cell) in the neighborhood within a radius r of the cell C(i, j), Iij is an
independent current sourse. Ã and B̃ are nonlinear cloning templates, which specify the
interactions between each cell and all its neighbor cells in terms of their input, state, and
output variables. Moreover, as we mentioned above the cloning template has geometrical
meanings which can be exploited to provide us with geometric insights and simpler design
methods.
DYNAMIC RANGE OF CNN
First of all, we shall give an estimate for the dynamic range of the CNN defined above
by the dynamic system (1), (2).
Theorem 1 For a CNN described by the state equation (1) with bounded non-linear cloning
templates and the output (2), all states xij are bounded for all t > 0 and the bound xmax
can be computed by the following formula:
X

xmax = 1 + max1≤i≤M,1≤j≤M [

(maxt |Ã| + maxu |B̃|)]

(3)

C(k,l)∈Nr (i,j)

Remark 1 The main difference between CNNs and neural networks (NNs) is that a CNN
has practical dynamic range, which can be calculated by the formula (3). Whereas, general
NN often suffers from a severe dynamic range restrictions in the circuit implementation
stage.
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ABSTRACT
A novel approach to the determination of the open circuit voltage induced on the terminals of receiving dipole is
outlined. The antenna is immersed in a plasma. Our approach uses the reciprocity theorem together with the fluctuationdissipation theorem and it can be applied both to quasi-thermal noise spectroscopy and to conversion of the voltage to
the incident wave electric field amplitude by means of the notion of the antenna effective length. In resonance regions,
i.e. for quasi-electrostatic waves, this length can increase significantly and may become greater than the antenna
physical length. This results of course in corresponding enhancement of the recorded voltage. Two cases will be
discussed: reception of waves near the lower oblique resonance in a magnetized plasma and Langmuir waves in a
streaming plasma.
INTRODUCTION
Antennas are used for the study of wave phenomena in space plasma in nearly every mission dedicated to space
physics. Careful study and interpretation of frequency-time spectrograms contributed heavily to our understanding of
the Earth’s and planetary magnetospheres and the solar wind. Meanwhile, as this research goes to finer details,
knowledge of amplitudes and phases of measured waves is required. In this work we present a study of the effective
length, Leff, of two types of dipole antennas: a two wire dipole and a double sphere dipole. The receiving dipole is
immersed in a plasma and the recorded open circuit voltage on its terminals, V = ELeff, is the product of the wave
electric amplitude E and the dipole effective length. With this definition Leff depends on angles giving the orientation of
the dipole axis in the chosen coordinate system, on the angle of arrival of the incident wave and on the wave
polarization. It allows for conversion of the recorded open circuit voltage to the incident wave amplitude, which is the
goal in wave studies.
In the recent paper [1] it was shown that for reception of electromagnetic waves the use of cold plasma theory and a
modified conventional approach to the antenna effective length gives satisfactory results. Here we pay attention to
quasi-electrostatic modes that appear near resonance frequencies. It was shown recently [2,3] that in this case Leff can
increase by more than an order of magnitude, which can influence our knowledge of the wave physics involved.
OUTLINE OF THE THEORY
Our approach is based on the use of the reciprocity theorem and the fluctuation dissipation theorem. Full details can be
found in [4] and here we point out only the main points of the procedure. First, the reciprocity theorem yields an
expression for the square of the e.m.f. (or voltage) spectral density induced on the antenna terminals, which depends on
the charge distribution on the antenna, on the plasma longitudinal permittivity and on the correlation function of
perturbations of the microscopic-charge density around the antenna. Next, the fluctuation-dissipation theorem provides
the relation between this correlation function, the plasma temperature and the imaginary part of the longitudinal
permittivity. In a plasma in equilibrium, with a constant temperature, this amounts essentially to the Nyquist theorem.
Then it is argued, see [4], that in case of a receiving antenna the same approach is valid, provided that the “effective”
temperature is expressed by the wave energy spectral density Wk(ω,k), which comprises both the incident wave field
and the field scattered (re-radiated) by the antenna. Finally we arrive at a relation for the spectral density of the voltage
V squared, in a frequency band ∆ω,

V2 =
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π

∫

∆ω (2π ) 3 Wk (ω , k )k −2 dRk ,

(1)
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where dR k = ( 2π ) 5 ω ρ ( k ) δ (ε l (ω , k )) dkd Ω is the differential loss due to emission of quasi-potential waves, ρ(k)
is the charge distribution on the antenna and εl is the longitudinal permittivity, which, equaled to zero, gives the
dispersion relations for electrostatic modes. In the case of a quasi-continuous wave incident on the antenna in a narrow
solid angle ∆Ωgr around the given wave group velocity direction, to which there is a corresponding ∆Ω∗ in the wave
vector space, it is necessary to transform from wave vector space to coordinate space with the aid of the relation

Wk(ω,k)∆ω∆Ω∗ = Πgr∆Ω∗(∆Ωgrcosk^νgr)-1.

(2)

Here Πgr is the modulus of the energy flow vector (analogous to the Poynting vector for electrostatic waves and ∆Ωgr is
a (narrow) solid angle around the incident wave direction. The symbol k^νgr denotes the angle between the phase and
group velocity.
For lower oblique resonance waves in a strongly magnetized plasma the dispersion relation amounts to

k ⊥2 = k z2ω p2 / ω 2 + D 2 k z4 − ω p2 / c 2

(3)

which is just the part of a whistler wave for waves close to the resonance cone direction with frequency ω << ω p <<

ω H , (the last two are the plasma frequency and the electron gyrofrequency respectively). The magnetic field is along
the z –axis. The second and the third terms on the right hand side are the (small) thermal and electromagnetic
corrections to the dispersion, D2 = νT2/ω2, νT is the electron thermal velocity, c the velocity of light.
Langmuir waves in a plasma streaming with a velocity u along the z-axis are described by the relation

(ω − k z u )2 − k z2 vT2

− k ⊥2 v T2 − ω p2 = 0 .

(4)

The wave number surfaces give insight into what the calculations show. From (2) it is seen that the greatest contribution
to the recorded voltage comes from waves with group and phase velocity perpendicular to each other. On the resonance
cone and at the plasma frequency in a streaming plasma there is even a large spectrum of k vectors nearly perpendicular
to the group velocity.
RESULTS
In the OEDIPUS-C two point experiment in the polar ionosphere discussed here, the receiver and transmitter payloads
were 1200 m apart, very close to the lower oblique resonance cone making a 5° angle with the external magnetic field,
so that the waves are described by the dispersion relation (3) that shows the group resonance cone angle as ~ ω/ωp. The
open circuit voltage V on the receiving antenna at 25 kHz was found to be unexpectedly high, see the Fig.1. The solid
line is for observed voltage, the broken line for results of above mentioned theory, the dot-dashed line (close to the time
axis) shows the results obtained under assumption that the antenna effective length equals its real length. The
modulation reflects the radiation pattern of both the transmitting and the receiving V-dipoles used in the experiment
with due account of changes in positions of both antennas on spinning payloads. The observed and calculated values are
in good agreement both in amplitude and spin phase, which means that the antenna effective length is about 30 times its
real length. We consider this as an experimental confirmation of our theoretical approach, which points out that the
effective length of a dipole can exceed its real length by more than an order of magnitude. More details on the
experiment and its interpretation are to be found in [2] and in references cited therein. It should be stressed that
carefully designed OEDIPUS-C experiment was able to provide all necessary data on both separated payloads, which
was what made the interpretation so convincing.
We shall see that the interpretation of more common experiments, when waves from natural sources are observed, of
course cannot reach such a precision. Nevertheless, our findings that the conventional estimates of the observed wave
amplitudes may be unrealistically high may have consequences for e.g. physical processes invoked to explain the
generation of natural waves, cf [1].
The next case discussed concerns observations of waves near the local plasma frequency in a streaming solar wind. We
shall consider Langmuir waves here, although a slow Z-mode can be observed under such conditions as well. As the
electron gyrofrequency in the solar wind is much lower than the plasma frequency, we neglect the influence of the
magnetic field effects, and the Langmuir waves obey the dispersion relation (4). The wave number surfaces depicted in
figs. 2 and 3 show just the same necessary conditions for wave grouping at certain group velocity directions.
At the plasma frequency, see fig.3, there is a whole spectrum of waves with phase velocities nearly perpendicular to the
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Fig.1. OEDIPUS-C results for bistatic propagation of lower oblique resonance waves at 25 kHz .
narrow beam of waves propagating or being carried downstream. In the streaming plasma, the Langmuir waves exist
also below the plasma frequency, down to cutoff at ωp (1-M2)1/2, where M is the ratio of the stream velocity to the
electron thermal velocity, about 1/3, in the solar wind. For every wave number surface, cf. fig.2, there exists a point
where two waves coalesce, one with a growing acute angle between the phase and group velocities, the other with
decreasing obtuse angle between the velocities. This makes the two high peaks in the dependence of Leff on frequency in
the fig.4. The effective length is that of the Cluster double sphere antenna of overall real length 88 m, the plasma
frequency being taken as 31 kHz. Also, in reality the divergences are removed by considering either the angular
resolution given by the antenna real length and the distance to the source, or the finite frequency resolution of the
receiver, whichever is lower. The angle γ gives the direction of arrival of the wave and the orientation of the antenna is
chosen arbitrarily with polar angle α and azimuthal Φ. It is seen that waves incident downstream on the antenna under
small angles to the stream velocity excite the strongest response due to the increase of Leff in this case. The last fig.5
shows the spectrum obtained from Cluster II wide band instrument data in the solar wind, well upstream from the
bowshock. It shows a quasi-thermal noise with an aforementioned cutoff and a narrow line with the amplitude
exceeding the noise by an order of magnitude. This is observed sporadically but not rarely. Our explanation is that in
such cases the antenna records the enhanced voltage as its response to waves coming downstream at the resonance
frequency. Also, the line is seen on two Cluster spacecraft as a wavetrain with a small time shift supporting the
argument that the waves are going downstream. More details as well as other supporting arguments are to be found in
[3] and in the presentation at ISRSSP conference.

Fig.2. Wave number surface below plasma frequency

H1-I-1302

Fig.3. Wave number surface at plasma frequency

83

ISRSSP’07 - International Symposium on Radio Systems and Space Plasma

Fig.4 . Effective length vers. frequency

Fig.5. Spectral line from WBD on Cluster

To conclude we would like to stress once more that converting the open circuit voltage to the incident wave amplitude
in resonance frequency bands must take into account the large values of the antenna effective length under such
circumstances.
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ABSTRACT
The forecast of magnetic storms at Earth in response to the Sun's varying energy output is of central interest to
space science, because intense geomagnetic storms may cause severe damages on technological systems and
communications. We study the dynamics of energetic particles in the inner magnetosphere during storm time, using
our global physics-based model that calculates the evolution of H+, O+, and He+ ions and electrons due to timevariable earthward transport and acceleration. Quiet time distributions inferred from satellite data are used as initial
conditions. All major loss processes along particle drift paths are included in our kinetic model, which is coupled
with a time-dependent plasmasphere model. The anisotropic ion populations generate electromagnetic ion cyclotron
(EMIC) waves that could subsequently scatter radiation belt particles. The generation and propagation
characteristics of the EMIC waves depend strongly on the presence of both cold and energetic heavy ions (mainly
He+ and O+) in the plasmas, which vary significantly with geomagnetic and solar activity. We calculate the
excitation of EMIC waves self-consistently with the evolving ion populations as the storms progress and evaluate
the effect of plasma wave scattering on the energetic distributions. We find that the regions of maximum EMIC
wave growth are usually located near the plasmapause, however with quite variable magnetic local time
dependence. Pitch angle scattering by these waves cause significant ion precipitation into the atmosphere and
generation of detached subauroral proton arcs. Furthermore, EMIC waves cause pitch angle scattering and loss of
radiation belt electrons at energies larger than 500 keV. We compare model results with global and in-situ
measurements of precipitating and trapped particle populations.
INTRODUCTION
Geomagnetic storm dynamics involve a variety of physical processes whose understanding is crucial for the
advancement of space weather studies. Geomagnetic storms occur when an increase in the population of energetic
ring current particles drifting around the Earth leads to an observable depression of the horizontal component of the
terrestrial magnetic field, characterized by the Dst index. One of the main mechanisms for rapid inward transport
and energization of plasma sheet particles into the ring current during the storm main phase is the development of a
strong convection electric field lasting for several hours (e.g., [1]). A large fraction of the solar wind energy
extracted by the magnetosphere is stored in the storm time ring current as it builds up during the main phase of the
storm. This energy is subsequently released during the recovery phase of the storm causing plasmaspheric electron
and ion heating (e.g., [2]), energetic neutral and ion precipitation (e.g., [3, 4]), and stable auroral red arcs excitation
[5]. Currents induced in the ionosphere and Earth's surface during large geomagnetic storms disturb and even
damage telecommunication and navigation satellites, telecommunication cables, and power grids. Radiation belt
electrons are part of the penetrating radiation and produce deep dielectric charging of surfaces and structures, and
could endanger human life in space. The aims of space weather research are thus to enhance our knowledge about
the Sun and the solar wind, the magnetosphere and atmosphere, and to be able to predict adverse conditions in the
space environment. Both theoretical and empirical models to specify and forecast geomagnetic activity at Earth are
under development. A brief overview of the progress that has been made recently in modeling geomagnetic storm
dynamics and of the challenges that remain to be addressed is provided in this paper.
NEW MODELING RESULTS AND CHALLENGES
Recent observations, theory, and modeling indicate that the ring current is a very dynamic region and a complete
understanding of the mechanisms involved in ring current formation and decay requires a study on a global scale.
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The motion of charged particles in the magnetosphere is determined by the Earth's magnetic field and the
superimposed magnetospheric electric fields. Accurate specification of the spatial structure and temporal
development of the highly variable magnetospheric convection electric field is therefore needed for realistic
modeling of the storm time ring current. Complex empirical models with high resolution have been recently
developed such as the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) [6] involving the synthesis of
ground-based and satellite data, the Weimer [7] convection model derived from measurements of the Vector
Electric Field Instrument (VEFI) on the DE 2 spacecraft, and the Inner Magnetosphere Electric Field model
currently developed at the University of New Hampshire (UNH-IMEF) from Cluster spacecraft near-equatorial
electric field data [8]. One of the challenges that need to be addressed is to develop ring current models that
calculate self-consistently the electric and magnetic fields in which the particles drift. One example of such an effort
is the Rice Convection Model (RCM) which computes the potential electric field by solving the fundamental
equations of magnetosphere-ionosphere coupling assuming a multi-species plasma with isotropic pitch angle
distributions [9]. Initial studies considering coupling the RCM with magnetohydrodynamics (MHD) models that
supply theoretically computed magnetic fields have been performed as well [10]. Another example is the addition of
a self-consistently calculated magnetic field to the ring current-atmosphere interaction model (RAM) [11, 12]. In
these first studies an equilibrium magnetic field was computed using as input anisotropic pressure from the kinetic
RAM, indicating significant field depressions near Earth at the storm peak.
Additional complexity in calculating ring current distributions comes from the fact that their spatial and temporal
evolution depends not only on the electric and magnetic drifts of the charged particles, but also on the collisions that
these particles undergo with the ambient geocorona and plasmasphere. Although charge exchange is the largest
collisional loss process for ring current ions, the fast initial decay of the ring current during great storms may be due
to the scattering by plasma waves [13]. Another challenge for the modelers is the development of a self-consistent
treatment of particle transport and wave instabilities. Such approach has been used in the RAM [14] and it is
discussed in next section. The anisotropic ion populations generate electromagnetic ion cyclotron (EMIC) waves
that could subsequently scatter not only ring current ions but also radiation belt particles. The temporal variations of
the electron fluxes in the radiation belts during magnetic storms, although observed for many years, have not been
adequately explained. An important inward radial transport and acceleration mechanism for high energy radiation
belt particles is radial diffusion [15], however, local peaks in the phase space density observed near L=4 suggest the
need for an additional local acceleration process (e.g., [16] and references in). The effect of geomagnetic storms on
radiation belt dynamics depends on the balance of particle acceleration and loss and needs careful investigation.
COUPLED RING CURRENT--RADIATION BELT MODEL
In order to investigate the evolution of both ring current ions and radiation belt electrons, we have recently extended
our kinetic RAM [14] to relativistic energies and electrons using a combined convection-diffusion approach [17].
The model solves the bounce-averaged kinetic equation for the distribution function in the equatorial plane from 2
to 6.5 RE radial distances and all magnetic local times (MLT). H+, O+, and He+ ions and electrons with kinetic
energy from ~500 eV to few MeV, and equatorial pitch angle from 0º to 90º are considered. The loss terms include
charge exchange with geocoronal hydrogen, Coulomb collisions with thermal plasma, pitch angle scattering by

Fig. 1. Data from the EDI (stars) and the EFW (diamonds) investigation on Cluster spacecraft 1 compared to Weimer
model (triangles connected with dash-dot line). The solid line indicates 10-min averages of the data [18].

H2-I-1118

86

ISRSSP’07 - International symposium on Radio Systems and Space Plasma, Sofia, Bulgaria, Sep. 2-5, 2007

EMIC waves, convective loss through the dayside magnetopause, and precipitation of energetic particles at low
altitude with a timescale of half a bounce period. The loss cone implies a 200 km altitude of the dense atmosphere.
We simulated the ring current evolution during the large geomagnetic storm of 21 October 2001 that has been
investigated by the Geospace Environment Modeling (GEM) campaign to assess our understanding of the physics
of the inner magnetosphere and the accuracy of present models in predicting geomagnetic storm dynamics. This
storm had a rapid main phase reaching minimum Dst= -187 nT and maximum Kp=8 at approximately 22 UT. The
RAM was driven by the inner magnetospheric convection model of Weimer [7] where we input interplanetary data
at 10 min resolution. To make a smooth transition between the different electric potential distributions, we
interpolated linearly. Comparisons of the Weimer model with the merged electric fields from the Electron Drift
Instrument (EDI) and Electric Field and Wave (EFW) experiment on Cluster at in-situ spacecraft locations near the
storm peak are shown in Fig. 1. The averaged radial component of the merged EDI and EFW electric fields (solid
line) agrees well with the one calculated from Weimer [7] model (dashed-dotted line), however, there are
significant differences between the two azimuthal components. The newly developed UNH-IMEF model based on
these merged Cluster data will be used in future studies. As initial conditions we used the quiet time statistical data
set obtained from the CHEM spectrometer on the AMPTE/CCE spacecraft and the empirical quiet time radiation
belt model AP8-MAX [19]. The nightside boundary conditions were updated during the storm period according to
ion flux measurements from the MPA and SOPA instruments on the geosynchronous LANL satellites. In these
simulations the magnetic field of the Earth was approximated as a dipole magnetic field model.
Our simulations of the storm time injection and trapping of energetic particles during the 21 October 2001 storm
indicated that magnetospheric convection played a dominant role for ring current formation, although radial
diffusion contributed as well [20]. In particular, radial diffusion injected particles at energies larger than 100 keV
deep into the magnetosphere (L<4) near minimum Dst and during the period of prolonged geomagnetic activity.
The wave gain of He+ band EMIC waves excited by the unstable ring current ion distributions, calculated with our
model during the October 2001 storm, is shown in Fig. 2. In order to treat the process of wave-particle interactions
self-consistently, we calculated the equatorial growth rate of EMIC waves from the hot plasma dispersion relation,
which was solved simultaneously with the kinetic equation. Strong EMIC waves were excited when the ring current
intensified during the main phase and near Dst minima at hours ~24 and 48. The unstable regions were primarily
located in the postnoon sector and along the plasmapause. Scattering of ring current H+ ions into the loss cone by
resonant interactions with these plasma waves resulted in more than 10% reduction of the ring current energy near
Dst minima. Ion precipitation losses thus became comparable to charge exchange losses near the peak of the storm,
otherwise charge exchange losses were the largest collisional losses during this storm, with Coulomb collisions

Fig. 2. (a) Wave gain of He+ band EMIC waves as a function of radial distance in the equatorial plane and MLT at
several hours indicated with stars on the Dst plot. (b) Precipitating 20-100 keV proton fluxes calculated with our
kinetic model without plasma wave scattering, and (c) with plasma wave scattering included.
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losses remaining about two orders of magnitude smaller [20]. To address the effect of EMIC wave scattering on
radiation belt electrons, we performed an initial simulation at hour 48, calculating the diffusion coefficients within
regions of EMIC wave instability predicted by the RAM ion simulation. We let the electron distribution evolve for
one hour and found that pitch angle scattering by EMIC waves was effective at energies larger than 500 keV,
reducing significantly the electron distribution.
CONCLUSIONS

The ring current is a key element of geomagnetic storms and an indicator of the flow of mass and energy through
the near-Earth magnetosphere. Anisotropic ion distributions that are unstable to EMIC waves naturally develop as
the ring current intensifies during storm time. The generated EMIC waves cause pitch angle scattering and a
significant enhancement of the ion and electron precipitation into the atmosphere. Ring current evolution depends
largely on the dynamics of the magnetospheric convection electric field. Future extensions of this work will
consider implementing into RAM the equatorial convection electric field model of the inner magnetosphere (UNHIMEF) that is developed at present from merged Cluster EDI and EFW data sets. The effects of EMIC wave
scattering on radiation belt electrons will be simulated throughout an entire storm using EMIC wave predictions
from the RAM ion simulations. The spatial distribution of ion and electron fluxes, as well as the loss mechanisms
during various storm phases will be obtained. The predictive capabilities of RAM will be assessed by comparing its
results to storm time data.
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EMISSION OF ALFVÉN WAVES BY TURBULENT
CONVECTION. FIRST STAGE OF CORONAL HEATING
THEORY
T. Mishonov1 and Y. Maneva2
1 Department

of Theoretical Physics, Faculty of Physics, University of Sofia
“St. Kliment Ohridski”, 5 J. Bourchier Boulevard, BG-1164 Sofia,
Bulgaria; mishonov@phys.uni-sofia.bg;
2 As

(1) above, but Email: yanamaneva@gmail.com

Generation of Alfvén waves is considered in the framework of LangevinBurgers approach applied to model the photospheric turbulent convection.
Under this approach there is calculated the heating rate due to Alfvén waves
dissipation. There is presented an explicit formula for the energy flux of the
Alfvén waves along the magnetic field. The Alfvén waves are considered as
intermediary between the turbulent energy and the heat. The derived results
are related to a wave channel of heating of the solar corona. If we incorporate
amplification of Alfvén waves by shear flow the suggested model of heating
can be applied to analysis of the missing viscosity of accretion discs and to
reveal why the quasars are the most powerful sources of light in the universe.
It is supposed that the Langevin-Burgers approach to turbulence we have
applied in the current work can be also helpful for other systems where we
have intensive interaction between a stochastic turbulent system and waves
and can be used in many multidisciplinary researches in hydrodynamics and
MHD.

1

Introduction to the problem

For more than 60 years we are still facing the perplexing astrophysical problem why the temperature of the solar corona is two orders of magnitude
higher than the temperature of the photosphere; for review and references
see for example Ref. [1], sec. 5.1. The purpose of the current work is to investigate the origin of Alfven waves and to treat a wave mechanism for heating
of the solar corona, according to which the energy is being transported by
magneto-hydrodynamical waves, generated in the stochastic convective region. In the framework of this scenario the famous correlation between the
solar activity and the coronal emission in the X-ray range can be easily
explained. The novelty in the model is the incorporation of the Burgers approach to the turbulence in the problem for the calculation of the spectral
density of the Alfvén waves. In the framework of this model we derived
explicit formulas for: 1) the spectral density of the MHD waves, 2) the total
energy density and 3) the dissipated power per unit volume. In perspective
1
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the results derived here can be generalized for a realistic model of the turbulence and the distribution of density, temperature and magnetic field. In the
current work the model task for calculation of the wave power, emitted by a
turbulent half-space and transmitted in a non-moving magnetized plasma,
is considered as an illustrative example. The homogeneous magnetic field is
oriented perpendicularly to the interface of both half-spaces.

2

Model and outcome: generation and heating

In the present work we treat the non-relativistic plasma with a single fluid
approach, supposing small fluctuations from a stable incompressible flow,
exposed to an external force F, modelling the influence of the turbulence.
ρ∂t V = −∇p + η∆V + j × B + F.

(1)

Here standard notations for the density ρ, velocity V, pressure p, kinetatic
viscosity νk = η/ρ, currentj and magnetic field B are employed. Within
this linear theory we apply the Langevin-Burgers approach to model the
photosheric turbulence, giving raise to the Alfven waves
hF(t1 , r1 )F(t2 , r2 )i = Γ̃ρ2 δ(t1 − t2 )δ(r1 − r2 )I,

(2)

where Γ is the so-called Burgers parameter, describing the turbulent spectrum. We incorporate Maxwell equations to obtain a closure and look for
solutions in Fourier space


kz bx − kx bz
dt ~υ = p k + f − VA kz by − ky bz  − νk k 2 ~υ ,
(3)
0
dt b = VA kz ~υ − νm k 2 b,

(4)

k · b = 0,

(5)

k · ~υ = 0,

(6)

where for the sake of brevity the wave-vector indices are omitted and νm
is the magnetic viscosity. Assuming negligible magnetic viscosity (which in
the case photospheric and coronal temperatures is well satisfied) this leads
us to the classical problem of damping harmonic oscillator under an external
force:
2
ẍ = νk k 2 ẋ − ωA
x + f⊥ ,
(7)
where we have introduced the x-component of the displacement
Z t
x(t) =
υx (t0 )dt0

(8)

0

2
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and
f⊥ = Π̂⊥ · f

(9)

is the transverse projection of the external force with respect to the wavevector k by the polarization operator Π⊥
Π̂⊥ = I −

k⊗k
.
k2

(10)

After a noise averaging and wave-vectors summation in regime of a static
equilibrium we can obtain the total energy density of the Alfvén waves
 


3Γ̃RpB
VA R
Etot =
ln
−1 ,
(11)
8π 2 ν 3
ν
their energy flux
 


1
3Γ̃VA RpB
VA R
S = Etot VA =
ln
−1 .
2
16π 2 ν 3
ν

(12)

and the resulting heating rate, i.e the volume density of the dissipated by
the Alfvén waves power
Γ̃VA
Q = 2 3 pB .
(13)
8π ν
All quantities above are expressed in terms of the Alfvén velocity VA , the
magnetic pressure pB and the total viscosity ν = νk +νm . Some local effects,
depending on the size of the active region R can be observed.

3

Conclusions

Up to now, the coronal heating problem has not a satisfactory explanation
not because of a lack of interest, but rather due to difficulties concerning
the simultaneous obtaining of reliable observational data for all processes
running on the solar surface. For determination of the parameters of each
model as a rule we are forced to use indirect means. The model, which we
now present on the arena suffers the same disadvantage. For its confirmation it is necessary to know: 1) the distribution of magnetic field near the
sunspots, 2) velocity-velocity correlator in horizontal direction or, which is
equivalent, the correlator of the small stochastic perpendicular components
of the magnetic field, etc. The confirmation of the suggested model requires
realistic Monte Carlo simulations, for which the analytical calculations done
in the current work Eq. (12), Eq. (11), Eq. (13) are only test examples indispensable for a more realistic treatment of the problem. We propose an
oversimplified, and therefore solvable, model, which realistic generalization
will hopefully lead to an adequate theory for the solar corona heating.

3
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A natural continuation of the current investigation is to take into account the influence of the shear flow over the magnetized turbulent plasma.
Preliminary numerical calculations on the behavior of MHD waves in a shear
flow show a significant amplification of the slow magneto-sonic mode. The
waves energy amplification is actually a transformation of the shear flow energy into wave energy which at the end dissipates into heat. This dissipation
originates an effective viscosity in the shear flow and the current scenario for
heating of the solar corona may also happen to be the theory for the missing
viscosity in accretion disks. Understanding the origin of an additional viscosity in a magnetized turbulent plasma is rather important for the proper
explanation of the shining mechanism of quasars, as well as for the angular
momentum transport during formation of compact astrophysical objects.
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Atmosphere’, Astron. Geophys., 45, pp. 4.34-4.37 (2004); De Pontieu, B., Erdélyi, R. & De Moortel, I. “How to Channel Photospheric
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Absorbtion of Alfvén waves is considered as the main mechanism of heating in the solar corona. It is concluded that the sharp increase of the plasma
temperature by two orders of magnitude is related to a self-induced opacity
with respect to Alfvén waves. This temperature jump is due to absorption of
high frequency Alfvén waves in a narrow layer above the solar surface. There
is calculated the dissipated in this layer power per unit area due to damping
of Alfvén waves, which blows up the plasma and gives birth to the solar
wind. A model short wave-length (WKB) evaluation takes into account the
1/f 2 frequency dependance of the transversal magnetic field and velocity
spectral densities. Such spectral densities agree with an old magnetometer’s
data taken by Voyager 1 and recent theoretical calculations in the framework
of Langevin-Burgers MHD. The present theory predicts existence of intensive high frequency MHD Alfvén waves in the cold layer beneath the corona.
It is shortly discussed how this statement can be checked experimentally. It
is demonstrated that the magnitude of the Alfvén waves generating random
noise and the solar wind velocity can be expressed only in terms of satellite
experimental data. It is advocated that investigation of properties of solar
surface as random driver by optical methods is an important task for future
solar physics.

1

Introduction

The coronal heating mechanism [1] is one of the most perplexing longstanding unresolved problems of contemporary physics. The lack of experimental
data makes distinguishing between the various theoretical models difficult.
In such a situation it is possible to apply purely aesthetic criteria for a natural description of some well-known facts. One such fact is that the increase
of plasma temperature in the transition region by two orders of magnitude
occurs very rapidly – there is a smeared jump, which serves as a starting
point for creation of the solar wind. We wish to emphasize that complete
magneto-hydrodynamic (MHD) simulations of Alfvén waves generated by
1
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a random driver also give a sudden increase of the temperature as a function of height [2]. The purpose of the current work is to give a qualitative
explanation of the observed temperature jump and to perform a model evaluation of its order of magnitude. Finally, we will analyze some possible
future experimental observations described by the presented theoretical scenario. For example, the model predicts existence of intensive high frequency
Alfvén waves beneath the coronal temperature jump [8].

2

Results

The energy flux of the Alfvén waves is given by
Z
VA
S=
Φ(f ) df,
2µ0

(1)

where VA is the Alfvén velocity and the frequency f dependence of the
magnetic field spectral density Φ(f ) according to the Voyager 1 data [3] can
be approximated by a single power low
Φ(f ) ≈

D
.
f2

(2)

Such a dependence can be theoretically explained in the framework of LangevinBurgers approach for treatment of the photosheric turbulence, see Ref. [5],
thus connecting the turbulent spectral density to the observed by the magnetometers spectral parameter D.
In this work we present an evaluation for the absorbed in the transition
zone energy flux, whose strong temperature dependence is determined by the
temperature dependence of the cut-off frequency fc and naturally results in
a sharp temperature jump [6]
fc =

VA2
.
2πcν T 5/2

(3)

The absorbed energy flux is taken from Voyager 1 magnetometric data analysis, but it may also be obtained by a thermodynamical approach. If the
comparatively small effects associated with radiative losses and compression
are neglected, the absorption rate will be related only to the plasma internal
energy density ε and the conducted work
Z ∞
D
VA D
πcν D 5/2
df =
=
T
(4)
SAbs = VA
2
2µ0 fc
µ0 VA p
fc 2µ0 f
3
≈ εv + pv, ε = p, p = ne Te + np Tp ,
2
where p and v are respectively the plasma pressure and velocity. In such a
way we can derive the approximate rate for the velocity of the solar wind,
2
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driven by sharp coronal temperature increase due to absorption of intensive high frequency Alfvén waves, for which the transition region plasma is
opaque
3/2
0.08 πDTp
vwind '
, T p ∼ Te .
(5)
µ0 VA M 1/2 e4 n2p Lp
We should note that as the shear viscous friction heats the heavy particles [4],
the proton temperature is significantly higher than that of the electrons
Tp > Te , however, for an order of magnitude evaluation here we suppose the
electron temperature to be similar to that of the protons.

3

Discussion and conclusions

With a logarithmic accuracy we have derived an explicit formula for the
initial velocity of the solar wind Eq. (5), completely based on experimentally
accessible parameters. Let us briefly discuss what has to be done as a future
perspective in order to finally solve the longstanding mystery for the origin
of coronal heating and solar wind. First of all, numerical simulations on
MHD with a white noise random driver [2] (Langevin-Burgers MHD) have
to be repeated to reproduce a δ-like maximum of the energy dissipation
density at the transition region. The numerical analysis could improve the
present analytical evaluation incorporating, for example, the reflection of
Alfvén waves by the jump in plasma density.
In the recent work we have only evaluated the area under the sharp
maximum of dissipation and now it is time to perform state of the art calculations with a realistic random force, whose spectral density corresponds
to the data taken by the satellites’ magnetometers. For example, the turbulence spectrum can be treated with a based on the Langevin-Burgers model
assessment, see Ref. [5, 6].
The results for the temperature jump and dissipation maximum have to
be compared with the observations and other theoretical scenarios.
In order to evaluate the properties of the solar surface as a random
driver, all the old data from Voyager 1 has to be meticulously analyzed and
a detailed investigation by the forthcoming Solar Orbiter mission has to be
planned.
The Sun is a unique system for investigation of convective turbulence. It
will be very interesting to compare the satellites’ data for the magnetic field
spectral density with results based on theoretical modeling of turbulence.
The maturity of solar physics can stimulate significant development of the
achievements in contemporary turbulence research. For instance, the 1/f 2
power law by Burlaga and Mish [3] corresponds to one-dimensional (kx , ky =
0) propagation of Alfvén waves in the framework of Langevin MHD [5], as
the whole noise is created by the random motion of the funnel foot-points.

3
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To conclude, now we operate with a realistic 3D model for the distribution of the magnetic field from the solar surface to the satellite. The
perturbation of magnetic field lines serves as a string of a harp to deliver
the information about the solar turbulence from the photosphere to the
magnetometer. Owing to the propagation of Alfvén waves we can “listen”
to the sounds of the great solar symphony. Due to absorption of the high
frequency modes, however, at the transition region where the temperature
jump occurs we are able to hear only the basses, whereas for the ultra-violin
band we remain absolutely deaf.
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ABSTRACT
The radio plasma imager (RPI) on the IMAGE spacecraft, launched in 2000, created new possibilities to study radio
wave propagation in anisotropic plasma, both for free space and whistler mode waves. We found that not only whistler
mode waves, but also waves with frequencies larger than the plasma frequency, so-called free space waves, propagate
along the geomagnetic field in the magnetosphere from hemisphere to hemisphere. From the measurement of the echo
travel times of these field-guided waves, we were able to calculate the field aligned electron density (Ne) distribution
and arrive at new tentative models for the Ne distribution in the plasmasphere and polar cap.
The anisotropy of the space plasma has an effect on the radiation pattern which cannot be correctly determined when
plane wave approximations are used to simulate the transmissions. The outline for spherical wave solutions is given.
INTRODUCTION
Radio sounding has a long history [1]. Ionosondes or digisondes [2] operated on ground-based platforms to study the
ionosphere by transmitting radio waves vertically up from the ground into the ionosphere and measuring the echo time
delay from which the vertical electron density profiles are derived, e.g., [3] and references therein. Above the F2 peak,
space-borne sounders, e.g., the ISIS 1 and ISIS 2 topside sounders [4] have been used to study the electron density
distribution up to altitudes of ~3500 km. The radio plasma imager (RPI) on NASA’s IMAGE spacecraft [5] is a radio
sounder using advanced signal processing techniques to measure global density images of different plasma. These new
measurements provide unique opportunities to study in details (1) storm or substorm time variations in magnetospheric
plasma density [6], and (2) the global distribution, transport, and energization of magnetospheric plasma.
RPI ELECTRON DENSITY MEASUREMENTS
RPI transmits pulsed radio signals and measures amplitude and time of arrival of echo signals reflected from remote
plasma regions. In the measured plasmagrams, like the one in Fig. 1a, the echo time delay is converted to virtual
distance or radio range, R′ (R′ = c t /2, where c is the free-space speed of light and t the pulse propagation time). The
echoes that are of the same wave mode and propagation direction usually form distinct traces on the plasmagram.
Reinisch et al. [7, 8] reported that well defined X and X-Z mode echo traces are frequently observed, the result of fieldaligned propagation of waves with frequencies above the plasma frequency [9]. The electron densities at remote regions
from the satellite location are obtained by inverting these traces to true distance profile R(Ne) along the wave path, i.e.,
along the magnetic field line, using a numerical inversion algorithm [7, 8, 10]. Fig. 1b shows the Ne(R) profile derived
from the RPI plasmagram in Fig. 1a. The plasmagram in Fig. 2a contains conjugate traces, i.e., traces from two
hemispheres as typically observed in the plasmasphere, and Fig. 2b shows the derived electron density profile along the
field.
ELECTRON DENSITY MODELS FROM RPI MEASUREMENTS
Using the electron density profiles derived from 770 RPI plasmagrams in the polar cap, it was possible to construct an
empirical model of the electron density distribution in the polar cap [13]. The model defines Ne as a function of
geocentric distance R, solar zenith angle θz, and geomagnetic activity index Kp [14]:
⎛R⎞
N e (R, Kp, θ z ) = N 0 (Kp, θ z )⎜⎜ ⎟⎟
⎝ R0 ⎠

γ ( Kp ,θ z )

(1)

In previous polar cap power law models [15, 16, 17] the power index is assumed constant. The power index in the new
model is defined as

γ (Kp , θ z ) = γ 0 + γ 1 ⋅ Kp + γ 2 ⋅ θ z
H1-I-1110
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In Eq. (1), No is the density at R = Ro (=1.4 RE) and is defined as

N 0 (Kp,θ z ) = N 00 exp(α1 ⋅ Kp + α 2 ⋅ cosθ z )

(3)

In the plasmasphere, the RPI electron density along the magnetic field line has been modeled by Huang et al. [10]
N ( L , λ ) = N E 0 ( L ) ⋅ (1 + γ

⎡π αλ ⎤
λ
) ⋅ sec β ( L ) ⎢ ⋅
⎥
λ IN V
⎣ 2 λ IN V ⎦

(4)

N E 0 ( L ) = A ( B L − 1)

β (L) = C + D ⋅ L

where λinv is the invariant latitude of the L shell. Parameter NE0(L) is the equatorial density, parameter γ describes the
Fig. 1. a) RPI plasmagram recorded at
12:33:29 UT on May 7, 2002, showing
signal amplitude dBnV/m as a function of
frequency and virtual range. The local
plasma and gyro-resonances appear as
vertical lines and the curved trace,
extending from ~ 60 - 1000 kHz, is formed
from X-mode echoes. The small insert
shows the satellite orbit (red line), the
satellite location (red square), and the L=4
field lines. Arrows along the frequency axis
identify local plasma resonances and cutoff
frequencies [11]; b) Electron density profile
along the geomagnetic field [12] obtained
by inverting the X-mode trace (blue line)
shown in (a) using the [10] profile inversion
algorithm.

Fig. 2a RPI plasmagram in the plasmasphere with
conjugate echoes

Fig.2b. Electron density profile along L = 3.2 derived
from X-mode echo traces

asymmetry of the north-south distribution around the equator, γ < 0 meaning that the density in the southern hemisphere
is higher than at the conjugate points in the northern hemisphere, and visa versa. The power index β(L) defines the
steepness of the profile at high latitudes. Parameter α specifies the flatness of the profile at low latitudes. Fig. 3
illustrates the scenario for a pass in the morning sector on June 8, 2001. Fig. 3a shows the IMAGE trajectory, and 3b
the calculated meridianal Ne distribution in the plasmasphere for that time. The red dots on the trajectory identify the
IMAGE locations where plasmagrams were recorded.
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Fig. 3a. RPI trajectory (red line

Fig. 3b. Calculated plasmasphere Ne distribution
for 8 June 2001, 20:36-20:59 UT

RADIO TRANSMISSIONS IN A MAGNETOPLASMA
Transmission from a dipole antenna in space plasma poses a number of difficulties concerning the calculation of the
plasma sheath effect [18, 19], the impedance [20, 21], and the radiation pattern [22]. This paper focuses on the radiation
pattern presenting some first results of our rigorous analysis, stipulating that the electromagnetic energy propagates in
form of spherical waves, not plane waves. The ad hoc assumption of plane waves leads to results that are correct only
for certain conditions. In our study we assume the current distribution along the center-fed antenna to be sinusoidal,
I ( z s ) = I A sin ( k 0γ ( L − z s ) ) ,

where k 0 = ( 2 π f

(5)

c ) is the wave number in free space, γ is a function of the parameters of the magnetoplasma and

the orientation angle ψ with respect to the magnetic field. In the cold plasma theory and assuming the z-axis parallel to
the magnetic field, the relative dielectric constant of the plasma can be expressed as

⎡ ε1
κ = ⎢ jε 2
⎢
⎣⎢ 0

− jε 2

0⎤

⎧ε = 1 −
⎪1

0 ⎥, ⎨
⎥

ε1

2

, ε2 =

2

− XY
U −Y
2

2

, ε3 = 1 −

X

(6)

U

⎪⎩ X = f pe f , Y = f ce f , U = 1 − jZ , Z = ν f

ε 3 ⎦⎥

0

XU
U −Y

2

2

Ignoring any plasma sheath effects at the antenna, we have derived the radiation field in a magnetoplasma with any
parameter including non-zero collision, the field in a collisionless plasma is a limiting case. The radiation field can be
decomposed into two propagation modes, and the electromagnetic field in the far region is a spherical wave:

Z0 I A
e − jk0ns± r
F1± (α ) FEr ± (α , β ;ψ ) F3± (α , β ; L, γ ,ψ )
r
2π
− jk0 ns± r
Z I
e
Eα ± (r , α , β ) = 0 A F1± (α ) FEα ± (α , β ;ψ ) F3± (α , β ; L, γ ,ψ )
r
2π
− jk0 ns± r
Z I
e
Eβ ± (r , α , β ) = 0 A F1± (α ) FE β ± (α , β ;ψ ) F3± (α , β ; L, γ ,ψ )
r
2π
Er ± (r , α , β ) =

(7)

and similar expressions for the H components. Here Z0 = 377 Ω is the wave impedance in free space. The complex
amplitudes of the field depend on the plasma and antenna parameters ψ, L, and γ. We have introduced spherical
refractive indices ns+ and ns- for the two wave modes:
n

n

s±

z±

=n

=

z±

cos α + n

ρs ±

sin α ,

2ε ε − ( ε + ε
1

3

1

3

)n

− π / 2 ≤ arg( n ) ≤ 0
s±

2

ρs ±

+

(ε

1

−ε

2ε

3

)

2

n

4

ρs ±

− 4ε ε n

2

2

2

3

ρs ±

+ 4ε ε
2

2

2

3

(8)

3

where nρs+ and nρs- are the two roots of the equation
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(

)

2
sin α ⎡⎣ 2ε 3 nz + ( ε 1 + ε 3 ) nρ − 2ε 1ε 3 ⎤⎦ nz − cos α nρ ⎡⎣( ε 1 + ε 3 ) nz + 2ε 1 nρ + ε 2 − ε 1 − ε 1ε 3 ⎤⎦ = 0
2

2

2

2

2

(9)

For mode 1, the spherical refractive indices for typical plasma parameters are shown in Fig. 4 for two regions of the
CMA diagram [23]. Red lines represent the real part, and green lines the imaginary part; the solid and dashed lines are
the indices for spherical and plane waves, respectively. In these plots, the angles are measured with respect to the
magnetic field direction. Notice that for the parallel and perpendicular directions (α = 0 and π/2) the indices for the
plane and spherical waves are the same, but they are different for all other directions. In both regions shown in Fig. 4,
only mode 1 (first and third diagram) can propagate. We have verified that the wave polarization of the spherical waves
in the radiation field is the same as that for assumed plane waves.

Fig. 4. Spherical (solid) and plane (dashed) wave refractive indices for the two modes. Real part
(red) and imaginary part (green). Left: ionosphere-plasmasphere sounding. Right: whistler mode.
For a plasma with X > 1 − Y , either X<1 and Y<1 (X-mode), or X>1 and Y>1 (whistler mode), plane waves can
2

propagate within the resonance angle θ defined by tan θ
RC

cone with angle θ SRC defined by tan θ

SRC

=

−ε 1 ε 3

RC

=

−ε 3 ε 1

. The spherical waves are limited to a radiation

. It follows therefore that these two angles are 90-degree

complementary, and an assumed plane wave solution may not give the right radiation patterns. While the radiation
patterns are mainly controlled by the antenna length, they are critically affected by the radiation cones. At the edge of
the radiation cone, the field is very strong and, theoretically, approaches infinity. We have verified that for the limiting
cases X→0 and Y→0, our results for the far field reduce to the well-known solution for free space and isotropic
medium, respectively.
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ABSTRACT
Computational models based on first-principles descriptions of the physics represent an important
component of our efforts to understand space plasma phenomena. At present, and in the near future,
numerical models based on the magnetohydrodynamic (MHD) equations will be the only selfconsistent mathematical descriptions that can span the enormous range of length-scales associated with
solar and heliospheric phenomena. Although MHD models provide a relatively low-order
approximation to the actual behavior of the systems being studied, they have been successfully utilized
to simulate many important physical processes, such as coronal mass ejections (CMEs) and associated
solar energetic particle (SEP) events. To perform coupled CME-SEP studies requires that a 3D MHD
model of the ambient solar corona and energetic transient be coupled with a kinetic model of energeticparticle production and transport. This paper summarizes some recent numerical simulations, which
integrate 3D dynamics of CMEs and related shock waves with the production of energetic particles by
means of diffusive shock acceleration in the context of real events.
1. OVERVIEW OF SOLAR ERUPTIONS

Coronal mass ejections (CMEs), also known as solar eruptions, are the most powerful
manifestations of solar activity in which vast amounts of magnetic flux (∼1021-23 Mx) and solar
plasma (∼1015-16 g) are ejected from the low corona into interplanetary space [1]. Because of their
large-scale and high-energy, CMEs are thought to be important for reconfiguring the large-scale
structure of the coronal magnetic field (CMF) over the solar cycle [2]. CMEs also play a leading
role in the Sun-Earth connection, because of their impact on the Earth’s protective magnetic
environment, among other effects. That is why understanding the causes and consequences of the
CME phenomenon is of fundamental importance not only to solar physics, but also for all of the
space sciences. The physical mechanisms of CME initiation are the subject of active research and
debate [2,3,4]. To date, there are no sufficiently well developed CME models to explain real
CME events and related phenomena. Nevertheless, significant progress has been made in
understanding the basic physical processes that are involved in such events. The existing
theoretical models of CMEs differ in the details by which the eruption is achieved. These models,
however, agree that a CME is the result of a catastrophic loss of mechanical equilibrium of solar
plasma confined by the CMF. The CME models can be organized into two main groups
depending on the state of the assumed CMF prior to the eruption. The first class of models
[5,6,7,8,9,10,11] assumes that a magnetic flux rope exists prior to the eruption. The rope is
suspended in the solar corona by a balance between magnetic compression, hoop, and tension
forces associated with the magnetic field of the rope and the background field. Both theoretical
and numerical studies of magnetic flux ropes suggest that they may suddenly lose mechanical
equilibrium and erupt due to footpoint motions, or injection of magnetic helicity (or twist) at the
photosphere. The second group of models [12,13,14,15,16,17] relies on the existence of sheared
magnetic arcades, which become unstable and erupt once a critical state is reached in the corona.
In this case, a flux rope does not exist prior to the eruption, but is created as the CMF reforms
during the eruption process.
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2. PRODUCTION OF SOLAR ENERGETIC PARTICLES DURING CMES
From the perspective of space weather, CMEs and the solar energetic particle (SEP) events associated
with them are of particular importance since they endanger human life in outer space and pose major
hazards for spacecraft in the inner solar system. High-energy solar protons (> 100 MeV) can be
accelerated within a short period of time (≤1 hr) after the initiation of CMEs, which makes them
difficult to predict and poses a serious concern for the design and operation of both manned and
unmanned space missions. Recent theories [18,19,20,21,22] and related observations [23,24,25,26]
suggest that some solar energetic particles (SEPs), though not all, are the result of Fermi
acceleration processes at a shock wave driven by a CME—a so-called diffusive shock acceleration
(DSA)—in the Sun’s proximity (distances of 2-15 R). The SEP theories are being debated
within the community [27,28,29] since very little is known from observations about the dynamical
properties of CME-driven shock waves in the inner corona soon after the onset of the eruption.
The main argument against the shock origin is that near the Sun the ambient Alfvén speed is so
large—due to the strong magnetic fields there—that a strong shock wave is difficult to anticipate
[30]. How soon after the onset of a CME a shock wave forms, and how it evolves in time,
depends largely on how this shock wave is driven by the erupting coronal magnetic field. Thus, in
order to assess the importance of the DSA mechanism for the production of SEPs, we need to have
realistic models of the CMF, CME, and turbulence near the shock wave front.
3. COUPLED CMF-CME-SEP NUMERICAL STUDIES
The principal aim of our solar and heliospheric research is the development of numerical models that
account for the initiation [10,31] and evolution of solar eruptions and associated shock waves [17], and
the diffusive acceleration of solar energetic particles (SEPs) in the inner corona and interplanetary
space by CME-driven shock waves [21,32]. The models developed so far have succeeded in capturing
many of the general characteristics of CMEs, such as properties of pre-event structures, interaction of
the ejecta with the ambient solar wind, and shock formation and development in the inner corona.
Future advanced models of CMEs, based on real observations, should result in an improved
understanding of: (i) how solar eruptions are initiated; (ii) how they evolve and interact with the
structured solar wind; and (iii) how solar energetic particles are produced in these eruptions. Recently,
we have developed a fully three-dimensional numerical model of a solar eruption that incorporates
solar magnetogram data from the Wilcox Solar Observatory and a loss-of-equilibrium mechanism [17].
The modeled structure of the CME is shown in Figure 1 (left panel). The study was inspired by the
CME event that took place on May 2, 1998, in NOAA AR 8210. The CME model has demonstrated
that a CME-driven shock wave can develop close to the Sun (at ~3R), and is sufficiently strong
enough to account for the prompt appearance of high-energy solar protons (~1 GeV) at the Earth. A
snapshot of the modeled differential proton intensity is shown in Figure 1 (right panel). Furthermore,
we have developed a new Field-Line-Advection Model for Particle Acceleration (FLAMPA) [32],
which was successfully coupled with the global MHD model of [17]. The follow-up study was
intended to quantify the diffusive acceleration and transport of solar protons at the shock wave from the
MHD calculations. The coupled CME-SEP simulation has demonstrated that the theory of diffusive
shock acceleration alone can account for the production of GeV protons during solar eruptions. This
was the first numerical calculation in which a realistic coupling of a global CME model with a SEP
model was accomplished. Previous studies of particle acceleration at CME-driven shocks employed
either an idealized, spherically symmetric shock wave [e.g., 22], or one taken from a snapshot of the
compressible MHD simulation of a CME event and extended in time assuming self-similarity of the
flow. Reference [32] have taken a different approach, following the time-dependent, three-dimensional
evolution of a shock wave as the distribution of solar protons (subject to DSA) is advanced in time.
For this purpose, we have performed frequent dynamical coupling between an MHD code, BATS-RUS, and a kinetic code, FLAMPA, to capture time-scales and spatial gradients of dynamical importance
for the DSA of solar protons. Figure 1 (right panel) demonstrates key features predicted from the
theory of DSA, namely: (i) existence of an exponential tail of particles upstream of the shock wave; (ii)
elevated proton intensities at high energies behind the shock wave; and (iii) escape of high-energy (>
10 MeV) particles upstream of the shock wave. The latter is due to the fact that D∝E (where D is the
scalar diffusion coefficient and E is the kinetic energy of particles), meaning that once the particles are
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accelerated to high energies, their upstream tail becomes very large. These particles are of particular
importance for space weather and are the ones considered as precursors of disruptive events in the nearEarth environment.

Figure 1. (Left Panel) Three-dimensional view of the modeled CME from May 2, 1998, at 1.1 hrs after the
initiation [from 17]. The solid lines are magnetic field lines and the false color shows the magnitude of the current
density in units of µA/m2 (see color legend at top right). The magnitude of flow velocity, in units of km/s, is
shown on a translucent plane (see color legend to the left). Values in excess of 1,000 km/s are blanked and shown
in light grey. The grid-structure on this plane is also shown as the black frame. The inner sphere corresponds to
R=1R. The color shows the distribution of radial magnetic field in units of Gauss (see color legend at bottom
right). Regions with field strength greater than 3 Gauss are blanked and appear in grey. (Right Panel) Snapshot of
the differential proton intensity as a function of radial distance from the Sun and particle energy at 1.6 hrs from the
shock formation time. The shock wave is located at 12.2R at this time [from 32].

4. FUTURE PROSPECT
Improved understanding of CMEs and SEPs requires developing more realistic coronal magnetic field
models in which photospheric field measurements (e.g., high quality SoHO/MDI data) are used as a
boundary condition for the magnetic field at the Sun, and the field is reconstructed in the corona using
one of the standard extrapolation techniques (e.g., potential field source surface model). Apart from
this, the plasma properties at the photosphere and in the solar corona are also needed to drive the
models. However, presently, this is far from being realistic. Future improved solar observations (e.g.,
those from STEREO and SDO) are expected to provide a more complete and realistic set of initial and
boundary conditions to drive these computational models of CMEs, so that reliable tools for space
weather predictions become available to the community. The realistic data-driven modeling of CMEs
and related SEP events is just about to become a reality – a reality that will ultimately lead solar
scientists to an improved understanding of this magnificent and complex solar phenomenon.
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ABSTRACT
We study the stability of circularly polarized Alfvén waves (pump waves) in Hall plasmas. First we re-derive
the dispersion equation governing the pump wave stability without making an ad hoc assumption about the
dependences of perturbations on time and spatial variable. Then we study the stability of pump waves with
small non-dimensional amplitude a (a ¿ 1) analytically, restricting our analysis to b < 1, where b is the ratio
of the sound and Alfvén speed. Our main results are the following. The stability properties of right-hand
polarized waves are qualitatively the same as in ideal MHD. For any values of b and the dispersion parameter
τ they are subject to decay instability that occurs for wave numbers from a band with the width of order a.
The instability increment is also of the order a. The left-hand polarized waves can be subject, in general,
to three different types of instabilities. The first type is the modulational instability. It only occurs when
b is smaller than a limiting value that depends on τ . Only perturbations with wavenumbers smaller than
a limiting value of order a are unstable. The instability increment is proportional to a2 . The second type
is the decay instability. It has the same properties as in the case of right-hand polarized waves, however it
occurs only when b < 1/τ . The third type is the beat instability. It occurs for any values of b and τ , and
only perturbations with the wavenumbers from a narrow band with the width of order a2 are unstable. The
increment of this instability is proportional to a2 , except for τ close to τc when it is proportional to a, where
τc is a function of b.
INTRODUCTION
Parametric instabilities of finite-amplitude circularly polarized Alfvén waves have been studied for more than
four decades. Galeev and Oraevskii [1] were the first who studied the parametric instability of a circularly
polarized Alfvén wave (pump wave in what follows) with a small amplitude in a low-β plasma using the ideal
magnetohydrodynamic (MHD) approximation. In references [2] and [3] the dispersion equation determining
the stability of pump waves with arbitrary amplitudes and in finite-β plasmas was derived, once again using
the ideal MHD approximation. In references [4] and [5] the two-fluid plasma description, which takes ion
and electron inertia into account, was used to study the stability of pump waves. In reference [6] the pump
wave stability in Hall plasmas was investigated. Including the Hall term in Ohm’s equation is equivalent to
taking into account the ion inertia. Hence, the equations used in [6] are obtained from equations used in [4]
and [5] in the limit k0 `e ¿ 1, where k0 is the wave number of a pump wave, and `e is the electron inertia
length.
In references [4] and [5] the stability analysis was carried out analytically. However, the analysis was
only restricted to the modulational instability. In reference [6] all three possible types of instabilities of
pump waves, decay, modulational and beat, were considered, however only numerically. In reference [7] the
stability of small-amplitude pump waves was studied analytically in the ideal MHD approximation. The
aim of our work is to extend the analysis carried out in [7] to include the Hall effect. We study all three
types of instabilities of pump waves in Hall plasmas using the pump wave dimensionless amplitude as a
small parameter. The paper is organized as follows. In the next section we briefly describe the derivation
of the dispersion equation determining the stability of pump waves. Then we use this equation to study
the stability of a pump wave with small amplitude. The last section contains the summary of the obtained
results and our conclusions.
DERIVATION OF DISPERSION EQUATION
In our analysis we use equations of Hall MHD. These equations are similar to those of ideal MHD, with the
only exception that the induction equation contains an additional term related to the Hall current. The
equations of Hall MHD can be written as
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µ ¶γ
∂ρ
ρ
+ ∇ · (ρv) = 0, p = p0
,
(1)
∂t
ρ0
¶
µ
1
∂v
ρ
+ (v · ∇)v = −∇p + (∇ × B) × B,
(2)
∂t
µ0
µ
¶
1
∂B
mi
∇×
= ∇ × (v × B) −
(∇ × B) × B .
(3)
∂t
eµ0
ρ
Here ρ is the plasma density, pe the electron pressure and p the total pressure (electron plus ion); v =
(vx , vy , vz ) and B = (Bx , By , Bz ) are the velocity, magnetic field and electric field respectively; mi is
the ion mass, e the elementary charge, γ the ratio of specific heats, and µ0 the magnetic permeability of
free space. Here and in what follows, the subscript ‘0’ indicates an equilibrium quantity. In what follows
we only consider solutions of (1)–(3) that depend only on time, t, and one spatial variable, x, in Cartesian
coordinates x, y, z.
The system (1)–(3) admits a solution in the form of a circularly polarized Alfvén wave (pump wave).
This solution is given by

u0 = 0, ρ0 = const, p0 = const, B0x = Bx = const,
v0y = V0 cos φ,
v0z = V0 sin φ,
B0y = A0 cos φ,
B0z = A0 sin φ.

(4)

Here φ = k0 x − ω0 t, and the wavenumber k0 , the wave frequency ω0 , and the amplitudes of the magnetic
field, A0 , and the velocity, V0 , are related by

V0 = −

A0 vA2 k0
,
Bx ω 0

¢1/2 1
¡
ω0
− 2 `k0 ,
= 1 + 14 `2 k02
k 0 vA

(5)

where the square of the Alfvén speed, the ion cyclotron frequency and the ion inertia length are given by

vA2 =

Bx2
,
µ0 ρ0

Ωi =

eBx
,
mi

`=

vA
mi
=
,
Ωi
e(µ0 ρ0 )1/2

(6)

respectively. The positive (negative) values of k0 in the second equation in (5) correspond to left-hand
(right-hand) polarized pump waves. When |`k0 | ¿ 1, the second equation in (5) reduces to ω0 = k0 vA ,
which is the dispersion relation for Alfvén waves in ideal MHD. We see that these waves propagate without
dispersion. The dispersion effect becomes important when |`k0 | ∼ 1, so that ` can be also called the
dispersion length. The right-hand polarized waves become whistler waves when their frequency is above the
ion cyclotron frequency (|ω0 | > Ωi ). The left-hand polarized waves are ion cyclotron waves for ω0 ∼ Ωi .
Our aim is to study the stability of this solution. Linearizing (1)–(3) around this solution, we obtain
the system of linear equations with variable coefficients for perturbations. In what follows we indicate the
perturbation of a quantity by the prime. The traditional approach for deriving the dispersion equation is to
assume that ρ0 varies as exp[i(Kx − Ωt)] (see, e.g., [1-3], [6]). To avoid this ad hoc assumption we make
the variable substitution

B+ = By0 cos φ + Bz0 sin φ, B− = By0 sin φ − Bz0 cos φ,
v+ = vy0 cos φ + vz0 sin φ, v− = vy0 sin φ − vz0 cos φ.

(7)

This variable substitution reduces the system of linearized equations to the system with constant coefficients,
so that we can look for the solution to this systems with all variables proportional to exp[i(Kx − Ωt)].
This results in the system of linear homogeneous algebraic equations with respect to the perturbation
amplitudes. This system has a non-trivial solution only if its determinant is equal to zero. This condition
gives the dispersion equation relating K and Ω. This dispersion equation can be written as

D(ω, k) ≡ D0 (ω, k) + a2 D1 (ω, k) = 0,
H1-I-1113
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where

©
¤ª
£
D0 = (ω 2 − b2 τ 2 k 2 ) (ω − 1)2 − (k − 1)2 1 + ω(τ 2 − 1)
©
£
¤ª
× (ω + 1)2 − (k + 1)2 1 − ω(τ 2 − 1) ,
© £
¤
£
¤ª
D1 = τ 2 k 2 (k − ω) k 1 + (2τ 2 − 1)ω 2 + ω ω 2 − (2τ 2 + 1) .

(9)
(10)

Here we have used the dimensionless quantities

Ω
A0
cS
, a=
, b=
.
(11)
ω0
Bx
vA
¡
¢
The quantities ` and τ are related by `k0 = τ 2 − 1 /τ . In what follows we restrict our analysis to
b < 1.
τ=

k 0 vA
,
ω0

k=

K
,
k0

ω=

STABILITY ANALYSIS
The stability of the pump wave is governed by (8). If a pair (k, ω) satisfies (8), then the pair (−k, −ω)
also satisfies (8). This observation enables us to consider only k > 0. Equation (8) is the sixth order
polynomial equation, so that it has 6 roots. Its complex roots occur in complex conjugate pairs. If (8) has
at least one complex conjugate pair of roots, than the perturbation with given wave number k is unstable,
while it is stable if all 6 roots of (8) are real. When a = 0, (8) has 6 real roots that determine the dispersive
curves ω = ωj (k), j = 1, . . . 6. It can be shown that, for a ¿ 1, (8) can have complex roots only
when k and ω are close to the coordinates of one of the intersection points of the dispersion curves in the
(k, ω)-plane. To calculate these roots we have used the regular perturbation method with a as a small
parameter. We have found that the stability properties of right- and left-hand polarized pump waves are
quite different. They can be summarized as follows.
Right-hand polarized waves (τ < 1). These waves are only subject to one type of instability, called
the decay instability. As a result of this instability, the forward propagating sound wave and the backward
propagating Alfvén wave grow at the expense of the pump wave. The interval of unstable wave numbers is
given by |k − kd | < aηd , where

p
¤
£
(1 − bτ ) 1 + bτ − (1 − bτ )2 + 4bτ 3
.
kd = 1 +
2bτ (1 − τ 2 )

(12)

The expression for ηd is very complicated, and we do not give it here. The instability increment takes its
maximum value, γd = aγ̃d , at k = kd . Once again, we do not give the expression for γ̃d because it is
very complicated.
Left-hand polarized waves (τ > 1). In general, these waves can be subject to three different types of
instabilities, decay, modulational and beat. The properties of the decay instability are the same as in case of
right-hand polarized waves. The only difference is that now this instability operates only when the condition
bτ < 1 is satisfied.
The condition for the onset of the modulational instability is bτ (1 + τ 2 ) < 2. If this condition is
satisfied, then the modes with wave numbers satisfying k < ak̃m are unstable, where

τ (1 + τ 2 )2

k̃m = p

.
(3τ 2 + 1)(τ 2 − 1)[4 − b2 τ 2 (τ 2 + 1)2 ]
√
The increment of this instability takes its maximum value, γm , at k = ak̃m / 2, where
γm =
H1-I-1113

a2 τ 2 (1 + τ 2 )
.
2[4 − b2 τ 2 (τ 2 + 1)2 ]
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The modulational instability results in growth of long-wavelength modulations of the pump wave amplitude.
The beat instability occurs for any values of b < 1 and τ > 1. This instability results in the growth
of two Alfvén waves, one forward propagating and the other backward propagating. The modes with wave
numbers satisfying kb + a2 k1 < k < kb + a2 k2 are unstable, where

ωb − 1
kb = 1 −
,
[1 + ωb (τ 2 − 1)]1/2

r
ωb =

1 − 2τ 4 +

2τ 2 (1 − χτ 2 )
,
1 − τ2

(15)

p

1 + (1 − τ 2 )2 . The increment of this instability takes its maximum value, γb = a2 γ̃b ,
and χ =
at k = kb + 12 a2 (k1 + k2 ). We do not give the expressions for k1 , k2 and γ̃b because they are very
complicated. We only note that k1 , k2 , γ̃b → ∞ as τ → τc (b). The reason for this is the following.
The beat instability involves resonance between pump wave, the forward propagating Alfvén wave, and the
backward propagating Alfvén wave. However, at τ = τc (b), the forward propagating sound wave is also
in resonance with the beat wave. As a result, when τ is close to τc (b), the scalings for the width of the
interval of unstable wave numbers, and for the instability increment are different. The both quantities are
proportional not to a2 , but to a.
SUMMARY AND CONCLUSIONS
In this paper we presented the results of the stability analysis of circularly polarized Alfvén waves (pump
waves) in Hall plasmas. We briefly described the derivation of the dispersion equation governing the pump
wave stability. Using this equation we studied the stability under assumption that the pump wave amplitude,
a, is small (a ¿ 1). We also restricted our analysis to b = cs /vA < 1. The main results of the stability
analysis can be summarized as follows.
The stability properties of the right- and left-hand polarized waves are different. The right-hand polarized pump wave is only subject to the decay instability. It occurs for any values of τ and b < 1. Both the
width of the unstable wave number interval and the maximum instability increment are of order a.
In general, the left-hand polarized pump waves can be subject to three different types of instabilities,
decay, modulational and beat. The decay instability is the same as in case of right-hand polarized waves, but
it only occurs when bτ < 1. The condition for the onset of modulational instability is bτ (1 + τ 2 ) < 2.
Only modes with the wave numbers satisfying k < ak̃m are unstable. The maximum increment of this
instability is of order a2 . The beat instability occurs for any values of b < 1 and τ > 1. Both the width
of the unstable wave number interval and the maximum instability increment are of order a2 . The only
exception is the case when τ is close to τc (b). In this case both the width of the unstable wave number
interval and the maximum instability increment are of order a.
More detailed presentation of the stability analysis can be found in [8].
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ABSTRACT
We summarize results obtained during investigation of whistler-mode chorus emissions by the four Cluster
spacecraft. The results can be divided into several broader categories. (i) Substructure of chorus wave packets have
been observed at time scales of 1–40 ms, with decreasing occurrence rate for longer durations. Their growth rate is
between 30 and 400 s−1, and amplitudes reach up to 30 mV/m or 300 nT in the disturbed times. Maximum
amplitudes are inside the larger chorus wave packets which occur at time scales above 100 ms. (ii) Frequency
differences have been observed for chorus wave packets which were simultaneously detected by different
spacecraft. These differences have been interpreted as differential Doppler shift from rapidly moving elementary
chorus sources or, alternatively, as a result of different propagation of portions chorus wave packets to different
spacecraft positions. (iii) At the altitude of the perigee of Cluster satellites (~4 Earth’s radii), multipoint
measurement of the Poynting flux show that the central position of the chorus source region is located close to the
geomagnetic equatorial plane, fluctuating with amplitude of ~3000 km and at speeds of the order of 100 km/s. Size
of the source region along the field line, as obtained from multipoint measurement of electromagnetic planarity, is
3000-5000 km. Multipoint correlation analysis of chorus wave packets has resulted in the size of the source region
of 100 km if measured perpendicular to the field line. (iv) Studies of propagation of chorus from its source region
show that chorus can magnetospherically reflect and return back to the equatorial plane at a lower altitude and with
a lower frequency than locally generated chorus. (v) Comparison with nonlinear theory shows that many observed
parameters of chorus emissions can be understood on the basis of the backward wave oscillator model.
INTRODUCTION
The four Cluster spacecraft [3] have been launched in 2000 on nearly identical elliptical orbits with an apogee radial
distance of ~20 RE and a perigee radial distance of ~4 RE. Near their perigee region, the four spacecraft can
measure emissions of whistler-mode chorus by sets of identical wave instruments. These instruments coordinate the
measurements in the frame of the Cluster wave experiment consortium (WEC) which, on each spacecraft, consists
of 5 devices: Digital Wave Processor (DWP), Electric Fields and Waves (EFW), Spatio-Temporal Analysis of Field
Fluctuations (STAFF) [1], Wide-Band Data (WBD) [4], and High Frequency and Sounder for Probing of Electron
Density by Relaxation (WHISPER) [2]. This paper summarizes recent results obtained during investigation of the
source region and propagation of whistler-mode chorus emissions by the four Cluster spacecraft.
PROPAGATION OF CHORUS FROM ITS SOURCE REGION
The four Cluster spacecraft observed that intense chorus waves propagate away from the equator simultaneously
with lower-intensity waves propagating toward the equator [6, 7]. Using the observed wave normal directions of
these waves, a backward ray tracing study predicts that the lower-intensity waves undergo the Lower Hybrid
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Resonance (LHR) reflection at low altitudes [6]. The rays of these waves then lead us back to their anticipated
source region located close to the geomagnetic equator. This source region is, however, located at a different radial
distance compared to the place of observation. The intensity ratio between magnetic component of the waves
coming directly from the equator and waves returning to the equator has been observed between 0.005 and 0.01.
The observations also show that waves returning to the equator after the magnetospherical reflection still have a
high degree of polarization, even if they started to lose the coherent structure of the chorus elements [7].

Fig. 1: Detailed time-frequency power spectrograms of electric field fluctuations in the source region recorded by
the WBD instruments on board the four Cluster spacecraft on April 18, 2002. Panels (a-d) show data from Cluster
1-4, respectively. Arrows indicate local 1/2 fce for each spacecraft. Magnetic dipole latitude is given on the bottom
for Cluster 1. Radial distance is 4.37 RE, and magnetic local time is 21.01 h during this interval. From [8].
POSITION AND SIZE OF THE CHORUS SOURCE REGION
During the period of very close separation distances of the Cluster spacecraft (of the order of hundreds of km), very
similar chorus emissions were observed in their generation region close to the magnetic equatorial plane at a radial
distance of 4.4 Earth's radii (Fig. 1). Both linear and rank correlation analysis have been used in [8] and [9] to
define perpendicular dimensions of the sources of lower-band chorus elements below one half of the electron
cyclotron frequency. Correlation was significant in the range of separation distances of up to 260 km parallel to the
field line and up to 100 km in the perpendicular plane. At these scales, the correlation coefficient is independent for
parallel separations, and decreased with perpendicular separation. This characteristic scale varied between 60 and
200 km for different data intervals inside the source region. This variation was consistent with a simultaneously
acting effect of random positions of locations at which the individual chorus wave packets were generated. The
statistical properties of the observations were consistent with a model of the source region assuming individual
sources as Gaussian peaks of power radiated from individual active areas with a common half-width of 35 km
perpendicular to the magnetic field [9]. This characteristic scale was comparable to the wavelength of observed
whistler-mode waves. Central position of the source region from multipoint measurement of the Poynting flux is
located close to the geomagnetic equatorial plane [5, 11, 12]. Observed spatio-temporal variations of the direction
of the Poynting flux consistently show that the central position of the chorus source fluctuates at time scales of
minutes within 1000-2000 km of the geomagnetic equator (Fig. 2). Estimates of the electromagnetic planarity can
be used to characterize the extent of the source in the direction parallel to the field line, obtaining a range of 30005000 km [11, 12]. The typical order of magnitude of the speed of this motion is 100 km/s. Note that this is a global
speed of motion of the central position of the entire source region. It has been determined from the Poynting flux
measurements where we always average propagation properties of several chorus wave packets.

H1-I-1214

112

ISRSSP’07 - International symposium on Radio Systems and Space Plasma, Sofia, Bulgaria, Sep. 2-5, 2007

Fig. 2: ZSM coordinate of the four color-coded Cluster spacecraft during the geomagnetic storm on March 31, 2001,
as a function of time. Sign of the parallel component of the Poynting flux is shown by downward arrows attached to
the open symbols, and by upward arrows with the solid symbols, for southward and northward components,
respectively. The half-filled symbols with no arrows indicate that the sign cannot be reliably determined. Horizontal
grey line is at the magnetic equator, vertical grey line shows the time when center of mass of the four spacecraft
crosses the equatorial plane. Shaded areas bound the regions of low values of the electromagnetic planarity. Purple
line shows the calculated position where the Poynting flux changes its sign. From [11].
SUBSTRUCTURE OF CHORUS WAVE PACKETS
Chorus has been investigated using high resolution measurements of the WBD instrument during geomagnetic
storms [10, 11]. The analysis concerned wave packets which, on power spectrograms, appeared as rising discrete
elements of lower-band chorus with the frequency drift of 10-20 kHz/s. The waveforms of the electric field of the
chorus wave packets has shown an internal fine structure consisting of separate subpackets. An initial study of this
fine structure has been done using a sine-wave parametric model with a variable amplitude [10]. The subpackets
often start with an exponential growth phase, and after reaching the saturation amplitude they can also show an
exponential decay phase. The duration of subpackets is variable from a few milliseconds to a few tens of
milliseconds, and they appear in the waveform randomly, with no clear periodicity. The growth rate of the initial
linear phase (imaginary part of the wave frequency) is highly variable from case to case. Typical values vary
between a few tens and a few hundreds of s-1. The maximum detected amplitudes of the subpackets is
approximately 30 mV/m which, under the observed plasma conditions, approximately corresponds to 300 nT for the
magnetic component of chorus. The same chorus wave packets simultaneously observed on the different closely
separated spacecraft appear to have a different internal subpacket structure. The characteristic scales of the fine
structure thus appear to be much lower than those of the chorus wave packet in which it is embedded. A study [11]
based on analysis of a large number of chorus wave packets showed that the subpackets with largest amplitudes are
always embedded in the interior of the wave packets. The typical delay between the two neighboring maxima of the
wave amplitude is a few milliseconds with a decreasing probability density toward longer delays.

CONCLUSIONS
Whistler-mode chorus emissions are receiving an increased attention in connection with the acceleration of
energetic electrons in the radiation belts. The complementary set of wave instruments in the frame of the Cluster
wave experiment consortium (WEC) provided a set of important results on chorus. Studies have been done in
collaboration with other wave and particle instruments on board Cluster as well as with the Double Star spacecraft
which routinely detects chorus emissions [13], the low altitude DEMETER spacecraft [14]. Simultaneous
observations by multiple Cluster spacecraft helped to establish the global properties of chorus during magnetic
storms, such as the overall spatial volume within which chorus is observed. This information is necessary in order
to evaluate the effectiveness of chorus in accelerating electrons to MeV energies. This research provides us with
tests of the existing theories of the chorus source mechanism and particle acceleration, and further motivates
theoretical work.
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ABSTRACT
Plasma immersed in a magnetic field is usually characterized by gradients of parameters (temperature, density, etc.)
that act as sources of free energy. Unstable modes evolve to a turbulent state and in most cases it only remains
possible to describe this regime by statistical methods. However the strong nonlinear dynamics can lead in certain
situations to ordered motions of plasma, like structures and quasi-regular patterns of flow. They modify the
statistical and the transport properties and are of high interest for theory and applications.
We examine the formation of a cuasi-coherent vortex from turbulent plasma, using the notion of negative viscosity
originating in the non-vanishing helicity content of the fluctuations.
The inverse cascade in strong magnetic field (such that the two-dimensional approximation is acceptable) when
structures are present includes the process of vortex merging. We will focus on the evolution of the quasi-coherent
vortex after the completion of vortex merging. We show that the quantity that describes this stage of evolution is the
energy at self-duality (a notion that is introduced in a field-theoretical model of plasmas) and this quantity is
calculated for vortices that represent possible stationary states. It is shown that this formal energy can become
negative explaining the existence of a pinch of vorticity in certain conditions. It will also be explained the effect of
this pinch on particle density. For comparison it will be discussed the case of the ideal Euler fluid, where the energy
at self-duality is zero on exact solutions.
INTRODUCTION
A problem that always arises in the modelisation of plasma and fluids is the interplay between the turbulence and
structures. A correct evaluation of the extent to which these two aspects mixes in particular situations may lead to a
better understanding and quantitative description of the processes. This is particularly important for plasma, an
excitable medium where the presence of free energy sources (in particular gradients of equilibrium quantities) leads
to instabilities that generally evolve to turbulent fluctuations. The turbulence however is fundamentally a transition
state, connecting states of system’s equilibrium. If the gradients are externally sustained a turbulent stationary state
is reached when the energy input at the spectral region of the highest linear growth rate cascades (directly or
inversely) toward the energy-absorbing region. Then the system is in a strongly driven-dissipative regime; still here
the problem of transiently emerging and destroyed structures is relevant since they influence the statistical
properties.
LARGE SCALE FLOW GENERATION FROM HELICAL FLUCTUATIONS
It has been shown [1] that the stationary equilibria consists of ordered patterns of flow emerging form strongly
nonlinear constraints. The way in which the structured flow emerges from turbulence depends on the kinetic
helicity content. It is possible to show that in a Navier-Stokes turbulence where the statistical correlations of the
velocity fluctuations contain a parity-breaking contribution, there is an effect similar to the dynamo, leading to
condensation of a large scale flow in plasma. This is dependent on the parameter representing the ratio between the
total helicity and the total energy in the volume. The vorticity grows by the random coalescence of helical elements.
The statistical average of the magnitude of the vorticity increases in time at a rate given by the amplitude of the
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parity-breaking term in the velocity correlations, depending also of the non-zero rotational of the vorticity. These
results are applicable for three dimensional neutral fluid and they are equally valid for a 3D plasma.
A different perspective on this phenomenon is obtained when we introduce a field theoretical description of plasma
and fluid. Local elements of vorticity can be represented by a field with spinorial properties (fermion field) and the
velocity that transports the vorticity is represented as a gauge field mediating the interaction between the fermions.
Including in the action functional of this system a term proportional with the number of fermion particles the parity
invariance is broken. The coefficient of this term is a sort of chemical potential measuring the additional action
needed for creation of a fermion particle, or equivalently, the generation of a vortical element in the fluid.


i
1

Z = ∫ dAdψ dψ exp∫ dτ ∫ d 3 x  TrF 2 + ∑ iψ L i∂ − gA + iµiγ 0 ψ i L  
2



(

Where

[

F µν = ∂ µ Aν − ∂ν Aµ + ig Aµ , Aν
ψL =

)

]

(1)
(2)

1
(1 + γ 5 )ψ
2
and all fields are in SU(2). The number of fermionic field is i=1,N. Integrating out the fermionic

fields we get the effective action for the gauge field

(

1
I [A] = ∫ dτ ∫ d 3 x TrF 2 + ∑ i ln Det i∂ − gA + iµiγ 0
2

)

(3)
In [2] it is shown that the last term contains a part that is not parity invariant and can be expressed in terms of the
Chern-Simons (CS) action. This actually means that the effective action contains the total helicity in the volume.
This term leads to an effective mass for the photon mediating the interaction, which in physical terms represents a
screening (or equivalently, a short range) of the interaction between the elements of vorticity. The mass is the
square of the coefficient of the CS term in the action. Or, in [2] it is found that the coefficient is purely imaginary
for real µ and then the mass is negative or, there is antiscreening. This is equivalent to an instability where
elements of vorticity build up a large scale flow. Although not statistical this field theoretical modelisation of the
generation of large scale flows from helicity-containing plasmas or fluids may be useful.
PLASMA IN STRONG MAGNETIC FIELD
Since in many cases the plasma is immersed in a strong magnetic field the two-dimensional geometry is a good
approximation. In two dimensions there is inverse cascade leading to accumulation of the energy to large scales and
generation of ordered patterns out of turbulent fields. In order to understand these flows we can use a model that is
equivalent to the physical system: a set of discrete point-like vortices in plane, interacting via a potential. In the case
of the Euler fluid the interaction is long range (natural logarithm of the relative distance) and in the case of the
Charney-Hasegawa-Mima (CHM) fluid (2D tokamak plasma, planetary atmosphere, etc.) the interaction is short
range (the zero-order Kelvin function). We have formalized these two cases as field theoretical model [3], [4] and
we dispose of a Lagrangian structure: the evolution of the system results from the extremum of an action functional
and we have dynamical equation, not only the conservation equations, on which the usual approaches are
developed. In this formulation the asymptotic stationary ordered flows, which are absolute extrema of the action
functional, are explicitly given by two equations for the streamfunction. For the Euler fluid this is the sinh-Poisson
equation

∆ψ + sinh (ψ ) = 0

(4)

and for the CHM fluid it is

1
sinhψ (coshψ − p ) = 0
2 p2
(5)
(where p > 0 ). For the tokamak plasma, the solution of Eq.(5) reveals the possibility of stationary large scale
∆ψ +

flows which explain previous results obtained in numerical simulations. These flows are involved in the fast
transport of impurities from the boundary to the centre of the plasma and in the so-called non-local transport
phenomena.
We illustrate the importance of vorticity self-organization by the case of the separation of opposite-sign vorticity, a
process that takes place in cylindrical plasma immersed in a strong magnetic field. When the initial field (as
generated from additional heating mechanisms, etc.) contains positive and negative vorticity, the late stages of
evolution of a plasma limited to a region that can be considered periodic due to the boundary conditions (for
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example a square domain) results in a dipolar structure with stable properties. When the domain is cylindrical the
final state may consist of a central, radially symmetric monopolar vortex of one sign, while the vorticity of the
opposite sign is expelled into a ring of vorticity in the outer region. This structure appears to be relatively stable
(this conclusion can only be obtained numerically) and has a very important consequence on the confining
properties of the plasma. A ring of vorticity of one sign at the edge region of the tokamak, transforming toward the
plasma centre into a monopolar vortex of the opposite sign is equivalent to the presence of a localized layer of
sheared velocity that is able to suppress the radial correlation of the turbulence correlations, dramatically reducing
the transport of heat toward the edge. This is the Internal Transport Barrier and usually is attributed to the
spontaneous generation of sheared flow via the Reynolds stress. However, the natural process of separation of
vorticity elements via mutual repulsion of the like-sign vortices can be considered a fundamental mechanism
generating sheared flow.

Fig.1. The profile of the velocity tangent to the streamlines
The adequate term to describe this process is the self-organization of the system, consisting of the evolution of the
vorticity field toward particularly ordered profiles. The other fields, like density, temperature, impurity density
follow the vorticity, as results from the conservation equations. However the vorticity field is the drive. Since the
profiles of the pressure, etc. are highly relevant for the system behavior and in particular for transport, we must
study the late stages of the self-organization. Then a major objective is to understand the neighborhood of the action
functional extrema. A very large number of numerical experiments with the Eq.(5) have revealed a complex
structure of the neighborhood of the extremum. We have found “exact” solutions, obtained with an accuracy of
eight orders of magnitude and beyond. These are smooth vortices, strictly determined by the ratio between the
physical extension of the domain and the typical length (Larmor radius of gyration or the Rossby radius). But we
also find functions that are very close of verifying the Eq.(5) for a sufficiently large tolerance (lower accuracy) that
are characterized by strong concentration of vorticity, almost singular vortices. We call them quasi-solutions since
they are close to the extremum of the action. In addition there are intermediate structures which show gradual
increase of the vorticity concentrations, as intermediate configurations between the smooth and the quasi-singular
vortex. All these are found on a sort of degenerate direction in the function space, a string of quasi-solutions
emanating from the exact (smooth) solution, along which the total energy and the total vorticity vary only slowly.
This is extremely suggestive: it results that the vorticity initially spread in a plasma volume concentrates at late time
into a quasi-singular vortex. Since the vorticity field drives the density, we have an effective pinch of the density in
a cylindrical plasma, a fact that is observed in experiments.
How is this reflected by the field-theoretical formalism? When we calculate the current of the scalar matter field

([

]

[

J µ = −i φ + , D µφ − (D µφ ) ,φ
+

])

(6)

we find

J ± = J x ± iJ y = ±i (ρ1 + ρ 2 )∂ ± (ψ m 2iχ ) − i∂ ± (ρ1 − ρ 2 )

(7)
The first term is clearly a phase variation related with the velocity along the streamlines of a nearly circular vortex,
while the last term contains the gradient of the quantity that actually represents the local vorticity (for the Euler
fluid this is exact)

vω = −∇ω
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Therefore, close to the self-duality the fluid shows an evolution driven by the gradient of the vorticity, equivalently
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But, under a small external drive, there is a drift to more and more concentrated vortices, the system traversing the
string of configurations that are quasi-solutions. This is also supported by the energy of the vortical flow

ESD =

{ (

[[

] ])}

v2
d 2 rTr φ + v 2φ − φ , φ + , φ
2κ 2 ∫

[

]

v2
2
=
d 2 r coshψ − (coshψ ) + 1
2 ∫
4ρs

(9)

v = Ω ci , κ = cs . This is the lower bound of energy in the stationary ordered states, after taking to zero the
2

Where

E

square terms in the action and keeping only the background energy of the unperturbed plasma. The term SD can
become negative, i.e. subtracted from the background, indicating a possible evolution of the system toward such
configurations. These are characterised by strong concentration of vorticity.

Fig2. The integrand of the lower bound of energy
In conclusion the concentration of vorticity appears to be related with the evolution of the system to states of lower
action even if the intermediate states are not exactly at extremum. The field theoretical approach provides us with
the adequate instruments to study this process.
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ABSTRACT
The transport process of charged particles in stochastic magnetic fields is studied for conditions relevant to
astrophysical plasmas. This is a complex process due to the Lagrangian non-linearity determined by the spacedependence of the stochastic magnetic field, which can produce the trapping of the magnetic lines. The trapping
consists in localized segments of the magnetic lines that have helicoidal shapes. The statistical effects of trapping
were analytically studied only in the last decade by developing new statistical methods (the decorrelation trajectory
method and the nested subensemble approach). The presence of trapping completely changes the statistics of the
magnetic lines: the distribution of displacements is strongly non-Gaussian, there is memory and coherence.
Trapping generates localized stochastic structures of magnetic lines similar to magnetic islands. These stochastic
magnetic islands strongly influence particle transport. The effect is different for small and large values of the ratio
of Larmor radius over the perpendicular correlation length of the stochastic magnetic field. The diffusion coefficient
is determined as a function of the characteristics of the stochastic magnetic field (average, amplitude of the
fluctuations, correlation lengths) and of the particles (mass, charge, energy). Several anomalous diffusion regimes
are found. They are shown to appear due to the presence of trajectory trapping.
INTRODUCTION
The transport of charge particles in stochastic magnetic field is an important problem in many
astrophysical issues as cosmic rays in heliosphere, energetic particle propagation in the solar wind, Fermi
acceleration process, galactic cosmic rays, etc. The problem of test particle diffusion in stochastic magnetic fields is
an active topic studied by many authors (see for instance [1], [2] and the references therein). Important progress
was obtained since the first papers of Jakipii and Parker [3] and Rechester and Rosenbluth [4]. However, the
general solution has not yet been found. The main difficulty is related with the Lagrangian non-linearity, which is
determined by the space dependence of the stochastic magnetic field. Most of the studies are based on the
quasilinear theory of stochastic transport, on numerical simulations or on phenomenological models. The
nonlinearity can determine a strong influence on the transport coefficient and on the statistical characteristics of the
trajectories.
These nonlinear processes were recently studied in the context of laboratory magnetized turbulent plasmas
(fusion experiments) using new semi-analytical statistical approaches: the decorrelation trajectory method [5] and
the nested subensemble method [6]. The transport induced by the ExB stochastic drift in electrostatic turbulence
(including effects of collisions, average flows, motion along magnetic field) and the Lorentz transport for arbitrary
Larmor radius and cyclotron frequency was studied in a series of papers ([7] and the references therein, [8]). The
most important nonlinear effect consists in trajectory trapping that appears when the stochastic field has a slow time
variation and when the perturbation produced by collisions and average flows are weak. The results are rather
unexpected when the nonlinear effects are strong and produce trajectory trapping. The diffusion coefficients are
completely different of those obtained in quasilinear conditions and the dependence on the specific parameters is
reversed. Moreover the statistics of trajectories is non-standard, with non-Gaussian distribution, memory effects and
high degree of coherence.
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These methods were extended to the transport in magnetic turbulence in [2] where the diffusion of
magnetic lines and the collisional particle transport were studied in the context of magnetically confined plasmas,
which are characterized by a very large average magnetic field. It was shown that the trapping of the magnetic lines
generates stochastic magnetic islands with solenoid shapes of the magnetic lines. These stochastic magnetic islands
strongly influence magnetic line and particle transport.
The aim of this paper is to present this semi-analytical statistical method and some results on nonlinear
effects appearing in charged particle transport in magnetic turbulence for conditions relevant for space plasmas, in
particular for solar wind.
THE MODEL
We consider a stochastic magnetic field BT=B0ez+B where B0 is a constant average component directed
along z-axis, and B is the stochastic component that depends on x=(x1, x2) and z, the Cartesian coordinates. The
stochastic component has an arbitrary direction. Its structure is taken similar to the model in the numerical
simulation presented in [1], which corresponds to the potential vector of the type A=[-∂2A(2), ∂1A(2), A(1)] where A(1),
A(2) are scalar fields and ∂i is the derivative with respect to xi. The magnetic field is

Bx = ∂ 2 A(1) − ∂1∂ z A( 2) ,
B y = −∂1 A(1) − ∂ 2 ∂ z A( 2 ) ,

(1)

2

2

Bz = ∂1 A( 2) + ∂ 2 A( 2) .
Thus the magnetic field perpendicular on the average magnetic field B┴=(B1, B2) has a zero divergence component
and a component along the direction of the gradient of ∂ z A
with non-zero divergence that is compensated by
the parallel component Bz. The zero divergence component of B┴ determines the tendency of magnetic line trapping
on almost closed paths on the contour lines of A(1) and of formation of magnetic structures (stochastic islands). The
other components of the fluctuating field contribute to release the trapped line. The same effect has the parallel
motion for the trapped trajectories.
The two fields in Eq. (1) A(1), A(2) are considered to be a stationary and homogeneous Gaussian stochastic
fields, with zero average and given two-point Eulerian correlation functions E(1), E(2) defined by the statistical
average
( 2)

E (i ) = A(i ) (0,0) A( i ) ( x, z ) .
The statistical descriptions of the derivatives of the two fields are completely determined by those of A(1), A(2). They
are stationary and homogeneous Gaussian stochastic fields and their two-point Eulerian correlations are obtained as
derivatives of E(1), E(2). These correlation functions evidence four parameters: β1, β2 the amplitudes of the
perpendicular magnetic field fluctuations produced by A(1) and respectively by A(2) normalized with B0, λ║ the
parallel correlation length and λ┴ the perpendicular correlation length. The correlation lengths are defined as the
largest characteristic decay lengths of the two stochastic fields. The fields A(1), A(2) are considered statistically
independent.
The motion of an ion with charge q and mass m is determined by the Lorentz force. Introducing the
guiding center coordinate ξ and the Larmor radius ρ corresponding to the average magnetic field B0
xi = ξ i + ρ i , ρ i = −ε ij u j / Ω 0 ,
(2)
where εij is the antisymmetric tensor and Ω0=qB0/m, the equations of motion can be written as:

∂ t ρ i = ε ij Ω0 ρ j [1 + bz (ξ + ρ , z )] − u z b1 (ξ + ρ , z )

∂ t ξ i = −ε ij Ω0 ρ j bz (ξ + ρ , z ) + u z bi (ξ + ρ , z )
∂ t u z = β1 [ρ1b1 (ξ + ρ , z ) + ρ 2 b2 (ξ + ρ , z )]
2

∂t z =
where

uz
,
Km

(

bz = K mα ∂12 A( 2 ) + ∂ 22 A( 2 )
bi = ε ij ∂ j A(1) − α∂ i ∂ z A( 2 )
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Dimensionless quantities were used in Eqs. (3)-(4) with the following units: λ┴ for the perpendicular lengths ξ, ρ; λ║
for z; the modulus of the initial velocity of the particles u0 for uz; the time of flight over λ┴ produced by A(1), τ=
λ┴/b1u0 for time. The parameters of motion are the magnetic Kubo number

Km =

β1λII τ II
=
λ⊥
τ

(5)

which is the ratio of the parallel decorrelation time τII=λII/u0 over the time of flight, β1 the amplitude of the magnetic

field fluctuations, α=β2/β1 and Ω 0 = Ω 0τ . Two additional parameters: the initial kinetic energy of the particle and

the initial Larmor radius appear in the initial conditions for Eqs. (3)-(4).
Starting from the statistical description of the stochastic magnetic field, we determine the correlation of the
Lagrangian velocity of the guiding center, defined by the right side terms of the second equation in (3) and the time
dependent diffusion coefficient, which is the time integral of the correlation of the Lagrangian velocity.
THE DECORRELATION TRAJECTORY METHOD
Essentially, the decorrelation trajectory method reduces the problem of determining the statistical behavior
of the stochastic trajectories to the calculation of weighted averages of some smooth, deterministic trajectories
determined from the Eulerian correlation of the stochastic field. This semi-analytical statistical approach is an
approximation that satisfies the statistical conditions required by the invariants of the motion (the Lagrangian
potential in the case of ExB studied in [5], [8]). We present here a generalization of the decorrelation trajectory
method that applies to the Lorentz transport described by Eqs. (3)-(4).
The main idea in our approach is to study the stochastic equations (3)-(4) in subensembles of realizations
of the stochastic field. The whole set of realizations R is separated in subensembles (S1), which contain all
realizations with the fixed values of the stochastic fields in the starting point of the trajectories x=0, z=0:

( S1) : A(1) (0,0,0) = a1 , ∂ i A(1) (0,0,0) = ai1 , A( 2) (0,0,0) = a 2
(1)

(6)

(2)

The stochastic (Eulerian) fields A , A and their derivatives are Gaussian fields in a subensemble but nonstationary and non-homogeneous, with space and time dependent averages and correlations. The correlations are
zero in x=0, z=0 and increase with the distance. The average quantities in a subensemble depend on the parameters
of that subensemble and are determined by the Eulerian correlations E(1), E(2) (see [6] for details). The stochastic
equations (3)-(4) are studied in each subensemble (S1). The average Eulerian velocity determines an average
motion in each (S1). Neglecting the fluctuations of the trajectories, the average trajectory in (S1) (the decorrelation
trajectory) is obtained by averaging Eqs. (3)-(4) in (S1). This approximation is validated in [6]. One obtains average
equations that have the same structure as the equations in each realization (3)-(4) but with the stochastic terms
replaced by their subensemble averages. The latter are determined using the procedure presented in [5], which
yields

B z = bz
Bi = bi

S1
S1

(

)

= K mαa 2 ∂12 + ∂ 22 E ( 2 )

(

(7)

)

= ε ij ∂ j a1 E (1) − a1k ∂ k E (1) − αa 2 ∂ i ∂ z E ( 2 )

The average trajectories for particles with initial modulus of the velocity u0 and initial Larmor radius ρ0 are
determined for the initial conditions

ρ 1 ( 0)

S1

= ρ 0 cos(γ ),

ρ 2 ( 0)

S1

= ρ 0 sin(γ ),

ξ i ( 0)

S1

= − ρ i ( 0)

S1

where γ is the orientation of the initial Larmor radius, which is taken uniformly distributed.
The time dependent diffusion coefficient is obtained by summing the contribution of each subensemble
(S1) weighted by the probability that a realization belongs to the subensemble. One obtains

D = β1u0 λ⊥ F (t )

( )

( )

2
2
 a1 2  ∞

2π
∞
−
 da exp − a a 2 dγ da 2 exp − a
F (t ) =
da
exp
∫−∞
 2  ∫0


2  ∫0
2
(2π ) 2 ∫−∞





1

∞

where a2=a12+a22 and

1

ξ1 (t )

S1

2


 ξ1 (t )



(8)
S1

is the average displacement of the guiding center in the subensemble (S1).

We have thus determined the diffusion coefficient for the stochastic motion of the guiding centers of ions
with mass m, charge q and given initial kinetic energy in three-dimensional stochastic magnetic field. Explicit
results for D(t) are obtained by effectively calculating the average trajectories in (S1) and the weighted average (8).
This procedure appears to be very similar with a direct numerical study of the simulated trajectories. There are
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however essential differences. The decorrelation trajectories are obtained for a rather smooth and simple magnetic
field (determined by the Eulerian correlation of the stochastic fields A(1), A(2)) and the number of such trajectories is
much smaller than in the numerical study due to the weighting factor determined analytically. This reduced very
much the calculation time, such that it can be performed on PC. A computer code is developed for explicit
calculation of D(t) for given values of the parameters Km, β1, α, Ω 0 = Ω 0τ , u0, ρ0 and prescribed Eulerian
correlation E(1), E(2).
TRANSPORT COEFFICIENTS
The dependence of the diffusion coefficient on the six dimensionless parameters is rather complex with
several anomalous diffusion regimes that have still to be investigated. We present in Fig. 1 some typical results
showing the asymptotic diffusion coefficient as function of the magnetic Kubo number.

Fig. 1. The asymptotic diffusion coefficient versus Km for values of

Ω0 that label the curves, ρ0=1, β1=1, α=0 and

for the drift approximation (dashed line) for ρ0=0.01, β1=1, α=0.
Several aspects can be observed. The diffusion coefficient decays at large Km due to the formation of magnetic
line structures, which hinder the magnetic line diffusion. The dependence of D on Km appears as periodic steps with the
period determined by

Ω0 . The effect of Ω0 is rather weak when it is larger than one, but for Ω0 ≤ 1 the

trajectories become chaotic and the diffusion coefficient has an irregular dependence on the parameters. The
Larmor radius has a strong effect on ion transport in stochastic magnetic field. The generally accepted idea that the
effective diffusion is reduced due to the cyclotron motion which averages the stochastic field is true only for small
enough Km. At large Km the diffusion coefficient of energetic particles is much larger than that of cold particles and
it can increase with the Larmor radius.
[1] P. Pommois, G. Zimbardo, P. Veltri, “Anomalous, non-Gaussian transport of charged particles in anisotropic magnetic
turbulence”, Phys. Plasmas, vol. 14, 012311-11, 2007.
[2] M. Vlad, F. Spineanu, J.H. Misguich, R. Balescu, “Magnetic line trapping and effective transport in stochastic
magnetic fields”, Physical Review E, Vol. 67, 026406-12, 2003.
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ABSTRACT
A very light weight and high gain flat array antennas is realized by radial line slot antenna with honeycomb core for
space use. The high gain of more than 35dBi is measured at 8GHz band and the size and the weight is 90cm
diameter and about 1kg.
INTRODUCTION
A very light weight and high gain flat array antennas are realized by radial line slot antenna (RLSA) with
honeycomb core for space use.
For space applications, the lightweight and the mechanical strength are strongly required. Parabolic reflector
antennas with honeycomb are often used for space application because it can satisfy the requests above. But from
the thermo-mechanical point of view, flat surfaces instead of curved surfaces are much advantageous.
Radial line slot antenna (RLSA) is a high gain, a high efficiency and a planar antenna which generates the circular
polarization. Originally, it’s developed for DBS reception. The conventional type of RLSA consists of the parallel
plate waveguide structure with only one dielectric between the plates. The radiating slots are on the top plate and
the bottom plate has feeding structure at the center.
In order to avoid the above problem, RLSA with honeycomb structure is proposed. The RLSA consists of the
honeycomb core and the top/bottom thin skins coated by metal. The skin has etched slots. The waveguide become
three-layered oversized parallel plate waveguide. In this paper, the dimensions and the material constants of the
honeycomb in the RLSA is presented. Analysis and design method are explained. For accurate designing, the
relative dielectric constant and the transmission loss of honeycomb structure are derived and the equivalence
between the rectangular and round-edged slot is investigated. The measured characteristics with designed RLSA are
presented. The RLSA with the high gain of more than 35dBi is realized at 8GHz band; the diameter is 90cm and the
weight is only 1kg lightweight.
STRUCTURE & SPECIFICATION
The structure of the RLSA is shown in Fig. 1. In table 1 and 2, the dimensions and the specifications are presented.
Table 1. Dimensions of RLSA with honeycomb structure
Slot Plate
0.03mm
Skin 0.362mm
εr=3.1
Honeycomb Core
5mm, εr=1.03
Bottom Plate
0.03mm
Fig. 1. RLSA with honeycomb structure for space-use
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Top plate (slotted)
Skin
Honeycomb core
Skin
Bottom plate

Thickness [mm]
0.03
0.362
5.0
0.362
0.03

εr

3.1
1.03
3.1

Table 2. Specifications
Center frequency
8.4 GHz

Gain
35 dBi

Diameter
900 mm

Bandwidth
5 MHz
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SLOT COUPLING ANALYSIS ON MULTI-LAYERED STRUCTURE
In Fig. 2, the analysis model for one slot pair coupling is shown. The model is abstracted from one array in the
radial direction. The waveguide is filled by three-layered honeycomb structure. It’s approximated by the rectangular
waveguide with the periodic boundary conditions on the narrow walls in order to assume the incident wave as TEM
(TE, TM) mode and the uniformity in the transverse direction. In the external region, two-dimensional Cartesian
uniformity is assumed by two pairs of periodic boundaries. The slot pair coupling is analyzed by method of
moments (MoM) with eigen-mode expansion of the Green’s function introducing the three-layered structure [3-5].
An example of the slot pair coupling analysis with certain dimensions of the slots is shown in Fig. 3. Good
agreement between MoM and HFSS is obtained, which indicates the accuracy of the MoM analysis.

#3

Radiation
slot pair

Periodic boundary
wall
Periodic
boundary
wall

Skin: εr=3.1
0.362mm

l
t

#1

Sφ

z
yx

#2

l

Honeycomb Core
: εr=1.03, 5.0mm

Fig. 2. Slot pair coupling analysis model with honeycomb structure

LOW LOSS HONEYCOMB CORE WITH ISOTROPIC PROPERTY IN 8GHz BAND
For the correct design, it’s necessary to know the accurate material constants. The skins are slabs and are easy to
measure the constants. On the other hand, the honeycomb core is non-uniform material and is hard to know the
constants. In order to know the effective propagation constant, the inner field measurement system, which is shown
in Fig. 4 is applied. By measuring the cylindrical wave in the parallel plate waveguide, the effective permittivity
and the transmission loss in the honeycomb structure are estimated. In Fig. 5, the measured phase and amplitude are
described. In addition, the theoretical lossless amplitude curve of the cylindrical wave is represented.
From the gradient of the measured phase, the effective permittivity is calculated. By solving the transcendental
equation derived from the multi-layered dielectrics, the relative permittivity of only honeycomb core is estimated as
εr=1.03. By comparing the measured amplitude and the lossless curve (ρ−0.5), the transmission loss is estimated as
0.003dB/mm. The value is small enough into the measurement error range. Conversely, the RLSA has a lossless
waveguide.

-50

amplitude [dB]

Field pick-up via holes

Skin / Honetcomb core / Skin
test sample
metal
Fig. 4. Inner field measurement system
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Fig. 5. Measured inner fields and lossless amplitude curve
of cylindrical wave
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ANTENNA DESIGN
For the brevity of analysis, rectangular slots are used for analysis/design but in fact the edges of slots are rounded in
fabrication. It’s necessary to estimate the length of round-edged slot which realizes equivalent characteristic to the
rectangular slot. Fig. 6 shows the definition of the rectangular (lana) and the round-edged (lfab) slot lengths. By
comparing the measured aperture field with round-edged slots to the calculated one with rectangular slots at the
designed frequency, the equivalent round-edged slot length is estimated as (1) for the slot width of 1mm.
(1)
l fab = lana + 0.385mm
By using calculated S-parameters, the slots can be arranged in order to realize the uniform phase and amplitude
distribution on the antenna aperture. To maximize the aperture efficiency including leakage at the opened antenna
edge, non-uniform distribution is also available and adopted to the RLSA [6]. The designed slot lengths and
positions in the certain radial direction are described in Fig. 7.
16
15
slot length [mm]

14

lfab

lana

13
12
11
10
0

w
Fig. 6. Definition of rectangular and round-edged slot
dimensions

100
200
300
400
position from center [mm]
Fig. 7. Slot length and position in radial direction.

MEASUREMENT RESULT
Fig. 9 shows the measured one-dimensional aperture distributions in the radial direction at the designed frequency.
The measured phase and amplitude agree well with calculated ones.
The reflection is around −10dB in the 10% frequency range.
The predicted and measured directivity and the gain at the frequency range around 8.4GHz are shown in Fig. 10.
The predicted gain is obtained at 8.4GHz. The measured directivity and gain are obtained at 8.5 and 8.6GHz,
respectively.
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-120
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Fig. 9. Measured one-dimensional aperture distribution in
radial direction
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Fig. 10. Predicted directivity, measured directivity and
measured gain.
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CONCLUSION & FUTURE WORK
Lightweight RLSA is realized with honeycomb structure and the efficiency of 58.7% is obtained at 8.6GHz.
Analysis/design method for RLSA with multi-layered structure is established by MoM. The material constants and
the equivalent slot length are estimated for accurate design. The predicted directivity of 37.3dBi is obtained at
designed frequency 8.4GHz. In the measurement, the directivity of 36.6dBi and the gain of 35.9dBi are observed at
8.5 and 8.6GHz, respectively.
As future works, it’s necessary to improve the reflection and the angular deviation and to tune the center frequency
to the 8.4GHz. Since the RLSA should be white-painted for heat problem avoidance, the characteristic of the whitepaint must be investigated and introduced into the design.
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IN SPS TECHNOLOGIES
Veselin Demirev
Radiocommunication Department, TU-Sofia, Kl. Ohridski blv. № 8 , 1756-Sofia,
e-mail:demirev_v@tu-sofia.bg
Keywords: Spatial Correlation Processing Random Phase Spread Coding Solar Power Satellites
ABSTRACT
А new technology, named SCP-RPSC, was developed recently for consumer broadband interactive satellite
communications. It uses entirely new approach, based on random phase antenna arrays and correlation processing in
the receiver. The goal of this report is to discuss the possibilities and the advantages of the implementation of SCPRPSC technology in professional mobile satellite communications, particularly in SPS technology.
1.INTRODUCTION
One of the most important use of satellite technologies in the future will be in Solar Power Satellites [SPS].
The concept of generating solar power in space for wireless transmission to receivers on the ground has been discussed
in details during the last four decades [1, 2]. The next wave of SPS proposals and ideas will come as a result of the
recent developments in the field of the broadband satellite and Internet-based communication and information
technologies. They will support the practical implementations of SPS systems in the real life. Several related but distinct
architectural approaches to the problem of space solar power were identified as a part of the “Fresh Look” study. This
includes:
A. Low Earth Orbit (LEO) constellations of SPS with relatively low frequency power transmission; B. Middle
Earth Orbit (MEO) constellations of 5 SPS satellites with relatively low to intermediate frequency power transmission;
C. LEO power generation with higher orbit Power Relay Satellites (PRS) in MEO or Geostationary Earth Orbit (GEO)
with a range of potential frequencies for power transmission; D. Small scale GEO SPS with high frequency power
transmission; E. Large scale GEO SPS with various potential frequencies for power transmission; F. Extremely large
scale systems involving multiple SPS and PRS with various potential frequencies for power transmission in LEO, MEO
and GEO.
All of the above listed sophisticated SPS systems will need broadband wireless communications for telemetry and
control purposes among the different parts of their architectures. Another important problem of the future SPS systems
will be the transmission of video and telemetric information among SPS mounting robots (SPS mobile terminals- MT)
and satellite or ground based control centres (SPS base stations- BS).
One of the biggest technical problems of the future SPS broadband mobile communications will be the SPS
MT and BS antenna systems. The need to change the polarisation, to select one of several SPS MT or BS positions, as
well as the requirements for mobile communications in the heavy space environment, high reliability and low price
leads to unsolved by traditional antennas problems. A new principle to realize the receiving satellite ground systems
antennas named Spatial Correlation Processing (SCP) was proposed in [3, 4 and 5]. A similar approach named Random
Phase Spread Coding (RPSC) was investigated in transmit mode [6, 7]. Possible applications of SCP-RPSC technology
in quasi-Geostationary satellite (GEO,s) systems [8], broadband High Altitude Platform Systems (HAPS) [9] and
telemedicine [10] were reported by the author too. The listed areas of SCP-RPSC applications are in the field of the
subscriber lines and terminals, were the low price and the abilities for mass production are of main interest. The unique
properties of the SCP-RPSC approach will give a new support for the future SPS mobile broadband communication
systems.
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2. SCP APPROACH – OBJECTIVES AND PRINCIPLES OF OPERATION
The main objectives of the SCP technology are:
• To receive one or more radio signals coming from one or several spatially distributed sources (satellites),
insuring high gain of the antenna systems and using fixed or mobile receiving terminals, equipped with SCP signal
processing system.
• To ensure spatial selectivity high enough to cancel the same frequency channel interference, coming from
different space directions, using simple one-channel receiver and patented signal processing principle.
The objectives stated above are achieved by a patented method for radio communications, which proposes
application of additional pilot signal transmitted in the band of information signals and available in the receiver by one
of the known methods for access (for example CDMA-Fig.1). SCP receiver terminal is equipped with antenna array
with random phase aperture excitation. The phase shifts among the signals, coming from the antenna elements, are
random at the antenna output, regardless of the information source direction. These random phase spread signals
correlate with the recovered pilot signal, phase spread in the same manner, in the Signal recovery unit . The result of the
correlation process is the recovered information signal at base band.
The main features of the SCP approach in the particular SPS communication applications are:
• Simple, cheap and flat passive RLSAntenna.
• One channel convenient microwave receiver with simple signal processing.
• Omnidirectional for the cooperative SPS MT or BS, but with high figure of merit G/T.
• Selection of different SPS MT or BS and polarizations by PN-codes.

Fig.1. Block scheme of a SCP-CDMA system

3. RPSC APPROACH
The idea to use the SCP principle in transmit mode was born during the SCP project research. The transmitting
antennas, as well as the receiving random phase antenna arrays in SCP technology are pure passive, without any active
or nonreciprocal elements. The specific SCP processing is situated in the receiver. According to the basic
electromagnetic antenna lows the replacement of the passive transmitting antenna with passive random phase antenna
array in the transmitter, and vice versa in the receiver should not change the system working principles and system
parameters. The transmitted by the random phase antenna array signals have specific phase spread. It can be considered
as random spatial coding. That is why the term RPSC (Random Phase Spread Coding) will be used instead
SCP,transmit in the text below. The proposed RPSC system will have the following additional features:
• Providing full duplex interactive system with one simple and cheap transmit-receive antenna.
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•

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

•

The transmitted random poly-phase spread signals are uniformly radiated in the space above
the antenna. The knowledge of the receiving satellites positions for the transmitting
equipment is not necessary (as it is for a conventional satellite earth station).
A block scheme of a SCP-RPSC satellite system is shown in fig.2:

Fig.2. Block scheme of a RPSC system

Some of the SPS antennas problems could be solved by means of phased array antennas with electronic scanning.
It will rise series of new problems, as follows:
• The radiation hazard of the space environment is very high for the electronic components of the unprotected
active phased array antennas. It is not dangerous for the simple and passive RLSAntennas, used by SCPRPSC technology.
• The temperature variations of the outer parts of the SPS, where the antennas are situated, are in order of 400
deg. C, which is very dangerous for active antennas too.
• The lack of the gases and humidity attenuations in space environment make the choice of W-frequency band
very attractive. Electronic scanning phased arrays in this band are unpractible.
4. CONCLUSIONS
The practical SCP-RPSC principle implementation in SPS broadband mobile communications will change the
existing paradigm in the satellite communications. Many of the existing communication problems of the proposed LEO,
MEO and GEO SPS systems, dealing with frequency and orbital resource sharing, beam pointing, space diversity,
polarization frequency reuse, etc., will be solved successfully. The SCP-RPSC technology will be particularly useful for
the future SPS systems implementations in all kinds of their aspects.
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ABSTRACT
A rectenna array as a ground power reception subsystem for solar power satellites (SPS) uses diodes for microwaveto-DC conversion. Thus, harmonic waves are generated from the rectenna array. Microwave interference problems can
result when these harmonic waves are re-radiated from the antenna. In the past study suggested the possibility that reradiation from a rectenna array could be canceled by varying the phase of the antenna element, but this has not been
confirmed by experiment.So, we conducted an experimental study on second harmonics, and confirmed that
suppression of 6 dB occurred in the 25-element rectenna array, which demonstrates the validity of this array.
INTRODUCTION
Solar power satellites (SPS) are expected to be used to obtain future sources of energy. A rectenna array is a
subsystem to receive power from the SPS on the ground. The rectenna element uses a diode to convert the energy from
microwave to DC. Thus, higher harmonics, which are an integer multiple of the fundamental frequency, are generated
from the rectenna. These harmonics are re-radiated from the antenna part of the rectenna. Normally, a filter is mounted
between the antenna and the rectifying circuit to reduce the harmonics, but the remaining harmonic power is re-radiated.
The possibility of electromagnetic interference occurring in this process was pointed out previously [1]. Methods to
measure harmonic re-radiation and a quantitative evaluation method have been reported [2,3]. Also, several studies are
underway that focus on re-radiation from rectenna arrays [4,5]. In the case of rectenna array, re-radiated phase of
harmonics in adjacent rectenna elements might be equal, so, generation of strong re-radiation in particular direction may
be wondered (Fig.1). So, Radchenko and Fujita suggested the possibility
that re-radiation from a rectenna array could be canceled by varying the
phase of the antenna element [6], but this has not been confirmed by
SPS Satellite
experiment.
Here, we explain theoretical and experimental studies we conducted
Power transmission wave
freqency: f0
on a random rectenna array. We confirmed the validity of this rectenna by
comparing it with a uniform phase rectenna array.
RANDOM PHASE RECETANNA ARRAY
Radchenko and Fujita [6] showed that it is possible to suppress
harmonics that are re-radiated from a rectenna array by controlling the
phase of the higher harmonic radiated by the rectenna element. Thus, we
calculated the suppression level of a second harmonic signal as a function
of the number of array elements. For simplicity, all antenna elements were
assumed to be omnidirectional.
In a rectenna array, it is not necessary to take the array pattern of the
fundamental wave into consideration because it is different from an antenna
array, since it converts microwave energy to DC current using a rectifying
circuit that is positioned right after the antenna element of the rectenna.
Therefore, only the array factor of the re-radiated harmonics need to be
considered.
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Directivity of re-radiated harmonics
from rectenna array
Nf0
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Rectenna array
Harmonics waves are genereted in each
rectifying circuit. frequency:Nf0

Fig.1 Harmonics re-radiation from
rectenna array for SPS system.
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Figure 2 shows n-elements linear array antenna, which used in the calculation, and (1) shows array factor of second
harmonics.

AF2 (θ ) =

n

∑a
n =1

2 ,n

e

jφ 2 , n

e [ j (n −1)k 2 d sin θ ]
,

(1)

Suppression level [dB]

where a2,n , φ2,n, and k2 represent the amplitude of second harmonics, randomized phase in second harmonics, and
wave number in second harmonics, respectively. Also, d denotes inter-element spacing, which is 0.7 times the
fundamental wavelength. The array factor can be taken into consideration when the random phase is given at each
element with uniform amplitude.
Now we will consider the phase of each element is fixed randomly at 0 or π, with equal probability. Since, only two
kinds of rectenna element with different phase need to be prepared for actual experiment. In these conditions, the
combination of the phase in an array element in which the maximum value of the array factor is at its smallest, was
computed. In this
0
calculation, the number of
elements was changed from
-5
5 to 100, and there were
1,000,000 iterations.
-10
Figure 3 shows the
level of suppression versus
-15
number of elements that is
increased as the number of
elements is increased.
-20
0 10 20 30 40 50 60 70 80 90 100
Suppression of about 5 dB
Number of elements
and 17 dB is observed in 5Figure 2 n-element linear array
Figure 3 Suppression level versus number of elements.
and 100-element rectenna
arrays, respectively.
EXPERIMENTAL STUDY
To show the validity of the random rectenna array mentioned in the last section, we conducted experiments with a 5element linear array (Fig. 4) and a 25-element 2-D rectenna
Feed pin
array. For the 5-element linear array and 25-element 2-D
Antenna
array, optimum phase combinations are shown in (2) and (3),
respectively.

[φ

2,1

φ2,2 φ2,3 φ2,4 φ2,5 ] = [π 0 π π π ]

π π 0 π π 
π 0 0 0 π 


[φ2,n,m ] =  0 π π π 0 


0 π 0 π π 
 0 π π π π 

(2)
Rectifying circuit
(reverse side)

(3)
Load

resistances
Shield case
Figure 4 5-element random rectenna array

The rectifying circuit consists of a diode, a microstripline between the feed point and the diode, and an output filter.
This time, an input filter, which is normally mounted on rectifying circuits, was omitted because the aim of this
experiment was to measure the re-radiated harmonics from the rectenna. Two rectifying circuits with different phases
were fabricated in order to have varying lengths between the feed point and the diode.
The RF-DC conversion efficiency of the rectifying circuit varies depending on the position and type of the diode,
load resistance, and input power. This time we used Agilent Technology’s 5082-2835 diode. The distance between the
diode and the output filter was determined in order to achieve the maximum rectifying efficiency. As a result, the
efficiency of the two rectifying circuits with different phases was more than 65% when the load resistance was 400
ohms and the input power ranged from 250 to 450 mW. Very similar characteristics were observed in the input power
versus efficiency curve.
For the antenna part, we used a linearly polarized circular microstrip patch antenna (CMSA). Its return loss is less
than -20 dB at the fundamental frequency of 5.8 GHz. Figure 4 illustrates the outer view of a five-element rectenna
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array with H-plane arrangement. Feed pins were used to connect the antenna and the rectifying circuit. Also, load
resistance of 390 ohms was connected to each output terminal of the rectenna elements. All rectifying circuits were
shielded to reduce the amount of direct radiation from filters and/or the diode lead line, etc. [2,3]. A uniform phase
rectenna array was also fabricated for comparison. Additionally, two 25-element rectenna arrays with a 5×5
arrangement were fabricated; one was for random phase, and the other was for uniform phase for comparison.
MEASUREMENT OF HARMONICS RE-RADIATION FROM A RECTENNA ARRAY
Figure 5 illustrates a measurement system of second harmonics configured in an anechoic chamber. Transmission
power generated from a signal generator (SG) is amplified by a travelling wave tube amplifier (TWTA) and radiated
from a transmitting antenna. In the linear array, the transmitting antenna is mounted at a particular angle to the E-plane
so as to reduce the degree of blocking of the transmitting antenna. Otherwise, in the 2-D rectenna array, the
transmitting antenna is mounted in front of the rectenna array, because we cannot avoid blocking the transmitting
antenna. The rectenna array and transmitting antenna are mounted on the rotator and rotated together. Re-radiation
patterns of the second harmonics generated from the rectenna array are measured by an observation antenna and
spectrum analyzer. An outer view of the 25-element rectenna array is in figure 6.
A standard gain horn antenna was used in both the transmitting and observation antennas, and its front gain was
19.5 dBi and 22.4 dBi, respectively. The observed signal level decreased to about 30 dB when the rectenna array was
not mounted on the rotator, so the dynamic range of this measurement was confirmed to 30 dB.
An equivalent isotropically radiated power (e.i.r.p.) can be applied to estimate the re-radiated harmonics from a
rectenna [2,3]. The following equation shows an experimental e.i.r.p., which was measured from the actual antenna gain
of a rectenna (Grec) and the generated power of second harmonics (P2nd ) of a rectenna.

e.i.r. p = Grec ⋅ P2nd =

Pspe Ll
Gobs L f

.

(4)

Here, Gobs is the actual gain of the observation antenna, Pspe is the input power of the spectrum analyzer, Lf is
transmission loss of the reflected harmonics power, and Li is the cable loss between the observation antenna and the
spectrum analyzer. To evaluate this value, theoretical e.i.r.p. is calculated from the following equation.
N

e.i.r. p. =

Grec '⋅∑ P2 nd
n =1

Lrec '

,

(5)

where Grec’ is a theoretical value of the directive gain of an N-element antenna array at the second harmonics, and
Lrec’ is a theoretical value of mismatched loss. Here, Grec’, used in eq. (5), is calculated taking into consideration the
phase distribution of the range difference between each rectenna element and the transmitting antenna, and the
amplitude distribution of the transmitting antenna.
Also, P2nd is the generation power of the second harmonics of each rectenna element, and all P2nd are set to an equal
value of 0.91 dBm. In the theoretical calculation, IE3D was used for the electromagnetic simulator. The validity of the
experimental and theoretical values of e.i.r.p. were investigated. Figures 7 and 8 plot the results.

Anechoic chamber
Rectenna array

11.6GHz

Observation ant.

Spectrum
analyzer

E
5.8GHz

Tx. ant.

[Polarization]
Tx. ant. :V-pol.
Rectenna : V-pol.
Obs. ant. : H-pol.

TWTA

SG

Rotator
Figure 5 Measurement configuration
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In both figures 7 and 8, the shape of
directivity in the equal phase feed of
second harmonics shows a peak at ±45
degrees. Furthermore, the shapes of the
angular characteristics of the theoretical
and measured values agree. For the
random rectenna array, there is no peak
value at ±45 degrees, although many
sidelobes with lower levels are observed.
In the five-element linear array,
compared with the maximum value of
e.i.r.p. in the equal phase and random
phase cases, 2.2-dB suppression is
observed in the theoretical value, and
2.4-dB suppression is observed for the
experimental result.
Also, in the 25 elements 2-D array
rectenna, the theoretical and
experimental suppression levels were
10.0 dB and 6.0 dB.
These differences were due to a phase
error in each rectenna element; however,
in each case, suppression of second
harmonics was possible, and the validity
of this rectenna was confirmed.
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rectenna array, experimental study for
Figure 8 Re-radiation pattern of 25-element 2-D rectenna.
random rectenna array was performed.
A linear 2-D random rectenna array was fabricated in order to compare the directivity with the reference uniform
phase rectenna array. In the experiment, 6.0-dB harmonic suppression was confirmed in the 25-element 2-D random
rectenna array.
Throughout these evaluations, the validity concerning harmonic suppression in the random rectenna array was
confirmed.
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ABSTRACT
Japan Aerospace Exploration Agency (JAXA) has been conducting studies on Space Solar Power Systems (SSPS)
using microwave and laser beams for years organizing a special committee and working groups. JAXA is proposing
a roadmap that consists of a stepwise approach to achieve commercial SSPS around 2030. The first step is tens of
kW class space technology demonstration satellite to demonstrate microwave or laser power transmission. This
satellite will be launched in a low earth orbit by the H-IIA class rocket. The second step is to demonstrate robotic
assembly of 10MW class large scale flexible structure in space on ISS co-orbit. The third step is to build a
prototype SSPS in GEO. The final step is to build commercial GW class SSPS in GEO. In pararrel with these space
technology demonstration, ground demonstration will be conducted step by step.
Current SSPS study undertaken by JAXA consists of three main subjects, SSPS concepts and architectures study,
technology demonstration plan-making and elemental technology development. In SSPS concepts and architectures
study, system concepts and architectures of commercial type of microwave based SSPS (M-SSPS) and laser based
SSPS (L-SSPS) has been studied for years. In this study, a major focus is on identifying system concepts,
architectures and key technologies that may ultimately produce a practical and economical energy source. In the
study of technology demonstration plan-making, system design of tens of kW class technology demonstration
satellite and ground energy transmission experiment are conducted. In elemental technology development study,
several key technologies which are needed to be developed in appropriate R&D roadmap are investigated.
This paper presents the results of these study effort of JAXA and the most promising M-SSPS concepts, including
their key technologies.
INTRODUCTION
JAXA has examined studies on SSPS using microwave and laser beams for years. The microwave based SSPS (MSSPS) are huge solar power systems that generate GW power by solar cells. The electric power is transmitted via
microwave from the SSPS to the ground. The on-ground rectifying antenna would collect the microwave beam and
convert it to electricity to connect to commercial power grids. In the laser based SSPS (L-SSPS), a solar condenser
equipped with lenses or mirrors and laser-generator would be put into orbit. The laser beam would be directly
produced from the solar light using the direct solar pumping solid-state laser device. A laser beam would be sent to
Earth-based photoelectric transducer or hydrogen generating device.
JAXA is proposing a roadmap that consists of a stepwise approach to achieve commercial SSPS in 20-30 years.
The first step is tens of kW class Technology Demonstration Satellite to demonstrate microwave or laser power
transmission. This satellite will be launched in a low earth orbit by the H-IIA class rocket. The second step is to
demonstrate robotic assembly of 10MW class large scale flexible structure in space on ISS co-orbit. The third step
is to build a prototype SSPS in GEO. The final step is to build commercial GW class SSPS in GEO.
Fig.1 shows the SSPS roadmap of JAXA.
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Fig.1 SSPS Roadmap of JAXA
A Framework for SSPS Study of JAXA
Current SSPS study undertaken by JAXA consists of three main subjects, SSPS concepts and architectures study,
technology demonstration plan-making and elemental technology development.
In SSPS concepts and architectures study, special committee and working groups which include 180 or more
persons participate from industrial, administrative and academic sectors are organized. In this study, a major focus
is on identifying system concepts, architectures and key technologies that may ultimately produce a practical and
economical energy source. The results of this study effort are hereinafter described in detail.
In the study of technology demonstration plan, system design of tens of kW class Technology Demonstration
Satellite and conceptual study of 10MW class demonstration system on ISS co-orbit are also conducted.
Additionally, Ground Energy Transmission Experiment using both microwave and laser are prepared at present.
In elemental technology development study, several key technologies such as high voltage solar cell array,
thermal control system, direct solar pumping solid-state laser, first stage prototype of Gallium nitride material,
collimation mirrors / lens and robotic assembly technologies are investigated.
Concept Design of commercial SSPS
In SSPS concepts and architectures study, system concepts and architectures of commercial type of M-SSPS and LSSPS has been studied.
1. Microwave based SSPS
In case of M-SSPS, the solar energy must be converted to electricity and then converted to microwave beam in
GEO. The on-ground rectifying antenna would collect the microwave beam and convert it to electricity to connect
to commercial power grids. Several types of system configurations have been proposed before.
From the past experiences of the conceptual design of the GW class SSPS, it was clear that system with the mirrors
and modularized unit which integrated solar cells and microwave power transmitters is promising. So the system
configuration which was proposed in FY2001, 2002 and 2003 consists of collection mirrors and the modularized
energy conversion unit. The modularized energy conversion unit is integrated solar cells and microwave power
transmitters. Since solar cell panel and the Earth looking microwave antenna are two sides of the same modularized
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unit, length of power cables connected solar cells
to the power transmitters would become short and
reduce mass of whole system. And the modularized
unit is also preferable because it is easy to
Primary Mirror
assemble by robots automatically. Major hurdles in
this power collection / transmission system are how
to improve the efficiency of converting the solar
energy to the electricity and how to exhaust heat of
Microwave Power
Solar Panels
the system. Solar energy that is not converted to
Transmitter
electricity will become heat and large area radiators
will be necessary to discharge the heat. The key
Primary Mirror
factor in designing systems is feasibility of thermal
system.
Since modularized unit which integrated solar
cells and microwave power transmitter has great
Fig.2 2004/2005 JAXA Reference System (M-SSPS)
advantages for the reason above-mentioned, the
possibility of thermal system design is unclear. So,
<System Size>
the model which separated solar cell panels from
Primary Mirror 2.5km×3.5km, 1,000ton×2
microwave power transmitter was studied in FY2004
Solar Panels φ1.25km (Concentration ratio=4)
and 2005. (See Fig.2)
Microwave Power Transmitter φ1.8km (TBD)
Total weight less than 10,000ton
2. Laser Based SSPS
In case of L-SSPS, solar condenser mirrors or lenses would be
put into orbit to focus the sun’s rays. The concentrated solar
energy would then be sent to laser generator. The laser beam
would be directly produced from the solar light using the direct
solar pumping solid-state laser device. This laser beams would
be collected on ground and used to produce electricity or
hydrogen from seawater.
Based on the above concept, laser based SSPS of Fig.3 was
considered in FY2004 and 2005. A base unit consists of solar
condenser mirrors, radiators, laser generator, laser beam
irradiator and support structures. Neodymium-doped yttrium
aluminum garnet (Nd : YAG) crystal is seemed to be the most
qualified candidate for the laser medium of this system. Major

Fig.3 Image of L-SSPS (one base unit)

parameters of the 10MW class laser based SSPS are as follows.
Primary solar condenser mirrors : 100m×100m×2
Radiators : 100m×100m×2
The output of 1GW class power could be obtained by
connecting 100 base units vertically in series. (See Fig.4) Since
this shape is symmetrical in relation to sun, disturbance torque
will not generate due to solar radiation pressure and system
configuration will be stable.
In designing L-SSPS, conversion efficiency of the direct solar
pumping solid-state laser and feasibility of thermal system are
critical factors. Since solar concentration of more than a few
hundred times, heat removal is key issue to realize solar
pumping laser systems. To improve the feasibility of thermal
control problem, adoption of some wavelength selective film
that could cut unusable light wavelengths has been considered
as well as M-SSPS.
Feasibility of its ground facilities and production technology of
hydrogen using laser beams has been also studied.
Considering the expected the world’s growth in demand for
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hydrogen energy, L- SSPS have great potential in that SSPS could produce a lot of hydrogen from non-fossil-fuel
sources.
Both hydrogen generating systems with photo-catalyst device and electrolytic ones have been examined. From the
past experiences of this study, high efficient electric power generating technology using the solar cell which suited
the wavelength of laser is promising.
Ground Energy Transmission Experiment

With the primary objective of demonstration of wireless energy transmission technology, long distance and high
power transmission ground experiment is planned. In FY2005, both microwave and laser energy transmission
experiment facilities were designed. In case of microwave transmission experiment, the microwave power at
receiving antenna was designed to be about 1KW level and the transmission distance to be about 50 - 100m. The
receiving microwave is converted to electricity and the electricity is provided to commercial power grids or power
load facility for demonstration. (air conditioner, lighting, electric fan, TV set, stereo set and video) This experiment
will show that the converted electricity can be operated in a general power consumption environment for a long
time. (See Fig.5)
In case of laser transmission experiment, the laser output power was designed to be about 0.8kW class and the
transmission distance to be about 500m. This experiment will show that the high-power and long-distance laser
power transmission is possible and will clarify the major challenge in system establishment.
The both experiment is scheduled to produce experimental apparatus in FY2006 and to be carried out in FY2007.

Fig.5 Total System of Test of Microwave Type
Summary and Conclusions

In this paper, JAXA’s current study status of SSPS was reviewed and SSPS roadmap of JAXA that includes the
stepwise approach to realize commercial SSPS in 20-30 years was shown. Furthermore, the latest configuration of
M-SSPS and L-SSPS was introduced and the technical problems were suggested. And the content of ground energy
transmission experiment was also shown.
System study, research of individual technologies, study of technology demonstration are in progress and scheduled
to continue in the future. And the immediate strategic goal is to launch the space energy transmission demonstration
satellite at the early stage.
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ABSTRACT
In this study, we have developed the new type of microwave power transmission unit, “Last Stage Amplifier
Configuration”. In this unit, AB class FET amplifier, which is optimized by using nonlinear FET model, is set at the last
stage of the unit. Although by the conventional method system efficiency is only about 30%, in this study the developed
unit achieved the system efficiency of 45%. As a result, we have confirmed that “Last Stage Amplifier Configuration” is
very valid and can improve the SSPS system efficiency to more than 60%, by applying the future semiconductor
technology, F class amplifier or GaN.
1.Introduction
Space Solar Power System (SSPS) in geostationary orbit consists of large number of microwave power transmission
units and solar cells set on a unit. Microwave, converted in the unit from DC electric power generated by solar cells, is
transmitted from antennas of the units. The transmitted microwave is synchronized with each other. And high power
microwave beam is formed by synchronized microwave.
One of the critical issues to realize SSPS is the high system efficiency required on the microwave power transmission
unit to more than 60%. The main components of the unit are pre-stage amplifiers, power dividers, phase shifters, last stage
amplifiers and antennas.
One of approaches to improve the system efficiency is to improve the efficiency of the last stage amplifier in the unit.
By the conventional method in a field of telecommunication, for example, a linear model is usually used to design an
amplifier, because the linearity of signal is more important than efficiency. Then system efficiency is about 30% only and
can not achieve the system requirement of SSPS.
In this study, “Last Stage Amplifier Configuration” is applied to the microwave power transmission unit. And the
optimization of the circuit parameter by using a nonlinear FET (Field Effect Transistor) model is proposed as the most
effective method to improve the efficiency of the amplifier. We developed a prototype of a unit to demonstrate the system
efficiency of the unit.
In this paper, the approaches to improve efficiency and the results of evaluation test of the prototype unit are described.

Reflectors

Microwave Power
Transmission Units

Fig.1 One of the configurations of Space Solar Power System
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2.Improvement of efficiency
2.1 System configuration
In this study, “Last Stage Amplifier Configuration” is applied to the microwave power transmission unit. The unit
consists of the following components; pre-stage amplifier, power divider, phase shifters, last stage amplifiers and
antennas (shown in Fig.2).
In the unit, microwave is converted from DC electric power at the pre-stage amplifier. The microwave is distributed to
each antenna element by the power divider. The phases of distributed microwave are controlled by phase shifters. And the
last stage amplifier amplifies microwave to transmitted power level and radiated from anntenas.
“Last Stage Amplifier Configuration” is one of the most valid system configurations for the system efficiency. Because
it has a possibility of high system efficiency by only using high efficient amplifier at last stage, for example FET (Field
Effect Transistor), even if the efficiency of other component is low.
The target of this study is to achieve the system efficiency, defined in Eq.(1), of more than 40%.
Ou tpu t P ow e r (P ou t)

S ys te m Effi ci e n cy (η) =

Total P ow e r Con s u mpti on (P 0)

(1)
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Fig.2 Last Stage Amplifier Configuration
2.2 Nonlinear FET model
In the last stage amplifier of the unit, the lengths and widths of stubs, and the bias voltage were optimized by the analysis
with a nonlinear FET model to improve efficiency of the last stage amplifier. The optimized analysis model is shown in
Fig.3. The prototype of the last stage amplifier, shown in Fig 4, was developed based on the result of analysis.
A comparison of the analysis and the measurement are shown in Fig.5. The both results have maximum power added
efficiency (PAE) of 52%. It shows that analysis with a nonlinear FET model is valid.
It is considered that the difference between analysis and measurement in Fig.5 is caused by the variations of
characteristics of semiconductor elements, and the error of analysis modeling of lines or wires in FET package. High
fidelity modeling for analysis is one of the technical issues in next step.
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3. Development of prototype unit
Prototype of microwave power transmission unit, which applied “Last Stage Amplifier Configuration” and the
optimized last stage amplifiers, was developed based on the result of analysis.
And a slotted waveguide power divider [2] was applied for a decrease of power loss as a power divider. The microwave
power from the input port is distributed to two microstrip lines through two slots of the slotted waveguide power divider.
The efficiency of the distribution is more than 90%.
The prototype unit is shown in Fig.6. As a result of an evaluation test, the prototype unit has total system power
consumption (P0) is about 2.8W, total output power at the output port (Pout) is about 1.3W. The result showed the system
efficiency (η) of the prototype unit is 45% (Eq.2) when a magnetron, which has DC-RF efficiency of 70%, is applied as a
pre-stage amplifier (ηpre-amp). Main specification of the prototype of microwave power transmission unit is shown in table
1.

Pout
P0

=

Pout1+Pout2
=
Pin/ηpre-amp+P0AMP

1.3W
2.8W

= 45%

(2)

Pou t1,Pou t2:Ou tpu t P ow er1,2
Pin
:In pu t Pow er
:Efficie n cy of pre -s tage ampl ifie r
ηpre -a mp
P0 AMP :P ow er Con s u mption of Las t S tage Ampl ifi er
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Fig.6 Prototype unit
Tabel.1 Main specification of prototype unit
Frequency : 5.8GHz
Configuration : Last Stage Amplifier Configuration
FET : FLC057WG(Eudyna Devices Inc.)
Output Ports: 2 Ports
Output Power (Pout) : About 1.3W
System Efficiency (η) : About 45%

4.Conclusion
In this study, a prototype of microwave power transmission unit was developed for improvement of system efficiency in
SSPS.
The prototype unit was achieved the system efficiency of 45% by applying “Last Stage Amplifier Configuration” and the
analysis with a nonlinear FET model to the prototype unit. As a result, we have confirmed the proposed method is valid.
In the future, F class amplifier [3] and GaN [4] are expected high efficiency of more than 70% by using a nonlinear
model. If F class amplifier or GaN is applied to “Last Stage Amplifier Configuration”, microwave power transmission
unit can achieve system efficiency of more than 60%.
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ABSTRACT
The dream of importing environmentally friendly power to the earth from space had its origin with Peter Glaser’s
Solar Power Satellite (SPS) concept in 1968. This concept was studied by the United States Department of Energy and
NASA in a joint project beginning in 1977. The studies defined a Solar Power Satellite reference system with a
generating capacity of 300 gigawatts. Each satellite was to have five gigawatt generating capacity; use photovoltaic
cells for energy conversion; use wireless energy transmission at 2.45 GHz; be based at geosynchronous orbit; be
assembled on-orbit with human support of automated machinery; and have a thirty-year operational life. Utilization of
lunar resources to provide material primarily for structural components for a SPS was proposed by O’Neil in 1975 with
the rationale that less energy would be required to launch material from the lunar surface, resulting in an overall cost
savings. In 1990, Criswell and Waldron proposed using the Earth’s own natural satellite, the moon, as a Lunar Power
Satellite (LPS). They proposed robotic manufacture and assembly of the components of the LPS on the moon. They
projected collecting and transmitting (via 2.45 GHz microwaves) multi terawatts of power.
The decision by the United States to return to the Moon as part of its strategic goal for the exploration of the solar
system has renewed international interest in the moon’s commercial potential, including as a source of energy and
materials for terrestrial, cis-lunar or interplanetary use.
This paper examines the case for the moon providing energy directly as a Lunar Power Satellite and for providing
materials to support energy beaming from a conventionally orbiting Solar Power Satellite. Both direct lunar–to–earth
transmission and lunar-to-redirecting satellite-to-earth transmission will be considered for the Lunar Power Satellite.
INTRODUCTION
Electrical energy is the highest and most useful form of energy and is in increasing demand for industrial and
developing nations. In 1990, the nations of the Organization for Economic Cooperation and Development (OECD) used
more than two-thirds of the world’s total electrical power of >10.5 terawatt-hours [1]. However, beginning in 2015, the
United States Department of Energy (DOE) has forecast that the non-OECD countries' share of electric power usage
will exceed fifty percent and will continue to rise [2]. Electricity, with a forecast annual growth rate of 2.7% between
1999 and 2020 will outpace the growth of other energy use, reaching more than 22.4 terawatt-hours.
The dream of importing environmentally friendly power to the earth from space had its origin with Peter Glaser’s
Solar Power Satellite (SPS) concept in 1968 [3]. The United States Department of Energy and NASA studied the
concept in a joint project beginning in 1977 [4]. The studies defined a Solar Power Satellite reference system including
the satellite configuration and all supporting infrastructure. The "completed" system would provide a generating
capacity of 300 gigawatts from 60 satellites. The satellites were designed to have five gigawatt generating capacity; use
photovoltaic cells for energy conversion; use wireless energy transmission at 2.45 gigahertz; be based at
geosynchronous orbit; be assembled on-orbit with human support of automated machinery; and have a thirty-year
operational life. Utilization of lunar resources to provide primarily for structural building material for a SPS was
proposed by O’Neil in 1975 [5] with the rationale that less energy would be required to launch material from the lunar
surface, resulting in an overall cost savings. In 1990, Criswell and Waldron [1] proposed using the Earth’s own natural
satellite, the moon, as a Lunar Power Satellite (LPS). They proposed robotic manufacture and assembly of the
components of the LPS on the moon. They projected collecting and transmitting (via 2.45 GHz microwaves) multi
terawatts of power.
The decision by the United States to return to the Moon as part of its strategic goal for the exploration of the solar
system has renewed international interest in the moon’s commercial potential, including as a source of energy and
materials for terrestrial, cis-lunar or interplanetary use.
This paper concentrates primarily on the case for the moon providing energy directly as a Lunar Power Satellite.
Both direct lunar–to–earth transmission and lunar-to-redirecting satellite-to-earth transmission will be considered.
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Technical challenges exist to utilizing lunar resources in providing the electronic components and structure for a
LPS [6]. In addition, robotic lunar construction is important for the LPS [7].
LUNAR SOLAR POWER
Intermittent or continuous power to a receiving site
The purpose of space solar power is to provide base load power to the earth and this paper assumes continuous
power transmission from the moon. For using the moon as a LPS, the first question to be answered is whether the power
should be transmitted directly from transmitters on the moon to multiple sequential receivers on the earth, which limits
the transmission time to the period when the moon is within view of the receiving site and requires vast terrestrial
energy storage or a massive intercontinental grid, or whether the power should be continuously transmitted to a
receiving site through a combination of directly when the moon is visible and indirectly through relay satellites when
the moon is not visible. The variation of the angle of incidence of the beam along both the east-west axis and northsouth axis as the moon traverses the sky that occurs with direct lunar beaming presents a complication not seen with a
geostationary SPS. Maintaining optimum antenna coupling and conversion efficiency requires tracking by the rectenna
elements and limits the time of transmission to the period when the incident beam spot does not exceed the rectenna
dimensions. Because it is desired that LPS provide all-weather transmission, 5.8 GHz will be assumed for the power
broadcast frequency.
Common lunar assets
Because the moon always presents the same face to the earth, location of transmitters on the near face will guarantee
a constant view of the earth. However, the lunar day is approximately one month as it revolves around the earth, so to
provide continuous photovoltaic power for transmission and to lessen the transmission distances of electrical power
between the photovoltaic collectors and the microwave transmitting stations, the photovoltaic collecting fields need to
be located in pairs, The transmitting stations would be arranged in pairs on the near face of the moon, with the solar cell
fields straddling the limbs, one for the lunar morning and the other for the lunar evening.
Two sets of photovoltaic fields are necessary, one for the lunar morning and the other for the lunar evening. The
photovoltaic fields should be sited to allow the shortest transmission line run consistent with acceptable collection
efficiency. To avoid excessive incident angle losses, (losses at angles > 45°), the photovoltaic arrays should be placed
45° either side of the limbs. Thus at new moon and full moon, each of the photovoltaic fields on the back or front
respectively will be equally illuminated and power hand-off from one to the other can be accomplished with the
minimum of disruption. With the photovoltaic fields at spaced at 90°, excess power will be generated from one or more
photovoltaic field. This power is available to support lunar industry and settlement. To deliver about 1 GW of power to
an earth site under worst case photovoltaic conversion, will require 30 km2 of 10% efficient cells. The transmission
lines for a transmitter located 45° from the limb will be about 1370 km and for a transmitter located 60° from the limb
about 1600 km.
Availability and location of mineral resources for manufacturing components (particularly electronic components) of
a LPS must be considered, since the location of the photovoltaic converters and transmitters is determined to be along
the limbs. Questions of material purity are crucial for the performance of electronic components. Several schemes have
been proposed to “pave the moon“ with low quality (< 10% efficient) silicon photovoltaic cells produced by
autonomous robots [8]. However, critical electronic elements such as power amplifiers and phase shifters require pure
raw materials and identifying convenient mining and manufacturing sites will be critical.
For microwave power transmission in the gigahertz range, the distance from the moon to the earth is not quite
sufficient to be considered in the far field (>2D2/λ) for transmitting antennas of several kilometers diameter, although it
is well beyond the tubular region (~0.2D2/λ).
Assuming approximate far field behavior, the coupling efficiency
wireless power transmission is

ηb of a transmitting and receiving antenna for

ηb ~ 1- exp(-τ2)

(1)

where

τ = πDtDr/(4λR)
(2)
Dt and Dr are the diameters of the transmitting and receiving antennas respectively, λ is the wavelength of the
transmitted radiation and R is the distance between the antennas.
Since the distance from the moon to the earth is approximately ten times the distance from Geostationary orbit to the
earth, a transmitting antenna on the moon would have to have ten times greater diameter than a transmitting antenna
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located in Geostationary orbit to assure comparable antenna coupling efficiency with a given sized rectenna on earth.
Thus, the 500 meter diameter transmitting antenna in Geostationary orbit associated with an approximately 10 kilometer
rectenna diameter on earth would become 5 kilometers for direct lunar to earth transmission.
In addition to revolving about the earth, the moon cyclically varies its north-south orientation through the ecliptic by
±5°. Without electronic beam steering, it would be impossible to hold the transmit antenna in an attitude to maintain the
main beam focused on the ground receiver or relay satellite. Even with retrodirective phase control for beam steering,
there are still very stringent requirements for the allowable antenna tilt and subarray tilts within the antenna. Subarray
tilt mainly affects the amount of scattered power from the main beam, while antenna tilt determines the power in the
grating lobes. These become serious considerations for a LPS where a large segmented LPS transmitter is located on
uneven ground near the edge of a curved surface.
For practical considerations, a monolithic transmitting antenna raised from the surface to point broadside to the earth
is preferred to a segmented antenna spaced out over the lunar surface. By way of comparison, an equatorial location
near (10° from) the limb of the moon would require more than 90 kilometers of surface horizontally along the equator to
achieve a 5 kilometer broadside elevation change. Other equatorial locations closer to the front of the moon will require
less surface area, but not appreciably so: 30° from the limb, ~89 km; 45° from the limb ~81 km; and 60° from the limb
~70 km. For non-equatorial sites, a north-south component must also be considered. Certainly, terrain features can be
used to reduce the horizontal antenna field requirement where such features exist. However, for the purposes of
planning a system requiring multiple transmission sites, the availability of accommodating terrain features can not be
relied upon. The location of a monolithic transmitting antenna will become a compromise between the length of electric
transmission lines and the height of the antenna structure above the lunar surface, but will probably be driven by the
antenna since transmission lines must be run from the photovoltaic fields regardless of the location of the transmitter.
Direct lunar to earth beaming
Direct lunar to earth beaming is severely limited by the need to provide energy storage at the receiving site, or
perhaps more daunting, to wheel massive amounts of power over intercontinental distances. In addition to the
construction expense of expanded east-west rectenna footprint dimensions to accommodate the beam, serious
restrictions on the operating conditions must be addressed. For a dipole rectenna element, the angle dependence of
conversion efficiency ~ cos 1.5 φ , where φ is the angle of the incident beam from normal to the rectenna. A beam
illumination period of about 6 hours at a site would require approximately a 90° (± 45° from vertical) beam sweep from
east to west. Thus, the efficiency of the dipole elements would vary from about 0.6 of maximum at onset of illumination
(φ = -45°) through the maximum 3 hours later and back to 0.6 of maximum at end of illumination (φ = 45°).
Intermediate efficiencies are: ~0.8 at ±30°; ~0.9 at ±20°; and ~0.98 at ±10° from normal. Because the input power is
varying, inefficiencies will also be generated because of the variation of load:
Po/Pi~4r/(r+1)2
(3)
where PO is output power, PI is input power and r is the ratio of actual to ideal load resistance. Finally, repeated on-off
cycling of the rectenna and large power fluctuation will shorten the life of the components.
Indirect via relay satellites
Positioning a network of redirector satellites in earth orbit to realize continuous coverage of rectenna sites will
significantly reduce, but not eliminate, the need for terrestrial storage. Lunar eclipses can last up to 3 hours 40 minutes,
with totality lasting up to 1 hour 40 minutes. In addition, the moon orbits around the earth within 5° of the ecliptic
plane, which means that for practical purposes, the reflector will pass into eclipse relative to the moon at the vernal and
autumnal equinoxes in a similar manner to that of a SPS passing into eclipse from the sun. However, there are two
differences: first and most important, the eclipse need not occur at local midnight and secondly, the eclipse will be
slightly shorter or longer depending on the moon’s inclination north or south of the ecliptic.
Because a reflector must be elliptical to reflect the microwave beam through an angle, designing the reflector
necessitates making a compromise between the size of the reflector along the major axis (the minor axis is taken to be
10 km, the approximate size of the beam at earth) and the angle at which the beam is broadcast directly to the earth
receiving site. As noted above, direct beaming to the rectenna at an angle of 45° from the normal to the rectenna results
in an efficiency loss of about 40%. At this angle, the major axis of an elliptical reflector inclined at 22.5° to the beam
would be about 26 km. To maintain reflection until 90% direct beaming efficiency is achieved (at ~20°) the reflector
would grow to around 57 km.
As the satellite passes between the earth and the moon, the beam will change from the leading face to the trailing
face of the satellite. This means that the redirector satellite must either be a double-sided reflector, or it must undergo a
rapid (180° + the angle at which direct moon to earth beaming was initiated) rotation in order to reacquire the beam at
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the end of direct moon to earth beaming. Maintaining the shape, pointing accuracy and position of such a large structure
in orbit will be a major challenge, and one that is beyond the scope of this paper.
Another problem associated with the transition from a reflected beam to a direct beam and back is shifting the
transmitter phase control for beam steering from the reflected pilot beam to a direct pilot beam and then back to the
reflected beam.
In keeping with the aim of the LPS to reduce earth-to-orbit mass, it may be possible to fabricate the components of
the redirector satellites from lunar resources and deliver them to earth orbit for assembly.
CONCLUSIONS
Several technical problems stand in the way of realizing a LPS. Among these are: erection of large structures
(including manufacture of the components) on the lunar surface; power management on the moon including
transmission of massive quantities of electrical power over long distances; and retrodirective beam steering through the
reflector, including the transitions from reflected to direct and back and between lunar transmitters. However, an even
greater problem is the difficulty of maintaining a constant power distribution on the ground rectenna.
While LPS represents a long-range project to deliver massive quantities of energy, the utilization of lunar materials
in constructing and maintaining a traditional SPS may present a more near term application. Structural members and
station-keeping propellant for a SPS could be manufactured on the lunar surface and transported to earth orbit. The low
lunar gravity and lack of an atmosphere make a mass launch system feasible.
In-situ lunar production of structural materials and components and gas for propulsion will be less challenging than
in-situ manufacture of electronic components. While requiring energy and suitable starting materials, the level of purity
of the materials used for structural materials need not be as high as for electronics.
Transportation from the lunar surface to earth orbit will require the development of a mass driver launch system and
robotic capture and assembly.
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ABSTRACT
Institute for Unmanned Space Experiment Free Flyer, USEF, has been studying Space Solar Power System, SSPS, from
early 1990’. Brief history of our study and some of recent activities are presented in this paper. The first activity is the
development and demonstration of several important technologies for the realization of the microwave wireless power
transmission system, WPT. They are beam steering, microwave transmission and microwave power utilization. As for
the transmission and utilization, we have developed and tested light weight microwave transmission system and
rectenna array. (Antenna arrays with rectifiers.) We have put the rectenna array on the Rover and demonstrated in the
anechoic chamber. In order to use space system, WPT shall be as light as possible. Though the target level of the weight
to output power ratio in this development was 50g/W, we have achieved 33g/W. Both transmitter and rectenna array
will be explained with the demonstration result. The second activity is the investigation of solar power energy
transmission both on the ground to ground and from the space to the ground. As for the ground to ground WPT, our
study indicates that short distance low power WPT is feasible. As for the space WPT, we have two themes. One theme
is investigation of the multi-bus tethered SSPS. The multi-bus tethered SSPS is a combination of identical unit with
power generation, beam control and power transmission. If we build some portion of multi-bus system, we can estimate
and evaluate the final system. We will find issue to be solved and build the road map for the development. Another
theme is to find the gap between current phased array technology and phased array technology for SSPS. The light
weight, super large, inexpensive and accurate phased array system is one of the most important factors for the
realization of SSPS.

1. INTRODUCTION
USEF has been studying Space solar power system (SSPS) as an alternative future energy resource under a support of
METI (Ministry of Economy, Trade and Industry) and the other related agency for the past several years.[1][2] The
study has covered from basic laboratory testing level to the practical power plant level. The activities have been
supported by working committee. Participants of the committee were selected from people of wide range of
backgrounds. They are experts for respective technologies working for universities, industries and research organization.

2. Summary of SSPS activities (Fig 1)
2.1. Feasibility study and additional study
The feasibility study of SSPS was carried out from FY2001 to FY2003. The Working Committee has investigated a
simple, technically feasible, and practical configuration SSPS which consists of a large power generation /transmission
panel or sandwich panel suspended by multi-tether wires from a bus system above the panel. [3][4](Fig 2) The study
has been done for its dynamic stability, construction method on orbit, operation, economical aspect and development
scenario.[1]

2.2 Study on Solar Power Utilization
In FY 2004, the feasibility study of wireless power transmission for the promotion of solar power energy has initiated.
The application of wireless power transmission on the ground usage has been studied in FY 2004 and 2005. Space
system has been studied from FY 2006. Microwave reflection and emission from rectenna had been measured in 2005
and 2006. WPT test for Rover had also studied in this period.
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Fig 1 SSPS studies by USEF

Fig 2 Concept of Operational SSPS(2001)

3. WPT Laboratory Testing
In order to utilize wireless power transmission, we have to consider three main elements. First element is generation of
RF energy from the electric power. The second element is to send the energy to the point of interest. The last element is
the receiving RF energy and converting it to direct current electric power. In addition to these elements, we have to
understand and control unwanted emission and reflection of RF energy. We have covered these elements in our testing
in some extent.

3.1. Beam control experiment
The beam control experiment was initiated from 2001. The active array panel with phase shifters, AIA#1[5], and the
retro-directive active integrated array panel, AIA#2[6], were developed and tested. The combination transmission test
was also carried out. The purpose of the development was to understand the issue derived by the microwave beam
steering with integrated panels. And its evaluation was carried out in the anechoic chamber of METLAB, which is the
microwave power transmission experiment facility of the Kyoto University. We have confirmed basic beam steering
performances. AIA #1 was designed and developed by Mitsubishi Heavy Industries, and AIA#2 was by Mitsubishi
Electric Corporation.

3.2. WPT to Rover
The WPT to remote object is a preferable application of SSPS technology. The rectenna array for rover, light weight
phased array panel for transmitter on 5.8GHz had been developed. We also confirmed the low power command
communication, 10mw, in 100W level microwave power transmitting condition. [7][8](Fig 3)

3.2.1 Light weight phased array panel for transmitting.
Light weight transmitting panel is a key element for Space solar power system. As the output power level of each
antenna element was about 4W therefore about 120 W output power was achieved with the 4kg weight. Therefore we
have achieved weight to output power level of 33g/W. It included signal generation but did not include beam steering
mechanism. The panel composed of 32 antenna element with array of three stages amplifiers.

3.2.2 Rectenna array panel receiving RF energy on Rover.
We have developed rectenna array for rover. The size is 340x600mm. The number of rectenna cell is 101（effective
97）Weight is 2.5kg, Spacing between elements is 0.774λ. Fig 4 indicates array test result. It indicates if the output
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Fig 5 Electric power balance during WPT test.
Fig 6 Test course and rover with rectenna
voltage can be kept about 6V, it is possible to get higher efficiency above 70%. The output voltage controller worked to
do so. Fig 5 indicates the situation of buffer battery charge. Fig 6 indicates circular test course of the rover. The rover
tracks the black tape in this picture. Command from outside can determine if the rover should move or stop. Climbing
line in Fig 5 shows that the coming microwave power is sufficient. It can move the rover and charge the battery.
Descending line indicate that the battery is discharged at this period. Starting and stopping rover indicates that the
command communication worked between the rover and command equipment located outside of the system.
3.3 Rectenna reflection and emission measurement
Reflection and emission from rectenna has been measured. As the RF environment is an issue to be investigated under
the operation of SSPS, not only direct RF energy coming from SSPS but also reflection and emission from rectenna
shall be evaluated. Direct reflection and harmonics emission for 2.45GHz band and 5.8GHz band have been measured.
4. Study of Solar power utilization
4.1 Ground to Ground WPT
USEF has been studying wireless power transmission for solar power utilization under the contract of METI from
FY2004. In this study, we have focused on the microwave power transmission and studied possibility to apply for
ground to ground power transmission. The conclusion is that appropriate WPT for ground to ground application shall be
limited to shorter distance and lower power case. The space solar power satellite need very large area for power
generation and the power density on the ground can be lower. The microwave WPT can be stated as appropriate power
transmission method from the space.[2]
4.2 Space to Ground WPT
From FY2006 to the next year, we are studying technical issue of SSPS. The improved tethered SSPS has been studied
with the leader Prof. Sasaki, ISAS. The WPT system has been studied with the leader Associate Professor Shinohara,
Kyoto University, focused on the understanding the technological difficulties that had to be overcome before the
completion of SSPS. As the full size SSPS in Fig 2 is not easy to get financial support at one time, the multi bus system
in fig 7 can be a solution for it.[9] Fig 8 indicates the layered structure of transmitting panel. We can develop from the
very small Sub-Array antenna, 0.125mx0.125m with 16 elements. And we have to assemble it to the module and next
step. Growing development of the system can apply up-to-date technology in all elements of the system.

SSPS Unit
バスシ ステ ム
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with multiple SSPS Units

Sub（0.125ｍｘ
0.125ｍ）
ｍ）
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0.5ｍ
ｍ
0.5ｍｘ0.5

Transmitting reception common antenna

Structure Unit 0.5ｍｘ
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0.5ｍｘ5
ｍ（Minimum Structure）
Structure）

SSPS System（
2375ｍ）
ｍ）
System（2500ｍｘ
2500ｍｘ2375
2～1 0 km

発電面
100 m

95 m

送電・ 発電面（ 下面）

マイ ク ロ 波

Unit（
95ｍ）
ｍ）
Unit（100ｍｘ
100ｍｘ95

Unit Assembly （500ｍｘ
475ｍ）
ｍ）
500ｍｘ475

Microwave transmission

Fig 7 Multi bus tethered SSPS
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Panel Dispersion (alongside)
Less than 0.2 λ
Whole Transmitting panel is a combination of
Multiple Rigid structure units with loose connection.
Panel
Dispersion
Free
(vertical)
Less than 0.8 λ

FY2007

Difference of
Panel Nominal direction
Within ± 5 degrees
Fluctuation Rectenna Direction
(Average Panel Normal Direction)
Within ±2 degrees

☆ Test at Space
(Basic technology for SSPS)

System
committee

Panel Nominal direction
Distortion of one panel is
Less than 1/30 λ

FY2008~

WPT
Committee

Planning
beyond
FY2008
◎ Test on the Ground
(WPT or other technology)
◆ Development of
Key component (HW)
□ Development of
System (SW)

Fig 9 Requirement to transmitting panel
Fig 10 Way to SSPS
Fig 9 is an example of the result of the study. Fig 10 is a general plan for SSPS study.
4.3 System Assessment
USEF has been updating Environmental and Safety assessment of WPT and SSPS every year to obtain public
understanding.
5. Conclusion
Continuous study, R&D and step-by-step demonstration should be carried out to realize the practical space solar power
system for humankind in the future.
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ABSTRACT
The feasibility of new SPS concept with multiple satellites in formation flight is evaluated. Assuming hexagonal
geometry of satellite array, each of which has 30MW Tx antenna of 200m in diameter, as a possible limit of
deployable space structure, the best satellites allocation in the Record Plate Orbit (RPO) with GEO as a cluster
center is studied. From the viewpoint to minimize the Tx energy concentration area at the Rectenna site, it is
verified that the satellites allocation in RPO must be selected so as to be viewed from the earth as the hexagonal
geometry (elongated hexagonal geometry on record plate) by setting the inclination angle, ∆i=2e. After calculation
of the power flux density arriving at the Rectenna site from the hexagonal geometry in RPO, the necessity of a
Rectenna element with high RF-to-DC conversion efficiency in mW/cm2 region is discussed. The prototype model
of the high sensitivity Rectenna is developed for evaluation purposes, and the measured data taken at the prototype
model shows about 50% efficiency at 1mW/cm2. In conclusion, the possibility to attain about 60% of the total RFto-DC conversion efficiency of Rectenna site for the SPS with satellites in formation flight is indicated.
INTRODUCTION
The conventional SPS system with 1GW class power generation needs a gigantic antenna for the microwave
transmission [1],[2], say, 1km in diameter with several hundreds million of element antennae which weighs more
than 10,000t. Therefore, a large number of launches and other breakthroughs associated with the gigantic structure
are indispensable. The most fundamental premise, which would have led this concept, seems to be the radiation
pattern of Tx antenna, because the monolithic and huge antenna, by the nature, can provide good beam efficiency,
or in other words, can concentrate Tx power around the beam axis, and therefore smaller the Rectenna site.
Recently, various studies have been made regarding the satellites formation flight [3],[4]. One application of the
studies to SPS is to separate the sun-pointing reflector from Tx antenna, but it still uses the gigantic antenna [5].
The other is smaller-scaled SPS satellites in formation flight, each of which transmits microwave power under
united beam forming control, to smaller the space structure itself [3]. In order to further pursue the latter concept,
we study the satellites allocation in orbit and Rectenna elements so as to maximize the total efficiency. The
radiation pattern and power flux density of hexagonal antenna array assuming 1GW transmission from the RPO
with GEO as a cluster center, the best satellites geometry in RPO to maximize the beam efficiency, and the
development of the Rectenna element prototype model with high DC-to-RF conversion efficiency are described.
RADIATION PATTERN AND POWER FLUX DENSITY OF HEXAGONAL ANTENNA ARRAY
System Configuration
Fig.1 shows an example of flight configuration of SPS satellites in formation flight. To realize a large-scale “Phased
Array” system, united beam forming control by distributing source frequency signal to all satellites to maintain the
in-phase coherency among all satellites is introduced. Each satellite can be launched separately to each respective
orbit to construct the formation flight by maintaining each relative position to the others, and transmits microwave
energy to the ground so that the total Tx power is equalized to GW class.
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Radiation Pattern and Power Flux Density of Optimized Hexagonal Array Geometry
The radiation pattern and the method to optimize the square array geometry to maximize the beam efficiency are
described in detail by Izumi Mikami, et. al [6]. This method is to utilize the grating robes effectively to maximize
beam efficiency. Fig.2 shows the hexagonal array geometry of 37 satellites with each 200m dia. Tx antenna
optimized by the method above in 5.8GHz band, Fig.3 shows its radiation pattern, and Fig.4 shows its power flux
density. From these figures, it is found that the Rectenna element with high DC-to-RF conversion efficiency in 0.1
through 1mW/cm2 region is necessary to collect 95% enclosed energy effectively.

300

m

R1 (N=6)
R5 (N=6)

R2 (N=6)

R4 (N=12)

Fig. 1. An example of flight configuration of
SPS satellites in formation flight.
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Fig. 2. Hexagonal array geometry after optimization.
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Fig. 3. Radiation pattern of hexagonal array.
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Fig. 4. Power flux density of hexagonal array.

ALLOCATION OF SATELLITES IN RPO WITH GEO AS A CLUSTER CENTER
Orbit Selection
In order to supply the microwave power to the Rectenna site continuously, the candidate orbit to construct the
formation flight is RPO [7] with GEO as a cluster center orbit. Introducing Hill coordinate system to define one
satellite motion relative to cluster center satellite and aligning x-axis to the radius vector, y-axis to the tangential
line, and z-axis parallel to the orbit momentum vector in the orbit normal direction, as shown in Fig.5, the satellite
motion relative to the cluster center satellite can be expressed by the following equations [7].
x = −ae cos M
y = 2ae sin M
z = a∆i cos M

(1)

Where, a is the semimajor axis of the cluster center orbit e is the eccentricity of RPO, M is the mean anomaly
( ≅ revolution angle), and ∆i is the inclination angle of RPO with respect to the cluster central orbit plane
The Best Satellites Allocation in Orbit
Next, we describe how to choose ∆i to accommodate the optimized satellites geometry shown in Fig.2. Two
choices of ∆i are shown in Fig.5, which establish a rigid body rotation of satellites geometry viewed from the earth
according to the cluster center satellite orbiting around the earth. When ∆i = 2e , the satellites geometry viewed
from the earth maintains hexagonal shape, and when ∆i = 3e , the satellites geometry maintains the hexagonal

shape on the record plate [7]. In order to select either, the offset angle, ∆ θ g , between the main beam direction, θ b ,
and the grating lobe direction θ g can be evaluated by the following equation.
 nλ 

∆θ g ≡ θ g − θ b = sin −1 (sin θ g cosθ b − cosθ g sin θ b )= sin −1 
 d cosθ b 

S1-I-1931

(2)

154

ISRSSP’07 - International Symposium on Radio Systems and Space Plasma
Where, d is the adjacent distance of two neighboring satellites on the record plate, and λ is wavelength. From this
equation, we find that ∆θg is a function of the adjacent distance viewed from the earth, d cosθ b . Therefore, ∆i=2e at
θ b =26.56degrees, where d cosθ b is equal to the adjacent distance to y-direction, is preferred from the viewpoint of

maintaining the optimized satellites geometry for better beam efficiency.
z
θb=tan (1/2)

record plate

d

-1

Z’

=26.56deg

x

y
earth

view from earth

(a) Inclination angle ∆i = 2e

on the record plate

Z’

z
d

θb=tan-1(1/ 3)

y:z = 2 : 5

record plate

=30deg @

x

y
earth

view from earth

(b) Inclination angle ∆i = 3e
on the record plate

Fig. 5. Two choices of ∆i for satellites allocation in RPO.

y:z = 2 : 3

HIGH SENSITIVITY RECTENNA
Analysis Modeling of Rectifying Circuit
Fig.6 shows an equivalent circuit of rectifier of the high sensitivity Rectenna. In order to improve the RF-to-DC
conversion efficiency, the following points are considered.
The rectifier introduces a balanced parallel circuit so as to eliminate balun which normally causes a
relatively large loss by connection to the dipole antenna.
The diode-to-rectifier electrical length, θ1, and the input power to maximize the conversion efficiency
have correlation each other, and therefore the RF-to-DC conversion efficiency is optimized in the low
power region by adjusting the circuit length.
Fig. 7 shows the calculation result of the relationship between the electrical length, θ1, and DC-to-RF conversion
efficiency in 5.8GHz band. From Fig. 7, we can understand that θ1 must be selected as 9.1 degree to optimize the
efficiency in mW region input. Fig.8 and Fig.9 show the external appearance of Rectenna with balanced parallel
circuit and the response of RF-to-DC conversion efficiency to input power. Bearing in mind that the Rectenna is
preferred to transmit the sunlight to minimize the vegetation hazard and to tolerate the high temperature conditions
in soldering processes, a thin polyimide film material is selected for the base plate. The size of rectifier is less than
10mm by 5mm so that it can be allocated with dipole antennas on the same base plate surface maintaining a
necessary adjacent distance among Rectenna elements.
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C1
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RF-to-DC conversion efficiency [%]

100
θ2
θ1

90
80
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10
0
0

Fig. 6. Equivalent circuit diagram of balanced
parallel rectifying circuit.
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Fig.8. External appearance of balanced parallel
rectifying circuit.
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Fig.9. Response of RF-to-DC conversion efficiency
of rectifier to input power.

Development of 129 elements Rectenna Array
Fig.10 shows the external appearance of Rectenna array designed for 5.8GHz band use, and Fig.11 shows the RFto-DC conversion efficiency of a single Rectenna element. The measurement is made in configuration of 129
Rectenna element array which stacks 66 element Rectenna array and 63 Rectenna element array for orthogonally
polarized wave. From Fig.11, we find that the RF-to-DC conversion efficiency is higher than 50% at 1mW input
and this efficiency is nearly equal to that of the single rectifier. For 0.1mW/cm2 input region, another Rectenna
element optimized for this input level is necessary.
RF-to-DC conversion efficiency [%]

100
90
80
70

51.2%

60
50
40
30
20
10
0
0

0.2

0.4
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0.8

1
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1.6

1.8

2

Input power [mW]

Fig.10. External appearance of 129 elements
Rectenna array.

Fig.11. Response of RF-to-DC conversion efficiency
of Rectenna array to input power.

CONCLUSION
The feasibility of SPS concept with satellites in formation flight with hexagonal array geometry is studied. As a
result, it is verified that 26.56 degrees inclination angle of record plate in RPO is suitable to construct the satellite
formation maintaining the optimized beam efficiency. Also confirmed are that high sensitivity Rectenna element
developed for 1mW/cm2 power density region show 50% RF-to-DC conversion efficiency. If these elements are
used together with other Rectenna elements optimized for 10mW/cm2 power density, which RF-to-DC conversion
efficiency is reported as 80%[8], the conversion efficiency of entire Rectenna system can reach about 60% range.
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ABSTRACT
Experimental studies on noise reduction of a 2.45GHz CW magnetron and development of a low-noise magnetron have
been conducted for a low-noise microwave power transmission (MPT) system and a solar power station/satellite (SPS).
We verified that a magnetron obtained improvement of purity and spurious noise reduction by filament-off operation:
reducing or turning off the filament current during the oscillation, when it was operated by a dc stabilized power supply.
Our experimental results indicated that a magnetron in the filament-off operation had drastic noise reduction in various
frequency bands: sideband noise reduction up to 60dB, spurious noise reduction up to 50dB from 4GHz to 10GHz and
line conductive noise reduction up to 40dB below 1GHz. Also, we newly developed a low-noise magnetron with a
metallic cathode shield on the high voltage (HV) input side. From the measurement results, both sideband noise around
2.45GHz and line conductive noise below 1GHz of our developed magnetron were improved up to 10dB and 30dB,
respectively, compared to the conventional magnetron.
INTRODUCTION
A magnetron is a well-known microwave tube, commonly used for a microwave heating source of a microwave oven.
Because of high dc-RF conversion efficiency, low weight/power ratio and low production cost compared with solid
state devices, a magnetron is also expected for a microwave transmitter of a microwave power transmission (MPT)
system and a solar power station/satellite (SPS). Researches and developments of MPT systems with magnetrons have
been conducted by our group [1, 2]. However, a free-running magnetron has poor frequency stability and spurious noise
in various frequency bands. Frequency stability of a MPT transmitter is essential for stable and effective microwave
beam focusing to a receiving site. Spurious noise in various frequency bands is difficult to prevision, and noise radiation
from a MPT transmitter and a SPS might severely interfere in the other communication systems. Therefore, it is
indispensable to employ measures against the drawbacks of the magnetron above.
The objectives of the present study are to reduce magnetron noise and to develop a low-noise magnetron, for a lownoise MPT system and a SPS.
MAGNETRON NOISE REDUCTION BY FILAMENT-OFF OPERATION
Spurious noise from a magnetron is effectively suppressed by filament-off operation: reducing or turning off the
filament current during the oscillation [3, 4]. Fig. 1 shows measurement results of fundamental frequency spectra
generated from a 2.45GHz oven magnetron at an anode current of 250mA, when the magnetron was driven by a DC
stabilized power supply. The thin line and the thick line in Fig. 1 show the fundamental frequency spectrum in the
conventional filament-“on” operation, and the filament-off operation, respectively. The filament-off operation
extremely improved purity of the magnetron, as well as reduced spurious noise levels in the vicinity of the oscillation of
the magnetron as Brown mentioned [5]. The Q value of the spectrum was also improved from 8.0 times 102 in the
filament-on operation, to 1.1 times 105 in the filament-off operation.
Spurious noise in other frequency bands is also suppressed by the filament-off operation. Fig. 2 and Fig. 3 show
spurious noise from 4GHz to 10GHz and line conductive noise below 1GHz at an anode current of 250mA, respectively.
The thin line and the thick line in Fig. 2 and Fig. 3 show the magnetron spectra in the conventional filament-“on”
operation, and the filament-off operation, respectively. From the measurement results, spurious noise in other frequency
bands is drastically improved by the filament-off operation. The reduction levels in the filament-off operation are up to
50dB from 4GHz to 10GHz, and up to 40dB below 1GHz, compared with the conventional filament-on operation.
In conclusion, the filament-off operation is an effective method for magnetron noise reduction. Note that the filamentoff operation has been a well-known beneficial way to give a long life to the cathode of a magnetron, since these
techniques contribute to the reduction of excessive back bombardment energy which overheats the cathode and shortens
its lifetime [6]. Therefore, a magnetron in the filament-off operation have a great deal of potential for a low-noise and
long-term MPT system including a SPS transmitter.
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DEVELOPMENT OF A LOW-NOISE OVEN MAGNETRON WITH A CATHODE SHIELD
We have newly designed a magnetron with a cylindrical metallic cathode shield on the high voltage (HV) input side of
the filament, as shown in Fig. 4 (c) [7]. With regard to the cathode shield, Kohsaka et al. [8] has suggested a magnetron
with cathode shields on both the filament ends, as shown in Fig. 4 (b), in order to prevent the electron emission from the
end portions of the cathode, although any details was not described except schematics of the magnetron with cathode
shields.
We conducted spectral measurement of the trial magnetrons depicted in Fig. 4. Fig. 5 shows the measurement results of
the fundamental spectrum, spurious noise, and line conductive noise of the magnetrons. The magnetrons were operated
by a half-wave voltage doubler, which is commonly used as a power supply of a microwave oven. The results indicated
that the newly-designed magnetron suppressed not only sideband noise around the carrier frequency up to 10dB, but
also spurious noise from 4GHz to 14GHz and line conductive noise below 1GHz up to 30dB (Fig. 5 (c)), compared to
the conventional magnetron (Fig. 5 (a)). Furthermore, a cathode shield attached to only the HV input side was more
effective than cathode shields attached to both the filament ends (Fig. 5 (b)).
In conclusion, a cathode shield plays an important role in suppressing spurious noises from a magnetron.
CONCLUSIONS
Experimental studies on magnetron noise and development of a low-noise magnetron has been conducted for a lownoise MPT system and a SPS. The following subjects on CW magnetrons should be conducted for MPT and SPS
transmitting systems in the near future: high-efficiency operation, thermal treatment under vacuum environment, life
test, etc. Some of these subjects are linked together: for example, the high-efficiency operation will help longevity of a
magnetron due to reduction of heat loss.
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Fig.1. Fundamental frequency spectra of a 2.45GHz oven magnetron at 250mA of the anode current. Thick line:
filament-off operation (filament current: 0A), thin line: conventional filament-on operation (filament current: 10A).
Resolution bandwidth: 10kHz.

Fig.2. High frequency spurious spectra of a 2.45GHz oven magnetron at 250mA of the anode current. Thick line:
filament-off operation (filament current: 0A), thin line: conventional filament-on operation (filament current: 10A).
Resolution bandwidth: 100kHz.

Fig.3. Relative low frequency spurious spectra of a 2.45GHz oven magnetron at 250mA of the anode current. Thick
line: filament-off operation (filament current: 0A), thin line: conventional filament-on operation (filament current: 10A).
Resolution bandwidth: 100kHz.
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Fig.4. Inside schematics of (a) a conventional magnetron, (b) a magnetron with cathode shields on both the filament
ends and (c) a magnetron with a cathode shield on the HV input side.

Fig.5. Experimental results of the fundamental spectrum (top), high frequency noises (middle), and line noises (bottom).
(a): a conventional magnetron, (b): a magnetron with cathode shields on both the filament ends, and (c): a magnetron
with a cathode shield on the HV input side.
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ABSTRACT

For the Space Solar Power Satellite/Station, we have to advance and expand microwave power transmission
(MPT) technologies on ground. However, there is no allowed frequency for the MPT by law in the world. It is
negative feedback between development and industry. Therefore, we propose some new application of the high
power MPT on ground which can be used under the present law because our proposed system is the MPT in a pipe
or the MPT in a closed area. One is a wireless power distribution system in a building. The other is wireless
charging system of electric vehicle. In both systems, we need high efficient rectenna, rectifying antenna, with
higher microwave power of approximately 100W. In this presentation, we will show the developed high power
rectenna with commonly used Si Schottky barrier diodes and microwave circuits. The rectenna with a 64-way
power divider provided 55% RF-DC conversion efficiency at an input microwave power of 100W. The size of the
rectifier circuit was 125mm in length, 110mm in width and 95mm in height. With the new rectenna, we can
develop a small MPT system in closed area.
1. INTRODUCTION
The microwave power transmission (MPT) technology was advanced from 1960’s by W. C. Brown[1] and many
researchers which had a dream to realize the Space Solar Power Satellite/Station (SPS)[2][3]. However, there was no
commercial MPT system in the world. There are some reasons. One is frequency problem. There is no allowed
frequency for the MPT by law in the world. The other is shortage of effective and economical MPT applications.
However, in recent day, many people notice the wireless power transmission (WPT) can be used to provide the power
for µW devices like IC, sensor, RF-ID, etc. A few years ago, we have proposed concept of ‘Ubiquitous Power Source’
to charge batteries of mobile phones or note PC via microwaves[4]. PowerCast company starts the WPT service[5].
They use ‘power harvesting’ instead of power transmission.
These approaches which we use weak microwave to provide the power for µW devices are very effective to advance
the MPT technologies on ground under the present law. We additionally propose some new application of high power
MPT on ground which can be used under the present law because our proposed system is the MPT in a pipe or the MPT
in a closed area. One is a wireless power distribution system in a building. The other is wireless charging system of
electric vehicle.
2. APPLICATION OF MICROWAVE POWER TRANSMISSION VIA MICROWAVE ON THE GROUND
2.1 WIRELESS CHARGING SYSTEM OF ELECTRIC VEHICLE
We have proposed a wireless charging system of an electric vehicle and carried out charging experiments. Inductive
coil charging system is adopted in conventional EV. Our proposal can decrease a weight of the charging system with
light weight rectennas, rectifying antennas, instead of the heavy iron core and can increase flexibility of charging
because we do not need any action to charge the battery. We have proposed the MPT from the ground to a bottom of the
EV to increase efficiency and to decrease risk of leak microwave.
We have carried out the wireless charging experiments with 1 kW 2.45 GHz microwave (Fig. 1). The EV has new
Electric Double Layer Capacitor (EDLC) as a battery and rectennas in a bottom. The EDLC is drawing attention as
solutions of some technical problems about the EV. On the ground, we put slotted antenna array with magnetrons. The
magnetron is cheapest microwave generator and its microwave is quite clear when we drive the magnetron with stable
DC power source[6]. We have succeeded in charging 120V (333kJ) in approximately 70 minutes and charging 140V
(476kJ) in approximately 120 minutes. This energy is enough to move the EV. Before the experiment, we have also
carried out 3-D FDTD simulation and have confirmed the safety of the wireless charging system.
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Tx-Rx Distance 12.5cm

Slotted Antennas

81 Rectennas in bottom of EV

DC output from Rectennas

Fig. 1 Photos of Wireless Charging Experiment of Electric Vehicle
2.2 WIRELESS POWER DISTRIBUTION SYSTEM FOR BUILDINGS
We have proposed wireless power distribution system for buildings as the other new high power application of the
MPT (Fig. 2). This system supplies electric power wirelessly by using building materials (deck plate) themselves as a
microwave transmission waveguides. Therefore, we can reduce initial cost of the building because we do not need any
wire construction. We put rectennas as DC consent in floor. It is easy to change the position of rectenna because there is
microwave in approximately everywhere under the floor. We estimate that one DC consent needs <50W and we provide
>3kW microwave power to one room. We choose a frequency of 2.45GHz which is decided by the limitation of size of
conventional deck plate.
Deck Plate Waveguide

Lights
Flow of Microwave

Waveguide

Di-Electric
Wall

Port 2

Port 3
Connection
Window

Slide
Magnetron
Power Socket Box

Port 1

Fig. 2 Concept of Wireless Power Distribution System for Buildings and Developed Power
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At first, we have to confirm the feasibility and to clarify the technical problems. We have developed variable power
dividers (Fig. 2) whose split ratios are from -10dB to -3dB. And we constructed the power distribution system that
actively controls the distribution. We have examined the methods to take out microwave power from the deck plate
waveguide. We analyzed methods using a coaxial probe and E-plane T-junction, and established the design technique.
Next, we did a practical examination of the whole system based on the abovementioned experiments. We designed the
wireless power distribution system in detail, and explained its technical problems.
3.

DEVELOPMENT OF A HIGH POWER RECTENNA

In both systems, we need high efficient rectenna with higher microwave power of approximately 100W. We have
succeeded in development of the high power rectenna with commonly used Si Schottky barrier diodes and microwave
circuits. Conventional rectenna with Schottky barrier diodes rectify approximately 1W only. Therefore, we use Tjunction power divider to decrease input microwave to each Schottky barrier diode. We do not need absorption
resistance like Wilkinson power divider because unequal microwave power is finally rectified in any diodes. To achieve
100W rectifying with one rectenna, we have developed rectenna with 64-way power divider. It can provide 55% RF-DC
conversion efficiency at an input microwave power of 100W (Fig.3). The size of the rectifier circuit was 125mm in
length, 110mm in width and 95mm in height. With the new rectenna, we can develop a small MPT system in closed
area like wireless charging system for the EV and the wireless power distribution system for buildings.
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Fig.3 Developed 64-Divided High Power Rectenna and its RF-DC Conversion Efficiency in Case of 64-Parallel
Connection, Load 10Ω
4.

CONCLUSIONS

We have developed rectenna with conventional Si Shottkey barrio diodes and 64-way power divider to achieve 100W
rectifying with 55% RF-DC conversion efficiency. The high power rectenna can be applied for wireless charging
system for the EV and the wireless power distribution system for buildings which are new application of the MPT on
ground.
The SPS with the MPT is hopeful power station in future. However, road to the SPS is far and steep because there is no
application of the MPT on ground. The high power MPT application systems and/or weak power MPT application
systems are hopeful milestone to clime up to the SPS.
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Abstract
The present paper discusses the methods for signal processing, which enable the design of reliable high-speed
information systems, using the distribution power line of low voltage. The design of such systems is too attractive,
taking in mind the connection of the final users with the large information centers, the covering of the last hundred
meters, as well as the cheap internal connection to different home and office communications.
The realization of such systems is an unconventional problem. The network, built as universal medium for energy
transfer, is too “unfriendly” towards the transmission of wide-spectrum information signals.
The main parameters, representing the communication media – the distribution constant, the noises, the transfer
functions, the time dependence, have unusual meaning for the power line – it is conductor medium, but the signals
distribution is closer to that of super-high frequency radio waves in urban environment, with well expressed multi-ray
distribution. The transfer function is very uneven with expressed deep falling. The noises are not of white type, they are
non-stationary, a composite mixture of different in nature sources of disturbances with various statistics, various
spectral composition, all being strongly amplitude-modulated by the power voltage.
The paper considers the specifics of the power line as a communication medium and the approaches that allow the
design of a reliable power line communication network.

1. Introduction
The power line (PL) is a new and attractive communication medium being of limited use so far. It is apparently
favorable to communication with its widely developed infrastructure as a two-wire line in its purest form, which has
relatively high wave impedance of (50 … 140) Ω [1, 2] and low fading, is accessible at any time and at any point, and
can be a source or user of information with high information capacity evaluated at (40 … 50) Mb/s [3, 4]. Using these
possibilities would make the PL into a universal supplier not only of energy, but also of information. However, PL
loading – at arbitrary points with arbitrary loads and in arbitrary moments – makes its transfer characteristic strongly
variable with time and frequency within a very broad range. The process of communication signal propagation is a
multipath one, caused by multiple reflections. In the PL there are circulating various interfering signals of diverse
nature, which are definitely non-Gaussia, non-white, and non-stationary. This makes PL an unfriendly, “horrible”
medium [5].
In “the good old days”, the Gaussian white noise was considered a basic noise, and this is a noise with highest entropy
and therefore it degrades most effectively the communication signals. Unlike the Gaussian noise, the basic noises in the
PL are not a result of natural processes; they mostly occur due to human activities. These noises have a definite
structure and therefore they are predictable to a certain extent.
Creating a communication system combines knowledges in various fields: circuit analysis, electromagnetic fields,
signal processing, theory of information, theory of communications. Based on these knowledges, simplifiedperformance models for wired and wireless communications have been accummulated, systematizated, and created. At
the present time, this is what is being done and will have to be completed for the PL as well.

2. Signal propagation
The distribution network to homes and offices consists of a two-wire cable of PVC insulation with branches and contact
sockets for connecting consumers: electronic devices, computers, peripheral equipment, lighting and heating devices,
etc. Intended to supply energy, this network features increased fading, especially at frequencies above 1 MHz. In [6],
the propagation constant, γ, is approximated by the following expression:

γ = a0 + a1 f k + ja2 f

,

(1)

where parameters a0, a1, a2 and k depend on the particular cable used.
The frequency relationship of the phase velocity a2 introduces variance into the impulse response (IR) of the plant. The
measured fading and propagation speed of the signal, which is propagated through a flat cable with the typical cross-
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section of 4 mm2 at frequency ~ 10 MHz, are 0.3 dB/m and 200 m/µs, respectively, and the wave impedance Z o , i. e.
the characteristic impedance, is ~ 140 Ω.
Loads in the line are connected without introducing any limitations as concerns their locations as well as without any
requirements regarding their impedance, which is, naturaly, rather different from the characteristic impedance. In the
real network, characterized by multiple branches and loads, it is quite common when its input impedance varies with the
frequency and time within a significant range ~ (1 … 103) Ω.
The impedance of the loads themselves is strongly dependent on the frequency and in most cases on the instantaneous
value of the PL voltage as well [1, 7]. The dynamics of this variation frequently exceeds 40 dB.
The frequency relationships of the impedance of two types of loads, typical for a development unit, are shown in
Figs. 1a and b [7]: an oscilloscope in ON- and OFF-modes and a personal computer. A notion regarding the network
impedance can be obtained by means of the measured fading of an L-shaped two-port network formed by a resistor
having resistance of 51 Ω and the load itself. The modulation of the fading, which can be seen in Fig. 1b, is caused by
the character of the network voltage. The upper envelopping curve is determined by the fading around the transitions
through zero of the PL voltage, and the lower one by the fading around its extrema.

Fig. 1b: IL(f) of the testing arrangement loaded by means of an
AMD Althon XP 1800+ PC, the PC being in an ON-state

Fig. 1a: IL(f) of the testing arrangement loaded by means of a
Tektronix TDS 2012 Oscilloscope

The propagation of communication signals between two sections of the network is a multipath one, complicated by the
multipliticity of reflections. It is attractive to use the primary parameters of the real network – loads, propagation constant,
and topology – for determining the transfer function H ( f ) of the channel between two of its sections. The following
rather general expression is proposed in [6]:
H( f ) =

∑ g i ( f )e

− ( a0 + a 1 f

k

) − j 2 πfτ i

e

i

;

τi =

di
a3

(2)

where g i ( f ) is the strongly frequency-dependent coefficient of reflection for the ith path, and τi is the delay in
propagating the signal, which is determined by the propagation speed and distance di between the source and the receiver.
As a result of the interference between the large number of falling waves, which besides have various shapes, and due to
the strong frequency dependence of g i , the frequency characteristic H(f) is strongly non-uniform, exhibits deep fallings,
and depends on both the loads connected and the phase of the PL voltage. The latter relationship, frequently neglected, is
capable to deeply modulate H(f). The interval of coherence is evaluated [1, 8] to (0.6 … 0.8) ms, for which the changes in
H(f) caused by the loads are generally large and occur in an uneven manner at random moments, but relatively seldom,
often at intervals of tens of minutes. It is obvious that H(f) can be digitized by means of N H diverse transfer functions:
T

H ( f ) = H 0 ( f )...H N ( f ) .
(3)
H −1
A stochastic approach is proposed in [9], in which distances between the loads follow a Poisson’s law at average
remoteness ~ 15 m, and gi(f) are uniformly distributed in the interval ±1. In many cases, it is more convenient to use the
impulse response (IR) h(t) and the results obtained are easier for interpretation. In the Orthogonal Frequency Division
Multiplexing (OFDM) communication systems, the cyclic prefix is directly related to the duration of the IR.
The maximal duration of the IR can be determined according to the expression:
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τm

=

ln b
a1V

,

(4)

where b is the fading, for which it is assumed that the IR becomes equal to zero.
For b = 100 dB/m, a1 = 0.01 m-1 and V = 2.108 m/s; τ m = 2.3 µs.
Fig. 2 shows the IR of a real network attacked by the excitation signal shown. Basically, the duration of the latter is
~ 25 ns. It should be noted the emphasis of the low-frequency components related to the lower fading for this frequency
region of the channel.
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Fig. 2: Impulse response of a real network

3. Noises in the network
In the PL, except the PL voltage and its harmonics, there are also multiple other voltages, which are propagated in relation
to the functioning of the network itself, and the consumers connected, as well as voltages induced by external sources - for
instance, radio and TV-transmitters. We can define generally this entire multitude as “noises”. Arbitrarily, noises are
basically subdivided into basic noises, noises featuring a smooth frequency characteristic of the Power Spectrum Density
(PSD), frequency-focused and pulsed noises.
Noises in the PL are a subject of multiple investigations revealing diverse aspects. In [2], pulse interferences in homes,
generated by various sources: brush-collector motors, luminescent lighting, and phase-controlled halogen lamps (dimmers),
are studied and classified in accordance with their waveform, duration, and occurrence rate.
In [10], the frequency-time distribution of noises within the frequency range of (0.3 … 20) MHz is explored for a half-cycle
of the network voltage. These are classified into basic ones, the spectral density of which is a smooth smooth function of
frequency, and into spectrally focused ones. It is shown that noises at frequencies below 2 MHz are very intensive, and the
frequency-focused noises occupy less than 5 % of the investigated frequency region but more than 50 % of the entire noise
power is concentrated into them.
Frequency characteristics of noises in homes or university campuses are a subject of many researches [4, 11, 12]. In [11] it
is shown that noises weaken for frequencies above 5 MHz, and the Power Spectrum Density, [PSD] dBmV/MHz, is
approximated [4] with sufficient accuracy by the relationship:
Sn ( f ) = a

+ bf − c ,

(5)

where a, b and c are constants.
In [13, 14] noises are considered a cyclic stationary process with a cycle, equal to the half-period of the network voltage,
2

which consists of three components, each of them featuring Gaussian distribution and different power σ i :
σ

2

3

= iΣ= 1 σ i

2

.

(6)

The first component does not depend on the network voltage, and the other two depend on the phase angle, whereas the last
one is very intensive, concentrated in a narrow area of the network half-cycle.
A special class of noises is that of noises of intrasystem origin: interframe, intersymbol, or interchannel noises. The first
two types are related to the time variance of the channel and their impact is reduced with the introduction of protective
intervals and equalization of the channel. The interchannel noises are typical for systems with code division, which use
common frequency and time resources. In many cases these interferences are correlated with the basic data flow and there
impact can be diminished by using of “whitening” procedures.
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4. Modulation
The choice of modulation scheme should be in conformity with the essential specificities of the PL:
- Multipath propagation varying with the instantaneous value of the network voltage and changes in loads in the
line;
- Presence of noises of heterogeneous nature and diverse statistical parameters and spectral composition;
- Strict restrictive norms of spectral loading, related to the electromagnetic compatibility and energy emission to the
environment;
- Acceptable complexity in attaining a preset level of safety;
- Wide variety of the channel, leading to the use of adaptive modulation methods.
The modulation of a single carrier is attractive due to its simplicity. The following methods are often applied:
- Frequency Shift Keying, Phase Shift Keying (FSK, PSK, respectively), which retain a low value of the “peak
power – average power” ratio;
- uniform PSD featuring high spectral efficiency.
It is also possible to use more sophisticated methods:
- FSK and PSK in variants with continious phase;
- Detecting in accordance with Viterbi’s algorithm;
- Coherent receiving;
- Decision Feedback Equalizer (DFE).
The single-frequency modulation has essential disadvantages as well: it does not allow high-speed exchange; deep fallings
of H(f) can make the communication impossible; the long impulse response leads to increased interference; equalization
leads to lowering the Signal-to-Noise Ratio (SNR).
The multicarrier modulation (MCM) is a promising method for high-speed exchange along the PL. This technology is
created especially for a medium with multipath propagation, strong intersymbol interference, frequency-selective fading. It
involves the generation of multiple parallel independent frequency subchannels, each of then featuring flat fading. The
general transfer function is decomposed into Haar‘s functions – rectangular frequency windows with different transfer
coefficients. Its equalization is reduced to the normalization of each subchannel. Detecting the symbols in individual
subchannels, although conducted in a common process, is independent and does not cause error propagation from one
subchannel into the others. The symbol loading, i. e. the Bit-Rate-to-Symbol-Rate ratio, for the individual subchannels can
be different depending on the selected signal, which should be in conformity with their transfer coefficient and noise
pattern.
A set of orthogonal signals is selected as subcarriers.
Harmonic signals, which are frequency-distributed in a uniform manner, are used as carriers in the most widespread
Orthogonal Frequency Division Multiplexing (OFDM) system. The channel signal is formed in a single process for all
subchannels by means of the Inverse Fast Fourier Transform (IFFT). At the receiving side, a Fast Fourier Transform (FFT)
is performed in order to restore the input sequence.
It is also possible to use other orthogonal signals as carriers.
Using Wavelet is also attractive. For the Wavelet Transform (WT) there are fast versions, too, which are equivalent to FFT
as regards the computational complexity. Such a system, operating in the presence of colored Gaussian and narrow-band
noise with parameters taken from a real network, is examined in [15].
OFDM has also several inherent disadvantages. The value of the “peak power – average power” ratio is rather high. To
restrain the intersymbol interferences requires the introduction of protective interval. In order not to reduce noticeably the
spectral efficiency, transmitted packages should contain a greater number of symbols. The maximal duration is limited by
the coherence interval of the channel.
Another approach to overcoming the multipath propagation is the spectral spreading. Input data are transferred by signals
with a frequency bandwidth λ-fold broader than that of the data, where λ >> 1 . After receiving, an inverse process of λfold compression is performed. At that the channel signals are characterized by low spectral density. This approach imparts
the following especially important properties to the communication system:
- Low sensitivity with respect to narrow-band interferences and possibility of operating simultaneously with
narrow-band communication systems without any mutual impact;
- Possibility of operating simultaneously in a common frequency band for multiple communication systems with a
spread spectrum, using mutually orthogonal signals;
- Natural suitability to multi-user communication systems – Code Division Multiple Access (CDMA).
Direct spreading (DS) is the most frequently used spreading technique. The flow of binary symbols is multiplied by a
spreading function.
A multi-user system can be built by taking the spreading functions from a set of orthogonal functions and assigning each of
them to an individual user as a signature.
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A promising method of spread spectrum communication is the pulse modulation of Ultra Wide Band (UWB) Signals. In
this method the information is transferred by short-duration mono-pulses with modulated amplitude, modulated phase, i. e.
with modulated cycle position of transferring an elementary symbol, or modulated shape. The transfer is performed in the
Base Frequency Band, without any spectral transfer, i. e. transferring the entire spectrum. The method combines low
spectral density and broad spectrum, which provides low sensitivity towards frequency-selective fading of the channel,
simplicity in realization, transferring the Base Band only.
Investigations are carried out and an experimental system is realized, which has been built in accordance with this method
and demonstrated good performance results [9, 16].
The broad spectrum of the communication signal is attained at the expense of the low value of the “mono-pulse width –
average occurrence rate” ratio, which is generally within the range of (0.1 … 0.001). The simplest mono-pulse is the
rectangular one. The spectrum occupied to the first zero is spread within the interval (0 … 1/T), where T is the pulse
duration. However, the presence of low-frequency components, including also a zero component, in its spectrum introduces
a number of inconveniences.
Mono-pulses approximated by a Gaussian function or its derivatives up to 5th order are frequently used. Their shape is not
complex and they can be generated in a relatively easy manner. However, their spectrum is displaced towards higher
frequencies with increasing the derivative order.
Using UWB signals allows creating CDMA systems with direct spreading (DS) along a common PL. Each user is assigned
an individual signature described by the N-dimensional vector a k = a k ... a k
0

N −1

, a ij ⊂ { 0 ,1 } . For all K users, the

signature may be represented by means of the N × K-dimensional matrix A:

A = a0 , a1 ,...aK −1 =

a00

. .

a0 K −1

a10

. .

a1K −1

.
aN −10

. .
.
. . aN −1K −1

.

(7)

The column vectors are orthogonal ones. Each of the indexes 0, 1, … , N-1 is assigned a definite phase (position) in the
cycle for transferring a single symbol. For convenience, let assume that these are located at equal distances. The signature
transferred for the kth user will become:
uk

where

= a kT .g s ,

(8)
T

g s = g ( t ), g ( t − T ), ..., g [ t − ( N − 1 )T ] is the vector of mono-pulses displaced with a step T. The bipolar

keying of the signature is a convenient modulation scheme. The signal S k ( t ) transferred by the kth user will have the
appearance:
Sk ( t ) =

∑ bki u k ( t − i( T0 + Ts )),
i

bi = ±1 ,

(9)

where bi is the transferred binary information symbol, T0 = NT + Ts is the time for transferring a single symbol, and Ts is
the width of protective interval between individual symbols.

5. Coding
The great diversity and variation of the transfer function H(f) and noise in the PL channel do not allow recommending a
unified coding algorithm. For the protection against package errors, which are real for a PL channel, it is possible to use
convolution coding. The introduction of interleaving strengthens this protection. When coding with sufficient depth through
the application of both approaches, the PL channel is virtually transformed into an Additive White Gaussian Noise
(AWGN) channel: errors become virtually independent and their detecting or correcting will require more simplified
decoding. At a depth of interleaving greater than the network half-cycle, averaging of channel parameters is carried out.
Decoding at deeper interleaving is lengthened, which is not always admissible. Using codes of large Hamming distance
protects against independent errors. To attain large Hamming and Descartes distances, it is possible to use concatenated
codes. For instance, a convolution and Read-Solomon codes protect against both the independent and package errors.
Using iterative (turbo-) codes significantly simplifies decoding. They are characterized, however, by their own lower
threshold for errors – Bit Error Rate (BER), and because of this they are applicable to cases not requiring especially high
reliability.
In OFDM, where the individual parallel channels are independent, bit interleaving is rather effective as regards the struggle
against package errors, whereupon no delays are introduced in decoding.
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6. Conclusion
PL is an unusual communication channel and the conventional means are not sufficient for its utilization. Its throughput
capacity is evaluated to 50 Mbit/s. The theory of information proposes approaches permitting the „taming” of the PL and
building of reliable communications. However, this can be accompanied by considerable computational complexity. The
price of this complexity depends directly on the technological level, which is subject to fast changes. The frequently
expressed pessimism – justified in most cases – is being gradually replaced by optimism. There are already systems
providing BER = 10-7 at SNR ~ 5.5 dB [17]. It is important that these systems be sufficiently inexpensive and competitive
with respect to the fast-progressing wireless systems of similar application.
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ABSTRACT
In the advanced cable television (CATV) systems under certain conditions in the active devices, used in the system,
non-linear products are emerging. Thus the subscribers receive except the useful signal also parasitic (disturbing)
signals, which in a number of cases of high non-linearity are prevailing over the useful signal (especially in case of
transmitting of digital signals, as well as digital and analogue – Hybrid Fiber Coaxial network-HFC). In this article
the composit crossmodulation (CMD) distortions will be viewed, because they have more significant influence on
the quality of the image. The Volterra series will be used as a mathematical apparatus for numerical estimate of the
crossmodulation, arising in broadband cable communication systems. The analytically results for CXM are obtained
for devices and systems parameters by different modulation index values.
INTRODUCTION
CATV (Cable TV or Community Antenna TV) networks are traditionally one-way and broadcasting infrastructure
for residential area television distribution. With the population of internet services, cable services providers are
interested in providing these internet services. Thus were formed standard committees [1, 2] to prescribe solutions
about how to provide different kinds of services over the CATV networks. At the same time the HFC (Hybrid
fiber/coax) architecture, in which a fiber is used to transport subscriber multiplexed signals, has become the
standard in CATV industry.
The HFC network is considered as a bidirectional broadband communication infrastructure, as shown in Fig.1. The
signals are transmitted electrically from Fiber node (FN) to home by coaxial cable through some amplifiers and
splitters. Any amplifier will evidence some degree of nonlinearity between the input signals applied to it and its
output signals. The more power passed through the unit the less linear it will tend to be. In broadband coaxial
systems many radiofrequency (RF) signals are passed through a single amplifier stage and the composite RF energy
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Fig.1. Advanced HFC network topology
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it is asked to handle is quite significant. This is compounded by the fact that we require relatively high signal levels
on each carrier at the output of each amplifier. Thus, the output stage of CATV amplifiers is susceptible to
nonlinear operation and will produce undesirable effects called intermodulation (IMD) and crossmodulation (CMD
or XMD) distortions. All IMD will become visible interference in television pictures at some level. It is generally
accepted that when only 21 or fewer TV channels are passed trough a cascade of amplifiers, the limiting
intermodulation will be XMD [3, 4]. By this we mean that XMD would build up to a point where it was visible in
television pictures before other forms of IMD would be visibly evidenced. Thus, for purposes of our discussion, we
can simply confine ourselves to either form. Since XMD is somewhat more applicable for both lightly or heavily
loaded systems, we will restrict ourselves to XMD. It should be understood that this discussion and development of
XMD will have similar implications for other forms of IMD [5].
THE RELATIONSHIPS BETWEEN COMPOSITE CROSMODULATION (CXM) AND SYSTEM
PARAMETERS
Crossmodulation, the transfer of modulation from one channel to another in a multichannel system, is of great
interest in relation to CATV amplifiers, since in many cases it is the one form of distortion which limits the output
levels that can be used.
In what follows, three conditions are assumed which allow direct application of the results to CATV practice. The
third condition should be carefully noted since it is distinctly different from the condition assumed for
crossmodulation tests on conventional AM receivers.
1) It is assumed that there are number N of input signals, and that each of them, accepting one, is modulated.
The degree of modulation present on the output signal at the frequency of the unmodulated input is used
as a measure of crossmodulation.
2) Each of the interfering signals is modulated synchronously, i.e., the waveform, amplitude, and phase of
the modulation envelope are identical on each.
3) Regardless of the waveform or the degree of modulation the amplitude of each interfering signal at the
peak of modulation cycle is made equal to the amplitude of the unmodulated test signal.
The cross modulation for given conditions depends on the amplitudes and the number of the input signals, the
modulation waveform and the depth of modulation on the interfering signals, and on the third-order distortion
characteristics of the amplifier. For the conditions assumed in this paper the relationship, which is fairly complex, is
developed below whit used Volterra kernels.
The numerical value of the crossmodulation is possible to be made on the base of the coefficient of crossed
modulation CXM. He has been definite as an attitude between the amplitude As,out of useful signal (test channel s)
and the amplitude АСМ of the nonlinear product fro the crossmodulation in the output of the examined amplifier or
system:
(1)
CXM = A s,out A CM .
Calculating CXM by used on relationships between nonlinear products
Here will be used the reciprocal relationship between types of nonlinear distortions, that are defined by the attitude
of the Volterra kernels from first and third order. Thus like crossmodulation can be accepted for the special concrete
example of intermodulation. Because of the same physical nature, the elements of inter- and cross modulations are
numerical connected. The connection, that exists between the different type’s nonlinear products from third order,
gives opportunity when using one type distortions to be calculated the amplitudes of the rest nonlinear products
Table 1, [6].
For CXM after replacement consecutively with the data from Table 1 in (1) and according to
Table 1. Amplitudes of the crossmodulation nonlinear products
Nonlinear products
Order

3

Frequency

Amplitude АСМ

2f1 ± f2

3 H3(2 f1 ± f2) .A12. A2 .mCM

2f1 ± f3

3 H3(2 f1 ± f3) .A12 . A3.mCM

2f2 ± f1

3 H3(2 f2 ± f1) .A22 . A1.mCM

2f2 ± f3

3 H3(2 f2 ± f3) .A22.A3. mCM

2f3 ± f1

3 H3(2 f3 ± f1) .A32.A1.mCM

2f3 ± f2

3 H3(2 f3 ± f2) .A32.A2.mCM

Type

composite

f1± f2 ± f3
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As,out = H 1 (ωs ) As , it changes to

(

(2)

)

CXM = (q H 1 (ω s ) ) 6 H 3 (ωb ) .A2 .mCM , where

(3)

by two-component beat ωb = 2ωi ± ωj = ωs and Ai = A j = As = A ; i ≠ j ≠ s = 1,2,3; q = 2.
by three-component beat ωb = ωi ± ωj ± ωk = ωs; Ai = A j = Ak = As = A ; i ≠ j ≠ k = 1,2,3; i ≠ j ≠ k ≠ s; q = 1.
In practice, more often in CATV systems is used the coefficient CXM, which is measured in dB. The general
formula has the fallowing appearance
СXМ [dB] = 20 lg H 1 (ω s ) + 20 lg q − 20 lg H 3 (ωb ) − 40 lg A − 20 lg mCM − 15,56 .

(4)

Reading that H 1 (ω b ) = G [6, 7] and A*G = Aout, for CXM from (4) by known output signal, can be written:
CXM [dB] = 60 lg G + 20 lg q − 20 lg H 3 (ωb ) − 40 lg Aout − 20 lg mCM − 15,56 .

(5)

In Table 2 presented the equations for CXM at two- and three- components beat in dependence from the normal and
normalized Volterra kernel.
Table 2. Composite crossmodulation
kernels
Normal
Normalized

CXM
Two-component beat
Three-component beat
60 lg G − 20 lg H 3 (ω b ) − 40 lg Aout − 20 lg mCM − 9,54 60 lg G − 20 lg H 3 (ω b ) − 40 lg Aout − 20 lg mCM − 15,56
40 lg G − 20 lg H 3G (ωb ) − 40 lg Aout − 20 lg mCM − 9,54

40 lg G − 20 lg H3G (ωb ) − 40 lg Aout − 20 lg mCM − 15,56

Crossmodulation distortions at two modulated frequencies for n = 3
For definating of XMD at spearing of the signals in CATV systems will be used dependences in [8] in attitude of
the output signals. Let the nonlinearity be described with polynomial from third rank (class), and the nonlinear
products, failing into the test channel s, are as a result of two modulated signals. Because XMD are from third
order, interesting is just
y 3 (t ) = H 3 (ω b ) [As cos ω s t + A1 (1 + m cos Ωt ) cos ω1t + A2 (1 + m cos Ωt ) cos ω 2 t ]3

,

(6)

where H 3 ( ω b ) is Volterra kernel.
After doing the mathematical operations and grouping by attitude of crossmodulation distortions, from example (6)

(

)

2
2
we write yXMD(t) = 3 2 As A1 + A2 m H3 (ωs ± Ω) cos(ωs ± Ω) t .

(7)

Analyzing the addends in (6) can be made conclusion, that at definite conditions XMD, failing in tested channel are
getting more. Those conditions are:
2ω1 ± ω2 = ωs

and/or

2ω2 ± ω1 = ωs ,

(8)

and the equation for the output signal in presence of crossmodulation distortions gets the appearance:

[ (

)

(

)]

y*XMD (t) = 3 2 As A12 + A22 m + 3 16 Ai2 A j 4m + m 3 H 3 (ωs ± Ω ) cos(ωs ± Ω ) t .

(9)

For CXM, reporting (1), (2) and (7), it is been received
CXM [ dB ] = 20 lg G − 20 lg H 3 (ω s ± Ω ) − 40 lg A − 20 lg m

CM

− 9,54

(10)

at А1=А2=А and mCM = 11 8 m + 3 32 m3 , and ACM gets the value form (9).
For CXM by normal and normalized Volterra kernel, at known output signal, it is written
CXM [dB] = 60 lg G − 20 lg H 3 (ω s ± Ω ) − 40 lg Aout − 20 lg(11 8 m + 3 32 m 3 ) − 9,54 ,

(11)

CXM [dB] = 40 lg G − 20 lg H 3G (ω s ± Ω ) − 40 lg Aout − 20 lg(11 8 m + 3 32 m 3 ) − 9,54 .

(12)

At systems with M number cascade connected one type amplifiers
CXM ( M ) = CXM (1) − 20 lg M .
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On fig.2. is shown the application of the worked out higher up analytic expressions for determination of the CXM
for a real cable amplifier VX97B/G according to the European standard CENELEC EN 50083 (Appendix C). It’s a
product of the German WISI company and it has been used in the trunk lines. His working frequency outflanking is
from 47 to 860 MHz, gain G = 35 dB, and maximal output level Aout = 121 dBµV (for two programs). On fig.3 is
presented the nomogram for determination of CXM for f = 175.25 MHz, and Aout is changing from 90 dBµV to 120
dBµV. G gets three values: 15 dB, 25 dB and 35 dB.
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Fig.2. Graphic presentation of the CXM from the working frequencies according to Appendix C

CXM
dB
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G = 25 dB
G= 15 dB
Aout,dBµV
Fig.3. The nomogram for determination of CXM in dependence from the output
level and gain on the trunk amplifier VX97B/G
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ABSTRACT
Some cable systems purposefully shift the video and audio carrier frequencies of some or most channels. Two common
carrier shift schemes are the Harmonically Related Carrier (HRC) and Incrementally Coherent Related Carrier (ICC or
IRC). While an HRC or IRC system gains an extra cable channel, their main advantage is to reduce a form of
interference called triple beat. Triple beats cause interference lines in the cable pictures after long cascades of amplifiers
or from improper signal levels or amplifier operation. Although HRC and IRC systems improved picture quality, few
cable systems adopted these channel plans (by standards B/G or D/K). Only about 10% of the cable systems use an
HRC or IRC system. The local cable operator or engineer can confirm their use in broadband communications area.
INTRODUCTION
In these CATV systems are used modified schemes for distribution of the carrier frequencies, and in that way some
components of the three-component beat are removed.
Modified systems of distribution of the carrier frequencies, like those, are called [1, 2, 3]:
a) Delivery with Harmonically Related Carriers (HRC);
b) Delivery with Incrementally Related Carriers (IRC).
A structure of Head End (HE) with coherent carrier frequencies is given on fig.1, where the generator for
synchronization is quartz generator, and the step is defined from the type of the synchronization (HRC or IRC). The
instability of the generated signals must be not worst then 10 −6 .
HRC (IRC)

Video
UpC1

AM/VSB

Audio L,R

Main Oscillator

Video
AM/VSB

UpC2

AM/VSB

UpCN

Audio L,R
Video
Audio L,R

A
fci, 1... fci,N

HRC(IRC)

Fig.1. A structure of Head End with coherent carrier frequencies
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At fig.2 is presented the idea for decreasing of the nonlinear distortions, which at the modern CATV systems with
transferring “channel to channel”, that springs up and from overlap of the neighbour channels each with other (at noncoherent carrier frequencies ). That problem is avoid at the HRC systems, because at changing of the frequency
(increasing, decreasing) of the main generator, the hole spectrum of CATV is going right/left with the instability value
of the main generator. At that way neighbour channels can’t overlap and respectively it can’t be produced a beat
between them, so do a nonlinear distortion.
DELIVERY WITH HARMONICALLY RELATED CARRIERS (HRC)
The carrier frequencies of the image are synchronized with the harmonic’s phase of generator with comb-spectrum,
whose basic frequency is choosing close to 7 MHz (B/G) of 8MHz (D/K). The carrier frequency of every channel is
received from the fallowing formula:
f ci , n = (n + µ ) f 0 ,

(1)

Where f 0 = 7 MHz for (B/G) and f0 = 8 MHz for (D/K);
n = 1,2,3,..., N ; µ = 6 for (B/G) and µ = 5 for (D/K).

The advantages of that method are:
• Coherently of the arising beats from second and third order with the carrier frequency of the image for
every channel from CATV, where there are not springing up visible distortions;
• Decreasing of the transitional (interchannel) distortions;
• Using of one main oscillator for synchronization and others.
The disadvantages are:
• A small flexibility;
• Incompatibility with the converters and the older TV sets;
• The signals with FM, signals from NMS, the pilot signals and the signals, carrying digital data, are not
phase synchronize able;
DELIVERY WITH INCREMENTALLY RELATED CARRIERS (IRC)
It is a variety of HRC – method, as most of the defects are avoid. The principle of receiving of carriers of the image is
the same as at HRC – method, but the step is other (more often f 0 = 1,25MHz at FCC), [4, 5, 6]. As a disadvantage we
can point the incoherently of the products from second order with carrier of the image.
For standards B/G and D/K the step can be 125 kHz, as (1) gets the fallowing type
f ci ,n = n µ f 0 ,

(2)

where n µ reads the values of n and µ for every carrier frequency of the image and at f ci ,1 = 48,25MHz ,
nµ = 386 ; at f ci ,1 = 49,75 MHz , nµ = 398 . For the highest frequency in UHF outflanking f ci , 69 = 855,25 MHz ; nµ = 6842 .
As it is shown every carrier of the image is received as a rate frequency whole number multiplied on the step. In that
case nµ = 386 ÷ 6842 and at the same moment presents the number of harmonic towards the step. The main generator
can work on other frequency, different from the step and repeatedly bigger from it, and the value of the step is received
by dividing of the oscillatory frequency (more often at 8 for f osc = 1MHz ). At the range from 110 MHz to 860 MHz for
standard D/K, (2) gets the fallowing type for f 0 = 125kHz :
f ci ,n = (826 + 64k ) f 0

(3)

where n = SR1,...,69; k = 1,2,3,...,94; n µ = (826 + 64k ) .
When f 0 = 250kHz, n µ = ( 413 + 32k ) , so
f ci ,n = ( 413 + 32k ) f 0 .
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A
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a) Advanced CATV spectrum in case of non-variation carriers
A
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f, MHz

b) Non-coherent system spectrum in case when arise the carrier of a channel with lower frequency. The higher
frequency neighbor channel is with non-variation carrier frequency
A
dBµV

f, MHz

c) Coherent system spectrum in case when arise the carrier of main oscillator frequency.
Missing overlap
Fig.2. Advanced CATV spectrums
For standard B/G for nµ we can’t write general formula in range (110÷860) MHz, but it is necessary for it to be
different on two subbands:
a) From 110 MHz to 300 MHz, where the width of one channel is В=7 MHz, (1) receives the fallowing type
for f 0 = 125kHz .
f ci , n = (898 + 56k ) f 0

(5)

where f 0 = 250kHz, n µ = (449 + 28k ) , so
f ci, n = (449 + 28k ) f 0 .

(6)

b) From 300 MHz to 860 MHz, where the width of one channel is B=8 MHZ, are applying (3) and (4), as
n = S 21, S 22,...,69; k = 25,...,69 .
From expression for n µ , as we mark the width of one television channel for the respective standard, we receive
f ci , n = (826 + 8kB) f 0 , for f 0 = 125kHz .

(7)

f ci , n = (413 + 4kB) f 0 , for f 0 = 250kHz .

(8)

In the both cases B=8 MHz.
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Fallowing this logic, (5) and (6) can be written this way
f ci , n = (898 + 8kB) f 0

(9)

f ci , n = (449 + 4kB) f 0 .

(10)

Here B=7MHz.
Comparing (7)…(10) we can write generalized formula for both standards, as at the received values for carrier
frequencies we must mark the up shown conditions for n, k, B and f0.
f ci , n = a(413 + b + 4kB) f 0 ,

where

(11)

а=1 at f 0 = 250kHz and b=0 at В=8 MHz; a=2 for f 0 = 125kHz and b=36 for B=7 MHz.

Synchronization of the oscillators in the modulators and output converters can be accomplished and from any of them,
conditionally got for basic with generated frequency fos=1 MHz. That sort of conception is used in the Head End of
“Parsat” company, exploited from the Cable television of Technical University – Sofia.
In Table 1 is presented the data for improving the property of transferred signals in one coherent system, compared to
system for Cable television with incoherent distribution of the channels.
Table1. Reach improvement due to coherent carriers
CATV system
300 MHz, 35 channels
320 MHz, 38 channels
350 MHz, 43 channels
400 MHz, 51 channels

%
20
25
33
80
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ABSTRACT
This paper examines the possibility for the design of a market-oriented antenna with circular polarization. The
advantages of the suggested structure are cost-efficiency and production simplicity compared to traditional thick,
high-epsilon antennas. The possibilities for its integration in GPS systems are also discussed.
Keywords – Fractal Antenna, Circular polarization, SDARS, GPS

INTRODUCTION
SDARS (Satellite Digital Audio Radio Service) is currently operated by Sirius and XM radio. The system
operates at 2.320-2.345 GHz (S-band) on Left Hand Circular Polarization (LHCP) so development of flat structures
for circular polarization is a task that fulfils the modern industry needs. The main engineering methods to achieve
circular polarization are excitation of 2 modes in the printed resonator (H10 и H01). Some of the configurations
shown on fig (1) are used for that purpose. In case 1a, the length of the patch is equal to its width. In the far field a
linear polarization will be formed, sloped at 45 degrees. To ensure a circular polarization it is essential to provide a
phase shift of 90 deg between these two orthogonal modes. Using non-exact resonant length of the sidewalls
ensures this shift, so the L size is a bit longer than the resonant length and the W size is a bit shorter. This nearly
square geometry gives +45 and -45 deg phase shift of the resonant modes and guarantees circular polarization in the
far field zone of the antenna [1].

Fig. 1. Basic patch configurations for CP excitation

In case 1b, the circular polarization is created by two orthogonal modes, excited in the diagonals of the square.
This effect (and 90 deg phase shift) can be explained with the reduction of distributed capacity on both sides of
radiating edges. The tapered diagonal is characterized by much more inductive impedance. With variation of the
area of the cut ∆S, the ratio Ex/Ey can be adjusted [3].
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FRACTAL SHAPES
The use of a fractal structure is a basic way for reducing antenna size. Given the same frequency fractal antenna,
size can be reduced up to less than 45% of the original size. On Fig2. a fractal Koch island form 0-th , fist and
second order is presented. It is quite easy to see the change in the resonator size, with no change in the frequency.
A reduction of 75% appears in fractals of second and third order. The second conclusion is that there is no size
advantage from using higher order fractals (Higher than first order).[2].

Fig. 2. Generation process of Koch Island. (b, c – first and second order)

Typical frequency response of VSWR of Koch Island is presented at Fig 3. Usually, there is a decrease in first
resonant frequency of the patch and excitation of higher order resonances at upper frequencies. In practice there is
no advantage in use of higher than second order fractal shapes, because of frequency overlapping or too narrow
bandwidth or both. The use of fractal shapes has one major disadvantage – the bandwidth becomes narrower when
fractal order is being increased. In that particular application this is not a problem, because SDARS and GPS signals
are narrowband enough and antenna properties will not affect the system performance.

Fig. 3. Return loss of Koch island. (Solid line – 0-th order, dashed lines – first and second order)

RESULTS
To form a circular polarization in a fractal antenna, a higher order fractal is used for changing corner capacity.
Actually, in that case the capacity increases, in spite of the trend described in the case on Fig. 1b. By changing the
fractal order and fractal dimension the desired axial ratio can be achieved.

Fig. 4. Proposed design of Circular polarized fractal antenna
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The frequency response of proposed antenna design is displayed at Fig 5. As expected, there are two resonant frequencies – at
2.1 GHz and 4.1 GHz. In resonant regions, WSVR is nearly about 2 and allows the antenna the ability to work without matching
elements. Changing the fractal dimension it is possible to “fine-tune” the second resonant frequency to the desired value. A new
resonant frequency can be achieved by increasing the order of fractalization,. However experiments show that third and higher
order resonances are not suitable for practical use – because of narrowband, poor matching and improper shape of the pattern.
800
700
600
500
VSWR 400
300
200
100

4,92

4,73

4,54

4,35

4,16

3,97

3,78

3,59

3,4

3,21

3,02

2,83

2,64

2,45

2,26

2,07

1,88

1,69

1,5

0

Frequency, GHz

Fig. 6. VSWR of the proposed antenna

The main rule of thumb for producing circular polarization is the area affected of fractalization should be in some
definite ratio (1) to the area of initial patch [1]. In that ratio Q0 is the quality factor of the patch antenna before
fractal changes to be applied. Fractal dimension can be not only an integer number, but also a fraction.

1
∆S
=
S
2Q0

(1)

This will affect the fractal geometry and gives opportunity for “fine tuning” the shape on the desired frequency.
In other words changing both - the fractal size and fractal dimension enables reaching the necessary distributed
capacity with a proper shape, size and resonating on the right frequency.
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Fig. 7. Total gain and axial ratio of the proposed antenna at 2100 MHz (X plane)

On Fig 7. total gain of fractal antenna on 2.1 GHz and axial ratio is presented. It is evident that circular
polarization properties are not clearly manifested. However antenna is not optimized and can be expected that in
certain circumstances, this fractal can achieve acceptable axial ratio on RHCP. Combined with high-gain amplifier,
signal strength will be quite enough for proper operation of any GPS device (after 1.5 GHz frequency
readjustment). On the Fig 8 a total gain and axial ratio are displayed on 4.1 GHz. On the main lobe antenna have
good left hand circular polarization radiation and sufficient gain to drive satellite receiver. With proper fractal
adjustment (for 2.3 GHz) this structure will be able to work on newly developed SDARS band.
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In other words, the proposed structure gives opportunity to work on two different bands and with opposite
circular polarizations. Such a combination of properties is not typical of printed antennas and probably not
achievable in other ways. Increase of axial component on the lower frequency is caused because of the change in
distributed capacity, mentioned above. By varying the size of filled and fractalized corner squares, an acceptable
axial ratio can be achieved. However, this variation causes a change in the main resonant frequency. So fine-tuning
of this antenna is a process that also includes a change of the antenna size. The fractalized squares perform as
independent radiators with electrical size bigger than physical (because of fractal shape). The circular polarization
(left) is caused by the phase shift, invoked by the difference in the length of the paths, from the microstrip feed.
Aditional space shift is given by the orientation of fractal squares against the microstrip line. The combination of
these two factors gives almost pure LHCP even on non-optimized and not tuned antenna. However this path
differences gives a slope in the pattern (against normal axes), which is a significant disadvantage for antennas
intended to work in mobile satellite communications. Optimization of pattern and polarization purity is a subject for
future research.
There are two additional advantages of the fractal structure. The direct result of applying of fractal shaping is size
reduction (or resonant frequency, with the same antenna size). The analysis performed shows that usual patch
antenna with size ot 3x3 cm (as proposed) has resonant frequency of 2.5 GHz. There is a 15% advantage as regards
the antenna size. The second advantage is in the antenna efficiency. Other properties being equal (size 3x3 cm, εr
=4, and substrate thickness = 1 mm) square patch will have efficiency of about 84%. The proposed design has
radiation efficiency of 98%.
CONCLUSION
This paper introduces a possible design o the Koch island microstrip patch antenna. Fractal shape is used in order
to reduce antenna size and maintain dielectric permittivity in reasonable range. This patch antenna has a lower
resonant frequency compared to the zero-th iteration patch, and this property contributes to the reduction in antenna
size. The main advantage of the proposed design is the possibility for operation on two different circular
polarizations on two frequency bands. Additional benefits are the reduced size and improved radiation efficiency.
All these features give this antenna the possibility for mass production from inexpensive substrates that are readily
available on the market. The use of substrates with lower dielectric permittivity will also cause a decrease in
fringing fields and edge leaking of surface waves. This antenna is intended mainly for the automotive industry.
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ABSTRACT
Volterra series have been in the engineering literature for some time now and yet there have been few attempts to
measure Volterra kernels. This paper discusses techniques for measuring the Volterra kernels of broadband nonlinear
systems and devices. We introduce a new method for measuring the second and third Volterra kernels which are
typically of some system and device by certain behavior. To illustrate the discussion we present an experimental
example, a linear (subtrunk) amplifier. Throughout the paper we emphasize the practical aspects of kernel
measurements. An algorithm is presented and remote measuring circuit is suggested. All measurements are made
concordant with European standard CENELEC EN 50083 for composite nonlinear distortions as well as
intermodulation and crossmodulation from 2nd and 3rd order.
INTRODUCTION
The proposed down below methods comes from the idea of determination of the Volterra kernels for every exanimate
device (system) in advance, i.e. at the factory that is producer of respective amplifier or in laboratory conditions (for
example at the cable provider). Thus like these parameters are preliminarily familiar to the amplifiers’ users like
designers, engineers or technicians (mechanics) so they can simulate (predict) what the amplifier’s conduct (at different
work conditions) will be. Those conditions can be produced by increasing/decreasing number of the radiated channels;
adding or removing of passive and active devices in the cable distribution network (CDN); changing the attenuation of
the coaxial cables as a result of the change in the surrounding temperature and others [1].
Knowing of the conduct of cable amplifiers, building the broadband cable communication system is from big
importance for the property and reliability of the signals towards and out of the subscribers [2, 3].
For measuring the Volterra kernels we’ll use specified in the CENELEC EN 50083 methods for measuring of the
composite distortions and their relationship with the Volterra kernels [4, 5]. As a main measurement device is used a
spectrum analyzer (SA) for measuring of the composite distortions from second and third order (CSO, CTB, CXM).
The received data are bring in a personal computer (PC) for measuring and visualization of graphic and table type of the
numbers values of the Volterra kernels.

EXPERIMENTAL SETUP
The direct reading of the values of each Volterra kernel from the spectrum analyzer’s screen is impossible, that why by
using the fallowing formulas [6]:

H 2 ( f i ± f k ) = 10

2 G − Aout − CSO
20

H 2G ( f i ± f k ) = 10
H 3 (2 f i ± f k ) = 10
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G − Aout −CSO
20

;

(1)

;

(2)

3G − 2 Aout −CTB + 2 , 5
20

;

(3)
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H 3G (2 f i ± f k ) = 10

2 G − 2 Aout −CTB + 2 , 5
20

H 3 ( f i ± f k ± f l ) = 10

3G − 2 Aout −CTB −3, 52
20

H 3G ( f i ± f k ± f l ) = 10
×
3

H (2 f i ± f k ) = 10

(4)

;

2 G − 2 Aout −CTB −3, 52
20

(5)

;

3G − 2 Aout − mCM − CXM ∗ + ∆ C − 9 , 54
20

H 3×G (2 f i ± f k ) = 10
×
3

;

(6)

;

2 G − 2 Aout − mCM −CXM ∗ + ∆ C −9 , 54
20

H ( f i ± f k ± f l ) = 10

(7)

;

3G − 2 Aout − mCM −CXM ∗ + ∆ C −15, 56
20

H 3×G ( f i ± f k ± f l ) = 10

(8)

;

2 G − 2 Aout − mCM −CXM ∗ + ∆ C −15, 56
20

(9)

,

(10)

the data for the output amplitude of useful signal and respective level of the composite distortions, by suitable computer
program we can measure the normalized and normal kernels. The results can be given in a graphic and table type, and
the data from the measurements can be hand or automatically brought in a computer. At the automatically bring in is
necessary the spectrum analyzer to be with a video-output, and the PC must have video-input, and the data from whose
with respective computer program is being tilled and visualiated.
When it’s necessary to measure the Volterra kernels in a remote point in the system is necessary to use the opposite
channel, as it is shown on Fig.1. From the test output of the cable amplifier (CA) without interrupting the handing of
signal to the subscribers, the signal is being diverted, and by tuning bandpass filter (BF) that signal is being handed to
SA. For compensating of the losses in the test output and BF we can use preamplifier (PA), which must response to the
CENELEC requirements. From the output of the SA by modulator (M) on the upstream channel (UpCh) the data from
the measuring is transferred to the Head End (HE) where they are demodulated and transferred to the personal computer
(PC). In it they are tilled in accordance with the algorithm shown on Fig.2.

CA

CA

HE
TEST

TEST

PC

BF
UpCh
PA

SA

M

Fig.1. Diagram of the experimental staging for measuring of the Volterra kernels
in a remote monitor point from CDN
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Note:
• The parameters in the right part of (1) ÷ (10) are in logarithm unit, respective dB or dBµV, as G is the
gain of the amplifier; mCM modulation index of the disturbing signals, and Δc is a correcting
coefficient, in accordance with the CENELEC at mCM<100%;
• On the upstream channel is transferred an information about the value of the respective composite
distortion (CSO, CTB, CXM) from second and third order, as and for the level of the signal Аout, at
which is measured that composite distortion in the point of inclusion of the measuring apparatuses.
EXPERIMENTAL RESULTS
Below are presented the experimental results for the values of the Volterra kernels for linear amplifier VX23A of the
Germany firm WISI [7], in accordance with the frequency spectrum from Appendix C of European standard CENELEC
EN 50083-3 (Table 1 and Fig.3).

Table 1. Volterra kernels from second and third order

Data lead
for CSO,
CTB, CXM
and Aout

Create data massive for
measuring Volterra kernels

from HE

Volterra
kernels
f MHz

by Intermodulation
Second order

Third order

H2

H3

H2G

H3G

by
Crossmodulation
H×3

H×3G

49,75

2,24E-06 3,98E-08 1,33E-10 2,37E-12 2,36E-11 4,19E-13

G, mCM, ∆C

119,25

2,82E-06 5,01E-08 1,19E-10 2,11E-12 2,64E-11 4,7E-13

values
introduced

175,25

3,16E-06 5,62E-08 1,33E-10 2,37E-12 2,36E-11 4,19E-13

191,25

2,82E-06 5,01E-08 1,19E-10 2,11E-12 2,64E-11 4,7E-13

207,25

2,82E-06 5,01E-08 1,19E-10 2,11E-12 2,96E-11 5,27E-13

223,25

2,51E-06 4,47E-08 1,06E-10 1,88E-12 2,36E-11 4,19E-13

231,25

1,78E-06 3,16E-08 1,33E-10 2,37E-12 2,1E-11 3,73E-13

247,25

2,51E-06 4,47E-08 1,33E-10 2,37E-12 2,36E-11 4,19E-13

263,25

2,51E-06 4,47E-08 1,19E-10 2,11E-12 2,64E-11 4,7E-13

287,25

2,24E-06 3,98E-08 1,19E-10 2,11E-12 2,96E-11 5,27E-13

311,25

2,51E-06 4,47E-08 1,33E-10 2,37E-12 2,96E-11 5,27E-13

327,25

3,16E-06 5,62E-08 1,33E-10 2,37E-12 2,96E-11 5,27E-13

343,25

3,16E-06 5,62E-08 1,49E-10 2,65E-12 2,64E-11 4,7E-13

359,25

3,16E-06 5,62E-08 1,49E-10 2,65E-12 2,64E-11 4,7E-13

375,25

2,51E-06 4,47E-08 1,33E-10 2,37E-12 2,36E-11 4,19E-13

391,25

2,51E-06 4,47E-08 1,19E-10 2,11E-12 2,36E-11 4,19E-13

407,25

2,51E-06 4,47E-08 1,19E-10 2,11E-12 2,36E-11 4,19E-13

479,25

2,82E-06 5,01E-08 1,33E-10 2,37E-12 2,64E-11 4,7E-13

495,25

3,16E-06 5,62E-08 1,19E-10 2,11E-12 2,96E-11 5,27E-13

511,25

2,82E-06 5,01E-08 1,19E-10 2,11E-12 2,64E-11 4,7E-13

Calculate (measuring )
Volterra kernels in
accordance with equations
(1) to (10)

Create Tables with the values on
H2 , H2G , H3, H3G , H x3, Hx 3G

Tables and Graphics visualization on
monitor screan

Results print
Fig.2. Algorithm for measuring of the Volterra kernels

C1-P-0221

187

ISRSSP’07 - International symposium on Radio Systems and Space Plasma, Sofia, Bulgaria, Sep. 2-5, 2007

Volterra kernels

1,0E-05

H2

1,0E-07

H2G
H3

1,0E-09

H3G
H3x

1,0E-11

H3xG

1,0E-13
0

100

200

300

400

500

600

f, MHz

Fig.3. Linear amplifier VX23A Volterra kernels
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ABSTRACT
A problem of impulsive excitation of longitudinal waves emanated by a point source immersed in a cold,
homogeneous and magnetized plasma is considered. We describe the formalism which allows an analytical
treatment of the propagation equation. The integration with respect to the temporal variable is performed by
solving the Volterra integral equation of the wave dynamics. A method based on Picard's successive
approximation is then employed in order to derive the exact resolvent kernel. This provides us with the time
dependent plasma response in the reciprocal Fourier space. Instead of inverse Fourier-transforming this
intermediate result directly, we use Heaviside operator calculus to get the wave electric potentials in operator
form. The operator is then cast into a differential equation, whose solution finally constitutes the physical
response of the medium. As a result, an algebraic expression of the Green function that differs from the implicit
integral expression in the literature is inferred.
INTRODUCTION
The impulsive excitation of the upper hybrid branch of the electrostatic waves in a magnetized plasma has been
investigated experimentally by Simonutti [1]. He then shoved that the source excites a field having a broad
frequency spectrum both above and below the upper hybrid (UH) frequency, ω uh . Concerning the theoretical
point of view, Sumonutti derived the time course of the transient waveform for the excited field by performing
the direct Laplace transform inversion. The solution he proposed remains an implicit one. It consists of a
succession of convolution products which are only computed by numerical procedure.
In this paper, I aim to revisit the problem of impulsive excitation of longitudinal waves by punctual antenna in a
cold magnetized plasma. An analytical procedure is chosen in order to find algebraic, so explicit solution for the
problem. The dynamics of the excited waves are described by spatio-temporal variations. I show that the
integration of governing equation the with respect to time may be efficiently performed by means of an integral
equation solving. I use Picard’s method which relies upon the principle of successive approximation for
obtaining the resolvent kernel. The resulting solution turns out to be a combination of series of ultraspherical or
Gegenbauer’s polynomials. For this first stage of the investigation, the spatial differential operators are
considered as real parameters after the Heaviside direct operational calculus. Hence, the solution of the Volterra
integral equation consists in a pseudo differential equation with respect to the spatial variables. The final solution
may be inferred by use of the Heaviside direct operational technique.
BASIC VOLTERRA INTEGRAL EQUATION
We wish to study the time evolution of electrostatic waves emanated by an antenna immersed within a cold
anisotropic plasma. The antenna is considered as a point source concentrated after the fashion of Dirac delta
function and localized at the origin O of the system of co-ordinates. The ion motion may be neglected if we aim
to investigate high frequency perturbation of the material medium. Using a fluid model for the description of the
r
evolution of electrons, the dynamics of the electric field potential φ ( r , t ) for curl-free waves are governed by

(∂

where

2
t

r
r
2
)∂ t2∇ 2φ + ωc2ω p2 ∂ 2zφ = (∂ t2 + ωc2 )∂ t2 ∇ 2φext ,
+ ωuh

ωuh2 = ωc2 + ω p2 , ωc

and

(1)

ω p are the cyclotron and plasma electron frequencies, respectively. In (1), the

r
quantity φext ( r , t ) designates the forcing source. Recourse to Heaviside’s direct operational calculus direct

provides us with an equivalent integral equation. Indeed, if we apply the operator defined by (∂ t + ωuh ∂ t )
4

2

2 −1

throughout the dynamics equation, we find that
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t

φ (t ) − λ ∫ h(t , τ )φ (τ )dτ = Φ (t ),

(2)

0

where

h(t , τ ) = sin[ωuh (t − τ )] − ωuh (t − τ ) ,

r2

the prefactor λ represents the differential operator λ = (ωc ω p / ωuh )(∂ z / ∇ ). Note that, if the external
2

2

3

2

excitation potential impresses an impulsive and extremely short perturbation in time, the source term of the
Volterra integral equation of second kind (2) reads

φC = ( q / 4πε 0 r ) is the free space Coulomb
H (t ) and δ (t ) designate the Heaviside unit

Φ (t ) = φC [δ (t ) − (ω 2p / ω uh ) H (t ) sin(ω uh t )],

potential created by the antenna charge q at the position r ,

step function and the Dirac delta function, respectively. This
source term takes into account the physically acceptable initial value conditions.
METHOD OF SOLUTION
By means of Picard’s method, (2) has an unique solution given by
t

φ (t ) = Φ (t ) + ∫ Q (t ,τ )Φ (τ )dτ ,
0

where the resolvent kernel is obtained by summing the series of successive solutions which may be obtained by
induction [2], [3]. Here, we find

[ωuh (t − τ )]2 m+3 m (1)
χ Cm [1 /(2 χ )].
Q (t , τ ) = −ωuh χ ∑ ( −1)
( 2m + 3)!
m =0
2

∞

m

(3)

(1)

In (3), C m ( x ) stands for the Gegenbauer or ultraspherical polynomial [4] of degree m and order 1 of the
argument x and

r

χ = (ωcω p / ωuh2 )(∂ 2z / ∇ 2 )1 / 2

represents a space pseudo differential operator.

The integration with respect to time may be readily performed. Indeed, the time integral calculation reduces into
convolution products of the kernel (3) with the source term Φ (t ) . Concerning the integration with respect to
the space variable, the expression of the resolvent kernel indicates that each successive solution may be obtained
by applying the space pseudo differential operator (χ 2m) to the function 1 /( 4πr ) = 1 /[4π ( ρ

2
+ z 2 ) 1 / 2 ] of
r
r
r
the position variables (here, r = ρe ρ + ze z ). A comprehensive review of the technique used on calculating

various Heaviside operations has been proposed by Lindell [5]. This method may be efficiently applied to
construct explicit solution for the problem. First, one shows that

r
1
r 2 m −3
1
r 2 m δ ( r) = .
4π [2( m − 1)]!
(∇ )

(4)

Then, higher order derivatives with respect to the axial variable z have to be determined. We note the following
formula, provided n a positive integer

∂ 2z n r 2 n −1 =

2n

1 ρ 
Γ 2 ( n + 12 )   ,
r r 
π

2 2n

(5)

here, the symbol Γ(x) refers to the Euler gamma function. We note that both the identities (4) and (5) may be
demonstrated by induction. Collecting all the results, the expression of the solution in the real space
configuration may be formulated. This yields
r
r
r
φ ( r , t ) = Φ ( r , t ) + φind ( r , t ),
(6)

r

a summation of the source term of the Volterra integral equation Φ ( r , t ) and
electric potential induced by the magnetized plasma. One has

r

φind ( r , t ) =

q
4πε 0 r

[

r

φind ( r , t )

which represents the

]

H (t ) ω uh S S ( r, t ) − (ω p2 / ω uh ) S L ( r, t ) ,

where
+∞

S S ( r, t ) = ∑ ( −1) k +1 I k ( r )(ω uh t ) 2 k + 3 /(2k + 3)! ,

(7)

k =0
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+∞

S L ( r, t ) = ∑ ( −1) k +1 I k ( r )U 2 k + 5 ( 2ω uh t ,0),

(8)

k =0

with

I k (r) =

2

π /2

∫ (βρ / r )

π

k +2

cos k + 2 θ Ck(1) [ r /(2 βρ cos θ )] dθ ,

0

and the notations: U k ( x, y ) for the two variables Lommel functions of second kind and of order k [6] and

β = (ω c ω p / ω uh2 ).

The plasma response is then put as a series. But, because the element of each series

exhibits integral, the computation of these series as they stand turns out however to be very arduous. Recourse to
further arrangement and simplification happens to be necessary. We take advantage of the fact that Gegenbauer’s
polynomials may be represented under various forms to derive the result.
RESULT
The inversion of sign of integration and summation in both expressions (7) and (8) leads to infinite series in
terms of the ultraspherical polynomials. The summation of these series with respect to k becomes tractable when
we choose one of the following representations: [4]

1 [( x + x 2 − 1) k +1 − ( x − x 2 − 1) k +1 ]
,
2
x2 −1

C k(1) ( x) =
or

π

C k(1) ( x) =

k +1
( x + cos η x 2 − 1) k sin η dη .
2 0

∫

In addition, either the factorial function or the two variables Lommel function in (7) and (8), respectively may be
substituted by their contour integral representations:

1
1
eς
=
dς ,
(2k + 3)! 2πi ς 2( k + 2)

∫

deduced by use of Hankel’s contour integral formula for the gamma function [4], and

U 2 k +5 (2 x,0) =

x 2 k +5
2πi

∫

eς
dς ,
ς 2( k + 2) ( x 2 + ς 2 )

conformed here from the integral of Gilbert [7].
The summation yields the results

S S (r , t ) =

a 2 ( −)
[ J S − J S( + ) ],
2π

(9)

and

S L (r , t ) = sin(ω uh t ) +

2

1

π ω uh t

[ J L( − ) − J L( + ) ],

(10)

where,

J S( − ) =
J L( − )

1
2

α−

∫y
0

α−

2
= 2
a

J S( + ) =

∫
0

sin(ω uh ty )
1− y

2

(α −2 − y 2 )(α +2 − y 2 )

sin(ω uh ty ) y 1 − y 2
(α −2 − y 2 )(α +2 − y 2 )

dy,

dy ,

(11)

(12

1

sin(ω uh ty )
1
dy,
2
2 α y 1 − y ( y 2 − α 2 )( y 2 − α 2 )
−
+
+

∫

(13)

and

J L( + )
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2
= 2
a

1

∫

α+

sin(ω uh ty ) y 1 − y 2
( y 2 − α −2 )( y 2 − α +2 )

dy,

(14)
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with

a = a (r ) = 2 βρ / r

α± = 2

−1 / 2

embodies the spatial variation, the dispersion coefficients are given by

2 1/ 2 1/ 2

[1 ± (1 − a )

]

. It is emphasized that the mode frequencies of the electrostatic waves in a
magnetized plasma consist on ω ± = α ± ω uh , real solutions for the dispersion equation [8]. We note also that,
even if the additional term, Φ (r , t ) , evokes a spatial isotropic part, namely − φ C (ω 2p / ω uh ) H (t ) sin(ω uh t ),
this expression cancels exactly the first sine function at the right-hand side of (10). Consequently, the complete
response of the plasma has a pure anisotropic character. The determination of the integrals in (11-14) turns out to
more simple for numerical quadrature than the successive convolution product of Ref. [1]. Here, for sake of
concision, we only give some hints for their analytical calculation.
First, we expand the unique transcendental function of the integrands in a series of the cylindrical Bessel
functions. That is [4], [9]

sin(ω uh ty ) = 2

+∞

∑ (−1)

n

J 2 n +1 (ω uh t )T2 n +1 ( y ).

(15)

n =0

where Tn ( y ) represents the Chebyshev polynomial of first kind and of order n . We then note that this
polynomial may be expressed as a Gauss hypergeometric function as (Ref. [9], p. 453)

T2 n +1 ( y ) = y 2 F1 ( −n, n + 1; 12 ;1 − y 2 ) .

(16)

When plugging the expression (16) in (15), a substitution of the integration variable u = y 2 in (11-14) allows us
to write each remaining integrals in the form of

f (u ) = ∫

P (u )

du,
(17)
u(1 − u )(α −2 − u )(α +2 − u )
with P (u ) a given polynomial of its argument u . In general, the integral (17) may be carried out analytically
and details of the different procedures for the calculation are proposed in Standard Tables of integrals (e.g., Ref.
[10] p. 80). The results consist then in combinations of the Legendre elliptic integrals. I cannot display the
complete list of the results here. It will be published elsewhere.
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THE PHYSICS OF QUASISTATIC PLASMA WAVES
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ABSTRACT
For sake of simplicity, it has been customary in electrostatic wave description in plasma physics to regard an
infinite speed of light ( c → +∞ ). Consequently, one in general finds an instantaneous response of the plasma,
subject to external perturbations. The electric wave field is derived from the time dependent but classical actionat-a-distance Coulomb potential. In this contribution we aim to revisit the problem of excitation of longitudinal
waves in a plasma on the basis of some recent reexaminations of the theory of electrodynamics. Namely, it has
been shown that the basic hypothesis on quasistatic approximation does not fulfill an exact gauge condition.
Here, a gauge invariant dynamic equation is considered in order to impose, not only the principle of causality but
also the finite value of c . The effects of both Coulomb and Lorenz gauge conditions to the electrostatic cold
isotropic plasma waves generated by a point source are investigated as example.
MOTIVATION
Although both electromagnetic and electrostatic solutions exist in plasmas, the discussion is limited to solutions
that are purely electrostatic, i.e., the electric field is irrotational and derivable from the gradient of a potential,

r
r
E = -∇ϕ . From Faraday's law it is easily verified that electrostatic waves have no associated magnetic

component. For electrostatic waves, it is usually easier to solve for potential rather than for electric field.
Therefore, in analysis of wave propagation, the electric field is replaced by the gradient of the scalar potential,
and this scalar potential is calculated from Poisson's equation

r
ρ
∇ 2ϕ +
= 0,

ε0

where

ρ

designates the space charge density and

ε0

(1)

designates the free space permittivity. The quasistatic

approximation raises two salient paradoxes in the context of the investigation of the dynamics of linear
electrostatic waves in a plasma:
We consider linear excitation of electrostatic waves in plasmas. The approximation used to describe the
propagation of the perturbation brings up a question of its validity:
(1) The Maxwell-Gauss equation from which the Poisson's equation comes from, turns out to be simply a
initial constraint equation. Maxwell-Ampère and Maxwell-Faraday have to be considered for a correct
description of electrodynamic evolution problem. Poisson's equation does not give but an approximate
description of the wave propagation. Making use of Poisson's equation in the framework of a quasistatic
description, we are handling an investigation which assumes that the free space velocity of light is infinite
[1]. This in general leads to an instantaneous response of the perturbed medium. This settles that one
refers to as the theory of the action-at-a-distance Coulomb force. Such a comportment does not raise any
problem in the case of a modal or a mature dispersion description of the waves. When impulsive or
transient responses of the medium are however needed, [1] retarded and causal more physical reactions
turn out to be rather appropriate.
(2) The electric scalar potential is introduced to simplify the field equations. In particular, it makes the
propagation differential equation into that of a scalar dependent variable. It is admitted that the

r

electromagnetic potentials ϕ and A are redundancy and one needs supplemental gauge condition in
order to render unique solution of the problem. Starting from the usual assumption of pure irrotational

r

r

r

electric field, E = -∇ϕ , one states that (∂A/∂t) = 0. This equality (or its approximate inequality,

r
r
(∂A/∂t) << ∇ϕ ) does not however represent an exact gauge condition [2]. If such a condition is

associated with a gauge-invariant description of the dynamics of the plasma particles, one in general
obtains non physical meaningful results, namely, an inconsistency for the local charge conservation law.
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The suitable condition of exact gauge must then be stressed. But in order to avoid the redundancy
character of the electromagnetic potentials, what kind of gauge condition must be chosen ?
In this paper, we aim to reconcile electrostatic or quasistatic wave approximation with the principle of finite free
space velocity of light, relative to some recent reexamination of the basic equations for electrodynamics.
ANALYSIS AND DISCUSSION
A purely electrostatic electric and irrotational plasma wave does not constitute a basic observable quantity. It is
the full electric wave-field, i.e., the complete combination of an irrotational component and a solenoidal

r r

r

component, E =E // + E ⊥ which has a proper physical significance. It may happen that the longitudinal
component of the wave electric field exhibits an instantaneous dynamics leading to electric perturbation
propagating at an infinite velocity. However, if both electromagnetic and electrostatic solutions are considered,
the instantaneous transversal part of the perturbation exactly compensates it instantaneous longitudinal
counterpart. A retarded and non action-at-a-distance field is therefore inferred.[3], [4] This suggests that a

r

pertinent choice for an additive term −∂A/∂t should be associated with the pure longitudinal response in order
to derive a more physical results in the framework of the electrostatic perturbation description. This constraint on
the form of the wave potentials has been pointed out recently by Correa-Restrepo and Pfirsch [2], on a basis of a
gauge-invariant variational formulation of the electrodynamics. They showed that only an electric field,

r
r r
E=-∇ϕ −∂A/∂t , may correctly state a physical meaningful formalism for a linear theory of electrostatic

perturbation in the context of the plasma physics. The partial balance between the gradient component term and
the potential vector time derivative term on the total field appears then to be fundamental relative to the physical
sense of the description.

r r

r

Naturally, the potential vector may also be written into longitudinal and transverse components, A =A // + A ⊥ .

r

The solenoidal component A ⊥ describes exclusively the transverse electromagnetic wave-field. Solution of an
inhomogeneous partial differential wave-equation, this transverse component turns out to be a time retarded
potential vector. In any case, contribution from this transverse component can efficiently compensate the

r

instantaneous part inherent to -∇ϕ . Hence, if a purely longitudinal wave has to be considered, at lesser form,

r

r

r

the additional term should be an irrotational field, i.e., E // =-∇ϕ −∂A // /∂t . The introduction of the longitudinal
component of the potential vector to the theory insures not only the law of charge conservation but also the
gauge-invariance principle for the variational formulation of the problem. Indeed, the electrodynamic action,
derived from the standard Lagrangian of the system plasma particles plus the electromagnetic field, is invariant

r

r

whatever the value of A // [4]. We emphasize that, like the total electric field E , the solenoidal component,

r
A ⊥ , of the potential vector which defines the perpendicular part of the electric field, is gauge-invariant.[4], [5].

A clear reconciliation of the linear theory of the plasma electrostatic waves with the principle of gaugeinvariance consists then on the choice of the suitable exact gauge condition.
There are two well-known exact gauge conditions. First, the Lorenz gauge condition,

r r 1 ∂ϕ
∇⋅A + 2
=0
c ∂t

(2)

or Chambers gauge condition for material medium [6] is often used since it provides one with decoupled
evolution equations for the scalar potential and the vector potential respectively [3]. Second, the Coulomb gauge
condition

r r
∇⋅A =0

(3)
has also been introduced. Called sometimes the transverse gauge condition, this relation has its plasma
correlative: the Balmain gauge condition [7]. The Coulomb gauge condition is equivalent to the assumption that

r

the irrotational component of the potential vector equals zero, A // = 0 . It is readily seen that such a condition on

r
A // leads to same results as in the case of the classical development (longitudinal electric simple gradient of a
r
scalar potential) or of the paradoxical case of Correa-Restrepo and Pfirsch with (∂A/∂t)=0. Furthermore, in
recent papers, Rohlich [5] and Jefimenko [8] reformulated the Maxwellian electromagnetic theory in compliance
with the principle of causality. They showed that under Coulomb gauge condition, the non local relation
observed between the total electric field and the longitudinal field is exactly responsible of an instantaneous
character of the field, even in the free space description. On the other hand, there are two possible quasistatic
electrodynamic approximations: the electric quasistatic assumption and the magnetic quasistatic assumption [9],
[10], [11]. Their results all stress the importance of the gauge condition to the choice of the actual physical
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problem. Authors, namely de Montigny and Rousseaux, showed that the magnetic quasistatic limit appears
intimately related to the Coulomb gauge condition. Whereas the Lorenz gauge condition is needed for treating
problem in the electric quasistatic approximation.
Finally, a series of papers by Jackson [12], Yang [13] and Heras [14] reexamines the physics of gauge
transformations under a more general framework. Particularly, in the point of view of the Coulomb gauge
condition, Heras [14] imposes a symmetric expression of the evolution equation of the scalar potential and the
vector potential, under the gauge condition. By use of the resulting symmetrized equations, it is found that

r
r
−(∂A // /∂t) always contains an instantaneous component ∇ϕ , which cancels exactly the instantaneous part of

the longitudinal field. As a consequence, using the Coulomb gauge to describe the electric wave potential is
irrelevant because this quantity is always canceled by one component of the potential vector. Hence, the electric
field deduced from this scalar potential may be interpreted as a spurious field.
A simplified description in general is obtained when one introduces the scalar potential to investigate electric
perturbation of longitudinal waves in plasmas. The resulting potential, derived on the basis of the Coulomb
gauge raise however some difficulties of interpretation. Consequently, if reconciliation of the theory with causal
principle and retarded response is hoped, the choice of Coulomb gauge should be discarded. This gauge gives
rise to complication in the wave treatment.
McDonald [15] showed that working with the Lorenz gauge turns out to be formally consistent with the
electrostatic wave theory. The primer advantage of the condition in (2) stems on the occurrence of the light
velocity c which will be no longer assumed to be infinite. We note that the Lorenz condition is automatically
assumed in some recent reexamination of the basic equations for electrodynamics. [5], [8], [9], [16], [17] HertzHeaviside representation for the Maxwellian electrodynamics remains of widespread use the literature. It
consists on the four classical Maxwell equations which postulate the electric and magnetic vector fields as
fundamental physical quantities. Instead, these authors globally choice the Riemann-Lorenz representation. The
latter formalism is directly based upon the inhomogeneous partial differential equations for the electromagnetic
potentials. For the scalar potential, one postulates the evolutional equation

1 ∂ 2ϕ r 2
ρ
−∇ ϕ = ,
2
2
c ∂t
ε0

(4)

together with the Lorenz gauge condition. First, (2) insures, not only the principle of local charge conservation

r r

but also the definition of the longitudinal potential vector component, by the relation (∂ϕ / ∂t ) = c 2 ∇ ⋅ A //
Second, we see from that the solution ϕ for equation (4) consists on a retarded scalar potential which exhibits
the finite character of the light velocity.
IMPULSIVE EXCITATION IN A COLD ISOTROPIC PLASMA
The basic equations for the description of a fluid electron plasma are the equation of conservation of the particle
number and the equation of moment conservation. Each charge particle moves under the influence of potentials.
We consider the quasistatic perturbation due to an external charge qext of say a driven antenna immersed within
the plasma. For sake of simplicity, we suppose that the charge distribution of the antenna is given by

r
r
qext ( r , t ) = q0δ 3 ( r )δ (t ),

here,

δ

designates the Dirac delta function and

δ3

represents the 3D Dirac delta function.

Starting from the Riemann-Lorenz formalism, the evolution equation of the electric potential then turns out to be

ω2

 r 2 1 ∂ 2  ∂ 2
 ∇ − 2 2  2 + ω 2p [ϕ − ϕext ] = p qext ,


ε0
c ∂t  ∂t



(5)

where ϕ ext is the external applied potential and ω p the plasma frequency. No additional consideration from the
vector potential equation is needed to establish (5). The scalar potential may be treated separately from its

r

corresponding A // component, except the condition (2). The solution of (5) reads

r

ϕ(r, t) =

q0
4πε 0 r

[δ (t ) − ω

p H (t

(

)]

− r / c) sin ω p (t − r / c) .

(6)

The result in (6) straightforwardly exhibits the causal character of the plasma response. We note that if c tends to
infinity, we recover the classical response of isotropic cold plasma [1]. For infinite c approximation the plasma
response consists on simple oscillation at the plasma frequency. The result in (6), however, indicates that the
response is a propagating perturbation, the quantity k = (ω p / c ) clearly materializes its wave number.
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To sum up, a clear reconciliation of electrostatic or quasistatic wave approximation with the principle of finite
free space velocity of light is possible. It amounts however to the choice of the Lorenz gauge condition together
with the Riemann-Lorenz formulation of the Maxwell equations.
References
[1] O. C. Randriamboarison, “Impulsive and transient excitation of Bohm-Gross waves in dissipative plasma”,
Phys. Plasmas, Vol. 4, pp. 2336-2346, 1997.
[2] D. Correa-Restrepo and D. Pfirsch, “The electromagnetic gauge in the variational formulation of kinetic and
other theories”, J. Plasma Phys. Vol. 71, pp. 503-517, 2005.
[3] J. D. Jackson, Classical Electrodynamics, 3rd ed. New-York: Wiley, Sec. 6.2 and 6.3, 1999.
[4] C. Cohen-Tannoudji, J. Dupont-Roc and G. Grynberg, Photons and Atoms: Introduction to Quantum
Electrodynamics, New-York: Wiley-Interscience Publication, Sec. II.C.5, pp. 121-125, 1989.
[5] F. Rohlich, “Causality, the Coulomb field and Newton’s law of gravitation“, Am. J. Phys. Vol. 70, pp. 411414, 2002 ; Vol. 70, p. 964, 2002.
[6] I. V. Lindell, Method of electromagnetic field analysis, Oxford: Clarendon Press, Sec. 3.3.1, pp.64-66, 1992.
[7] K.G. Balmain, “The impedance of a short dipole antenna in a magnetoplasma”, I.E.E.E. Trans. Antennas
Propag. Vol. AP-12, pp. 605-617, 1964.
[8] O. D. Jefimenko, “Presenting electromagnetic theory in accordance with the principle of causality”, Eur. J.
Phys, Vol. 25, pp. 287-296, 2004.
[9] P. Penfield and H. A. Haus, Electrodynamics of moving media, Cambridge: The M.I.T. Press, Sec. 4.4, pp.
65-66, 1966.
[10] M. Le Bellac and J. M. Lévy-Leblond, “Galilean electromagnetism”, Nuovo Cimento Vol. B14, pp. 217233, 1973.
[11] M. de Montigny and G. Rousseaux, “ On the electrodynamics of moving bodies at low velocities”, Eur. J.
Phys., Vol. 27, pp. 755-768, 2006.
[12] J. D. Jackson, “From Lorenz to Coulomb and other explicit gauge transformations”, Am. J. Phys., Vol. 70,
pp. 917-928, 2002.
[13] K.-H. Yang, “The physics of gauge transformation”, Am. J. Phys., Vol. 73, pp. 742-751, 2005.
[14] J. A. Heras, “How the potentials in the different gauges yield the same retarded electric and magnetic
fields”, Am. J. Phys., Vol. 75, pp. 176-183, 2007.
[15] K. T. McDonald, “An electrostatic wave”, http://puhep1.princeton.edu/~mcdonald/examples/bernstein.pdf
[16] V. P. Yakubov, “Special theory of relativity in electrodynamics”, Russian Phys. J. Vol. 47, pp. 726-738,
2004.
[17] C. C. Su, “Explicit definitions of electric and magnetic fields in potentials”, Eur. J. Phys. Vol. 22, pp. L5L8, 2001.

H1-P-1109

195

ISRSSP’07 - International symposium on Radio Systems and Space Plasma, Sofia, Bulgaria, Sep. 2-5, 2007

VARIATIONS OF THE SOLAR CYCLES AND THEIR IMPACT ON RADIO
PROPAGATION
Y. Shopov
University Center for Space Research, Faculty of Physics, University of Sofia, James Bouchier 5, Sofia 1164,
Bulgaria, YYShopov@phys.uni-sofia.bg
ABSTRACT
We studied variations of the solar cycles and their impact on radio propagation by Real Space Periodogramme
analysis. We studied variations in the available proxy records of the solar ultraviolet irradiance responsible for the
ionization of the ionosphere- F10.7 cm solar radio flux, Lyman-alpha index and a new EUV proxy- E10.7. We obtained
significant variations of the solar ultraviolet irradiance with periods of 11.2 years and 819, 341-372, 26.4, 26.9, 256,
216 and 585 days. These cycles produce long-term modulation of the radio propagation.
We attributed the 26.4 and 26.9- days cycles to the solar rotation, while the 341-372 days cycle to the Earth’s
rotation. These cycles allow their using for predictions of the solar modulation of the radio propagation.
INTRODUCTION
It is well established that radio propagation depends strongly on the ionization of the ionosphere produced
mainly by the short-wavelength solar emission, particularly by the short UV emission. Here we study periodicity of the
short UV emission and F10.7 cm solar radio flux in order to estimate the periodicity of the radio propagation.
As the SORCE (Solar Radiation and Climate Experiment satellite) mission states, far UV irradiance from the
Sun varies by as much as 10 percent during the Sun's 27-day rotation, while the bright 121.6 nm hydrogen Lymanalpha emission may vary by as much as a factor of 2 during an 11-year solar cycle, dramatically affecting the energy
input into the Earth's atmosphere.
RESULTS AND DISCUSSION
We studied the periodicity of the extreme UV (EUV) emission expressed by 3 indices: Lyman-alpha index,
F10.7 cm solar radio flux and E10.7 proxy for the time period of Feb 14, 1947 through May 31, 2002. All these proxies
represent the short wavelength solar emission producing ionization of the ionosphere, but the most precise of them is
the E10.7 proxy [1].
We designed a special algorithm (“Real Space” periodogramme analysis) [2] and a relevant computer program to
compare quantitatively the intensities of all cycles presented in the studied data. It plots the periodogramme in coordinates of the real space- Cycle Intensity/Period (in years). We used it to study the periodicity of the short UV
emission in order to estimate the periodicity of the radio propagation. Obtained spectra are shown on Fig.1-4.
CONCLUSIONS
We obtained significant variations of the solar ultraviolet irradiance with periods of 11.2 years (Fig.4) and 819,
585, 341-372, 256, 216, and 26.4 and 26.9 days. These cycles should produce long-term modulation of the radio
propagation.
We can attribute the 26.4 and 26.9- days cycles to the solar rotation, while the 341-372 days cycle to the Earth’s
rotation. These cycles allow their using for predictions of the solar modulation of the radio propagation.
REFERENCES
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Fig. 1. Real space power spectra of the time series of the Lyman-alpha index of short wavelength solar UV
emission for the time period of Feb 14, 1947 through May 31, 2002 in [photons.cm-2.s-1]
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Fig. 2. Real space power spectra of the time series of the F10.7 cm solar radio flux for the time period of Feb 14,
1947 through May 31, 2002 in [W.m-2.Hz-1]
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Fig. 3. Cycles in the time series of the E10.7 index of the short wavelength solar UV emission for the time period
of Feb 14, 1947 through May 31, 2002 in [W.m-2.Hz-1]
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Fig. 4. 11.2 year cycle in the time series of the E10.7 index of the short wavelength solar UV emission for the
time period of Feb 14, 1947 through May 31, 2002 in [W.m-2.Hz-1]
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PLASMA PERTURBATION CAUSED BY THE PONDEROMOTIVE FORCE
IN THE MICROWAVE POWER TRANSMISSION IN SPACE
Hideyuki Usui, Narihiro Nakamoto, Yoshiharu Omura
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Uji, 611-0011 Kyoto, Japan, usui@rish.kyoto-u.ac.jp
ABSTRACT
By performing three-dimensional electromagnetic Particle-In-Cell (PIC) simulations, we examined plasma
perturbation caused by the nonlinear Ponderomotive force occurring due to the spatial gradient of microwave beam
in Microwave Power Transmission (MPT) in space. MPT to the ground conducted in SPS (Space Solar Power
System) may cause some nonlinear interactions between the intense microwave beam and the ionospheric plasmas.
In the current paper, we particularly focus on the plasma perturbation and its associated field perturbations caused
by the Ponderomotive force. In order to examine the nonlinear wave-particle interaction by the Ponderomotive
force, we performed computer experiments with electromagnetic PIC model prior to the real experiments in the
ionosphere and real SPS. From the simulation results, we find out the basic process of plasma perturbation by
Ponderomotive force. When the electromagnetic (EM) waves propagate in the plasma, the Ponderomotive force
moves electrons out of the beam and ions are left at first because the Ponderomotive force on ions is much smaller
than that on electrons. Therefore a charge-separation electric field is created and it moves ions out of the beam
eventually. This process continues until the Ponderomotive force, the electric force, and the pressure-gradient force
on electrons and ions are balanced. After all, plasma density inside the beam becomes smaller than outside in the
steady state. From the fluid equations in the steady state and by approximating that electron and ion density is
almost equal, we derive the approximate density variation by the Ponderomotive force and estimate the density
variation with parameters of SPS.
INTRODUCTION
Space Solar Power System (SSPS)1) has been proposed for one of solutions to the energy and environmental
problems in the future. In SSPS, electric power generated with solar cells on the satellite is transferred to the ground
by the microwave. The following parameters are proposed for the current typical plans of SSPS. The SSPS orbit is
GEO (the geostationary orbit) and the electric power is approximately 1GW. The frequency of the microwave used
for sending the power to the ground is 5.8GHz or 2.45GHz.
SSPS can radiate electromagnetic (EM) wave (microwave) much more intense than that used in the previous
spacecraft. One of the concerns of using the intense EM waves in space is the interaction with the space plasma
which is conducting media. We particularly pay our attention to the dense plasma in the ionosphere2). In addition to
the linear interactions of EM waves with ionosphere such as the refraction, the scintillation, the absorption, and the
Faraday rotation, nonlinear interactions caused by the intense EM waves have to be considered from the
environmental point of view.
In the near future, we plan to perform a test experiment of Microwave Power Transmission (MPT) in the
ionosphere prior to the SSPS in the geostationary orbit. Before the experiment, we need to understand the
mechanism of the nonlinear interactions as well as the threshold value of the wave intensity which causes the
nonlinear interactions. In the previous studies, electron heating by intense EM waves in space and the thermal selffocusing of the beam and the three-wave coupling have been studied theoretically and by computer experiments3).
In our study, we focus on plasma cavitations by the Ponderomotive force4). This phenomenon is one of the
nonlinear interactions predicted in SSPS, but hasn't been analyzed in detail yet. In order to investigate the basic
dynamics of the plasma cavitations by the Ponderomotive force, we performed one- and two-dimensional computer
experiments with the electromagnetic Particle-In-Cell simulations5).
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The Ponderomotive force is a nonlinear force that
a charged particle feels in a spatially varying highfrequency electric. The Ponderomotive force Fp on
a charged particle with a charge qs and a mass ms
in the electric field E(r) = Es(r) sin ωt is

When EM beam propagates in uniform plasma,
the plasma at the beam location will be evacuated
from the beam path by Ponderomotive force, and
the plasma density in the beam becomes lower than
the unperturbed region. We call this plasma density
variation “plasma cavitation". The plasma
cavitations lead the self-focusing of EM beam.
Through the plasma cavitatios, the plasma
frequency in the beam region becomes higher than
out of the beam region. This plasma distribution
then works as a lens and causes the focusing of the EM beam.
SIMULATION MODEL
Fig.1(a) shows our two-dimensional simulation model. In order to analyze plasma cavitations by the propagating
EM beam with a radial spatial gradient of its intensity in a two-dimensional system, we radiate the EM beam in the
direction of x by driving the external electric field Ee along the y-axis. To set the large spatial gradient of the beam
intensity, we set Ee as

⎛ y2 ⎞
Ee (0, y ) = E0 exp⎜⎜ − 2 ⎟⎟ sin ωt
⎝ 2r0 ⎠

(2)

where E0, r0, and ω is the maximum intensity, the radius, and the driving frequency of the eternal electric field
respectively.
DYNAMICS OF PLASMA CAVITATIONS
We performed computer experiments with parameters stated in table 1. We assume that plasma is isothermal and
not magnetized. We radiate EM beam with much more intense and much lower frequency than the SSPS parameters
in order to enhance the phenomenon remarkably and to reduce the simulation time. The distribution of electric field
Ey of the radiated EM beam are shown in Fig.1(b). We show the plasma density perturbations caused by this EM
beam in Figure2. These figures indicate the spatial and temporal variation of the electron density profile ne/n0
averaged over time. We can confirm the density depression in the beam region grows as time elapses.
These depression process can be explained as follows: When the EM beam with radial spatial gradient of its

Fig.1. Two-dimensional simulation model for EM beam radiation
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intensity is radiated and propagates in uniform plasma, electrons in the beam region first begin to move toward the
outer radial direction by the Ponderomotive force, while ions don't make a shift at this time because the
Ponderomotive force on ions is much weaker than on electrons. Therefore the electric field caused by the chargeseparation is generated, and electrons and ions feel the electric force in the inward and outward radial direction
respectively. As the electrons move in the outward direction by the Ponderomotive force and the resulting chargeseparation field becomes stronger, ions also begin to move in the radial direction by the electric force. As a result of
these particle shifts, the plasma density in the beam region decreases as shown in Fig.2. After these processes, the
plasma density finally reaches the steady state when the Ponderomotive force, the electric force, and the pressuregradient force on the charged particles balance. Fig.3 shows the averaged electron and ion density profile at x =
50λe. As shown clearly, electron and ion have the almost same density profiles at the steady state. This is the basic
dynamics of the plasma cavitations in the un-magnetized plasma.
At the steady state, the averaged fluids equations for electrons and ions are

where ne and ni are the electron and the ion density, respectively, and Ecs is a charge-separation electric field. We
add these two equations and eliminate Ecs assuming that ne ≅ ni = n as shown in the Figure 3, and then obtain

where

Fig.2. spatial and temporal variation of electron density by the Ponderomotive force.
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is a sound speed in a plasma, and

is a quiver velocity of electrons by the electric field Es. From (6) it is
obvious that the density variation by the Ponderomotive force at the
steady state depends on the velocity ratio vq=Cs. We plot the
theoretical density profile from (6) in the Figure 3, and can confirm
the theoretical profile agree with simulation results. Therefore we can
evaluate the density variation due to the Ponderomotive force by
using (6).

Fig. 3. density profile at x=50λe

CONCLUSION
In the present study, we focused on the plasma cavitation due to the Ponderomotive force caused by the spatial
gradient of EM waves. The plasma cavitation is one of the phenomena which can occur in the MPT of SSPS as a
result of nonlinear interaction between intense microwave beam and the ionospheric plasma. In order to examine
the nonlinear phenomena, we performed computer experiments with the electromagnetic PIC simulation. From the
results obtained in the two-dimensional simulations, we confirm the basic dynamics of the plasma cavitation caused
by the Ponderomotive force. To understand the phenomenon, we derived the theoretical density profile at the steady
state, which agrees well with the simulation results. Although not described in detail, by using the theoretical
function, the density decrement by the plasma cavitation with the SSPS parameters which are currently proposed
becomes about 10-3 %. Therefore the plasma cavitation is never likely to be a problem in SSPS.
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