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Preface

The International Conference “The Technique of Microwave and THz Waves and its
Application in Biomedical and Radar Technologies and in Remote Sensing”
(IRPhE’2010) was held in Ashtarak and Aghveran, Armenia, from September 23 to
September 25, 2010. The IRPhE’ 2010 was dedicated to the 50th anniversary of the
Institute of Radiophysics and Electronics of Armenian National Academy of
Sciences and was directed to the revival of the traditional conferences organized by
Institute of Radiophysics and Electronics since 1968. In the framework of the
Conference two workshops were organized: “Terahertz Technology in Biomedical
Applications” and “Microwave applications in Radar and Remote Sensing”.
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Section 1.
THz Waves and Applications






Terahertz metallic photonic crystals with high metal filling factor

G. Torosyan®, B. Reinhard?, and R. Beigang™?

! Fraunhofer Institute for Physical Measurement Techniques IPM, 67663 Kaiserslautern, Germany
2 Department of Physics, University of Kaiserslautern, 67663 Kaiserslautern, Germany

The excitation of resonant eigenmodes by incident terahertz (THZz) pulses in two-dimensional metallic
photonic crystals made of metallic cylindrical rods is investigated both experimentally and numerically.
Transmission experiments are in excellent agreement with numerical calculations of the crystals
photonic band structures and internal electromagnetic field patterns of the cavities between the rods. The
structures show large photonic band gaps in the terahertz spectral range and are highly polarization
selective. Despite the high metal filling factor the measured transmittance at the resonant frequencies is
extraordinarily high for the “correctly” polarized THz field. Correspondingly, the “wrongly” polarized
field is completely reflected back without being coupled into the cavities and exciting no resonances
there.

1. Introduction

Photonic crystals [1, 2] can be individually designed to meet specific requirements as to their interaction with
electromagnetic radiation. Those may exhibit optical properties which cannot be observed in natural
materials, e.g. negative refraction and left-handed transmission [3]. Photonic crystals operating at terahertz
frequencies are particularly interesting, since that radiation offers many fields of practical application in
science and technology, for which optical components functioning in this spectral range are required.
Besides, investigating the transmission mechanisms of photonic crystals in the terahertz range allows easy
fabrication of samples, as the wavelengths are comparably large. Although two-dimensiona arrays of
metallic cylinders have been extensively studied in the past, the regime of photonic crystals with a metal
fraction of larger than 50% has remained largely unexplored so far.

2. Experiment

We report here the excitation of resonant modes in two-dimensionally periodic arrays consisting of steel
cylinders. The distance between the constituents is kept as small as possible in order to obtain a high metal
filling factor. Two different patterns: square
and hexagonal (see Fig.l), of metalic
structures with the metal filling factor of
78% and 90%, respectively, are investigated.
Highlighted are the structures unit cells.
Note that the unit cell of the hexagonal array
contains two separate cavities. The photonic
crystals are assembled using 50 mm wide
aluminum holders with periodically spaced
holes in which 50 mm long steel cylinders
are positioned. Transmission measurements
are made for three values of the cylinder
diameter d (1.0, 1.5, 2.0 mm) and different
sample thicknesses (up to sixteen layers of cylinders). The average distance left between the cylindersis less
than 10 um (i.e., less than 1% of the cylinder diameter and less than 5% of the THz wavelength). To
investigate the samples spectral properties a time-domain spectroscopy THz setup is used [4]. With this
setup broadband pulses of approximately 1ps duration are created. The bandwidth of the pulsesis 3.5 THz
and is centred at 1 THz. The samples are placed in the collimated part of the THz beam which is
approximately 40 mm in diameter. Progression of the pulses is measured in time domain, and then
transformed into frequency domain with afast Fourier transform. By dividing the spectrum of the transmitted
pulse by that of areference pulse measured without any sample in the beam, the photonic crystals amplitude

cylinder
arrays

FIG.1. Schematic of the two cylinder patterns under inves-
tigation. Also depicted are the structures’ brillouin zones,
the direction and polarization of the incident THz radiation.



transmittance as a function of frequency is obtained. The pulses are measured over atime period of 200 ps.

That corresponds to a spectral resolution of 5 GHz.

3. Results and discussion

According to theory, an incident el ectromagnetic wave can excite an eigenmode of a photonic crystal if it
matches that mode' s frequency and the component of the wave vector paralel to the crystal surface. The
electromagnetic eigenmodes are obtained from the equation

v{ﬁv ﬁ(r)}@zﬁ(r)

D)

which is directly derived from Maxwell’s equations [5]. In addition to the experimental investigations,

(a) TE modes {magner.ic field shown)
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(b) TM modes (electric field shown)
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FIG. 2. Numerical calculatlonsof thef|rst TEand TM

Eigenmodes in the cavities of square and hexagonal
cylinder arrays.

numerical calculations are performed with the
commercial software CST Microwave Studio®.
In the calculations the photonic crystals are
modelled as arrays of infinitely long, perfectly
conducting cylinders in  vacuum. The

eigenvectors H (F) of this eigenvalue problem
are the magnetic field patterns of the modes, the
eigenvalues (w/c)2 relate to their frequencies .
The discrete trandational symmetry of the
problem leads to a discrete set of eigenmodes.
Besides, in the case of two-dimensional photonic
crystals, the eigenmodes separate into two
independent sets according to the polarization
angle of the fields with respect to the plane of
periodicity. The two polarizations are transverse
electric (TE: electric field perpendicular to the
cylinder axes) and transverse magnetic (TM:
magnetic field perpendicular to the axes). In our
samples, the electromagnetic field s
concentrated in the cavities between the metallic

cylinders. Depending on the cylinders arrangement, the eigenmodes of the photonic crystals are similar
to those of awaveguide with square or triangular cross
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FIG.3. Transmission measurements and numerically calculated band structures of (a) the six-layer
hexagonal array and (b) the five-layer square array of cylinders with d=2.0 mm.

section. Figure 2 shows some of the modes which our cylinder arrays can support. Note that the fields of all
TM modes are zero at the points of contact between the cylinders. This is due to the fact that the electric
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field has to be perpendicular to the metallic surfaces, and the gaps bet-ween the cylinders are small compared
p— to the wavelength. Therefore,
< # TM-polarized modes cannot
‘ enter the gaps. Neighboring
cavities are entirely
independent of each other, and
the modes cannot propagate
0 through the crystal.
Propagating TE modes, how-

ever, are possible, as ther

Vo = fields are maximal at the points
of contact. This leads to strong

coupling between the cavities.

' In the hexagonal array, there is
) E a gplitting of the TE
‘ ° T eigenmodes  because  the

Va
A B , . .
FIG. 4. Numerical simulations of a plane wave hitting a photonic crystal from structgre S unit ceII contal'ns
two triangular cavities (cf. Fig.

the left. The magnetic field component perpendicular to the plane of periodi- ) i
city is shown. (a) Resonant transmission at v;=0.281 THz. (b) Evanescent 1‘; F: gtt_lfe 3 Sh;)wstrr: umelglca:jl
wave at v,=0.255 THz (photonic band gap, cf. Fig. 2). (c) Nonresonant tans- caculaions - 0 e an
o : _ structures of a hexagona and a
mission through a thin sample at v,=0.255 THz. .
square cylinder array

compared to experimentally determined transmission spectra. Only zeroth-order amplitude trans-mittance is
shown, higher orders of diffraction are not detected. It can be clearly seen that transmission occurs only at
the frequencies where there are eigenmodes with wave vectors in the direction of the incident radiation (I'X
and T'M directions, respectively). In the band gaps, transmission is zero. The results of numerical
calculations of the band structures of a hexagonal and a sguare cylinder array are compared to
experimentally determined transmission spectra. Fig. 4 shows the results of simulations for two different
cases when the frequency is not in the band gap (resonant case: (@), and when it is in the band gap (non-
resonant case: (b) and (c)).

magnetic field [a.u.]

4, Summary

We have demonstrated that the excitation of resonant eigenmodes in the cavities of two-dimensional
photonic crystals consisting of steel cylinders leads to extraordinary transmission of incident terahertz
radiation at frequencies in the photonic bands. Each transmission band corresponds to a specific field pattern
in the crystals' cavities. The fraction of the incident radiation that is transmitted through the samples is
extraordinarily large compared to the very small area fraction of the openings in the structures. Because the
gaps between the cylinders are very small compared to the wavelength, only TE-polarized radiation is
transmitted through the samples. At frequencies in photonic band gaps, the radiation rapidly decays inside
the crystals. Therefore, nonresonant transmission is very low and can only be observed with very thin
samples.

References
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[5] J.D. Johannopoulos, R.D. Meade, and J.N. Winn, Photonic Crystals: Molding the Flow of Light.
Princeton University Press, Princeton, NJ, 2008.



Simulations of THz Wave Propagation in Gap Plasmon
Waveguide Formed by Two Cylindrical Surfaces

H. S. Hakobyan', Y. H. Avetisyan', A. A. Barsegyan®

'Microwave Eng. Dept., Yerevan State University, Yerevan, 1 Alex Manoogian, 375025, Armenia,
’Integra Technologies, Inc., 321 Coral Circle, El Segundo, CA 90245, USA

The terahertz (THz) wave propagation in gap plasmon waveguide formed by two cylindrical surfaces is
simulated by use commercially available finite element method software COMSOL Multiphysics. The #n-
doped Si (with N = 10'® cm™) is considered as cover material of cylinders. The results of simulation
indicate 2-dimensional confined THz-wave propagation with high electric field concentration in a vicinity
of the middle of waveguide. The THz beam size is estimated nearly 0.1x1 mm? at 0.3 THz. The simulated
electric field distribution is compared with results of calculation based on graded-index waveguide model.
It is shown that parabolic profile of waveguide’s effective refractive index well represent simulation
results. THz-wave propagation in waveguide is accompanied by absorption in doped silicon, which is
resulted in decay constant o ~ 0.3 mm™.

1. Introduction

The terahertz (0.1-10 THz) region of electromagnetic spectrum, located between millimeter wave and
infrared frequencies, has found an increasing number of applications in security, biology, environment
monitoring, sensing, and so on [1]. Most often, THz waves propagate in the free space, and the beams are
usually shaped through quasi-optical technique. Recently, attention has been paid to guiding the THz waves
into three dimensional metallic and dielectric waveguides [2]. The advantage of waveguiding techniques
over free-space propagation is related to the possibility of guiding the beam along almost any arbitrarily
shaped path and of manufacturing compact THz systems. Moreover, the power of the available table top THz
sources is still rather low, thus limiting applications in which high intensities are needed.

A major challenge for the concentration of the electromagnetic energy in the THz region is the large
radiation wavelength in vacuum (A = 30 um—300 um), where the THz radiation can be only focused to the
relatively very large regions of size ~ A/2. The developed field of optical energy concentration, which is
based on surface plasmon polaritons (SPPs), suggests that one of the ways to solving this problem is to
employ the plasmon waveguide. It has been demonstrated that in various type of the plasmonic waveguides
the light (in visible and infrared regions) can be guided in a region beyond the so-called diffraction limit [3].
However the idea of SPP is not easily transformable from optics to THz range.

The strong field localization occurs for SPPs with frequencies close to the plasma frequency, which is

defined by vf, = Ne? /47z2m250, where N is the electron density, e electron charge, g, is the vacuum

permittivity and m, electron mass. Since the free electron density in metals is typically in order of 10 cm >,
the plasma frequency is limited to the visible and ultraviolet regions. At frequencies significantly below the
plasma frequency (like the THz range), large negative permittivity strongly prohibits electromagnetic fields
from penetration inside a metal, and plasmon excitation on the metal-dielectric interface becomes
challenging. Two major approaches can be employed to increase the confinement of THz SPPs: either
electromagnetic waves bound to metal surfaces that mimic surface plasmon polaritons (referred to as spoof
SPPs) are obtained by perforating a flat metal surface periodically with holes and grooves [4]; or SPPs are
excited in surfaces made of semiconductor instead of metal [5]. As the carrier densities in semiconductors
are much lower than those in metals, the plasma frequency is much smaller, being typically at mid- or far-
infrared frequencies. Therefore, the permittivity of semiconductors at THz is comparable to that of metals at
optical frequencies. A decisive advantage of semiconductors is that their carrier density and mobility, and
consequently the SPPs, can be easily controlled by thermal or optical excitation of free carrier.

Recently [6] we have demonstrated undistorted low-loss THz-pulse propagation in the gap waveguide
formed by two metal cylindrical surfaces. Here we consider case when doped semiconductor (such as »n-
doped Si) is used as material of cylindrical surfaces with purpose to increase THz field confinement in lateral
direction (along y-axis in Fig. 1).

The simple graded effective index model (neer = ne(y) with neg determined by the ratio of propagation
constants in free space and waveguide) is used to calculate THz-field distribution along lateral direction of
waveguide. The studied waveguide is considered as plasmonic gap parallel plate waveguide (PPWG) with

6



adiabatically varying plate’s distance 4(y). By using approximate formula for effective index in plasmonic
PPWG [7], we determine its profile n.s = ne(y) along y-axis and then calculate THz field distribution
E = E(y) by technique already developed for dielectric waveguides. To verify the analytically obtained
results the field distribution in waveguide is simulated by finite element method software COMSOL
Multiphysics. As for THz field distribution along x-axis, it is very similar to that of PPWG.

Fig. 1. Schematic view of gap plasmon waveguide.

2. Theory
The effective refractive index in plasmon PPWG is given by [7]
A
nge~l+—, 1

where A = 0.23/7,/ \/|; , A is the wavelength, £ is the complex permittivity, %, is the plates separation.

By considering waveguide as plasmonic gap PPWG with adiabatically varying plate’s distance A(y), the
effective refractive index distribution can be written as

A
Ny (y)=1+ o) (2)

As it follows from waveguide geometry, the distance between cylindrical surfaces is given by

h(y)=hy + 2R —2/R> = y? , (3)

which for distances |y| << R can be simplified to form
2

h(y) = hy +y? )

By substituting it in (2) one can obtain

4

ho(L+ y* I hyR)
From Eq. (5) follow that effective refractive index in waveguide is highest in middle of gap (y = 0)

and it is decreased towards to periphery. Therefore, the mechanism of field confinement in plasmon

waveguide is related to negative gradient of the effective refractive index, similar to common dielectric

waveguide. The theory of dielectric waveguide with cosh- and parabolic-profiles of the refractive index is

well developed [8]. For distances satisfying inequality y* << Rh,, the Eq. (5) can be represented in form of
the cosh-profile

o (¥) = 1+ )

A
Ny (y) =1+ (6)
4 hy cosh? (v / JhyR)
or parabolic-profile
A
neﬂ(y)z1+h_(1_y2/h0R)' (7
0

Then fundamental mode field distribution in waveguide is calculated by using methods similar to those
that are for dielectric waveguides [8]. In THz range the metal has extremely large permittivity

(e.g.€,, =—1.12-10° +i7.22-10° for gold at 0.3 THz), which results in small 4 factor and consequently in
7



small gradient of effective refractive index. For this reason THz beam confinement in metal waveguide is
poor. The use of n-doped Si having relatively small permittivity ¢y =—6.7+i251.1 (for 0.3 THz and
N=10" cm™) is favorable for strong THz beam confinement in proposed waveguide.

3. Simulation

1.5mm

v

A

10.5mm

Max: 1.468e10

Excitation plane

x10"

0.5

-0.5

Min: -1.394e10

Fig. 2. View of gap plasmon waveguide in COMSOL Multiphysics.

To investigate the electrical field distribution in waveguide made of n-doped Si (with N = 10'® cm™) we
employ finite element method software COMSOL Multiphysics. We have used a PC with 64-bit quad
processors and 12GB RAM, which get at a solution in approximately 1 day for a model with 114010 mesh
elements. The simulation of the propagation of 0.3THz waves along waveguide is illustrated in Fig. 2.
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Fig. 3. Simulated and calculated (with hyperbolic cosine (@) and parabolic (b) profiles) electrical field distributions.

Each of the cylinders having the radius R = 5 mm are separated by distance of 4, = 0.1 mm, and length of
the waveguide is L = 3 mm. The distance between excitation plane (1.5%1.5 mm) and input face of the
waveguide is chosen 0.3 mm. To excite effectively the plasmonic 7My-mode in waveguide, the polarization
of input electromagnetic wave is oriented along to direction connecting the centers of cylinders (x-axis in
Fig.1) The simulation is bounded by enclosing the waveguide geometry in a rectangular box of air
(10.5mmx10.5mmx4mm), the walls of which are assigned a low-reflecting boundary condition to minimize
the effects of back reflections.



The results of simulation indicate guided mode propagating along the two cylinders, with the largest
electrical field (Ex-component) concentration in the y = 0 plane. The calculated (for hyperbolic cosine and
parabolic profiles of the effective index) and simulated electrical field distributions are presented in Fig. 3.

It is seen that the parabolic profile is better coincide with simulation results. The presence of addition
lobes in simulated field distribution is related to THz beam diffraction in input of the waveguide. The
electrical field distribution along propagation direction (z-axis) is presented in Fig. 4. As it was expected
from theoretical model, there is the decay of THz field with attenuation constant of a. ~ 0.3 mm™".

The results of simulation for Si cylinders having larger level of the doping (N = 5-10"® ¢cm™) show that

150
1 WX —

0.5

Electric field, x component, a.u.
(=]

Fig. 4. Electrical field distribution along propagation direction.

attenuation constant o can be decreased, but it is accompanied by increase of mode size in waveguide.
Hence, a trade-off has to be found in dopant concentration N according to respective application waveguide.

In conclusion, we have successfully simulated the propagation of THz wave along gap plasmon
waveguide by COMSOL Multiphysics. The comparison of the results of simulation with calculated (based
on parabolic profile of the graded refractive index) indicates on good agreement.
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Terahertz Wave Confinement in Gap Plasmon Waveguide Fabricated by
Composite M aterial

V.R. Tadevosyan, H.S. Haroyan, A.H. Makaryan, A.B. Hovsepyan, Yu.H. Avetisyan
Department of Radiophysics, Yerevan Sate University, Yerevan, 1 Alek Manoogian, Armenia

The undistorted 2D confined THz pulse propagation in gap Waveguide formed by two closely spaced
Cylinders made of Composite Material (WGCCM) is demonstrated. Cylindrical surfaces were made of
composite material that is a mixture of the paraffin paste and metallic (Cobalt) powder with Co filling
factor slightly higher than 0.5. In comparison with pure metal the plasma frequency is significantly
reduced that is favourable for plasmonic mode excitation in waveguide. Due to features of this mode,
THz-wave propagates in WGCCM without dispersion as it has been verified experimentally. Besides,
THz beam is acquired a confinement in the lateral direction of WGCCM as effective refractive index is
highest in middle of waveguide and it is decreased towards to periphery. The measured THz beam size in
lateral direction of WGCCM is 3.8 mm (at 3 dB level), which is significantly smaller than that of free-
propagating THz-wave.

The terahertz (THz) waves that exist between infrared and microwave have many unique properties and
are being applied in various scientific research fields and application, such as medical imaging, astronomy,
spectroscopy, and chemical detection [1]. Nowadays the terahertz (THz) technology moves toward the
component integration and it has become essential to develop THz waveguides with low transmission loss,
high confinement, and small group velocity dispersion. Recently we have demonstrated that narrow gap
plasmon waveguide formed by two metal cylinders (Fig. 1) is good candidate for THz waveguiding with low
propagation losses and negligible group velocity dispersion [2]. However, the strong field localization in
waveguide may be originated via surface plasmon-polariton (SSP) excitation only for frequencies close to
the plasma frequency @, of the cylinders material. Since @, for metals is limited to the visible and ultraviolet
regions, the large negative permittivity strongly prohibits THz field penetration inside a metal, and plasmon
excitation on the metal-dielectric interface becomes challenging. Thus, the materials with lower plasma
frequencies are required to effective excite THz SPP-mode in waveguide.

One way is using of the doped semiconductors with
a plasma frequency @, in THz and infrared wavebands,
owing to their much lower free carrier concentration
compared to metals [3]. Another way can be use the
composite material (mixture of the metallic powder and
dielectric) having dielectric constant at THz frequencies
similar to that of metals at optical frequencies. Recently,
a control of the dielectric constant £ of the nanoporous
Au-film has been demonstrated in optical waveband [4].

Y A

ho

Fig.1 Schematic view of the gap waveguide. For Au-filling factor f = 0.6 the real part of dielectric
constant equals to —16 that is significantly lower than
for pure Au (&,, =—115+1i-11). The similar way can be applied in THz waveband as well. There are many

THz transparent dielectric pastes (paraffin, polyethylene, foam plastic) and various metallic (Co, Al, and Cu)
powders with small sizes of particles are also available.

In this report, we are focus on composite material, which is mixture of Co powder and paraffin wax. This
choice is attributed by easiness of fabrication due to low melting temperature of paraffin. Besides, Co is
distinguished by and has relatively small dielectric constant (&, = —8- 10° +i-10*at 1 THz) in THz
waveband [5]. In theoretical part of the paper, the dependence of mixture dielectric constant on filling factor
of the metal powder is calculated by effective medium approximation (EMA) model [6, 7]. It is used to
design the composite material with THz negative dielectric constant nearly the same that of metals at optical
waveband. Then opportunity of THz beam confinement in gap Waveguide formed by two closely spaced
Cylinders made of Composite Material (WGCCM) is analyzed.
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In experimental part, the THz-pulse propagation through waveguide (made of composite material) is
studied by THz time-domain spectroscopy technique in wide frequency region from 0.2 THz to 2.5 THz. The
temporal forms of THz pulses after passage through free space and waveguide are compared to demonstrate
dispersionless propagation in WGCCM. The knife edge method is used to measure THz beam intensity
distribution close to output of the waveguide.

1. Theory

In describing the permittivity of a homogenized composite random media, Burgmann’s EMA model is
widely utilized [7]. According to EMA, the complex dielectric constant &, of two-component mixture is

g, = O.S(a— Jai+de, g, ), (1)

given by

with

a=¢gy—&,+21(e,—&4), )
where &, and g are the complex dielectric constants of the metal and dielectric components, f is the filling
factor of the metal.

The results of calculation for paraffin wax and Co (g = 2.25 and &, = —8-10° +i-10"at 1 THz) mixture
show that real part of & become negative since filling factor f ~ 0.5. The further increase of the factor f
results in growth of the negative permittivity up to value corresponding to &y. Therefore to realize dielectric
constants close to that of metal in optics, the portion of Co powder has to be slightly larger than 0.5. For
example, in case of f = 0.51 the real part of THz dielectric constant Re(g) = —107 that is close to value for
Au in optical waveband.

It is important that relatively small dielectric constant of the cylinders material makes possible to obtain
2D confined TMy-mode propagation in. The confinement along x-axis of the waveguide is related to the
plasmon nature of TMy-mode [8]. The restriction of the mode size along lateral direction of the waveguide
(y-axis) is attributed to graded effective index Neg = Negr(y) distribution (where Neg is the ratio of propagation
constants in free space and waveguide), which can be presented in form [9]

Ny () = 1o

hylec|@+ Y2 /h,R)
where Ay, is the wavelength and M << (hoR)m.

From above follows that effective index is highest in center (y=0) and it is monotonically decrease
towards to periphery, similar to common graded refractive index waveguides. The smaller led leads to larger
gradient for effective index distribution and therefore it is resulted in stronger THz beam confinement. It is
illustrated in Fig.2, where THz beam intensity distributions (at 1 THz) for waveguides made of metal and
composite material (with f = 0.51) are presented. In the both cases the radiuses of cylinders are R = 5 mm and
minimal distance between them is ho = 0.1 mm.

To estimate THz-wave absorption coefficient in WGCCM, it was considered as parallel plate waveguide
with adiabatically expanding plate’s distance. Taking in account finite conductivity ¢ of wire’s material
(where o is determined by imaginary part of &), the absorption coefficient o is estimated as o = 0.346 mm’".
Such large THz wave attenuation (in comparison with metals) is related with increased penetration of the
THz field in absorbing composite material. The existing trade-off between electromagnetic wave decay and
confinement is typical feature for plasmon waveguides [10].

)

2. Experiment

The studied waveguide was fabricated by use two cylinders with radius R = 5 mm and length L = 30 mm.
The material of cylinders was mixture of Co-powder and paraffin with filling factor f slightly higher than 0.5.
The cylinders were mounted on differential screws to adjust minimal distance between them hy = 0.1 mm.
Waveguide was placed in a TDS setup in such a way that its input face was as close as possible to an InAs
surface THz emitter and output face was in focus of a collecting off-axis parabolic mirror. To increase
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Fig.2. The fundamental mode intensities distributions for PWCS fabricated by metallic (----) and composite
(—) materials.

coupling efficiency with incident THz beam the tapered section is formed in input of waveguide. In this
section the separation between waveguide’s walls is gradually decreased from 3 mm to value of 0.lmm,
which corresponds to gap size itself PWCS. In all measurements, the THz beam was polarized parallel to the
X -axis (along line connecting the centres of cylinders) to excite fundamental TMy, mode in WGCCM.

The experimental setup is schematically illustrated in Fig.3. A pulse train derived from a mode-locked
Ti:Sapphire femtosecond laser (Spectra-Physics, average power 1.85 W, pulse duration ~ 80 fs, repetition

PC antenna A s 1\

THz

v
"3 N PCA W
InAs

Lock-in

Hris

Mai Tai
(SpectraPhysics)

Fig.3. Schematic view of experimental setup

rate 80 MHz) is split into excitation (pump) and detection (probe) pulses. The excitation pulses impinge on
an InAs surface field emitter which leads to the emission of THz pulse. THz radiation after propagation
through the waveguide (with tapered section in input) is collected with off-axis parabolic mirror. Another
mirror is used to focus THz radiation onto a detection photoconductive antenna. This antenna is based on an
Auston switch, which is a piece of low-temperature grown GaAs, placed between two metal contacts. The
photoconductive switch is gated by probe Ti:Sapphire beam. This enables the time domain detection of the
THz field by scanning the time delay between pump and probe pulses with a motorized translation stage. The
Fourier transform of measured temporal time forms of THz fields with and without waveguide allows to
determine transmission of the waveguide in wide frequency range 0.2 — 2.5 THz.

The temporal forms of THz pulses after passage waveguide and the same distance in free space (ambient
air) are presented in Fig. 4a. The oscillations after main pulse are related to THz absorption in water vapor,
which is contained in ambient air. The vertical and horizontal offsets are applied for clarity of the picture.
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Fig. 4. THz pulses waveforms (a) and corresponding spectra (b)
for free space and waveguide propagation.

The comparison of the waveforms indicates the nearly undistorted pulse propagation in the composite
waveguide. It is confirmed by the corresponding Fourier amplitude spectrum Fig.4.(b), which gives no
indication of a low-frequency cutoff.

To roughly estimate THz beam size (along y-axis) in waveguide, we measure beam intensity distribution
in region close to waveguide’s output by knife edge method [11]. The dependence of the measured signal on
position of the movable metal plate (which partially blocks THz beam) is built. Then, the intensity
distribution of THz beam is obtained by differentiation of this dependence (Fig.5). The results of

I I I
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=" Theoretical data
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Fig.5. The fundamental mode intensities distribution dataset by experimental (* * +) and
theoretical (—) investigations.

measurements show that studied waveguide provides THz field confinement in the lateral direction (y-axis)
of waveguide, but THz beam size is more than it follows from theory (see Fig.2). The reason of this
discrepancy is probably related to inaccuracy of the measurement due to THz wave diffraction caused by
both the output of waveguide and movable metal plate used in knife edge method [12].

Conclusion

Undistorted 2D confinement THz pulse propagation in gap waveguide formed by two closely spaced
cylinders made of composite material is demonstrated. The comparison of characteristics of waveguides
made of composite and metal materials are presented. It was shown what confinement of composite
waveguide is significantly stronger than that of metal waveguide. According to experimental measurements,
THz beam size in lateral direction of composite waveguide is 3.8 mm, whereas for same metallic waveguide
it is 11lmm. The increased skin deep in composite material result in increase of attenuation constant
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o = 0.346 mm™', which is still suitable for short distance application. Experimental results and theoretical
calculations have shown satisfactory agreement. The results of investigation show that WGCCM has good
potential for THz wave 2D confined undistorted propagation at relatively short distance.
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Introduction

In the nonstop quest for the higher bandwidth for wireless communications, researchers are becoming
increasingly interested in millimeter wave (mm-wave) and sub millimeter wave spectrum. Today, with the
rapid scaling of the gate length, CMOS (Complementary Metal-Oxide Semiconductor) technology is pushing
further into the mm-wave region. Moreover, CMOS is the most promising technology for system-on-chip
design, because it enables integration of the required analog RF circuits as well as the digital signal
processing and baseband circuits in the lowest possible chip area. This leads to a lower cost and more
compact solution [1]. One of the main challenges in the design of the systems to operate in the mm-wave and
sub-mm-wave is the packaging and the interconnection of the active frontend chip and the antenna for
various applications. Due to intrinsic metal losses in higher frequencies and the loss of the conventional
metal based transmission lines, a high performance interconnection between the CMOS chip and the antenna
is essential. Dielectric waveguides (DW) and image-guides (DIG) are of the best solutions to transfer the
electromagnetic energy in the Optical and THz spectrum due to absence of the metal and the metal losses in
these ranges of frequencies [2]. Utilizing the benefits of the dielectric waveguides in mm-wave and sub mm-
wave band, one can design and implement high performance devices and components [3-5]. In this paper,
using a novel method of fabrication of dielectric waveguides on SOI (Silicon on Insulator), a DIG at 60 GHz
has been designed and implemented. Then, the DIG to CPW transition has been designed to couple the
fundamental mode from the DIG to CPW line. This configuration is appropriate the flip-chip bonding in
order to package the monolithic chips along with the dielectric waveguide and the antennas.

Image Guide To CPW Transition Design

The image-guide structure and the CPW transition is shown in Figurel. The cross section of the image wave
guide consists of: top layer which is the CPW and is patterned using AL thin layer of thickness 2 microns,
Second layer made of the device layer of the SOI wafer and form the dielectric wave-guide, and the third and
forth layers which are silicon oxide and high resistivity SI (handle layer of the SOI) having 1 microns and
130 microns respectively. The cross section of the waveguide is 500x800 microns.

VRS e gl
\ (a)
', Salann Image ke
3 “‘h". g gude ta OFW
= 3 - 1m:“m m'_'l] |=‘-'Il'1'h'\l (-]
i Silicon ,d_ﬂ_,r"" Salis oy

Dhoxide

< (b)

Figure 1: (a) The image-guide structure and the transition to CPW line; (b) Cross section of the dielectric layers (the
dimensions are not scaled).
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The structure consists of a Silicon image-guide with 500pum height and 800pum width, on top of a silicon
dioxide layer with 130pum height. The fundamental mode E,'' can be excited in this waveguide. The DIG is
tapered at one end in order to have the transition from DIG to WR-15 rectangular metallic waveguide. At the
other end of the DIG, the DIG to CPW transition is patterned over the DIG with a 2um Aluminium. The
transition is a CPW line with W=50um and gap=50um. The two ground of the CPW line are extended
gradually to the sides of DIG. The transition has been designed to couple the fundamental mode of the DIG
to the CPW line. The two extended ground planes, forces the electric field to align horizontally along the
CPW plane. The direction and intensity of the electric fields at the CPW port at 60GHz is depicted in Figure
2. As it is shown in Figure 2, most of the electric fields has been coupled to the CPW port where a small
portion of the energy is still traveling through the dielectric image-guide.

Figure 2: The intensity and direction of the electric fields at the CPW port.

M easurement Results

The aforementioned transition has been fabricated on High resistivity silicon. The metallic test fixture has
been designed with WR-15 waveguide port. Figurel shows the implemented image-guide and the transition
on the test fixture. The overall structure has been measured with Agilent N5245A PNA-X series along with
the OML modules at the range of 50 - 75SGHz. The measured results are shown in Figure 3. As it is shown,
the insertion loss at 60GHz (including the rectangular waveguide to DIG) is 2.4 dB for the back to back
transition which depicts the insertion loss of the single transition is about 1.2 dB. The overall matching is
better than 13 dB at the range 62-67GHz. In order to examine the coupling into the CPW line, a tiny absorber
is placed over the CPW line. It can be observed that by adding the absorber, the S,; would drop by 12 dB
where if the same experiment is done over the DIG without CPW transition the added insertion loss is not
more than 6 dB.

Figure 3: The image-guide to CPW transition in the fixture is measured with OML modules at the frequency range 50-
75 GHz.
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Figure 4: Measurement results of the back to back Image guide to CPW transition.

Conclusion

The design of the image-guide to CPW was explained in this paper. The transition was designed to have
maximum coupling from the image guide dominant mode to the CPW line on top of the image-guide. The
measurement results show that the total insertion loss of the transition is 1.2 dB at 60 GHz. The suggested
design is promising for interconnection of active mm-wave chips to dielectric and image guide waveguides
using flip-chip bonding.
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In this paper, the design of a whispering gallery resonator excited by a dielectric image guide is presented
for sensing applications. A brief overview of the resonance perturbation method on whispering gallery
mode is given. Simulation results are demonstrated, and compared against measurements for frequencies
above 100 GHz.

Introduction

Whispering-gallery mode (WGM) is among the most sensitive and accurate techniques proposed to date for
sensing and dielectric characterization [1]. Whispering-gallery resonance modes can be excited in an axially
symmetric dielectric resonator (DR) such as a sphere, disk or ring. WGMSs can be described as propagating
modes around the center of such a DR with repeated total reflection from the rim of the resonator and phase
shift of integer multiples of 2w in each rotation.

WGMs are attractive for sensing applications [2-3] due to their high sensitivity and selectivity resulting
from the fact that they exhibit high unloaded Q-factor which is mainly limited by the loss tangent of the
resonator material for highly confined modes. Moreover, the open structure of a whispering gallery
resonator, unlike the metallic cavity, makes it very convenient to place and remove the sample at
predetermined locations close to the resonator. In addition, at millimeter and sub-millimeter frequencies,
whispering-gallery resonators have relatively large dimensions and therefore, they are less sensitive to
fabrication tolerances especially beyond 100 GHz. In contrast, the size of the resonators at more common
lower order TE, TM or hybrid mode regimes becomes impractically small at millimeter waves. Finally, the
radiation loss is negligible especially for higher mode numbers.

The resonance perturbation method can be applied to a whispering-gallery mode by placing a sample
under test in the evanescent field of the resonator. The sample perturbs the resonance mode, and causes a
change in the resonance frequency and Q-factor. Variation in the resonance characteristics can be calibrated
to represent the sensing parameter of interest.

Design and simulation

Figure 1 shows the cross section of the proposed WGM exciting structure. It consist of a dielectric disk
resonator with diameter of D and thickness of t. The whispering gallery modes are excited in the disk
resonator through coupling to a dielectric image guide (DIW). DIW is made of alumina with the width of W
and thickness of h. Distance between DR and DIW is G, and both are placed on a metallic support made of
bronze.

In the design stage of such structure, first the dimensions of the DIW is determined such a way to ensure
single mode operation of the waveguide for the given frequency range. Since the DIW is excited by using
standard metallic waveguides, in the next step, a low loss transition from the metallic waveguide to the DIW
is implemented by linear tapering of the DIW at both ends. Length of the tapering section is optimized for
the minimum transition loss. A low loss material such as alumina or high resistivity silicon is chosen for the
disk resonator.

Figure 1 Cross section of a DR coupled to a dielectric image guide.
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Once the material is known, the dimensions of the disk resonator are designed to give the desired
resonance frequency for a given WGM mode number. A detailed calculation of the resonance frequency and
Q-factor for given dimensions of a disk resonator acting on whispering gallery mode has been discussed
elsewhere [2]. The distance between DR and DIW (parameter G in Figure 1) determines the coupling
strength where at a certain value provides critical coupling. At critical coupling condition the transmission
response is extremely sensitive to any external perturbation imposed on the resonator. This condition
provides maximum sensitivity when the structure is used for sensing applications.

In an example design, the structure was optimized for 120-150 GHz frequency range. Figure 2 illustrates
a 3D view of the structure simulated in full-wave using HFSS, a commercial EM simulator based on finite
element method (FEM).

o

-

Figure 2 View of the structure in 3D.

Table 1 Parameter values of the designed structure.

Parameter | Value Parameter Value
w 470 pm I 26 mm
D 2.8 mm E, 3 mm
& 450 pm g a8
h e tan § 0.0001
mim
049 p W7
F mm 110G, | 99mm

Figure 3 shows the simulation results obtained from HFSS for the parameter values given in Table 1. As
seen in Fig. 3, a resonance frequency around 124.8 GHz exists for WGH700 mode. Shown in Figure 4 is the
simulated transmission coefficient with respect to frequency and the gap distance as a parameter. As seen in
Figure 4, G=130um provides near critical coupling condition.

M easur ement

A prototype of the structure shown in Figure 2 was fabricated. The structure was characterized using Agilent
4252A PNA-X network analyzer along with the frequency extender modules covering 110-170 GHz. Figure
5 shows the measurement result for transmission and reflection coefficients.

Comparing the measurement results with that of simulation shows a very good agreement. The slight
difference between simulation and measurement results can be attributed to the numerical error and
uncertainty on the values of the physical parameters used in the simulation.
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M.Ts.Ayvazyan', Yu.N.Kazantsev’

!State Engineering University of Armenia (Polytechnic), Teryan st.105, 0009, Yerevan, Armenia.
’Institute of Radioengineering and Electronics of RAS, Mokhovaya 11-7, Moscow, 125009, Russia.

Available in terahertz wavelength range, as a guide system to use the square channel in an infinite
dielectric. This refers to the waveguide of class "hollow dielectric channel". On the basis of this class of
waveguides in 2mm wavelength range, was created almost a full set of functional elements for the
creation of microwave circuits for various purposes. A distinctive feature of this class of waveguides is
their oversize, i.e. transverse dimensions of the waveguide are much larger than propagating in them
waves. Shown, that the waveguide has a small loss in running and visible itself filtering higher types of
waves in terahertz frequency range.

In terahertz wavelengths is a very topical issue of choice of the waveguide system on which you can
create the functional elements for different purposes. Due to a number of features (open line, size, weight)
the application of quasi-lines is limited, typically measuring system. In [1] are the main technical
characteristics of virtually complete set of waveguide functional elements of the range of 120-180 GHz,
made on the basis of waveguides class "hollow dielectric channel".

In this paper, we calculated the linear losses in an oversize channel in a solid dielectric (transverse
dimensions of the channel 2a and 2b is much greater than the length of the wave propagating in it A). The
real model for such a waveguide can serve as a thick-walled dielectric tube. In [2] such a waveguide is used
as the mode filter. Eigen modes of a rectangular channel in an infinite dielectric (Fig. 1) are presented in the
form of so-called longitudinal electric LE,,, or longitudinal magnetic LM,, waves, if the ratio of the
transverse dimensions of the waveguide to the wavelength is much greater ratio of the tangential field
components at the interface air-dielectric. Metal-dielectric wave guide. Arrows show the distribution of the
electromagnetic wave.
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Fig.1. Channel in a solid dielectric

The components of the field longitudinal electric wave (LE) can be written as:

E, =0,
h .
E, = —AEcos(ocx x) cos(ex,, y) e~Ih2,
x .
E, = —jATycos(ocx x) sin(ec, y) e /2,
2 .
H.=A (1 — %) cos(, x) cos(oc, ) e™/hz, (1)
o, O .
H, = A%sin(ocx x)sin(ec, y) eIz,
L% _in
H, = ]Ak—zsm(ocx x) cos(ocy y) e ihz,

The components of the field longitudinal electric wave (LM) can be written as:
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H, =0,
h .
Hy, = BEcos(ocx x) cos(ex, y) e~Ih2,
x .
H, = —jBTycos(ocx x)sin(ec, y) e7Ih2,
2 .
E,=B (1 - %) cos(e¢, x) cos(oc, y) e /2, )
o, O ,
E,=B iz Y sin(oc, x) sin(oc,, y) e/,
%y b _in
E, =—jB 2 sin(,, x) cos(ocy y) e ihz,

where A and B - the amplitude coefficients; h, «, and «,, - longitudinal and transverse wave numbers,
respectively:

h* = k? —aZ—oc3, k== 3)
o=+ Aok, ; oc, =)+ Acc,. €y
For LE-mode transverse wave numbers are determined from the relations:
0= M o_Tn 6
* 20" yoo2p’ ' ' )
where m and n-integers (m # 0), 2a and 2b - transverse dimensions of the waveguide (Fig. 1)
_xg 1 e
Aocy=] kae-1’ Aocy_ J ka+e-1’ ©)

where ¢ - permittivity of the material of the waveguide.
For LM-modes, x$ and ch), can be written as (5), with (n # 0), and amendments to the transverse wave

numbers are written as:

0
LxG € 1

Jka Vo1 = @
Components H, (LE-modes) and E, (LM-modes) are very small (about //(ka)’) and they practically can
be considered equal to zero. Therefore, LE-and LM-modes are both longitudinal electric and magnetic
longitudinal, so that these terms are defined, in fact, only the direction of the main (transverse) components
of the field (for LE-mode principal components E, and H,, for LM-modes Ex and Hy). The indices m and n
determine the number of field variations of these komonent in the inner channel along the axes of x and y,
respectively, and allow to classify all the waves (eg, LMmn and LEmn). Knowing the transverse wave
numbers, it is easy to calculate the attenuation as the imaginary part of propagation constant:
for longitudinal magnetic waves

_ _ %%
Aocx— AOCy—]E

" «%a 24 £ «%h 2y 1
h __[(E) TR =+ () ;Re—s_l]' ®)
for the longitudinal electric waves
" «%a 2y 1 «%b 2y €
h= ‘[(ﬁ) sRe=+ (%) zRe—g_l]' ©)

From (8) and (9) that: a) attenuation in the channel in a solid dielectric decreases with shorter wavelength
as A , considered waveguides has a high level of losses for higher types modes of (self- filtering), it can be
used as the mode filter . The dependence of attenuation on the wavelength of some of the LE-and LM-modes
in a waveguide of square cross section is shown in Figure 2.

The solid line corresponds to the attenuation in the channel in an infinite dielectric (getinaks) with the
dimensions of cross section of 14x14 mm, dashed line calculated for a waveguide with dimensions 10x10
mm. A narrow channel is recommended for wavelengths less than 0.5 mm, and a wide channel is
recommended to use long-wavelength part 0.12+0,6 of terahertz range.

Selecting different dimensions of the waveguide, depending on the wavelength is due to the following
reasons. Prerequisite for effective operation of oversized waveguides is

ka > 1, (10)
However, excessive increase in cross-section of the waveguide is impractical due to the increase in size of
the waveguide elements. The criterion for choosing the optimal size of the oversize waveguide can be the
value of the total losses in quasi optical corner and in the waveguide cross, determined from the formula
given in [3]:
4

h' = . () 2k&)3/2, (1)
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Fig.2. The dependence of attenuation on the wavelength of some of the
LE-and LM-modes in a waveguide of square cross section.

where the break in the E-plane & = a, and for the break in the H-plane & = b. This recommendation stems
from the fact that in microwave circuits, these functional elements are the most used. Dependence of the
losses of electromagnetic waves from a cross section of the waveguide is shown in Figure 2.Thus, the quasi-
optical angle, which is a break in the waveguide 90° with a flat metallic mirror, with dimensions of 14x14
mm cross section at wavelength 1 = 1 mm is the estimated loss of 0.03 dB. These and smaller losses are
provided in the corners of the quasi-waveguide channel with dimensions 10x10 mm, at wavelengths shorter
than 0.5 millimeters.

h'(dB)"

0.14 + a=3mm

0.12 +
0.1°F

0.08 |
0.06 ;

0.04 a=7mm
0.02 | /
A (mm
1 (mm)

0.2 0.4 0.6 0.8

a=5mm

Fig.3. Dependence of the losses of electromagnetic waves
from a cross section from the waveguide.

Thus, due to small losses, self-filtering of higher order modes are linearly polarized working mode,
waveguides class "hollow dielectric channel" can be used in the terahertz waveband.
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We report on experimental studies of electron transport, microwave properties and noise in the
multilayer hybrid superconducting heterostructures with magneto-active interlayer. The base electrode
was copper oxide superconductor used for forming the interface with magnetic material made from
either cuprate antiferromagnetic CaSrCuO, or underdoped LaMnO, or Ca doped manganite. The upper
electrode was Au/ND bilayer. In the case of antiferromagnetic CaSrCuO interlayer (with thickness
12 + 50 nm) the I-V curves demonstrated good fit to RSJ-model showing critical frequency f¢ of order
100 GHz at T'=4.2 K. At the same time, non-integer Shapiro steps were observed along with the sub-
harmonic detector response. The second harmonic of the current-phase relation of order 10+20% of the
first one was evaluated via measurements of integer and half-integer Shapiro steps.

1. Introduction

Coexistence of superconducting and magnetic ordering in solids is of great interest for fundamental physics
and electronic applications. The exchange mechanism of ferromagnetic ordering tends to align spins of
superconducting pairs in the same direction preventing singlet pairing [1-2]. At the interfaces between
superconducting (S) and magnetic matter (M), however, the superconducting and magnetic correlations may
interact due to the proximity effect (penetration of superconducting correlations into magnetic matter)
resulting in interplay between superconducting and magnetic ordering, and novel physical phenomena may
appear. However, up to now most of the activity was devoted to investigations of heterostructures where M-
interlayer is a ferromagnetic (F). However, much less attention was paid to superconducting structures with
Me-interlayer having AF- ordering. Recently L. Gor'kov and V. Kresin [3] assumed a model (G-K model) of
the S/AF/S structure where an AF interlayer consists of F-layers with antiparallel magnetizations and aligned
perpendicular to the surface of the S-electrodes. The G-K model predicts existence of critical current like in
S/N/S structures with spacing between S electrodes larger than the coherence length &y in normal metal N.
The G-K model also predicts that a minor change in canting of magnetic moments in the F-layers caused,
say, by external magnetic field H will reduce sharply the critical current /.. Theoretical investigation of a
S/M/S structure with M-interlayer composed of N F-layers each one with a thickness exceeding the atomic-
scale was carried out also in [4] by A.V. Zautsev. The orientation of the F-layer magnetizations in the latter
model was parallel to the S/M interface and it was shown that for AF- ordering the long-range proximity
effect takes place. Experimental observation of the Josephson effect in S/AF/S structures Nb/Cu/FeMn/Nb
has been demonstrated in [5], where AF- interlayer was y-FesoMns alloy. If instead of using a polycrystalline
metallic AF-material one would substitute it by an array of F-layers with alternating directions of
magnetization, according to the G-K model the dependence I.(H) should then exhibit rapid oscillations.
Recently experimental observations of such oscillations and the critical current dependence on M-interlayer
thickness have been shown [6-8].

In order to observe long-range proximity effect in superconducting structure with M-interlayer, a
transparent S/M interface is needed. This is also why in-depth investigations of such interfaces composed of
the superconducting and antiferromagnetic cuprate materials are highly relevant. At the same time mutual
influence of antiferromagnetism and the d-wave superconductivity at S/M interfaces in Josephson junctions
also is necessary to unveil. In this paper we report on the experimental studies of dc and microwave current
transport through S/M interfaces realized in hybrid Nb/Au/M/YBa,Cu3;07.5 mesa heterostructures (MHS)
with the in-plane size L varied from 10 to 50 um. Here Nb is a conventional s-wave superconductor (S’),
YBa,Cu;075 (YBCO) is a cuprate superconductor with the dominating d-wave order parameter (Sy), and Au
is a normal metal (N). The M-interlayer is either the Ca;_Sr,CuO, (CSCO) (x=0.15 or 0.5) which is a quasi-
two-dimensional Heisenberg antiferromagnetic cuprate, or underdoped manganite LaMnO;, or doped
ferromagnetic half-metal La;.,Ca,MnO; manganite.
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2. Experimental technique

The double-layer epitaxial thin film structures M/YBCO were grown in-sifu by pulsed laser ablation on (110)
NdGaO; (NGO) substrates. The c-axis of the M/ S4 heterostructures is perpendicular to the substrate surface.
Typically, the d=5+100 nm thick M-films were deposited on the top of 150 nm thick YBCO films. The Ca,.
«SrCuO films (x=0.15 and x=0.5) were used as M-interlayers, and La,; ;Ca,MnOs ()=0 and »=0.3) as possible
candidates for magnetic interlayer as recommended in [3]. The M/YBCO heterostructures were covered in-
situ by a 10+20 nm thick Au film and afterwards, a 200 nm thick Nb film was deposited ex-situ by dc-
magnetron sputtering in an Ar atmosphere. In order to fabricate Nb/Au/M/YBCO mesas we utilize optical
photolithography, reactive plasma etching, and Ar ion-milling techniques. A SiO, protective layer was
deposited by RF-magnetron sputtering. An additional 200 nm thick Nb/Au bilayer film was deposited on the
top of the MHS and patterned in order to form the superconducting wiring. The square S’/N/M/Sy MHS with
areas S=L? from 10x10 pm” up to 50x50 um? were fabricated (see Fig. 1).

(a)

ol

YBCO

NGO k

Fig. 1. (a) - The cross section of the MHS. The layers thicknesses are: YBCO —150 nm, M-interlayer 5+100 nm,
Au - 1020 nm, Nb — 200 nm. (b) - Top view of MHS incorporated with log periodic antenna.

For comparison, a similar fabrication procedure was used for structuring of the MHS without M-interlayer
[9]. Direct Nb deposition on top of the YBCO film results in formation of Nb/YBCO interface with very
high resistance (~1 Qxcm?) due to the Nb film oxidation. Thus, if the Au layer is locally damaged because of
the finite surface roughness of the M/S, interface then niobium oxide prevents pinholes formation.

3. Results and discussion

The resistance of MHS is R=RygcotRuyy +R v +Ry+Rupuu TRy TR, Where Rypco comes from YBCO
electrode, R,y is the M/YBCO interface resistance, R’y is the resistance of the M-interlayer, R, is the Au/M
interface barrier resistance, and the resistances Ry, and R, for Nb electrode and Au film, respectively. The
contribution of thin Au film can be neglected [9]. Fig.2. shows temperature dependences of MHS resistance
and the CSCO layer. Independently measured characteristic resistivity of the Nb/Au interface (~10™"" Q-cm?)
[9] results in Rypu, ~1 pQ - a negligibly small contribution to total resistance of MHS. Taking into account
the epitaxial growth of the CSCO/YBCO structure and similar parameters of the crystal structure of
contacting materials, one can assume that interface resistance R,y is small compared to the resistance R; of
the Au/CSCO interface, for which the difference between Fermi velocities of Au and the CSCO is significant
[9]. The thickness dependencies of specific resistance RyS of MHS is given in Fig.3. Althoug the structures
with manganite M-interlayer had no critical current, the most of samples with AF CSCO interlayer
demonstrated Josephson effect and symmetric RSJ-type [10] /-V curve without excess current had /cRy ~ 200
uV at 7=4.2 K. All junctions had dimensions L<A;, where A; is Josephson penetration depth, and McCumber
parameter fS=1-3. Thickness dependence of critical current density jc(d) for S/AF/S junction with x=0.5 in
CSCO interlayer is shown in Fig. 4.
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Fig. 4. Thickness dependencies of critical current density ~Fig.5. Magnetic-field dependence IA(H) for
for junctions with (and without d=0) AF interlayer. Dashes structures with L = 50 pm. With AF interlayer -
are theoretical dependences for S/AF/S junctions with black points, thin line is theory [3]. A central part of
different intensity of exchange field 4 (numbers) in F. 1c(H) for a structure without AF layer - open circles.

Theoretical dependences j(d) are also plotted for a model of S/AF/S junction with a magnetic interlayer
consisting from N=20 ferromagnetic layers with opposite magnetization. The best fit gives the theoretical
dependence for the exchange field A=H../nkT=5 plotted for the case when coherence depth in AF &AF=10 nm.

Fig.5 demonstrate magnetic-field dependence /~(H) for junctions with the same dimensions, L = 50 nm, one
with, and other without AF interlayer. The calculation of /c(H) by [3] for S/AF/S junctions shows huge
increase in sensitivity to applied H-field in comparison with structures without AF interlayer.

The dominant d-wave symmetry of the S, electrode results in a non-sinusoidal CPR for MHS with c-axis
oriented YBCO: [(@)=I.;sinp+1.sin2¢+..... The values of the second harmonics of the CPR were defined
from measurements of Shapiro steps at f,= 36+120 GHz. All MHS demonstrated Shapiro steps with strong
modulation as a function of the microwave power (inset to Fig. 6). The modulation of the amplitudes of the
Shapiro steps vs. applied microwave power (Fig. 6) confirms the Josephson effect origin of the
superconducting current. Less than 20% difference has been observed between the critical frequency
f=2eV./h=T71 GHz calculated from V=I.R,=147uV (static estimation of f.) and the /=56 GHz determined
from the maximum value of the first Shapiro step using the RSJ model approach (dynamic f.) [10].
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Fig. 6. The critical current /¢ (circles) and first Shapiro step /; (triangles) vs normalized a=I/Ic microwave
current /e at 7=4.2 K, microwave frequency f;=56 GHz. The solid lines correspond to the /.(a) and [,(a)
curves numerically calculated from the modified RSJ model taking into account the second harmonic in
CPR for g= 0.2, dashes - for ¢g=0. The I-V curves with (solid line) and without (dashes) external
microwaves are shown in the inset. Positions of integer V;=nhf./2e (n=1) and half-integer n=1/2 Shapiro
steps are indicated by arrows.

The deviation of experiment from model calculations becomes smaller if we take into account a presence
of the second harmonic component in the CPR, which is manifested by fractional Shapiro steps (inset Fig. 6)
observed at all experimental frequencies up to 120 GHz. At the same time it is known, that fractional Shapiro
steps may originate also from the finite capacitance C of the Josephson junction (McCumber

B. =(2e/h)I.R\’ C>1) [9]. We estimated . =2+6 from the hysteretic /-V curves. In order to investigate the

influence of the second harmonic in the CPR and the capacitance C on dynamics of MHS we have studied
dependences of the critical current /.(a) and the first Shapiro step /;(«) vs. normalized amplitude a=I/I. of
external microwave current /.. Amplitudes a were determined [9, 10] from the attenuation levels of applied
microwave power. The performed calculations of the Shapiro step amplitudes based on the modified RSJ

model (taking into account the [, parameter) show that at frequencies f,>fc the impact of capacitance C on

Shapiro steps amplitudes is small, and the /.(a) and /,(a) dependences are determined mainly by the first and
the second harmonics of the CPR. The experimental data presented in Fig. 6 are fitted well to the theoretical
dependencies calculated taking into account the amplitude /., of the second harmonic in the CPR
q=1./I.=0.2. Note the sign of ¢ can be determined by analyzing the experimental dependence of half
integer Shapiro step /;»(a) in comparison with the theoretical calculated one [9]. This procedure
gives us negative ¢ <0. The presence of the second harmonic in the CPR of the MHS indicates an
existence of of a portion of d-wave component in M-interlayer.

For a junction with c-oriented YBCO film a “devil” staircase structure on /-} curve was observed under
microwave irradiation at 45 GHz. Fig. 7 shows such /-V curves evolution when applied power was changed.
Distortion of the 2™ Shapiro step is seen at large power levels (Fig. 7b) observed within narrow attenuation
range o=3 dB. Fig.7a demonstrates unusually large half-integer n=1/2 Shapiro steps: up to 0.4 of critical
current /. That could be caused by superposition of two processes, first one is due to existence of the second
harmonic in current-phase relation, and the second one could be related to the period doubling under the
large microwave signal when frequency of applied signal f; is not far from plasma frequency of Josephson
junction fp=(2elo/hC) "*, where e is electron charge, 4 is Planck’s constant. Fig. 7c shows I-V curves with
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Figure 7. Families of /-V curves under different power levels of microwave irradiation /=45 GHz (a, b)
and /=70 GHz (c). Critical current /., integer [;, I, and half-integer /;, Shapiro steps are indicated. (b):
n=2 Shapiro step distortion is pointed by circle. (c): Chaotic noise rise corresponds to the jerks on /;,
steps. All curves are shifted by voltage to the right with increase of applied power. AF interlayer was
Cag5SrysCu0,, dimensions 20x20 um, d=20 nm, /=55 pA, Ry=5.5 Q, and f=2. (d): Output signal
measured in 1-2 GHz frequency band under microwave power P at 45 GHz (black symbols) and 70
GHz (open symbols). Dash line shows saturation level for frequency mixing.

the jerks at biasing voltages between integer Shapiro steps when 70 GHz signal was applied and a giant noise
rise was registered by cooled amplifier within 1-2 GHz band. Note, power of applied signal was large
enough and a frequency mixing effect also takes place due to existence of self-Josephson radiation. In order
to compare intensities of the frequency mixing products with the chaotic oscillations we estimated the output
signal saturation in frequency mixing regime. Fig. 7d shows the dependences of output signal levels vs.
applied power of microwave signals at f, =45 GHz and 70 GHz when current bias was fixed, keeping the
voltage near the half-integer Shapiro step V,,,=(2e/h)/f., where chaotic behaviour was observed. The output
signal saturation level in frequency mixing process is also shown. Experimental conditions for chaotic
oscillations in Josephson junctions were analysed [11] and were experimentally observed [12] in the case of
superconducting tunnel junctions with f- >25. However, our junctions had relatively small f- parameters.
Recently chaotic dynamics was predicted [13] for S/F/S Josephson structures with magnetic interlayer
consisted of 3 separated F-layers with rotated magnetization. Although we did not obtained experimental
evidence for the triplet Josephson effect in our structures, the latter finding points on very complicated high
frequency dynamics in Josephson junctions with magnetic interlayer. These results show that along with the
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search for promising materials of magnetic interlayer aiming at applications at microwaves the dynamics of
such junctions with magnetic interlayer should be studied in details in order to avoid chaotic behaviour and
unstable operation.

4. Conclusions

Hybrid superconducting Josephson junctions with an antiferromagnetic =10 - 50 nm thick interlayer were
fabricated on NdGaO; substrates. Exponential decrease of critical current density with AF layer thickness
was observed. Superposition of magnetic and microwave fields did not lead to distortion in symmetry of [-V
curves: equal Shapiro step amplitudes were registered at positive and negative voltage biasing. The
sensitivity to applied magnetic field for these junctions was found much higher than for conventional
Josephson junctions. Then, half integer Shapiro steps observed along with the sub-harmonic frequency
selective detector response. That points on deviation of current-phase relation from sinusoidal one. At the
same time at the certain experimental conditions a “devil” staircase appears on /-V curves and the giant
noise-like signal was registered for the junction fabricated using c-oriented YBCO electrode.
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Amplification of Coherent Cherenkov Radiation From One-Dimensional
Electron Bunch Moving Inside a L ayered Dielectric-Filled Waveguide

L.Sh. Grigoryan, H.F. Khachatryan, S.R. Arzumanyan
Institute of Applied Problems in Physics, Hr. Nersessian str. 25, 0014 Yerevan Armenia

The coherent Cherenkov radiation (CCR) from a one-dimensional bunch of relativistic particles
uniformly moving along the axis of cylindrical waveguide filled with semi-infinite stack of dielectric
plates aternated with vacuum gaps is investigated. The values of the parameters of problem under which
the self-amplification of CCR at a separate waveguide mode have been determined. This radiation may
prove to be many times as strong as CCR in the waveguide filled with semi-infinite solid dielectric
without vacuum gaps. The visual explanation of this effect of self-amplification of radiation is given. It
is proposed to use this effect for amplification of the power of coherent CR from pico- and
subpicosecond electron bunches observed by J.B. Rosenzweig with co-authorsin 2009 [1, 2].

1. Introduction and background

Modern electron accelerators show great promise as tools for creating radiation in the terahertz spectral
region that is of considerable interest for applications in physics, chemistry and biology [3]. A typical
scenario involves the passage of an electron beam through a perturbing element such as an undulator, stack
of plates, or other structure that causes it to radiate. The structure under our study is a cylindrical waveguide
filled with a semi-infinite layered dielectric.

Fig.1. The radiation from a bunch of relativistic particles uniformly moving along the axis of cylindrical waveguide
filled with a semi-infinite layered material.

Let us consider the case of one-dimensional bunch of N >>1 particles that uniformly travels along OZ
axis of a cylindrical waveguide of R radius, that is filled with semi-infinite layered material (see Fig.1). In
the present work the energy of radiation

W:ijliN)(w)dw:ian, (1)

n=1 o,
passing through the waveguide cross section far from the medium-vacuum interface throughout the time of
bunch motionisinvestigated. In (1) @, isthe lower boundary of the n -th mode of waveguide, and
(@) = I (@)[N + N(N 1) f ()] )
is the spectral distribution of radiation energy on this mode. The first multiplier 7”(w) in (2) is the

spectrum of radiation from a single particle, and the second one is a structural factor describing the nature of
interference of radiations from bunch particles. Here the coherence factor is determined by equality [4,5]

f(@) =|[ pe) expteiozivd] ®

where p(z) isan one-particle distribution function of the bunch along the waveguide axis.

The problem was that the waves propagating in the layered medium were the Bloch electromagnetic
waves (travelling waves modulated with periodicity of medium), not the plane ones. However, the waves
propagating inside the hollow part of the waveguide are plain and, therefore, the radiation spectrum of a
single particle is determined by wave amplitudes according to the well known formula. We managed to
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calculate this amplitude with no limitations on the amplitude and variation profile of the layered medium
permittivity ¢ .
The aim of the present work is to revea and visually demonstrate the cases when the waveguide and

periodical structure of the layered medium jointly influence the Cherenkov radiation (CR) of the particle
bunch.

In Section 2 the case of a single particle and in Section 3 the case of finite length particle bunch are
treated.

2. Radiation from a single particle

2.1. Results of numerical calculations

In Fig.2 three curves of the spectral distribution 7 ,51) (@) of the energy of CR from asingle electron on the 3-
rd mode of waveguide are shown.

\
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Fig.2. The density of spectral distribution / ,(,1) () of energy of CR from asingle electron on the 3-rd mode of

waveguide, half-filled either with a continuous dielectric (curve 4), or a stack of plates of the same dielectric (curves B
and C).

The energy of electronis £, =1.2MeV,
e=¢,+0.005 with ¢ =13 4
is the dielectric permittivity of material filling the waveguide (the allowance for the dispersion of
electromagnetic waves is not made).
In case of curve 4 the waveguide is filled with semi-infinite continuous dielectric. The position of
maximum in the spectrum of CR is determined from awell known equality
Ch a,V

o, =
R\/gbv2 [c* -1
for n=3. a, are the zeroes of Bessel function: J,(¢,) =0, n=123... is the number of waveguide

mode. Equality (5) determines the frequencies of CR from the electron traveling at superrelativistic velocity
along the axis of waveguide completely filled with dielectric. The finite height and finite width of the peak
are stipulated for the fact of the allowance of radiation absorption in the matter (refer to (4)).

The case B differs from case 4 in that some part of dielectric is removed from the waveguide to leave
there a semi-infinite stack of plates with vacuum gaps (see Table 1 and Fig.4). At its travel along the
waveguide axis the particle generates CR in each plate and the pulses formed in different plates superimpose
and interfere. The oscillations in curve B reflect this fact. The case C differs from case B by the thickness of

vacuum gap (see Table 1). The integral (total) energy of radiation is practically the same for curves 4 and B,
whereas for curve C it istwice as large:

Wi =W} ~095ch/R, Wy ~1.94chlR. (6)

()

How can one explain that?
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Fig.3. CR spectrafrom asingle electron at the first five modes of waveguide either half-filled with continuous dielectric
(curve 4 on the left and right), or with stack of plates (curve C on the left and
curve D on the right).

In Fig.3. the radiation spectra on the first five modes of the waveguide are shown. The numbers of modes
are seen beside the curves. The curves on the left and right (C and D) correspond to sightly differing
thicknesses of vacuum gap between the plates (about several percents, see Table 1). Curve 4 is shown here
for comparison (the waveguide filled with continuous semi-infinite dielectric). From Fig.3 it follows that (@)
at the transition 4 — C the total energy of radiation increases on the 2,3,4 and 5-th modes and does not
increase on the 1-st mode of waveguide and (b) at the transition 4 — D the total energy of radiation
increases in 3.6 times on the 1-st mode and does not increase on successive modes of waveguide (2,3,4,5). A
dlight (several per cent) variation in thickness of vacuum gaps in the stack of plates changes the waveguide
modes at which the energy of CR increases. What is the matter? How can we explain this amplification?

2.2. Visual explanation

....,.-"""".’“"’ -., ' l//A A5
W A' ﬂ" - _[ = _'f“ % - :..'.' ‘-..'" o i V2 A
Y. ——e
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a b

Fig.4. Two neighboring plates inside the waveguide filled with semi-infinite stack of dielectric plates. In case of
C = B thepulse Y. of CR generated by the particlein the vicinity of point C is «superimposed» on the pulse ¥, of
CR generated by the particle in the vicinity of point 4 prior to that.

In Fig.4 two neighboring plates inside the waveguide are seen. Now consider the instant when the
charged particle was in the left plate. Now observe the puise W, of CR, generated by a superrelativistic

particle in a small vicinity of point 4, that is emitted under a specific angle [ (angle of CR) with respect to

the waveguide axis (dashed line). At the propagation this pulse is found in the right plate and at some instant
of time traverses the trajectory of particle (the waveguide axis) in a certain point B under the same angle 3.

By this time the relativistic particle emits the pulse . of CR in asmall vicinity of some (generally) other
point C (see Fig.4). However, one may ascertain that if the following equalities are satisfied

b
atb__a  be agarbigf , oo Y
v ccosa  cosf 2R

(a isanangle giving the direction of CR with respect to the waveguide axis in vacuum between the plates),
then C = B and for this reason the particle will traverse the vicinity of point B concurrently with pulse ¥, .
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As aresult, the pulse .. emitted at the same angle £ in the vicinity of point C will «superimpose» on the

pulse ¥, emitted earlier in the 1-st plate. The result of superimposition (interference) may be accompanied

either by the suppression or amplification of pulses depending on the particular value of phase difference.
The factor 4 in the right side of the second equation of (7) provides the observation of the condition of pulse
superposition synchronism. Thus, if conditions (7) are met, the Cherenkov waves are generated inside the
plate and at once physicaly interfere with those emitted by particle in preceding plates.

For curve C in Figs.2 and 3 thevaluesof a/R and b/ R (see Table 1) have been determined from (7) in
case of s =1. Theincrease of total energy of CR on the 2,3,4 and 5-th modes of waveguide at the transition
from curve 4 (waveguide filled with a semi-infinite continuous dielectric) to curve C (waveguide filled with
asemi-infinite stack of plates) is explained by the above fact.

Equalities (7) are valid in the framework of ray optics when the wavelength of the emitted wave is much
lessthan R, a and b . Equations (7) require more accurate definition on the first mode of waveguide. It is
not surprising hence that in Fig.3 the increase in the energy of CR on the 1-st mode of waveguide at the
transition from curve 4 to curve D occurs for a/ R somewhat different from its value determined from (7)
(comparethevaluesof a/R inrowsC and D in Table 1).

Thus, the increase in the total energy of CR at the replacement of continuous dielectric in the waveguide
by a stack of plates is due to the fact that in each plate of the stack in the zone of CR formation there
simultaneously occur two processes of generation and a physical interference of Cherenkov waves emitted
by the particle in the preceding plates.

The synchronous superposition of waves is followed by an increase in the resultant field in the zone of
radiation formation and, hence, also by an increase of the force retarding the particle motion aong the
waveguide axis. In this situation additional work of the external forces that sustain the uniform motion of the
particle shall be spent on the generation of more intense CR.

3. Coherent radiation from the bunch of particles

For evaluation of the degree of coherence of CR we shall avail of a simple model when the distribution of

particles on the waveguide axis is Gaussian:
2

1 z
z)= exp(— 8
P = 5P ) ®
with the root-mean-square deviation o . The factor of coherence of such abunchis
f(o; o) = exp(-c’a® I v?). 9)
1.0F
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Fig.5. Spectraof CR of the bunch consisting of N = 10° electrons on the 1st mode of waveguide half-filled with
continuous dielectric (curve 4) or the stack of plates (curve D). 1" isin unitsof N?: (curves 4, D). Curve f isthe
factor of coherence of CR.

Curve D of the spectral distribution 7" (») of CR of the bunch of N =10° electrons with o =0.09R on

the 1-st mode of waveguide filled with the semi-infinite stack of plates is shown in Fig.5. The parameters of
stack are givenin Tablel, the energy of electronsand ¢ being the same asthosein Fig.2.
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Tablel

al R blR
A 0 --
B 308.6 13.74
C 15.43 13.74
D 15.05 13.74

For comparison in Fig.5 aso curve 4 of the spectral distribution of CR of the same bunch is given in the case
when the vacuum gaps between the plates are absent (the waveguide is filled with the semi-infinite
continuous dielectric). Also the curve of coherence factor of radiation f'(w) is given. From comparison of

curves A and D a conclusion may be made that the total energy of CR of bunch increases more than three
times at the transition from the continuous dielectrical filling of the waveguide to the stack of plates (the self-
amplification effect). Moreover, the behavior of curves D and f testifies that the average value of the

coherence factor f ~ 0.5, and therefore (see (2)) the energy of CR on the particle bunch exceeds the energy

of asingle particle multiplied by N(N —1)/2=5-10°. Thevalueof f ~ 0.5 isnot casual.

CR is generated close to the frequency determined by equality (5). Substituting this expression in (9) we
arrive at a conclusion that on the »-th mode of waveguide the coherence factor satisfies the inequality

0.5< f(w) <1, if the roof-mean-square deviation of particles inside the bunch
o<o0o, (10)
with limiting value

o, zi\/(gbv?‘/cz—l)an. (12)
an

As for the 1-st mode of waveguide o, = 0.088R, it is very close to the value of o = 0.09R in Fig.5, we

have therefore f ~ 0.5 (see Fig.5).

To sum up we conclude that the coherent CR of the bunch of electrons traveling inside the waveguide
filled with a stack of plates is self-amplified at the selection of the thickness of plates and of vacuum gaps
between the plates according to equalities (7).

4. Discussion

In 2009 J.B. Rosenzweig with co-authors [2] reported the fist direct observation of narrow-band terahertz
coherent CR (CCR) driven by a subpicosecond electron bunch traveling along the axis of a hollow
cylindrical dielectric-lined waveguide. The measurements of the radiated energy indicate a peak power of
~ 150k . Now the authors of [2] “consider structure variations that would give improved results’. We
propose to modernize the part of experimental set up of [2], in which CCR from a picosecond electronic
bunch is generated. It is a hollow cylindrical dielectric tube coated on the outer surface with metal to form a
dielectric-lined waveguide.

The modernization is reduced to the following. The hollow cylindrical dielectric tube inside the
waveguide (the length of tube is L) shall be cut in & identical parts (each of the length b=L/N >> 1,
where A isthe wavelength of CCR) and then a periodic structure consisting of these parts alternated with
vacuum gaps shall be combined. If the length a of each vacuum gap in the stack of shorter tubes inside the
waveguide is selected correctly, then nearly an k-fold increase in the peak power of CCR from
subpicosecond electron bunch as compared with the case of a = 0 is expected.

5. Conclusions
In this paper the coherent Cherenkov radiation from a one-dimensional bunch of relativistic particles

uniformly moving along the axis of cylindrical waveguide filled with semi-infinite layered dielectric that
weakly absorbs the radiation is investigated.
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e Expressions for calculation of the spectral distribution of total energy of radiation passing throw the
transverse section of waveguide in vacuum (at large distances from the boundary of laminated
medium) are derived with no limitations on the amplitude and variation profile of the laminated
medium permittivity.

e The results of numerical calculations for emission of coherent Cherenkov radiation (CCR) in the
layered material consisting of dielectric plates aternated with vacuum gaps are given. The values of
the parameters of problem under which the self-amplification of CCR at a separate waveguide mode
have been determined. This radiation may prove to be many times as strong as CCR in the
waveguide filled with semi-infinite solid dielectric without vacuum gaps. The visual explanation of
this effect of self-amplification of radiation is given.

e |t is proposed to use this effect for amplification of the power of coherent CR from pico- and
subpicosecond electron bunches observed by J.B. Rosenzweig with co-authorsin 2009 [1,2].
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I[eTeKTI/IpOBaHI/Ie TEparepuoBbIX BOJH C IOMOIIBI0 BAKYYMHOI'0 [{H0aa

A.C. AposiH, A.A. AxymsaH, A.YO. Bapransan, A.O. MakapsH, B.P. Taresocsn

Epesanckuii F'ocyoapcmeennviii Yuusepcumem, Kagpeopa CBY paduopuzuxu u menexommyHuxayuu,
yn. Anexa Manyxana 1, Epesan, 0025, Apmenus

The detection of subterahertz (up to 0.14 THz) electromagnetic radiation in the propagation of electromagnetic
radiation in the waveguide formed by the parallel plate electrodes of a vacuum diode is experimentally
demonstrated. The dependence of the detected signal from the incident radiation power, direction of wave
polarization, current characteristics and frequency of modulating signal has been investigated.

A simple theoretical model, according to which the detection is due to nonlinearity associated with the uneven
distribution of electrons along the direction of the electric field, has been proposed to explain the mechanism of
detection. The measured detection characteristics are reasonable agree with theoretical based on low-level signal
approximation and presenting diode’s current-voltage characteristic by law of the 3/2.

Teparepnoserii (TI'm) muamazon snekrpomarHuTHEIX BOJH (0.1 — 10 TI'1r) upe3BpuaitHO MepCreKTUBEH
IUISL CTIEKTPOCKOITUH, IUATHOCTUKHU Pa3IMYHbIX 00bEKTOB, MOHUTOPHHIA OKPYKAIOLIEH Cpe/ibl, 00HAPYKECHUS
B3pBIBYATHIX M SAOBUTHIX BemlecTB [1-3] ¥ T.X, MOCKONBKY YacTOTHI BpalaTElbHBIX MEPEXOAO0B MOJIEKYJ
ra3oB M >KHUAKOCTEH, YacTOTHl KOJICOAHUH CIIOKHBIX OHMOJIOTMYECKHX MOJEKYJ, a TaKXKe ONTHYECKHUX
(hOHOHOB TBEPABIX TEJ PACIOIOXKEHb MIMEHHO B 3TOM [uana3zoHe. Hemonmsupyrommid xapakrep u ciadoe
paccessaue TI'11 u3mydyeHns: B MEIKOOUCIIEPCHBIX Cpelax JAENaeT ero BeCbMa IPUBICKATEIbHBIM TAKXKe IS
WCTIOJIb30BaHUU B OMOJIOTUH W MEOULIUHE.

KitoueBpiMu y3mamu Bcex Tl cucteMm SBISIFOTCS WCTOYHUK M NPHEMHHUK (AETEKTOp) M3iIydeHus. B
HACTOsIIIee BPEeMs O/IHA U3 OCHOBHBIX MPOOJIEM MPH OCBOCHUH TEparepLioBOro JHAana3oHa - 3TO OTCYTCTBHE
OBICTPOAEHCTBYIOIINX, BHICOKOUYBCTBUTEIBHBIX U JOCTYIHBIX JETEKTOPOB JaHHOW oOnacTu [2-4], Hammuue
KOTOPBIX 0C000 BaXKHO NpHU paboTe ¢ MUKPOMOIIHBIMU McTouyHuKaMu TI ' u3mydeHus.

Hecmotps Ha TO, uro TI'1 BOMHBI 3aHWMAalOT MUama3oH Mexny MHQpakpacHod n CBY amanmazoHamm,
OJHAKO MO PALy NPUYMH Kak onThueckue, Tak 1 CBY meToabl mpuema 31€KTpOMAarHUTHOTO W3ITy4EHHS
ManodddexTuBHbI 11 peructpauuy T1' curaanos.

BricTpozelicTByoImye U YyBCTBUTEIbHBIE TPUEMHUKN ONTHYECKOrO IUara3oHa, paboTarolmue Ha OCHOBE
BHEIHETO WIM BHYTpeHHero (orodddexros Henpuroansl aas peructpaund TI'm uzmydeHus nz-3a maion
9HEepruu TeparepuoBoro (orona. Yto kacaercs mWMpPOKo pacnpocTtpaHeHHbIM B CBY nuamazone auomam
HloTTKH, TO MX YyBCTBHTEJBHOCTh pe3ko mamaeT B Tl oOmacTy B BHIY CPaBHUTEIBHO OOJBIIMX
IUTMTETBHOCTEH BPEMEH pesIaKkCallii B MOMYNPOBOIHUKAX U CJIOKHOCTH COTJIACOBKH MAAAlOLIero U3IyUCHUS
C TOYeYHhIM KOHTakTOM auonaa [5]. B TI'm obmactu MOCTaTOYHO YYBCTBHTENBHBEI TEIIOBBIE MPUEMHHUKH
(OomomeTpsl, TUPOIIEKTPUIECKUE TPUEMHHUKH U JIp.), OAHAKO OHHM 00J1a1atoT OOJIbIIOH HHEPLIMOHHOCTHIO, U
[I0O3TOMY HE MOTYT OBITh NPUMEHEHBl MJsl PEerucTpauud OBICTPHIX mpomeccoB. Kpome Toro,
Oosnomerprueckue npueMHUKH 1111 u3myyeHns TpeOyroT OXJIAXKICHHUS 10 TEMIIEPATyPhI )KUAKOTO TeIusl.

CrenoBaTenbHO, ISl YCIEUIHOTO OCBOCHHSI TEPareploBOrO JHANa30HA YacTOT YPE3BBIYANHO aKTyaslbHa
pa3paboTka OBICTPOACHCTBYIOIINX, BBICOKOUYBCTBUTENBHBIX M JAOCTYIHBIX NETEKTOPOB, pabOTAOMUX HpU
KOMHATHOH Temneparype [5-9].

B Hacrosmedr pabore uccieqoBaHO AETEKTHPOBAaHHME CyOTEparepLoOBBIX JIEKTPOMATHUTHBIX BOJH C
MIOMOIBI0 BaKyyMHBIX 3JIEKTPOHHBIX JaMII, KOTOpbIE BCE €lLIe HE HAIIM NPUMEHEHHE IJISl perucTpaunuu
3JIEKTPOMarHuTHOrO m3nydeHus TI'1 oOnacTv, HECMOTPs HA MHOTOYHMCIICHHBIE pabOTHI 10 HEJIWHEHHOMY
B3aMMOJEHCTBHIO 3MEKTPOMAarHUTHOTO M3JIyUYEHHS C SJIEKTPOHHBIM ITOTOKOM B Bakyyme[7,9].

OcHoBHas mpobsemMa NpH UCIOIB30BAHUM JICKTPOHHBIX JIAMII B Ka4eCTBE ACTEKTOPA - 3TO TPYIHOCTH
MOJBOJA NEKTPOMArHUTHOTO M3JIy4EHHS K 3JICKTPOIaM JaMIIbL.

OpHako, 3Ta MpobjeMa aBTOMATHYECKH CHUMAETCS €CIIM JIEKTPOMAarHUTHAs BOJIHA PAaCHPOCTPAHSETCS B
MEXD3JIEKTPOIHOM 00JIaCTH JIaMIIbl, T.€. B CaMOW HeNHWHEHHOW cpene. B maHHOM ciydyae HenmHeHHas cpena
IpeacTaBiseT co00il HEOJHOPOAHO paclpeleTeHHBI NPOCTPAHCTBEHHBIN 3apsia MEXIY JICKTPOIAMH, YeM
00ycCJIOBIEHAa HENTUHEHHOCTh BOJBT-aMIIEPHOM  XapaKTEPUCTHKH BaKyyMHOTO AMOJA, OIMCHIBaeMas IO
3akoHy 3/2. Takum o0Opa3oM, mpu oOecleYeHHMH NPOHWKHOBEHHUS 3JIEKTPOMArHUTHOTO H3IIyYeHHS B
MEX3JIEKTPOAHOE MPOCTPAHCTBO BaKyyMHOH JIaMIlbl BO3MOYKHO HEJIMHEHHOE B3aMMOJIEHCTBHE C MOTOKOM
3JIEKTPOHOB, @ B PE3yJIbTATE YEro MOXHO IOJYYHTh TCHEPALUI0 TapMOHHUK, NMpeoOpa3oBaHUE 4YacToT,
JNETeKTUPOBAaHUE U T.1.
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Hamu nccnenoBanoch JeTEKTUPOBAHNE aMITIUTYAHO-MOIYJIMPOBAHHOTO 3JEKTPOMArHUTHOTO M3ITy4EeHHUs
HU3KOYACTOTHOM o0nacTu TeparepuoBoro nuamazona (no 0.14 TI'm) , rae uMeroTcst y1oOHbIe U JOCTaTOYHO
MOIIIHbIE UCTOYHHUKH U3ITyUEHHUS.

brok-cxema skcrepruMeHTaIbHOM YCTaHOBKU MpeCTaBiIeHa Ha puc. 1.

B kadecTBe HCTOYHMKA JIEKTPOMArHUTHOTO M3ITyYeHHsI ObLT HCIIONB30BaH CTaHAAPTHBIN reHeparop [4-
161 c BOMHOBOAHBIM BBIXOJOM. MakcHManbHas BBIXOAHAs MOIIHOCTH cocTaBisiia ~ 10MBT a auamason
nepecTpoiikn yactoTsl 129-142I'Tn. Monynduus n3mydeHHs OCYIECTBIAJAch C MOMOIIBIO T'eHepaTopa
CTaHJApTHBIX CUTHAJIOB, YacToTa Kotoporo usmenunach oT 1KI'm no 100KI'n. Mccnenopanuch BakyyMHbIE
npuOOpEl ¢ TapayuIeIbHBIMU 3JEKTPOAaMU (TPUOIBI C 3a36MJICHHOW CETKOM W IHOABI), o0iajaromiye
Haubosee yI0OHOW KOHCTPYKITUEH.

Ha namny oT perynupyemMoro MCTOYHHMKA MOCTOSHHOTO HampspkeHus 4 depes OammacTHeIM pesuctop R
[0/IaBaJIOCh HampspkeHue cMmemeHuss Up. JleTeKTHpOBaHHBIM CHUTHAll CHHUMAlCAd C aHoJa JIaMmIbl HU
peructpupoBaics ¢ nomoinsio ocumuiorpada 5 (Tektronix 453).

3

M g |°

Puc. 1. briok-cxema SKCIepUMEHTAIEHOW YCTaHOBKH:

1 - remeparop Mmoaymupytommx curHanoB (F=1+100 KI'm), 2 - rerneparop
cyOreparepuoBoro uznydenus ['4-161 (f=129 + 142 I'T'n), 3 - snexTpoHHas Jamia,
4 - perynaupyemblii WMCTOYHHMK muTaHus, 5 - ocwwwiorpad Tektronix 453, R -
GarmacTHOE CONPOTHBIIEHHUE

s obecniedeHus TPOHMKHOBEHUS JJICKTPOMArHUTHOW BOJIHBI B MEXKAIJIEKTPOJIHOE MPOCTPAHCTRBO,
BaKyyMHasl JJaMI1a PacrioiarajiaCh HeloCPEJACTBEHHO Ha MMy TH PACIPOCTPAHCHHUS DJICKTPOMATHUTHOM BOJIHBI C
BEKTOPOM TOJSPU3ANNN TapaJUICIbHBIM HAIMPABICHUIO 3JICKTPOHHOI'O MOTOKA B JaMIle, Kak MOKa3aHa Ha
puc. 2a.

MuHuManpHas MOIHOCTh, MPH KOTOPOHM OBUIO MOJYYEHO YBEPCHHOE ICTEKTUPOBAaHUE MPH pa3Mepax
a5ekTpoaoB Jamisl | = 15 MM, d = 2 MM, h = 0.5 MM cocrasisiia ~ 10 MkBT.

UccnenoBanachk 3aBHCUMOCTH JIETEKTHPOBAHHOTO CHUTHANA OT MOIIHOCTH IaJafolero H3IydeHus (CM.
puc. 3.). UccnenoBanach Takxke 3aBHCUMOCTb JIETEKTUPOBAHHOTO CUTHAJIA OT yTJia § MeX/y HalpaBJICHHSIMHU
AJIEKTPUYECKOT0 MO BONHB E. m anmekTpocrarnyeckoro mois Eq B mamme (cm. puc. 26.). 3Ta 3aBUCHMOCTh
npuYBeieHa Ha puc. 4.

Kak wu crmemoBamo oXwunmaTh, JETEKTUPOBAHHBIA CHUTHAJ CHJIBHO 3aBHUCHT OT MOBOPOTA IUIOCKOCTH
momsipu3arui.  [lpu  TepHeHauKyIIpHOM — PACIIONIOKEHHUH  DJEKTPOAOB  OTHOCHTEIHHO  IUIOCKOCTH
TIOJISIPU3AIMA CHTHAJ MaKCHMAaJIeH, a TIPH MapajuIeTbHOM PacIloNoXeHHH-MHHUMaNeH. CleayeT OTMETHTb,
YTO JUISI BCEX JIaMIl, WCIIOJB30BAHHBIX B KadeCTBE [IETEKTOpa BO BCEM HCCIEAYyEeMOM JHana3oHe MpH
U3MEHEHUHM 4acToThl MOAyJisiiuu B npenenax 1+100 KI'n neTekTupoBaHHBINM CHUTHajd BCETJa OCTaBajCs B
MpoTHBO(A3e OTHOCUTEIHHO MOAYJIHMPYIOIIEr0 CHUTHAJA W IPAKTHYECKH Oe3 HMCKaKEHHsS MOBTOPSIT €ro
(dbopMy. DTO CBUAETENBCTBYeT OO0 YBENWYEHHH AaHOJHOTO TOKAa JIAMITBI TPH YBEITHMYEHHUH MOITHOCTH
MOJIYJIMPOBAHHOTO CHUTHAJIA.
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Puc.2.- pacnosioxeHue JIaMIlbl Ha [IyTH PaclpOCTPAHEHUS IEKTPOMATHUTHOMN BOJIHBIL:
1-BakyymusIit quon (A-anon, C-xkartox, F-nakan ), | u d- pasmepst anektpoaoB, h- paccrosiHne Mex Iy
snektponamu, E. - anexrpuueckoe moss BonHbl, Eg - anexTpocraTHueckoe mosie, O- yrosn Mexumy

HaIpaBJICHUsIMU DJIeKTpuueckux moned E. u Eq, + - HampaBieHwe pacrpocTpaHeHHS BOJIHBI.

A Ud (MB) 4 ud/ udmax
50
1.0
07 0.8-
30 0.6
20' 0 4_
104 0.2
0 > 0 >
T T T T T T T T T T L T T T T T T T T T L
02 04 06 08 1 P/Pm 10 20 30 40 50 60 70 80 90 o
Puc. 3. 3aBucuMoOCTb AeTeKTHpoBaHHOTO  Puc. 4. 3aBUCHMOCTE IeTeKTMPOBAHHOIO
CUTHaJIa OT MOIITHOCTY M3y YeHs. CUTHaJIa oT yrIia 0 MeXITy

HaIlpaBJIEHVISIMIL  SJIEKTPUYECKOI'O I10JIA
BoHBI E- 1 SJIEKTPOCTAaTNYECKOI'O IT0JIA.

Jnst oObsicHEeHUs] MeXaHW3Ma JETCKTUpOBaHMs Oblla NpeAsioKeHa IpocTas TEeopeTHdecKask MOJElb,
COTJIACHO KOTOpOW NIETEKTUPOBaHHWE B BaKyyMHOM JHojAe OOYCIIOBJICHO HEJIMHEHHOCTBIO, CBSI3aHHOHN C
HEPAaBHOMEPHBIM paclipesielieHneM 3apaa (JIEKTPOHOB) BJOJbL HAIPABIEHUS 3JIEKTPOCTATHUYECKOTO IOJIA,
4eM W O0OYCIIOBJIEHA HENWHEHHOCTh BOJBT-aMIlepHOW xapakTepucTuku (BAX) muoga. Cumras, 4TO BOJBT-
amIiepHasl XapakTepUCTHKa AUOJA MOJUYUHICTCS 3aKOHY 3/2 M HE 3aBHCHUT OT YaCTOTHI MPHUIIOKEHHOTO IMOJIs,
OLICHMBANAaCh BEJIMYMHA JETEKTUPOBAHHOIO CHUrHajla, KOIJa IUIOCKOCTh MOJSPHU3ALMU  BOJHBI
MepIeHANKYJIApHA 3IEeKTpoiaM Auoaa. Eciy anekTpudeckoe mose BOIHBI B MEXIJIEKTPOAHOM MPOCTPAHCTBE
CUHUTaTh OJHOPOJHBIM, TO I PAa3HOCTH TNMOTEHLMATIOB MEXAY 3JEKTPOJaMHU CO3AaHHOW BOJHOW MOXKHO
Hamucarb:

U =Ed=E,dcoswt=U, coswt, (1)
rae E. anexTpuyeckoe mMojie BONHBI, Ej. ero ammiauryaa, Up. aMIUIMTy/Aa CO3AaHHOTO HAaIpsDKEHUs, d

MCKIJICKTPOJHOC PACCTOSAHHE, (O YaCTOTa BOJIHBI. Ecimm nHa AHO[] JIaMIIbl ITPUJIOKEHO TaKKE€ IMOCTOSAHHOC
HaIpsAKCHUC U() , TO B HCHACBIIIIEHHOM PEKUMCE JIaMIIbl JIsI aHOJHOT'O TOKa UMCEM

I, =aU” =aU,+U.)". )
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I'paduk 5TOH 3aBUCMMOCTH TpU 3HaYeHMH Kodpduimenrta a=0.02mA/VY npusenena Ha puc.56.,
KOTOpAasi TIOJHOCTBIO COOTBETCTBYET TUNMUHONH BAX MCIONB30BaHHBIX BaKYYMHBIX JIaMIl (CM. pHc.5a.).

2 MA /e
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T T T T

& 4

w4 :
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| | | |
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Puc. 5. a. - Tunuunas BAX uccienyeMbIx 3JeKTPOHHBIX Jiamil, 0. - pacuetHas BAX 1o
dopmyie (2) (a=0.02mA/ V7).

Orenku 1o popmye (2) HOKA3BIBAIOT, YTO IPU HHTEHCHBHOCTH 3JIEKTPOMATHUTHOI BOIHBI ~10 MBT/cM”
u Uy = 2B mMakcumanbHOE 3HAUYEHHE AETEKTHpOBaHHOro Toka Oynetr [ =~ 0.03 MA. Tok, perucTpupoBaHHBIN
BO BpeMs skcnepuMenTta coctaBisil [ = 0.01 MA Takoe orimume BHoiHE 00’SCHMMO, T. K. BO BpeMs

9KCIEPUMEHTa He ObII0 00ECTIEYeHO COracoBaHUE, U IIO3TOMY B MEXDJIEKTPOJHOE MPOCTPAHCTBO MIPOHHUKAI
JIMIIB Manas 9acTb MOILIHOCTH H3JyUYEeHHUS.

OTMeTHM, YTO HCCIEAyeMble JamIbl ObLIM OMPOOOBaHBI TAKXKE HA JETEKTUPOBAHHE ONTUYECKOTO
m3nmydeHus (3.39 mxm,1.15 MM u 0,63 mxMm). [Tockonpky TI'11 BOTHBI 3aHUMAIOT MMPOMEXYTOUYHYIO 00acTh
CIIEKTpa MEXIy ONTHYECKUM M MHUIMMETPOBBIM IHAla30HAMH, TO IIOJYYECHHBIC PE3YJIbTaThl MOTYT OBITH
HCTIOJIb30BaHbl, B AanbHeimeM, g paspadorku TI'm qerekTopa Ha OCHOBE BaKyyMHOI'O IMOJA.

HecmoTpst Ha TO, 4TO 4yBCTBUTENBHOCTh B ONTHYECKOM AMAnasoHe CHIIbHO yMmeHbliaercs (~100 pas),
OJTHAKO, OLICHKH yKa3bIBAIOT Ha TO, YTO IPH PEIICHUH BOIIPOCOB COTTIACOBAHMS M IPH yBEIHMUCHUN 00JIaCTH
B3aMMOJCHUCTBHS U3IYUYEHHUSI C MEX3IJIEKTPOAHBIM MPOCTPAHCTBEHHBIM 3apsAOM BaKyyMHBIE JIAMIIBI MOTYT
OBITH YCIELIHO NMPUMEHEHB! KaK AJIsl AETEKTUPOBAaHMs, TaK M Ul MPeoOpa3oBaHHUs 4acTOT TEParepLoBOro
QMaIa3oHa.

PaGora BemonHeHa npu moaepkke rpanra MHTLL A-1544.
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THz Pulse Generation in Nonlinear Crystalsand Its Application in Medicine
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The results of the effective generation pulse of terahertz radiation in band 0.1-3.5 THz via optical
rectification of femtosecond laser pulses in nonlinear LiNbO;, ZnTe, crystals are presented. It is shown
that placing the crystal in the free space or in the waveguide both the phase-matching and time and
spectral features of the emitted THz field are changed. The spectrum of the generated THz beam can be
modified also by the change of transverse position of crystal in the waveguide. It is shown that THz-rays
can image tooth cavities, starting dotted caries in human teeth. The research has been conducted on teeth
tissue in-vitro aiming to establish the characteristic THz properties of teeth tissue, enamel and dentine as
well as to trace early detection of teeth erosion abnormalities.

1. Introduction

Broadband terahertz (THz) radiators are of great importance as coherent effective sources for spectral THz
imaging systems, in medicine, space science, high-speed communications and high resolution of THz
waveguide spectroscopy. However, the value of the generated THz power limits the major specifications of
the THz coherent techniques application in imaging and tomography.

There are numerous ways of generating THz radiation, but most of useful sources and detectors can be
divided into two groups - those based on electronics and those based on nonlinear-optical techniques. The
electronic sources, which include Gunn diodes, backward wave oscillators (BWO) and super-lattice
electronic devices can only operate at the microwave end of the THz region. The upper frequency limit for
electronic sources is approximately 300 GHz (up to 1.5 THz for a BWO) and they usually provide limited
power at THz frequencies. Their use is not currently widespread in medical applications. By comparison,
photonic sources — lasers (CO, and GCL lasers), photoconductive dipole antennas (PDA), and devices relying
on optical mixing to generate THz radiation (DFR, OR) - are ubiquitous in medical applications. They are
used to provide both narrowband continuous wave (CW) radiation and broadband THz pulses across a wide
range of frequencies. Perhaps the most commonly used generation method in medical applications employs
optical rectification, whereby the high frequency oscillations of a femtosecond laser pulse are rectified by an
optical crystal, leaving only the envelope of the laser signal, that is a THz pulse.

To effectively generate radiation sum or difference frequency with high power, it is necessary to provide
the phase-matching condition for all spectral components of the optical pulse participating in a nonlinear
process. The phase matching condition is fulfilled by different methods: by birefringence, dispersion in the
pump frequency range, wave front tilting, artificial periodic structure (APS) made of nonlinear media. i.e.
quasi-phase matching, in this case the group velocity of the pump wave is equal to phase velocity of THz
wave. Another approach is to incorporate the nonlinear material in a waveguide to use the dispersion of the
waveguide for adjusting the phase velocity of the THz wave with the group velocity of an optical pulse. The
possibility of increasing light conversion efficiency into GHz-THz range by nonlinear crystal partially filling
the metallic rectangular waveguide was suggested, theoretically grounded and experimentally realized in [1,
2]. This approach broadens the choice of material for THz generation. Another advantage of this method is
that by choosing the crystal thickness and its disposition regarding the narrow wall of the waveguide it is
possible not only to control mode type, but also to make the absorption loss of the waveguide with crystal
much less than the intrinsic loss of the crystal.

The results of the effective generation pulse of terahertz radiation in band 0.1-3.5 THz via optical
rectification of femtosecond laser pulses in nonlinear LiNbO;, ZnTe, crystals and their application in
medicine are presented.

2. THz pulse generation in nonlinear crystalsLiNbOz and ZnTe

Nonlinear optical technique of THz radiation generation are based on interaction of short powerful laser

pulses and matter resulting in polarization pulse formation, their relaxation during 10" - 10"* s forms a

wave of electromagnetic radiation. Requirements to nonlinear optical medium are low absorption on laser
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and THz frequencies (low values a,y and orp,), high nonlinearity, conditions of phase-matching (np = nryy),
high radiation resistance. In the propagation of femtosecond optical pulse in the medium with the second
order of nonlinear susceptibility a conversion of energy in radiation sum and difference frequency owing to
coherent mixing spectral components of optical pulse occurs. Using the second-order optical nonlinearity the
conversion of femtosecond laser pulse in broadband difference frequency radiation (DFR) of far-to mid-IR
range is also referred to as optical rectification of light pulse in nonlinear medium [3].

The coherent nature of nonlinear interaction allows to generate and detect the THz radiation with a great
ratio signal/noise of the order of 10*, without using low-temperature cooling of the detector which is
inaccessible for other methods of THz radiation. The coherent THz detector has superlow sensing threshold ~
10"® W/Hz. Moreover, by measuring phase and polarization relationship between interacting waves the
intensity of nonlinear process can be controlled.

Optical excitation of THz radiation in crystal was performed by 50 fs pulses of a Ti:sapphire laser
(A=800nm), with repetition frequency of 82 MHz [2]. The average power on the crystal was between
1.2 W or 750 mW. By placing the same nonlinear crystal in the free space and then inside a hollow metal
waveguide the phase-matching and consequently efficiency, time and spectral features of the emitted THz field
are changed. Using the dispersion of the waveguide the phase matching was provided both by changing the
degree of partial filling the waveguide by the crystal and position of the crystal regarding narrow wall of the
waveguide. The nonlinear crystal acts as a nonlinear frequency converter, and waveguide-crystal structure
fulfils a function of a setup increasing the THz phase velocity up to group velocity of laser pulse. This method
provides phase-matching on certain frequencies simultaneously for difference frequency radiation in THz
range. Figures 2 and 3 represent time dependence of THz field (a) and its spectrum (b) after fast Fourier
transform when the crystals ZnTe and LiNbO; is placed in the free space, respectively. Two pulses in the
waveform of Fig.3a result in appearing oscillations in the spectrum (3b). Two single-cyclic pulses irradiated
from the front and end faces of LiNbOj; crystal having thickness 1.08 mm.

T T T T T 2,0)(10-4 T T T T T T
2 a
'S 0,003 . ‘g
; ;1,5x10'4 1
=] E
5} )
g 0000 WNWW\M/\/N\MW\MMNWN S1,0x10* 1
=i 2
£ =
£ g
s 0,003 S5,0x10° 1
= a) =
1 1 1 1 i 1 n
0 10 20 30 0 1 2 3 4
Time Delay [ps] Frequency, [THz]

Fig. 2. Time dependence of THz field (a) and its spectrum (b) after fast Fourier transform
when the crystal ZnTe is placed in the free space.
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Fig. 3. Time dependence of THz field (a) and its spectrum (b) after fast Fourier transform
when the crystal LiNbO; is placed in the free space.
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Fig. 4 Time dependence (a) and the THz spectrum (b) of radiation of crystal LiNbOj; in the waveguide
with cross-section 5.2x2.6 mm?, when the crystal is located centrally—symmetrically in the waveguide,
then it is shifted to the narrow wall (c, d) of the waveguide.

Figure 4 represents time dependence (a, ¢) and the THz spectrum (b, d) of radiation from crystal LiNbO5
in the waveguide with cross-section 5.2x2.6 mm?, when the crystal is located centrally—symmetrically (a, b)
in the waveguide, then it is shifted to the narrow wall (c, d). Changing the position of the crystal in the
waveguide the temporal waveform and spectrum of THz radiation can be controlled, thus THz pulse
waveform shaping is realized. The results of THz field generation in waveguides with cross-sections 2.4x1.2
mm? and 1.8x0.9 mm® are given in [2, 4].

3. Applications of terahertz spectral imaging diagnosticsin medicine

An imaging modality built upon interactions of coherent THz waves with matter has shown its applicability
to various kinds of tasks in security and medicine [5-8]. Due to its non-invasion (THz quanta are far less
energetic than those of X-rays and pose no ionization hazard for biological tissue) the THz waves unlike
the X-ray allow to make without any harm for the human diagnostics including osteoporosis, tumour,
skin cancer, tooth cavities, starting dotted caries in human teeth, bone diseases, depth and degrees of skin
burns. The main advantage of THz diagnostics is that it features spectral imaging within a broad band of
frequencies, from the gigahertz band up to tens of THz. This allows selecting and imaging a spectral
property, e.g. the chemical composition of the sample, and providing information on surface composition
and molecular structure. Vibration and rotation frequencies of many biological molecules are at THz range
[9] which may provide characteristic fingerprints to differentiate biological tissues in a region of the
spectrum not previously explored for medical use. While this is also true of microwaves, the shorter the
wavelengths of the THz band, the greater spatial resolution. The comparatively long THz wavelengths can
penetrate in biological tissue, much further than visible light or the near infrared - the longer THz
wavelengths being less susceptible to effects such as Rayleigh scattering [10]. The unique properties of THz
radiation allow to “see” it farther and in more detail than imaging methods such as X-rays, ultrasound and
radar.

Terahertz pulse imaging is based on the ‘pump — probe’ technique (Figure 5). The laser pulse is split into
two beams - a pump beam for generating THz pulses, and a probe beam for detecting coherently the
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amplitude and phase of the THz electric field. The typical THz pulse, generated by optical rectification, is
shown in Figs.1, 2. The average power of the THz radiation was ~ mW. THz imaging is based on measuring
the image scan of a propagating THz wave through a medium of thickness d. The research has been
conducted on teeth tissue in-vitro aiming to establish the characteristic of THz and optical properties of teeth
tissue, enamel and dentine as well as to trace early detection of teeth erosion abnormalities. The THz beam is
collimated and focused on the tooth into the spot ~ 0.5 mm in diameter with the set of parabolic off-axis
mirrors. The collected THz radiation is used in the probe arm of the imaging system configured as a free
space electro-optic sampler. Using interferometric control over the optical delay between the pump (50 fs)
and probe pulses, the time domain dependence of THz electric field is recorded at a number of discrete
points [8, 9]. A spatial image is mapped pixel by pixel using X-Y translation of the sample or beam in the
focal plane. Two image parameters were investigated: the minimum of the terahertz impulse function (E,;,)
and the ratio of E,;, to the maximum of the terahertz impulse function (E;,/Em.x). Normal tissue has an
impulse function with a large positive amplitude, defined as E,,.x, while a tumor has an impulse function with
a large negative amplitude, defined as E.;,. There are substantial differences in the optical properties
(refractive index and absorption coefficient) between normal and diseased tissues. Experimentally the 3D
stack of data is obtained as a time or frequency-resolved image by means of X-Y mapping of the time
dependence of transmission images. Two spectra, THz field and phase, are processed via the fast Fourier
transform from originally obtained time-domain dependence. The data obtained in the experiment were
normalized to those obtained from an unoccupied space of the sample holder. This removes a great deal of
residual noise to improve the quality of both amplitude and phase measurements. Spectral images were
collected within the range of the spectrum between a few GHz and 3.5 THz with spectral resolution
approximately within 20-50 GHz. The spectral range of THz frequencies depends on the choice of the THz
source and can span several tens of terahertz (~100 THz if the duration of laser pulse is ~ 8 fs). The probe
beam gates the detector and thereby determines the amplitude of the THz electric field at a fixed time point.
The detection is based on an electrooptic effect, where the presence of a THz frequency electric field induces
a birefringence in optically transparent nonlinear crystal. The magnitude of this effect, and thus the state of
the THz field, can be ascertained by analyzing the change of the polarization states of fast optical pulses
transmitted through the material. It is important to emphasize that THz pulsed imaging offers an advantage
over many existing imaging techniques because it offers spatial localization, combined with spectroscopic
capabilities, in the unprecedentedly wide band of frequencies, from DC up to several THz.

Figure 6 shows the results on THz imaging of abnormalities due to caries erosion of tooth tissue in vitro
for several frequencies. The image contrast for different types of tooth tissue becomes significant above
approximately 1 THz. One can notice from the series of frames 1, 2 of Fig.6 how the degree of spatial
resolution is increased with THz frequency. Spectral THz images clearly resolve enamel and dentine areas,
the crown and the surface cement layer. The last one, however, is enveloped with diffraction along the edges.
The second advantage of spectral imaging is in classification of conformities found between the tooth
abnormalities and relevant spectroscopic features. This will be used for mapping the locations of
abnormalities in a sample. The mechanisms giving rise to contrast are mostly associated with the change of
complex refractive index (the absorption coefficient and refractive index) with frequency. The region of
abnormality is seen as the dark area in the diagram 2, Fig.6. A striking result is observed within a certain
band of frequencies. A strong spatially resolved absorption band is found in the area affected by caries
(compare THz images 1 and 2 with the digital photo 3 in Fig.6. The caries spot in THz imaging becomes
detectable only within this band of frequencies. It is interesting that X-ray high resolution image hardly
shows traceable abnormality in this area (image 4, Fig.6). The area of increased contrast surrounding the
dark central spot, attributed to caries erosion on THz image 2, Fig.6, resembles a ring form. Note that these
structures in the THz image are only seen in the frequency resolved (spectral) image. The following
systematics can be deduced from the experimental data: the band at low frequencies (up to 0.5 THz) appears
as a common signature of the tooth tissue over the whole sample, where no effect of any abnormality is
found. Note that in the same tooth sample the X-ray shows no detectable sign of tooth decay.

These results give a clear proof of a high diagnostic value of THz spectral imaging technique. THz
radiation has been shown to be capable of the early detection of dental carries. It is shown that THz-rays can
image tooth cavities, starting dotted caries in human teeth abnormalities. Preclinical stage of caries hard teeth
tissue lesion development is not visualized on the X-ray diagram. THz image clearly shows starting
dotted caries.Spectral imaging delivers selective information on the abnormalities rather than integrated data
obtained with time domain imaging.
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Figure 5. Schematic diagram demonstrates the principle of THz imaging.
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Figure 6. THz images of a tooth with detected abnormality: the diagrams 1 and 2 show THz images

at two frequencies, 0.64 THz and 1.065 THz respectively: here the image size is 80x115, the pixel
size is 100 pm; 3 is the photograph of the section and 4 is the high resolution X-ray diagram. The
rectangular frame in the diagram 2 surrounds the spot of abnormality - caries.

4. Conclusions

THz generation via the mechanism of DFG has shown a marked gain of efficiency in a partially loaded
waveguide. The rise of conversion efficiency in the order of magnitude has been obtained in waveguide
structures partially filled with LiNbOj; crystal. Such a strong effect on generated THz power will improve the
performance of coherent THz spectral imaging and tomography systems in terms of penetration depth, signal-
to-noise ratio and dynamic range. By placing the same nonlinear crystal in the free space and then inside the
waveguide the phase-matching and consequently time and spectral features of the emitted THz field are
changed. The spectrum of the generated THz beam can also be modified by the change of transverse position
of non-linear crystal in the waveguide.

THz radiation has been shown to have good tissue differentiating abilities. It has chemical
specificity. It is shown that THz-rays can image tooth cavities, starting dotted caries in human teeth,
by helping visualization of demineralized areas.
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The influence of low-intensity millimeter range electromagnetic radiation on tumors triggered
great interest among researchers mostly due to the absence of harmful side-effects opposed to the
widely used X-ray therapy. Unlike ionizing X-rays, the method proposed here is non-ionizing and
hence is completely of any harmful side effects. In [1-3] the influence of millimeter
electromagnetic waves (MMWs) on various tumors has been investigated.The present study was
undertaken to investigate whether low-intensity (non-thermal) MMWs at 42.2GHz can act on
tumor of mice in vivo without cytostatic agents.

1. Introduction

In case of malignant transformation the cells undergo changes, which lead to uncontrolled cellular
proliferation and abnormal differentiation. The investigation of the possible structural changes in DNA of
tumor cells under the influence of millimeter-radio waves in the absence of cytostatics is actual since the
MM-therapy used in complex antineoplastic treatment promotes relaxation of the toxic antitumor effect of
chemo-and radiotherapy and enhances the antitumor effect.

In the above mentioned literature data the tumor inhibition by means of MM-therapy, in the absence of
cytostatic agents, it was shown mostly in experiments in vitro [4,5].

The process of DNA-methylation is closely related with the appearance of tumors. Imbalance of DNA-
methylation is observed in all, without exception, studied neoplasias. The violation of methylation process
manifests itself at the early stages of malignant transformation of cells, and content of 5-methylcytosine
(5MC), which is the only methyl bases in DNA of animals and humans, could serve as a diagnostic test for
tumor genesis, and this opens the possibility for early diagnostics and treatment of disease [6, 7].

Hypermethylation of tumor-DNA, the mechanism of which in many tumors is not clear, destabilizes the
secondary structure of DNA as well, what may cause the selective sensitivity of malignant cells toward the
influence of millimeter-waves in the absence of chemo- and radiotherapy and to allow receiving of expressed
antitumor effect.

2. Materials and methods

To clarify the characteristics of the influence of MM-therapy with different modes of irradiation onto DNA
of tumor-bearing animals in the absence of cytostatic drugs, a study of effects of millimeter-waves on 40
outbreed stock white mice, weighing 20-22 g, which is transplantated sarcoma-37 by a known methodic.
Previously, before the transplantation, animals were divided into 4 groups of 10 mice in each group. The
course of influence of millimeter-waves started 3 days before transplantation. In the first group (control) the
tumor has no impact. In the second group an exposure of influence during one seance was 15 min. In the
third group it was 30 min. The course of exposure was 15 days. On the fourth day animals was woven by
sarcoma-37 and daily exposure was continued according to the above mentioned scheme. As a source of
millimeter-wave-radiation there was used the generator of coherent EHF-oscillations G4-141, operating in
range of frequencies of 38,5+53,5 GHz. Irradiation of animals was carried out in the far field of a cone-
shaped antenna at a distance of 40 cm from the radiating plane in the mode of continuous generation with
incident power density at the location of the object about 10 uW/cm®. The output power of the generator was
measured with the help of a M5-49 thermistor head and a M3-10A wattmeter (Istok, Fryazino, Russia).The
frequency of output signal was controlled by a CH2-25 wavemeter (Istok, Fryazino, Russia). To calculate the
SAR, we used dielectric parameters of the skin &' =14, ¢'" =18 and skin density p = 1.15 g/cm’ [8].

The specific absorption rate on the surface of skin of the animals back was calculated by the formula [9]
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where o =¢,6"®w =50.4 S/m is the electric conductivity of skin at the frequency of 50,3GHz,

&, =8.85- 107" F/m is the vacuum dielectric constant, @ is the circular frequency, &= 377 Q is the vacuum

wave impedance, P, is the incident power density, R=0.5 is the reflection coefficient, n = 4.2 is the refractive
index of the skin. The calculated value for the rate of the specific absorption is approximately equal to 2
W/kg. Animals of the fourth group were sham-exposed by placing into the exposure zone when the generator
was turned on but the output power was attenuated to zero. Duration of the exposure and sham-exposure was
30 minutes.

3. Results and discussion

As can be seen from the table, the pronounced effect of MM-therapy appears in the group with a half-hour
continuous irradiation, there is observed a sharp suppression of the level of DNA-methylation of sarcoma-37,
what can be explained as follows: MM-waves of low intensity, acting on the growth and proliferation of
cells, the enzyme activity, the genetic apparatus of cells, not accelerating tumor growth, exert an inhibitory
influence on the development of the transplantated sarcoma and increase the lifetime of experimental
animals [10].

A similar effect was revealed in our experiments. It is established that the duration of the procedure the 30
min-MM exposure caused inhibition of tumor growth by 33,5%, and 15-minute-exposure did not exert an
inhibitory effect on the tumor. Correlation of tumor growth delay with the level of DNA-methylation is
obvious. After 15 seances of MM-therapy without cytostatic drugs, in animals of the third group (exposure
30 min) was observed an inhibition of by 33,5% compared with a first one and a sharp suppression of DNA-
methylation level 2.5 times as much. DNA-demethylation in the tumor tissue under the influence of a half-
hour exposure of MM-waves can be explained by enzymatic demethylation of remains of 5-MC, i.e. the
mechanism of action of the studied waves basically involves demethylation of tumor DNA, which in its turn
could sensitize the damage of chromatin, inhibit an efficient repair of DNA, providing genomic instability,
which can lead to apoptosis of tumor cells, leading to inhibition of tumor growth [11,12].

In case of MM-therapy with 15 min-duration of action there was not observed an inhibition of DNA-
methylation level of the tumor and was not marked delay in tumor growth. Thus, these studies revealed a
correlation between antitumor activity of MM-therapy with inhibition of methylation of tumor DNA in vivo,
because the therapeutic effect of coherent MM-waves was estimated by inhibition of tumor growth and
changes in the level of methylation. General toxic influence of MM-waves on the experimental animals with
sarcoma-37 without cytostatics was insignificant and has an inhibitory effect on the development of the
transplantated sarcoma. Consequently, the obtained in this experiment results, on our opinion, can be seen
from the point of view of possibilities MM-therapy in relation to the mechanisms of anticancer drug
resistance and may be an important criterion for assessing the molecular influence. The antitumor effect of
MM-waves, obtained without cytostatics, shows promising development of MM-therapy for clinical
oncology in the treatment of malignant neoplasms.

Table 1. The nucleotide composition of tumor DNA in the control and under the influence of MM-wave

Experimental Content of bases in DNA, mol. %
conditions 5
Source of DNA -

G ¢ MC=+( A T G+C+5-MC
Animals with tumors 4.740.0
Tumor (C-37) without 21,9 17,8 1’ ’ 28,0 28,0 44 4
treatment
C-37+MM-impact 21,8 17,4 SO0 o0 | 280|449
exposure for 15 min 1
C-45+MM-1mpact. 21.9 18,1 2,240,0 28.9 28.9 42
exposure for 30 min 1
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Note: In each group — 10 animals. Number of definitions — 9. These changes were reliable (p <0.05)
compared with control (untreated tumor).
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Effect of Non-Thermal Microwave Radiation on Circulatory System
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The present studies were undertaken to investigate 1)regeneration processes in the circulatory

system under condition of bone-marrow deficiency and 2) blood catal ase activity change of rabbits
under a long-term exposure effect of low-power extremely high frequency electromagnetic
radiation (EHF EMR). The data obtained demonstrate that living organisms react to alow-intensity
monochromatic radiation mobilizing their internal resources.
In the 2)case the obtained data demonstrate that the increase of catalase activity in peripheral blood
was observed, maximum of which was registered in 20-fold and on the 10-th day after 25-fold
influences. The observed in experiments activation of the peroxisomatic catalase enzyme,
probably, promotes the enhancement of the power antioxidant system of the organism.

1. Introduction

Revealing the effects which electromagnetic radiation at millimeter wavelengths have on the organism and
its biological significance serve as a basis for using microwave exposure as a physiotherapeutic procedure
for treating various diseases. Their list includes cancer of different organs,cardiovascular diseases,diabetic
angioneuroropathies,peptic ulcers, leucopenia, pain relief,skin disorders,infantile cerebral palsy,bronchial
asthma,wound healing,etc [1-5]. According to literature facts, the millimeter-wave therapy increases the
level of immune resistance, influences different stages of pathogenesis, changes enrymatic reaction activity
and growth rate, destroys microorganisms [6-9]. It has shown that millimeter waves have strong effect on the
process and bioelectric activity of neurochemical functions of the brain, increase the cortical tension [10-11].
Penetrating into the organism (the penetration depth of Millimeter Waves in tissues is about 0,3-0,5mm due
to high absorption by water molecules),this radiation is transformed into information-carrying signals
performing guidance and adaptation control or rehabilitation processes in the organism. Different physical
factors,affect the organism, in the same way as electromagnetic waves, provoking changes in the functioning
of different organs/systems. Erythron plays an essential role in development of such processes, as it actively
contributes to the maintenance of functional state of the organism.

2. Matherialsand Methods

The experiments were carried out on rabbits of the same weight, age and sex. Marrow was taken out from
femur, shin and ischium (6 ml/weight) with the help of Kasyrsky's needle. The animals underwent 30-day
exposure with G4-141 coherent electromagnetic waves generator (Russian made) with frequency of 50.3
GHz, in correspondence with resonance frequency of vibrations of hexagonal structures of water. The
frequency stability of the generator in continuous wave mode was 20MHz. A whole-body exposure of
rubbits to Extremely High Frequency Electromagnetic Radiation (EHF EMR) was conducted in the far-field
zone of conical antenna at a distance of 500 mm from the radiating end of the antenna. Incident power
density (IPD) value in the plane of exposed object was of 0,05 mw/sm? . In the studing of a blood catalase
activity the head of the animals was irradiated. The irradiation was realized in continuous mode generation,
with non-therma powers from 150 mm distance.The IPD value was same as in the previous case.The
output power of the generator was measured with the help of a M5-49 thermistor head and a M3-10A
wattmeter (Istok,Fryazino,Russia).The frequency of output signal was controlled by a CH2-25 wavemeter

(Istok, Fryazino, Russid). To calculate the SAR, we used dielectric parameters of the skin  &'=14,

&' =18 and skin density p = 1.15 g/cm® [4]. Specific absorption rate on the surface of skin of animals back
was calculated by the formula [11]

SR TEA-RPy
np
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where o =¢,¢"w =504 S/m is the electric conductivity of skin at the frequency of 50,3GHz,

&, = 8.85-107 F/misthe vacuum dielectric constant, wis the circular frequency, &= 377 Q is the vacuum

wave impedance, Py is the incident power density, R=0.5 is the reflection coefficient, n = 4.2 is the refractive
index of the skin.Calculated value for the SAR is received about 2 W/kg. Animals of the control group were
sham-exposed by placing the rubbits into the exposure zone when the generator was turned on but the output
power was attenuated to zero. Duration of the exposure and sham-exposure was 60 minutes.

Normally, 24 hours after the bone marrow extraction and on the 5", 10", 15" 20" 25" 30" days and 2
weeks after the exposure the following features of erithropoesis were analyzed: the quantity and colorimetric
characteristics of erythrocytes, reticulocytes, hemoglobin, maturation rate of reticulocytes, the cellular
content of the bone marrow.In order to assess the functional dternations of erythroid branch, the bone
marrow index of erythronormoblasts protoplasm maturation has been reveal ed.

The catalase activity was determined by manganese metric method, based on decomposition of hydrogen
peroxide. Were caculated the Catadase Number: Cn, represented as quantity (in millimeter) of
decomposition hydrogen peroxide - H,O, in 30 minutes, the absolute number of erythrocytes in blood
periphery, Catalase Index: Ci — the ratio of Cn to the numbers of erythrocytes in 1 mm® of blood (in
millions). The animals were exposed under a single, 5-, 10-, 20-, and 30-fold radiation. In case of a single
radiation the studies were carried out before the radiation effect and on the 5-th, 30-th, 90-th minutes after it.
In multiple radiation the studies of the mentioned characteristic values were carried out before the radiation
effect and after it on the 5-th minute. . The obtained experimental data were statisticaly processed; the
reliability of the changes was determined according to Students t-method. The results were statistically
processed by Student’ s method.

3. Results and Discussion

Hypochrome changes of erythrocyte and hemoglobin amounts were observed without irradiation during 24
hours after the bone marrow withdrawal. As compared to the starting point, the amount of erythrocytes had
fallen by 13.5%, hemoglobin by 21. 33% (Fig.1). Thusthe color index changed to value 0. 68. The latter was
accompanied by increase in relative and absolute quantities of reticulocytes, as well as their maturation rate,
respectively becoming 117.03% (p < 0, 001), 135.29% (p<0,02), and 133.33% (Fig.2). On the 5" day of
bone marrow extraction and irradiation, normochrome decrease of erythrocytes and hemoglobin content,
respectively to values 84.83% (p < 0,01) and 82.85% (p < 0,01) was observed. Reticulocytosis and high level
of their maturation rate were the same in the mentioned period. In the phase of marrow extraction, the

amount of myelocaryocites and erythroid branch cells was low. The myelocaryocites level is 95300 © 3115

and erythroid branch cells 38.0+ 1.2 in normally. On the 5" day of irradiation they were respectively
68000 + 2045 (p < 0,001) and 27,0 £ 0,678 (p < 0,001). However, the marrow index of erythronormoblasts
protoplasm maturation remained unchanged (0. 6).

S
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Fig. 1. The change by percent amount of erythrocytes in 1 ml blood (black) and amount of hemoglobin (gram/%)
(white) under influence of electromagnetic radiation (EMR).

52



%

170
160 -
150 -
140 1
130 +
120 1
110 +
100 -

80 -
1 5 10 15 20 25 30 45
days

Fig. 2. The change by percent relative amount of retuculocytes ( %O) (black) and the rapidity of retuculocytes ripening
in an hour (white) under influence of electromagnetic radiation (EMR).
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Fig. 3. The change by percent catalase number Cn (black) and catalase index Ci (white) in the blood under influence
of electromagnetic radiation (EMR).

On the 10" day of the experiment, moderate increase of erythrocytes and hemoglobin amount has been
observed (5% and 9% correspondingly). On mentioned time the increase of cells, not containing hemoglobin
proerythroblasts and erythroblasts was seen in marrow, which confirms the acceleration of proliferative
processes. On the 15" day of marrow extraction and irradiation, the growth of erythrocyte and hemoglobin
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guantities continued, reaching 91.57 % (p<0.05) and 95.71%. The quantity of reticulocytes and their
maturation rate were high. On the 20" day of studies the erythrocyte and hemoglobin quantities were within
the limits of physiological vibration 94.48%, 94.28%. As compared to the 15" day, the absolute and relative
amounts of reticulocytes had decreased, but still were on the high level compared to the starting point.
(141.17%, p < 0,001; 129.28%, p < 0.001 respectively).

The observed variations in the peripheral red-blood indices are likely to be related with intensification of
marrow proliferative and maturatoin processes. This fact is confirmed by high activity of erythroid cells in
the extracted marrow domain and the growth of hemoglobin-containing normablasts quantity.

During 25 to 30 days after exposure the quantities of erythrocytes and hemoglobin have not undergone
any essential changes compared to the 20" day . The absolute and relative amounts of reticulocytes on the
30" day varied within the limits of starting point. In 2 weeks after stopping the irradiation, all parameters of
erythropoisis have returned to the initial values. It should be noted that the marrow index of cytoplasm
maturation of erythronormablasts have not changed during the whole investigation period.

The carried out investigations for blood catalase activity have shown that on the 5-th minute after low
intensity EMR influence Cn and Ci have an increase up to 16.93% and 31.42% correspondingly compared
with the norm. The absolute number of erythrocytes in peripheral blood increased up to 11.46%. A gradual
increase of the Cn level up to the norm was registered deduring the following 30, 60, and 90 minutes.
Analogical changes were registered for the Ci characteristic values, but for the all mentioned periods of time
it was on the relatively higher level: on the 30-th minute by 17.14%, on the 60-th minute by 17.14%, and on
the 90-th minute by 14.28% higher.

In our experiments in case of a single radiation effect the catalase activity and the absolute number of
erythrocytes were not changed synchronously. Thus, along with catalase activity increase (to 16.93%) on the
5-th minute of radiation effect, the decrease of the erythrocyte number was observed (by 11.46%). During
the following minutes against the background of gradual fall of Cn and Ci areliable decrease of erythrocyte
number was observed, which made 10.5% on the 30-th minute, 13.3% and 13.5% on the 60-th and on the 90-
th minutes correspondingly, comparing with the norm.

Tablel. The change of catalase activity and the total number of erythrocytes in the blood of rabbits under the influence
of multiple, non- thermal EMR of millimeter range.

The The The Days of Irradiation 10-th Day | 10-th Day
Studied [Norm| 5th 10th 20th After 25- | After 30-
Values fold fold

Irradiation | Irradiation
Erythroc
nlilrtrier 5.05+| 4.95+ 5.83+ 4.88+ 5.28+ 5.75+
(in 0.104| 0.019 0.194* 0.245 0.019 0.021***
millions)

Cn 189+ 220+ 5.29+ 6.67+ 6.54+ 5.69+

0.006| 0.106* | 0.161***| 0.2*** | 0.049*** | 0.049***
Ci 0.35+| 0.45+ 0.90+ 1.38+ 1.24+ 0.99+
0.004| 0.015* | 0.025*** | 0.106*** | 0.012*** | 0.009***

Note: * - p<0.05-0.02; ** - p<0.01; *** - p<0.001

After 5- fold radiation effect the character and value of the changes of Cn, Ci and the total erythrocyte
number were analogical to the changes compared to a single radiation effect (Table 1). After 10- and 20- fold
radiation effect an increase of the catalyze activity was observed. Thus, in 10-fold radiation effect Cn level
exceeded the norm by 2.79 (p<0.001) and Ci — 2.57 (p<0.001) times. In 20-fold radiation effect data of Cn
exceeded the norm by 3.59 (p<0.001) and Ci — 3.94 (p<0.001) times. On the 10-th day after 25-fold radiation
effect the activity of Cn and Ci exceeded the norm by 3.46 (p<0.001) and 3.54 (p<0.001) times and after 30
times radiation by 3.01 (p<0.001) and 2.82 (p<0.001) times correspondingly. The total number of
erythrocytes on the 10-th day after 25-fold, 30-fold radiation effect increased in 4.55 and 8.08%
correspondingly compared to the norm.

According to the data, in the interaction between centimeter radio waves the changes in a number of its
enzymes, e.g. that of catalase and glucose -6-phosphodehydrogenase take place. Catalase enzyme is widely
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spread in the organism of people and animals, and the most quantity of the ferment was found out in
erythrocytes.

After 5-fold radiation effect, together with the decrease in the number of erythrocytes the increase of
catalase activity was observed as well. Analogical character of changes was also observed in 20-fold
radiation effect. But in this case and on the 10-th day after 25- and 30-fold radiation effect synchronous
increase of the total number of erythrocytes in peripheral blood and catalase activity was aso observed
(Table 1).

4. Conclusion

Thus the results obtained show that, after removal of the marrow, repeated application of millimeter
electromagnetic waves activates the erythropoiesis, enhances the long-lasting reticulocyte maturation
process, increases the erythrocytes and hemoglobin content. Stability of erythrocytes and hemoglobin
quantities during 20 to 30 days after extraction and irradiation of marrow, strong intensification of
reticulocyte maturation process, as well as the acceleration of proliferative branch erythroids and maturation
processes alow us to conclude that multiple exposure of living organism to coherent electromagnetic
radiation in millimeter wavelength range mobilizes its preservation power. The latter tends to enhance the
regenerative processes and broaden the capacities of compensational mechanisms, as a result of which the
removal of marrow does not seriously affect erythropoiesis. Our obtained results agree on the literature [28],
according to which in case of combined action of electromagnetic waves in millimeter range and anti-tumor
preparations the impairment of hemopoietic system decreases significantly and stimulates the proliferative
activity of stem cells of marrow, as compared with isolated effect of the mentioned drugs.

The data obtained prove that in single, 5-, 10-, 20-fold and on the 10-th day after 25-, 30-fold radiation
effect of 60- minute-duration of EMI radiation on the rabbits head the increase of catalase activity in
peripheral blood was observed, maximum of which was registered in 20-fold and on the 10-th day after 25-
fold influence. The character of changes of the catalase activity do not depend on the changes of total
number of erythrocytes. The observed in our experiments activation of the peroxisomatic catalase enzyme ,
probably, promotes the enhancement of the power antioxidant system of the organism.
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In this paper surveying, modelling and simulation of air to ground channel will be presented and
statistical model will be studied. It will be tried to determine parameters such as average path loss,
variation on average path loss, fading depth, small scale fading for scatters, maximum channel delay
spread, channel delay profiles, maximum Doppler frequency and other effective parameters in multipath
communication channel modelling. Although it has not been presented an overall model for air to ground
communication link up to now and there is no complete prediction for its parameters, but it is necessary
for designing new generation of airborne communication systems. In this regards, this paper after
determining methods of airborne communication channel modelling, will present simulation results by
taking account of these methods.

1. Introduction

Multipath is the main characteristic of each radio channel which causes fast variation on envelope of
received signal by defused waves and slow changes in mean power of received signal by specular wave and
shadowing (figurel). The reason for multipath is the transmitted signal is presented from paths with different
length, time delay, attenuation and phase shift in receiver input. The signals with same phase are added to
each others and out of phase signals attenuated each others. Fading is result of this combination. Multipath
makes problems like attenuation in amplitude of transmitted signal, fast variation in phase of received signal
and ISI (Inter symbol interference). Fading are categorized as small scale and large (or medium) scale fading.
Small scale fading model is used for studding changes in shape, spectrum and frequency of signal and
channel transferring capacity. In addition to small scale fading because of large obstacles, signal could be
confronted with large scale fading or shadowing phenomenon. Large scale fading model is used to predict
average power of received signal. Chart in figure (2) categorizes different types of fading and figure (3)
shows a general model for received signal power.

In term of small scale fading, parameters like channel delay spread and Doppler spread are used for
measuring of channel fading. Maximum deference in delay of paths is known as delay spread. Delay spread
defines a limitation for maximum channel transferring capacity. Corresponding to delay spread there is
channel coherence bandwidth which is used to determine maximum bandwidth of signal for transmitting in
channel without ISI. Corresponding to Doppler spread there is coherence time, which is corresponding with
inverse of Doppler spread. Coherence time is used to determine time domain which minimum value of fading
is occurred.

In general, there are two main contributions to fading in air to ground communication links: due to
ground multipath or due to reflection from ground objects like mountains or hills and due to atmospheric
impairments (reflection, refraction, ducting etc). For frequency bellow 10 Giga hertz and elevation angles
above few degrees, atmospheric contribution is negligible in compare with ground multipath [1]. So for
prediction of large scale fading, we just consider ground multipath.

Incident wave Specular direction Diffuse

field

Reduced
coherent (c)
field

Coherent

F ed

Figl. Coherent and defuse field due to surface reflection

59



Mk s Doy |
Small Scale - -
Fading
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Bc: channel coherence bandwidth
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Fig3. General model for received signal power

2. General model for multipath in air to ground link

Before going further into details of the description of air to ground multipath propagation channel, we need
to introduce a set of fundamental functions representing large and small scale fading, which will be used to
describe mathematically these concepts. a,
Multipath propagation channel may be described with a time varying sum of attenuated and delayed
7, replicas of the transmitting signal, h( 7 ,t) may be written as [2]:
N(@)

h(z,1) =Y a, ()8(r -7, (1)) (1)
k=1

where 8(.) is the_Dirac distribution. The multipath propagation channel could be divided between large scale
and small scale fading terms. So it is interesting to make this distinction clear and rewrite Equation (1) [2]:

N LS LS Mgl SS SS
h(z,t) = z a0t -t k(t))+ z a>” k()0 (r -7tk (1)) (2)
k=1 k=1
h Large Scale (T-t) B Small Scale (T-0)

In Equation (2), the time varying impulse responses governing large scale (LS) and small scale (SS)
fading are introduced. For this distinction to have a physical meaning, the number of paths in the large scale
part must be low (usually 1 or 2), while the number of paths in the small scale part must be high. The
parameters of these impulse responses are usually determined using deterministic or stochastic methods.
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The propagation channel characteristics may equivalently be defined in the frequency domain. The time
varying transfer function of the channel H(f,t) is simply the Fourier Transform in t of h(z,t), that is [2]:

Nps(0) Is LSk Ngs (1) o 2S5, 3
H(f, )= ). a®c@) e H O+ N a%(t)e /> HO/ 3)
k=1 k=1
h Large Scale (59 hSmall Scale (/>

Equations (2) and (3) show that the multipath propagation channel acts as a linear time varying filter on the
signal.

Small scale fading involves variation of the signal on very short distances (typically half of a
wavelength). The reason for small scale fading is a large number of scattering waves with random phase,
amplitude and delay are received, so according to central limit theorem the received signal can be considered
as stochastic signal (Gaussian distribution). The equations (4) and (5) show the time varying impulse
response of small scale fading [2], [3], [4]:

- Nss(1) ) 4
hSS(Z_’t): Z aSSk(t) e'jZ?Tf()rSSk(t)é(T_TSSk(t)) ( )

k=1

~ C X (Oos27 o)
hSS(T’t):ﬁkZ:;ej k+27 fpit S(r—1,) 5)

where f; is the center frequency of transmitted signal and each path has an individual random null-phase 6k, a
delay tx, a Doppler frequency fy, and a constant amplitude C/N"2. The C/N'? normalization term ensures that
the average energy of the small scale fading process is C*. The random numbers fok (-fomax<fok<fbmax ) and T«
(O<tk<tmax) have to be generated in accordance with the probability density functions describing the time
variance and the delay spread of the channel which will be studied and modeled in this paper while O«
(0<Bx<2m) only needs to be uniformly distributed.

The combination of large scale fading (equ. 3) and small scale fading (equ. 5) results time varying
channel impulse response as:

h(z,0)=ap(t) e /00§ 1, (1) + ag (t) e 7RO S(r —1,(1))

Deterministic Large Scale Fading

N .
Z ej(9k+27f kaf)é‘(z. _ Tk) (6)

L&
\/ﬁkﬂ

Stochastic Small Scale Fading

According to equation (6), if a dominant signal component is present (LOS or strong Reflected wave),
then a Rician distribution is observed for the fading envelope. The dominant component is defined to have a
power larger than the diffuse components by a factor of K Rican distribution. But if K=0 (non LOS)
Rayleigh distribution is observed for the fading envelope. Also in real situation impulse function is replaced
by T duration pulse.

The following sections present prediction of large scale fading and modelling of small scale fading
probability density functions for air to ground communication link.

3. Prediction of large scale fading

Let define fade depth (F) as sum of all extra propagation losses due to multipath and shadowing in compare
with ideal free space propagation. An accurate estimation of fade depth is of great importance for the design
of a highly reliable communication link. This estimation is necessary for link budget design analysis and
simulation of outage probabilities of communication systems. The transmitter power or the transmit or
receive antenna gains must be increased by F to sustain the reliable link operation as compared to the case of
unfaded propagation channel.

Two ray multipath channel as shown in figure (4) is used for the LOS air to ground link scenario. In this
scenario, the airborne transceiver communicates with the ground station through a multipath channel. The
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two-ray ground multipath model adapted to more or less realistic scenarios of hilly or mountainous terrain
for fade depth prediction when the main contribution is due to the ground reflection and the atmospheric
contribution may be neglected, which is the case for frequencies lower than 10 GHz and for elevation angles
above few degrees [1].

Antenna 2

Fig4. Two ray air to ground communication link scenario
In this scenario according to |1] the fading depth is being derived as tollowing equation. For deriving
equation (12) there are some assumptions which can be found in [1].
The total received energy in receiver is equal to (7):
iA
Eu = ‘ED +Eg ¢’ (p‘ (7)
The minimum received signal level is:
Emin =Ep —Er (8)
The worst case fade depth is as (9):

2 -2
F= Ep = 1_E_R
Emin ED

After using the geometric optics approximation:

d, +d,
r — g sin( o) ++/g, —cos’(a) r —sin(a)+4/g, —cos’(a)
= ) = 11
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Where V and H stands for vertical and horizontal polarization correspondingly, e, is the relative ground

permittivity, and a is the local incidence/reflection angle at the reflection point. After some assumption and
acceptable approximation fading depth in vertical and horizontal polarization is:

] N (12)
2 , Fyr—
Y &,

2
Where ¥y = v p + v r is the path clearance angle. Figure (5) shows fading depth for vertical and

F{l—r % Gl(v)Gz(‘P)j (10)

F, =

horizontal transmission polarization in a L band (1 Giga hertz) communication link.

3.1. Prediction of variation in average received power or shadowing

Shadowing is the slow variation observed around the mean path loss. It has been found from analysis that the
shadowing (in dB) follows a zero-mean Normal distribution about the mean path loss (in dB), with a
distance-dependent standard deviation o [5]. This variation could be estimated as (13):
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c,[dB]=p(90-06)" (13)
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Fig5. Simulation result of fading depth for vertical and horizontal polarization
transmission in a L band (1 Giga hertz) communication link

For LOS channels, o, is modelled for different frequencies and antenna heights. 0 is elevation angle of
path. p and y are constant value depended on frequency and height of airborne equipment in LOS link [5].

So fading depth including variation in average power could be estimated by equations (14) and (15).
Fr(1-T Y +6% (14)
1 2 2
X—+0 x ~ + 0 X s F ~ ‘—r +

Y 4sin’(a).e, y’e, T 4sin?(a)
If we add attenuation due to atmosphere, so the total loss for link budget design requirements is calculated
as (16). Table (1) shows attenuation due to atmosphere for 1 GHz frequency.

Total Loss = Free Space + F (Fading depth) +Atm. Loss (16)

cxzy—;+0x (15)

Tablel. Attenuation due to atmosphere for 1 GHz frequency [6]

Distance of airborne equipment from ground station

0.5N.M 100 N.M 200 N.M 250 N.M

Attenuation due

to atmosphere 0.0 dB 0.9 dB 1.4 dB 1.6 dB

4. Small scale fading

As mentioned, statistical models is used for describing the small scale fading in air to ground channel
between the transmitter and the receiver that represent a general view of the received signal. Such models are
suitable for simulating the performance of communication link. The wide-band stochastic multipath
propagation channel models are characterized by the Doppler power spectrum and the delay power spectrum,
i.e., the scattering function P (t,f,) [3]. According to [3] the Doppler power spectrum is assumed to be

independent from the delay power spectrum. So two-dimensional function P (1, f, )can be presented by 1-D
function delay power spectrum pP_(7)and 1-D function Doppler power spectrum P ( f ).

Because of different conditions during the flight of an aircraft, there are different channel scenarios for air
to ground channel. These scenarios are characterized by the different types of fading, the Doppler, and the
delays in the system, where the Doppler and the delay power spectra represent the diffuse scattered multipath
components. Reference [3] describes these functions and parameters for en-route, arrival and takeoff, taxi
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and parking phases of flight. As an example for en-route scenario channel modelling parameters are as
bellow:

* Rice factor (K): 2 to 18dB (average=15dB)

«  Multipath arriving angel width: B =@, —¢, =3.5 deg (equation 17)

*  Maximum Doppler frequency: 6600 Hz

*  Maximum Multipath delay: 200 usec

Equation (17) shows pdf of Doppler power spectrumP_( f )for en-route scenario.
1

=, if fDmcos¢aH <fp <fDmcos¢aL
P, (o) =18~ 0, ) fo 1=/ 1)
0, else.
1 . a7
> if fDmCOS%L <fp< fDmﬂXCOS%“
P, () =100, — 00 ) Lo 1= (Fo! fi)
0, else.

Figures (6) and (7) show simulating result of received signal for different site of a L band communication
system. Combination of large scale fading, small scale fading and air traffic condition are taken into account
for this simulation. For each condition, simulation is compared with measurement which is performed by [7].
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The Russian VLBI Network QUASAR.
Real Timeand VLBI-Network of New Generation

Alexander Ipatov, Andrey Finkelstein, Sergey Smolentsev
Institute of Applied Astrononmy, Russian Academy of Sciences

The paper deals with a real time situation with VLBI network QUASAR and a new
project of Russian VLBI network dedicated for Universal time determinations in
quasi on-line mode. The basic principles of network design and location of antennas
are explained. Variants of constructing receiving devices, digital data acquisition
system and phase calibration system are specially considered. The frequency ranges
and expected values of noise temperature are given.

Introduction

The QUASAR project, which is carried out under the guidance of the Russian Academy of Sciences,
involves creation of the full time operating VLBI network, consisting of the 3 radio astronomical
observatories. These observatories are located on the Svetloye site, the Leningrad region; the
Zelenchukskaya site, the Republic of Karachaevo-Cherkessia, and the Badary site, the Republic of Buryatia
and linked by connecting channels with the processing center, located in the IAA, St-Petersburg (Fig. 1).

& 2
Observatory Svetloe Observatory Zelenchukskaya
@ =60°32', A =29°47' 0 =43°47", L =41°34'

Observatory Badary
¢ =151°46',A=102°14'

Fig. 1.
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The telescopes are provided with radiometers with HEMT-transistors for bandwidth 1.35, 2.45, 3.5, 6.0,
13 and 18/21 cm (Fig. 2), which allows to produce simultaneous receiving session of two orthogonal
polarization. To maintain simultaneous receiving at 3.5 and 13 cm bandwidth in both orthogonal polarization
(to eliminate ionosphere influence), that are the basic for fundamental astrometry and geodesy research, a
combined horn has been constructed. To switch wavelengths and to be able to provide multi-bandwidth
observations quasi simultaneously, the Cassegrainian antenna with an asymmetrical secondary mirror and
additional focuses located not on the axis of the main mirror, but at some circle with center located at this
axis is constructed. Input horns of different wavelength are located above this circle, and switching of the
wavelength is achieved by turning of the secondary mirror at certain angle.

A=3,5/13 cm A=2.45cm, 6.2 cm, 1.35 cm
Fig. 2. QUASAR — network radiometers.

Since 2006 radio astronomical observatories of the VLBI Network “Quasar” have actively participated
in both international and national programs of observations. In 2008-2009 essential upgrade and
development of the “Quasar” Network was performed including replacement of gear and pointing system
electronics, modernization of frequency and time keeping system, replacement of data acquisition and data
recording systems [1]. All observatories were linked by optical fiber lines, providing operational
determinations of the Universal time from 1-hour sessions in e-VLBI mode. In 2010-2011 the further
modernization of the Network “Quasar” will include co-location of radio telescopes with “Sazhen-TM” SLR
system and combined GPS/GLONASS/Galileo receivers at the observatories.

Further development of GLONASS navigation system puts forward higher requirements to its
fundamental segment particularly in maintenance of celestial and Earth fixed coordinate systems and in
monitoring the Earth orientation parameters in real time mode. Moreover, Russian VLBI Network gives the
unique possibility for quasi on-line Universal time determinations for supporting GLONASS. According to
these requirements the designing of the new generation Russian VLBI network has been initiated.

Design principles

The following principles are assumed as a basis of the new generation Russian VLBI network:
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— The network should have maximum longitudinal separation of sites for precise determination of the
Universal time;

— Equipment of observatories should be compatible with VLBI-2010 system and that of the “Quasar”
network;

— Infrastructure of new observatories should be similar to ones of the “Quasar” Network.

The supposed geometry of the new VLBI Network presented on Fig. 3. The largest baseline of new
VLBI Network is more than 1.5 times larger than that of the “Quasar” Network. All the sites have good
infrastructure, optical fiber communication lines and comparatively good radio climate with low level of
radio interferences. The specific features of the main parts of the radio telescope will be described below.

-]

: -?‘“":1 =

_',f e B £ oy &
- Fn ) J

Fig. 3. Proposed location of sites of the new generation Russian VLBI Network.

Front-end

Typical configuration of a VLBI site includes an antenna equipped with receives for 2—14 GHz
frequencies. The receiving of radio signals should be fulfilled not in the whole range 2—14 GHz but in
several sub-bands (Fig. 4). Such a solution arises from the requirement to have two circular polarizations in
S/X bands and to avoid different radio frequency interference. Block diagram of the new receiver is shown
on Fig. 5.

S Clow  C-high % Ku
2.5 33 43 48 6.2 75 a7 11 14 F,GHz
25

Fig. 4. Working frequency bands for the new generation Russian VLBI Network.
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Fig. 5. Block-diagram of radio telescope for the new generation Russian VLBI Network.

The output signals from the receivers should be processed by digital signal processing (DSP) units,
recorded to disk modules and transmitted through optical fiber lines.

It is suggested to use relatively lightweight 12-meter antenna with high slew rates. We are considering
an option of either constructing such an antenna in Russia or purchasing an existing communication antenna.

An assembly of receiver and feed will be placed in primary focus. It is considered to use a circular
travelling-wave-resonator (TWR) antenna as the feed. The TWR antenna should be cooled by a cryogenic
system to 20 K level, and the heat shield — to 80 K level. The low noise amplifiers should be cooled down
to 20 K and their gain is about 30 dB. The total system noise temperature is expected to be 16-20 K.

Digital DAS

The new generation digital data acquisition system (DAS) consists of a 10-channel RF/IF down
converter and four identical DSP units (Fig. 6). The RF/IF down converter transfers input signals spectrum
from a multi-band radio irradiator of the radio telescope (C, X, S and Ku bands) to IF range of 1-2 GHz.
Eight out of ten channels of RF/IF down converter can be tuned in the wide frequency range of 3—14 GHz.
There is no down conversion in the rest two channels intended for S-band because it can be directly digitized
by ADC but the signal is amplified and filtered. Each DSP unit can be connected to the outputs of RF/IF
down converter through IF switch. Each channel of the DAS requires one Mark 5C. As the DAS is located
on the antenna, the signal is transmitted to the control room by an optical-fiber line in a digital form.

The DSP unit is the basis of the DAS and contains the following devices:

— analog digital converter (ADC),

— field programmed gate array (FPGA),

— clock oscillator,

— demultiplexer of the ADC output signal,

— flash RAM to store FPGA firmware,

— microcontroller,

— optical transmitters.

It will be implemented as a single multilayer printed circuit board (PCB).

The FPGA is the basis of the DSP unit. It performs the following operations:

— measurement of an rms level of the input signal,

— dividing of the full band input signal into narrowband channels and converting it to the baseband (if
necessary),
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— calculation of a rms level of the narrowband channels,

— 2-bit quantization of output signals,

— generation of a test vector to check a transmission line and data recording system,

— formatting the output data in accordance with a data recording system interface and sending them to
the optical transmitters.

The prototype of the DSP unit was made to check the basic principles. The prototype consists of
evaluation boards of the following devices:

— 10-bits ADC (AT84AS008-EB),

— high-frequency demultiplexer 1:4 (AT84CS001-EB),

— FPGA XC5VFX70T (ML507),

— optical transceiver AFCT-5710LZ.

The following tests have been made by using the prototype:

— transmitting of an internally generated test signal from ADC through demultiplexer to FPGA,

— transfer of the test signal from one FPGA to another by fiber-optical line,

— digitization of a signal from external signal generator,

— measuring of the input signal power.

The tests of the prototype prove an opportunity to implement the digital DAS with modern electronic
components.

8 C-low C-high X Ku
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lMax Af=1024MH2
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10GbE Switch
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Fig. 6. The Digital Data Acquisition System for the new generation Russian VLBI Network.

Phase calibration

A phase calibration system for the new generation Russian VLBI Network of is now under development.
The main purpose of the phase calibration system is to monitor the instrumental delay of receiver and data
acquisition equipments. For monitoring instrumental delays a pulse generator is suggested to use. A
spectrally pure 5 MHz signal is transmitted by cable to the location of the receiver, where it is converted to
1 MHz signal which makes a charge storage diode to generate pulses of very short (=30 ps) duration

(Fig. 7).
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Fig. 7. The phase calibration system for the new VLBI Network.

The possibility of locating the phase calibration injection point ahead of the horn is studied. Phase
calibration impulses are radiated from a special broadband feed fixed on one of legs supporting the focal
box. To meet the requirement of a distant radiation zone the feed is to be placed to a point faraway from a
mirror. The key advantage of such a system is that the horn and all the following devices are included into
the phase calibration loop.

The prototype of transverse electromagnetic (TEM) horn with TEM double-ridged transition for 2—
14 GHz frequency has been already made in IAA RAS and it is tested now. The prototype parameters
measured prove the possibility of using this feed for phase calibration purpose.

Coaxial cables connecting the H-maser and the pulse generator are selected taking into account the low
temperature coefficient and mechanical stress sensitivities. For the LMR type cable the temperature
coefficient is about 10 ppm/K. If 10 meters of this cable are exposed to significant temperature fluctuations
its stability should be under 0.3 ps/K. Typical cable length change with a 360° wrap of 4 inch radius is under
1 ps. So, in this case cable measurement system is not need.
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The Communication Systemsfor the Small Satellite Flying L aptop

U. Beyermann®, C. Thibaut®, F. Bohringer®, Prof. Dr. H.-P. Réser”,
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This paper deals with the communication systems for the small satellite Flying Laptop. It isa project from
the Ingtitute of Space Systems at the University of Stuttgart. The satellite will test different new types of
communication systems. The telecommand, tracking and control system is developed as software defined
radio with Flash FPGAs as computing element. Three types of high speed communication systems will be
flown. The first uses S-band with data rates up to 1 Mbps, the second uses X-band with data rates up to
several 100 Mbps and the last one is an optical downlink for data rates up to 1 Gbps. Also a system for
rain rate determination measuring the difference in attenuation between Ku- and Ka-band will be tested.

1. Overview

While analyzing the space market a new trend is getting obvious: future satellites will be smaller. More and
more missions are so called small satellites with a mass below 500 kg - examples are GRACE, SWARM, or
Proba-V. The advantages over big satellites are in general the shorter development time, the lower risk and
lower costs. Hence it is very unlikely that a huge mission like Envisat is build again.

The Institute of Space Systems (IRS) at the University of Stuttgart will contribute to this development
with its own space craft: the small satellite Flying Laptop (FLP). The main mission goals are Earth observa-
tion, science experiments and technology demonstration. The dimensions of the satellite are 600 x 700 x 800
mm3 and it has a mass of 120 kg. Figure 1 gives an overview of the satellite. In this shown CAD model some
major experiments are colored. Green is the Multispectral Imaging Camera System (MICS) for Earth obser-
vation and orange the panoramic camera PAMCAM, aso for Earth observation. The science experiments are
in blue the Star Trackers used for the search of Near Earth Objects and yellow the antenna system for high
speed communication and rain rate determination. Examples for technology demonstration are the non
explosive panel release mechanism and COTS NiMH battery cells. For further information about the Flying
Laptop mission visit www.kleinsatelliten.de.

Figure 1. CAD model of the Flying Laptop, experiments are colored

The communication systems play a big role for this mission. To get the scientific and image data from the
satellite to the earth is till the bottleneck also for other missions. The Flying Laptop will test three different
systems for data downlink to show that even on small satellites high data rates are possible. The frequency
bands used are S-band, X-band and one system uses an optical downlink. Also a new concept for the Tele-
metry, Tracking and Control System is tested. The last system that deals with communicationsisthe rain rate
determination experiment which uses common communication frequencies to measure the rain rate.

2. Telemetry, Tracking and Control System
Analyzing the future trends for new communication systems for space applications, Software Defined Radios
(SDR) are getting more and more important [1]. But in terrestrial applications like mobile communication

SDRs are already the state-of-the-art [2]. Following this trend the Telemetry, Tracking and Control System
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for the Flying Laptop will also be a SDR. The reasons are the higher flexibility, the faster development time
and lower costs. Further boundary conditions which have to be considered are the need of omnidirectional
receiving and transmitting, data rates up to 100 kbps and the usage of ham radio frequencies which is typical-
ly for university projects.

As computing element for the FLP system Flash FPGAs from Actel were chosen. Since 2010 Actel offers
a new type of FPGA for space applications, the RT version of the ProASIC3 Flash FPGA. The advantages
are the good radiation tolerance, reprogrammability and low power consumption at lower costs compared to
antifuse FPGAs which are predominantly used in actual high reliability systems|[3].

2.1. Hardware Design

The implementation of the system as SDR means moving carrier modulation and demodulation to the digital
domain. This allows for the implementation of different modulation schemes in software without applying
any changes to the hardware. All digital signal processing will be done on Flash-FPGAs, which will run at
relatively low frequencies to decrease the system’ s sensitivity to radiation.
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Figure 2: Simplified block diagram of the TT& C receiver
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In order to obtain maximum re-configurability, the conversion between analog and digital signals needsto
be done as close to the antennas as possible. The use of UHF frequencies for telemetry uplink permits the
application of band-pass undersampling in the receiver, abolishing the need for a downconverting mixer.
This simplification of the system is bought with strict requirements concerning the anal og-digital-converters
(ADC), which need to be high-speed and high bandwidth types, and the clock signal, which must have
extremely low phase noise and low jitter performance. This principle is shown in Figure 2. Two analogue
receiving paths for increased reliability are planned. Each path consists of band pass filters, two amplifying
stages and an ADC. At the end the two paths are cross coupled to Flash FPGAs. This design is one failure
tolerant both in the analogue and in the digital part.

Tut-gain [d8i] 0z Vuitical plane  Tot-gain [dBi] 0z Yuitical plane
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Figure 3: Computed antenna gain of one of the receiving antennasin two different planes

The telemetry transmitter will apply undersampling to output a high intermediate frequency which can be
upconverted to S-band in just one step, therefore limiting the amount of analog components in the design.
Direct undersampling to radio frequency is not possible due to the limitations of currently available high-
speed digital-analog-converters. Also the FPGASs have a clocking limitation in radiation exposure because
the higher the radiation the more failures occur.

Both the receiver and the transmitter will be equipped with v-dipole antennas to obtain omnidirectional
characteristics, since the availability of the telecommand and telemetry link in all possible attitudes is a
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mission requirement. Figure 3 shows a computation of the antenna gain of a receiving antennain two differ-
ent planes. The computation was performed with the freeware 4ANEC2. Although the antenna gain is not
uniformly distributed there is no zero point in the antenna pattern.

2.2. Algorithms Development

Typical agorithm development for FPGAs is done in VHDL or Verilog. Both programming languages are
very near to hardware and logic inside the target FPGA. For are good design you need either an experienced
software engineer or lots of time with a large number of different designs to learn how to build the algo-
rithms right. For the FLP project both possibility are not feasible. An experienced software engineer is too
expensive and the strict timeline does not allow the trial-and-error method.
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But the increasing computing power of actual FPGAS is the solution. Nowadays it is possible to develop
algorithms in Matlab/Simulink including fixed point calculations and simulation so as to apply automated
code generation to VHDL. The left side of Figure 4 shows a simple BPSK demodulator developed in Simu-
link. The right side of Figure 4 shows the simulation of the automatic generated code in time domain with
ModelSim. As last step the algorithms are tested on an equivalent FPGA on a development board. The
complete design flow is controlled by the Libero IDE Software Package [5]. Figure 5 gives an overview over
the Libero project manager and the used FPGA devel opment board from Actel.
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Figure 5: Libero IDE project manager and FPGA development board [5]
3. Data Downlink System for S-band

The data downlink system for S-band is a further development of the TT&C transmitter. It uses nearly the
same hardware; only minor changes are made like different filters, an additional power amplifier, ahigh gain
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antenna and different clock frequencies. Data rates up to 1 Mbps are possible, lower data rates will be select-
able. It is also planned to implement different modulation schemes for testing which is the best scheme at
given data rate and environment conditions. To get the most possible flexibility the FPGA can be repro-
grammed in space. So software updates are even after launch possible. For increasing the reliability of the
data transmission simple forward error correction codes are also implemented.

4. Optical High Speed Downlink System

The Optical High Speed Downlink System on Flying Laptop is a technology demonstrator designed and
developed by the Institute of Communications and Navigation of DLR at Oberpfaffenhofen. Its godl is the
demonstration of a cost-efficient optical downlink terminal with low technical complexity which can be used
on future micro-satellite missions.

As RF-downlink systems reach more and more their limits with downlink rates from low earth orbit of a
view hundreds megabits per second, free space optical (FSO) communication alows data rates of severa
gigabits per second. Beside this mgjor advantage FSO-systems require less space, less mass and maost impor-
tantly less power than their counterparts in the RF-spectrum.

Nevertheless, the blockage of the optical signal by clouds is a big issue when short delays between the da-
ta acquisition and the data downlink are needed. This problem can be reduced by placing ground station at
locations with statistical less cloud coverage, by using ground station networks or by storing the data on-
board until the next unhindered ground station access [6].

Due to the small beam divergence angle FSO-systems have strong requirements on the pointing accuracy
of the optical transmitter towards the receiver.

Flying Laptop was designed to perform target pointing maneuvers aiming at a fixed point on the earth
surface during a flyover for multiangular multispectral Earth observation. This capability is also used for the
FSO-communication so that no steerable optical antenna is needed for the FSO-system. This reduces cost,
complexity and risk. Although the total pointing error during the pointing maneuver of 150 arcsec (2sigma)
is fairly low the beam divergence angle of the FSO-system has to be wider than typically anticipated to
ensure a continuous signal reception on ground. The Optical Ground Station in Oberpfaffenhofen as shown
in Figure 6 will be used as the receiving station for the experiment.

i
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Figure 6: The optical ground station in Oberpfaffenhofen

The FSO-terminal itself has a mass of less than 1kg, a maximum power consumption of 35 W and was
designed to transmit up to 1.2 Gbps. Although, the data rate will have to be lowered due to the abstinence of

a high-accurate steerable antenna, the demonstration and in-orbit verification of the system for future mis-
sionswill be performed.

5. Rain Rate Determination System
One of the main missions of the Flying Laptop is the rain determination experiment. In fact during its propa-

gation through the atmosphere, a signal emitted from a satellite is attenuated because of weather conditions
such asrain. This attenuation especially depends on the satellite’ s elevation and the signal’ s frequency.

75



Rainrate os function of k,z5 — k0, DSD ond temperature

100 [ BT Y B SRR AT
E ’:mﬁfzgu: s Egnggc | Ei[ ]
SO_ME!@_Z_-_-_._._____I _________ 3 : L _______
| ¢ Joss—Gori 10 enm,/h resp. 100 mm/n ' K|
e - Fit to MP- I:ISD H A i v
T 60 BIhizeRemp-paegss - il oo ]
R = 13905:+e+om kdiff T‘fﬂ
E 1 b
P N (ﬁﬂr o N ]
i '
20_—----&‘};@"-‘-- ------------------------------------ —
P A
0 —a i L L
0 2 4 6 8

Kizo = Kygo in dB/km
Figure 7: The relation between Ku- and Ka-Band and the rain rate obtained by computations

Computations have shown that there is a linear relation between the difference of attenuation between
Ku- and Ka-Band signals and the amount of water in the atmosphere. One calculation is shown in Figure 7.
This allows us to determine the rain rate at a specific location, and in the case of a maobile receiving platform,
it is possible to determine the rain rate in different locations. For this experiment we don’t need to modulate
the signal the same way as if it was used for telecommunications. We only need to modulate the signal a
simple way so we can measure the attenuation between the Ku- and the Ka-Band.

The calibration is done while pointing to the ground station as shown in Figure 8. The further information
needed for the experiment about the cloud layer and atmospheric conditions are obtained e.g. with a po-
larimetric radar. Then measurements can be done and rain rate can be evaluated in different locations thanks
to mobile measuring platforms.

ol

Polarimetric Radar

IJ.IIH.IH.L

Ground Station Rainfall Meters

Figure 8: Rain Rate Determination System principle
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The near-field microwave microscope (NFMM) is a powerful method to characterise the physical
structures, such as thin films, bulk material, fluids, etc. The NFMM is a noncontact, nondestructive and
label-free evaluation tool to obtain material properties such as electrical conductivity, dielectric
permittivity, magnetic permeability to distinguish the spatial changes of these parameters in materials
under various preparation and measurement conditions with high contrast and with high spatial
resolution. The results clearly show the sensitivity and the usefulness of NFMM for many device
applications at microwave frequency such as 3D surface mapping and topography, material
characteristics (permittivity, permeability, conductivity, carriers density, etc.) point-by-point distribution,
and label-free biosensing (DNA, SAM, etc.).

1. Introduction

Near-field microwave microscopy (NFMM) is the quantitative way to measure the electrodynamic properties
of materials at microwave frequencies [1-4]. This is a direct observation method that allows visualizing
electromagnetic properties of thin films and bulk samples. The near-field microwave reflection coefficient (S
parameter) image from the sample directly visualizes the dielectric, electric and magnetic characteristics and
their changes. This NFMM approach is based on nondestructive probing of a local electromagnetic near-field
interaction between the probe-tip and the materials, and can be used in exploring material behaviors [5-8].

There are a number of ways to access the near-field component of electromagnetic fields to gain sub
wavelength resolution. A technique that uses microwaves, NFMM has a number of interesting features [9-
11]. Firstly, there is not much structure in the electromagnetic properties in this frequency range, so one is in
fact measuring the low frequency properties, which are of considerable practical importance. In addition,
“subsurface” information is obtained because microwaves penetrate well into materials, i.e. in good
conductors where the skin depth is still of the order of a micron. Finally, in comparison to other frequency
regimes, it should be straightforward to obtain quantitative information, again because the electromagnetic
properties are relatively simple [12]. Indeed, by consideration of frequency shifts, quantitative measurement
of the local dielectric constant and electrical conductivity has been done using numerical modelling based on
cavity perturbation theory [13,14]. Another, perhaps more natural observable in NFMM experiments, is the
microwave reflection coefficient S); as a function of frequency (from which, of course, the frequency shift
can be obtained) or Sj; as a function of some sample property for a fixed frequency [15,16].

In this paper we review the general concept of near-field interactions between a probe-tip and sample and
discuss a quantitative interpretation of near-field microwave images in view of material characteristics such
as complex dielectric permittivity (&), complex magnetic permeability (x) and electrical conductivity (o).
Recently, several NFMM techniques have been developed for the microwave and millimeter-wave ranges [5-
8]. An important ability of the NFMM is noncontact characterization of multilayer structures and single
crystals, and thin films. The main advantages of NFMM compared to the usual electrical measurement is that
NFMM can directly image the electric properties at interfaces and surfaces with high sensitivity and
simplicity, because the NFMM directly evaluates and images the dielectric, conducting and magnetic
characteristics and these parameter changes under varying of the external influences.

2. Theory

2.1. Near-field microwave interaction

The microwave frequencies are defined as electromagnetic waves between 300 MHz and 300 GHz [17].
Electromagnetic waves below 300 MHz are called very high frequency (VHF) or radio frequency (RF);
above 300 GHz sub-millimeter wave spectrum begins as shown in Fig. 1 (a). The following distinction
between millimeter-waves and microwaves is almost universally accepted: frequencies with free-space
wavelengths less than one centimeter but greater than one millimeter are referred to as millimeter-waves.

77



Thus, the millimeter-wave spectrum starts at 30 GHz, and runs to 300 GHz, where the wavelength in free-
space is less than one millimeter. The sub-millimeter-wave band corresponds to infrared radiation and
terahertz freauencies.
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Figure 1. (a) Electromagnetic spectrum and (b) near-field interpretation of electromagnetic waves for small electric

dipoles.

An important strategy for understanding natural and artificial materials is to study the interaction of the
material with electromagnetic fields. The properties of metals, semiconductors, and dielectrics at low
frequency have been a fruitful area of investigation. The first experiments were transmission experiments
done in the far-field region from source, and typically required that the sample size be of the scale of the
wavelength [18]. In the second generation some experiments were carried out in resonant cavities, which are
on the order of the wavelength in at least one dimension [19]. As a result the electrodynamic properties of the
sample are still averaged over macroscopic length scales. However, properties of the material can vary on
much shorter length scales, even into the nanometer range. Currently, the materials of most interest are
complex multi-component compounds or nanoscale composites and can rarely be made homogeneous on the
millimeter or micro length scales required for electrodynamic measurements [20-22]. Finally, the typical
dimensions of devices into which some of these functional materials are integrated are orders of magnitude
smaller than the wavelength at the operation frequency of the device. Electrodynamic measurements where
the wavelength is longer than the sample characteristic size has emerged in recent years in condensed matter
physics [23,24] and is associated with the concept of near-field interactions between a source and a sample in
which evanescent waves are created and interact with the sample. The NFMM is one aspect of near-field
interaction.

Electromagnetic waves are created by time-varying currents and charges. Their interactions with
materials obey Maxwell’s equations supplemented with boundary conditions [25]. Electromagnetic waves
can be guided by structures (transmission lines) or propagate in free space. Near-field behavior is most
clearly seen surrounding small electric dipoles as shown in Fig. 1 (b). The near-field consists of the reactive
near-field, also known as the quasi-static near-field, and the radiating near-field also known as the Fresnel
zone. In the quasi-static near-field the fields strongly resemble the electrostatic fields of a charge dipole for a
dipole antenna and the fields of a magnetic dipole for a loop antenna. In large antennas the quasi-static field
can be seen near edges. In the Fresnel zone the waves are clearly not plane waves and may have phase shifts
that do not vary linearly with distance from a fictitious phase center. A common feature of all electrically
small (less than a wavelength) antennas is that the near-field excites the environment in which the antenna
resides. In the far field, the power density (ExH) drops as R, while in the near-field region it drops as R™.

2.2. Transmission linetheory and perturbation theory

Transmission line theory can be approached from the extension of circuit theory or from Maxwell’s
equations [25]. A transmission line is a distributed parameter network, where voltages and currents can vary
in magnitude and phase over its length. A transmission line is often schematically represented as a two wire
line and is a conducting structure that guides an electromagnetic wave. Most transmission lines use two
conductors, where one is considered ground. This includes coax (the outer conductor is ground), microstrip,
and strip-line. The transmission lines have two important properties that depend on their geometry: their
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inductance per unit length, L' and their capacitance per unit length, C'. The characteristic impedance of a
system is calculated as the square root of the ratio of these two:

C'
(H

The exact characteristic impedance of free-space is Zy=377 ohms. Impedance matching of source and load is
important to get maximum effective connection and minimum return losses.

In order to match the impedance of the probe-tip-sample system for near-field imaging, we study the
reflection of microwaves (scattered from the probe as a source) from the sample surface and the mismatching
condition due to the external influence of the structure of the sample. Here we present the transmission line
theory model for the probe-tip-sample system. For simplicity we consider the two-layer sample: a thin film
on the bulk substrate as shown in Filg. 2 (a).
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Figure 2. (a) Schematic and equivalent transmission line circuit of the probe-tip and the two layer sample system. (b)
(a) Original and (b) perturbed resonant cavity perturbed by a change in the permittivity or permeability of the cavity
material or by a change of the cavity volume.

An expression of the dependence of reflection coefficient S;; depends on material parameters of the
sample can be derived by using standard transmission line theory, assuming impedance matching between
the probe and the microwave source

Z -7
S, =20log=in 0
11 gZ 7

in + 0
)
where Z is the impedance of probe-tip (50 Q) and Z;, is the complex input impedance of the sample. The
calculation of the input impedance is performed through the transmission line analogy and the impedance
transformation [17] for every layer with layer parameters; thickness, wave number, and surface impedance:

7 Z + jZ,f tan(k,ft,f) )
A/ o+ JZ, tan(k,t,)’
where Z; is the impedance of the substrate, and Zy, &y, ¢; are the impedance, wave number, and thickness of

the thin film, respectively. Applying Eq. (3) to the dielectric/metal interface we obtain the effective surface
impedance [26]:

Z, = jZ,tan(k,t,), 4)
which does not easily reduce to Z; it is immediately apparent that resonance can appear.

In practice cavity resonators are often tuned by making small changes in their shape or by the
introduction of small pieces of dielectric or metallic material. For example, the resonant frequency of a
cavity can be easily tuned by changing the cavity volume or adding dielectric material or by a metallic screw.
This approach allows the determination of material characteristics (permittivity, conductivity, permeability,
etc.) by measuring the shift in resonant frequency [27,28]. One useful technique to do this is the perturbation
method, which assumes that the actual fields of the cavity with a small material perturbation are not greatly
different from those of the unperturbed cavity.

Figure 2 (b) shows a cavity perturbed by a change in the permittivity (Ae) and permeability (Ax) of the

material of the cavity in the volume (AV) of the cavity. If Eo Ho, are the fields of the original cavity, and
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E , H are the fields of the perturbed cavity and Ae and Au are small changes, the perturbed fields can by
approximated by the original fields, to give the fractional change in the resonant frequency as [17]

¥ g :_v{(Ag|EO| +AulH,| )dv
Joo o I(S|E0|2 +ﬂ|H0|2)dV

Yo

&)
This result shows that any increase in permittivity or permeability at any point in the cavity will decrease the
resonant frequency. Thus this decrease in resonant frequency can be related to the increase in stored energy
of the perturbed cavity according to Eq. (5).

By consideration of frequency shifts obtained by NFMM, quantitative measurement of the local
electromagnetic characteristics has been done using numerical modelling based on cavity perturbation theory
[13,14].
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Figure 3. (a) A schematic ot NFMM experimental setup. (b) Image ot a 32 KHz reséganato trequency quartz tuning-fork
with an attached sharpened tungsten tip. (b) The amplitude-frequency characteristic of the quartz tuning-fork resonant
system at various tip-sample distances. The upper inset shows the amplitude maximum vs. tip-sample distance and the
lower inset is the image of a 32 KHz resonant frequency quartz tuning-fork with an attached sharpened tungsten tip. (c)
Tip shape and corresponding obtained NFMM images for thin tip, thick tip, and hybrid tip.
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3. Experiment

3.1. The basic experimental setup of NFMM

To illustrate the basic operation of NFMM we have presented a detailed description. In our design of NFMM
experiments, the probe-tip is simply a sharpened metal wire or metal coated commercial triangular AFM
probe-tip in which voltage oscillations are present at microwave frequencies [29-31].

Figure 3 (a) shows the experimental setup of the NFMM. The probe-tip is brought to a distance of 10 nm
from the sample surface. Because tip-sample interactions take place over a distance of nanometers, much less
than the microwave wavelength (~1 cm), these interactions occur in the near-field region. If the sample is
translated under the tip, changes in tip-sample coupling can be used to obtain images of the sample with
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submicron resolution. The resolution is governed by tip geometry rather than the diffraction limit. At its
other end, the probe is inserted into a microwave resonance cavity, or "resonator”, populated by standing
microwaves. The resonator microwave fields drive the electronic oscillations in the probe and the
microwaves are continually excited through an input wire line connected to an external source. We designed
a NFMM with a tuning fork distance control system to keep a constant distance between the sample and the
probe-tip [30].

The typical conical shape probe-tip is made of tungsten or stainless-steel wire with a diameter of 50 um
with tapered end-size of about 1 um prepared by a chemical etching method (apex angle is 30°). The probe-
tip was oriented perpendicular to the sample surface and the other end of the tip was directly connected to a
coupling loop in the dielectric resonator. The resonance frequency of a given TE(;; mode (4-4.5 GHz) was
measured with a network analyzer (Agilent 8753ES). To drive the tuning fork, an AC voltage was applied to
one contact on the tuning fork at its resonant frequency using the oscillator of a lock-in amplifier (Signal
Recovery 7265). The output from the lock-in amplifier was fed into the feedback system to control the tip-
sample distance (10 nm) using a piezo electric tube (PZT) that supports the sample stage. All NFMM
measurements were done at the same sample-tip distance (constant-distance mode). The sample was mounted
onto an Xx-y-z-translation stage for coarse adjustment which was driven by a computer-controlled
microstepping motor with a resolution of 100 nm, whereas fine movement of the sample was controlled by a
PZT tube with 10 nm resolution.

3.2 Tip-sampledistance control in NFMM

One of the strengths of near-field microscopy is that measurements can be made without any physical contact
between the probe-tip and the sample or the device being measured. However, the measurement requires that
the separation between the probe-tip and the surface of the sample be small compared to the characteristic tip
size and it has to kept constant. The precision of any near-field measurement is directly related to the
precision with which the tip-sample distance can be maintained. Although the absolute value of the mean
height is not critical, the variance must be less than 1% of the tip size in order to obtain high precision
measurements. For example, for a tip with a characteristic end-size of 0.1 pum, the tip-sample separation will
have to be maintained at approximately 10 nm, with a precision of 1 nm. This precision can be obtained
using a shear-force distance control systems [32-34].

The basic idea is that a probe-tip is flexible and can therefore be mounted onto a quartz tuning-fork
oscillator with amplitude of a few nanometers. Figure 3 (b) shows an image of a 32 KHz resonant frequency
quartz tuning-fork and the amplitude-frequency characteristic at various tip-sample distances. As the tip the
metal wire is brought into close proximity of the sample surface, the amplitude and frequency of the tip
oscillations are changed by interactions between the tip and the sample surface. The motion of the probe-tip
is detected electrically and a feedback loop allows for precise distance control down to 10 nm. In addition,
the height at which this control can be performed is a function of the amplitude of the oscillation. For smaller
amplitude, a smaller control distance can be maintained as shown in the inset of Fig. 3 (b). It has been
demonstrated that this type of force feedback can be effectively applied to probe structures making it
applicable for use in NFMM. The general principal is that the tip-sample separation is modulated with fixed
amplitude and frequency, and the modulated signal is used to control the separation.

3.3 Probe-tip for NFMM

Microwaves incident on the sample drive an effective field both inside and outside the sample. To obtain of
this effective field, the probe-tip must have dimensions as small as the sample and must be located near the
sample, where the effective field is strongly influenced by the sample [35]. In this case the probe-tip and
sample form an interacting subsystem. As a result, the effective field of the sample produces microwaves
scattered from the probe-tip which reache the network analyzer (NA). To extract the microwave near-field
interaction during the reflection process, one needs to use a probe-tip (made from special material and with
special geometrical shape) that is sensitive only to high-spatial frequency components relevant to the local
effective field around the specimen. This is why the technique of fabricating fine probes is of primary
importance. Figure 3 (c) shows three typical probe-tips and the corresponding 3D near-field images. The thin
tip with apex angle 5° provides high spatial resolution but low sensitivity for differentiating the signal, while
the thick tip with apex angle 30° provides low spatial resolution but high signal sensitivity. In the case of the
hybrid tip with multi-angle apex the obtained images have both high spatial resolution and signal sensitivity.
The tapered part of thin and thick tips has a simple conical shape and the cone angle @is clearly defined. The
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hybrid tip has a multiple tapered shape with three continuously increasing apex angles (5°, 10°, and 30°)
which can be controlled by varying the etching condition. The end-size of the tip makes an important
contribution for the determination of the spatial resolution and sensitivity of the microscope.

4. Experimental resultsand discussion

4.1 NFMM characterization of DNA array and SAMs
In bioassay applications, for DNA detection is often accomplished in an array format. For investigating this
type of sample a prototype array is prepared consisting of an immobilized sequence of DNA, P2 (CGT TGT
AAA ACG ACG GCC AG) [36]. Figure 4 shows NFMM images of the (a) as-prepared single-DNA array
and (b) after dehybridization to sequences complementary to P2 (5' CGT TGT AAA ACG ACG GCC AG-
(CH,);-SH 3") spots (the image of the hybridized DNA not shown here). Sequence-specific hybridization is
the dominant change identified. From the data, deactivation of a fraction of capture strands would be
expected to decrease the change in S| realizable in response to hybridization of immobilized sequence P2.
Moreover, target molecules can absorb through sequence-nonspecific physical interactions, in this instance
increasing the measured change.

These various contributions to Sj;, representing important but difficult-to-track aspects of surface
modification with DNA molecules and hybridization protocols, merit a more detailed study separate from the
current focus on the near-field microwave imaging technique. Hybridization between target (free) and
capture (immobilized) sequences leads to changes in the microwave reflection coefficient (S;;) which are
measured by the NFMM. These changes are caused by hybridization-induced modification of the dielectric
constant profile of the DNA film. Our NFMM system was reported capable of detecting coverages down to
1x10° fluorophores/cm? or about 300 zeptomoles (10") in a 150 micrometer diameter microarray spot.
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Figure 4. The NFMM images contirm layout ot the immobilized P2 sequences: (a) the as-prepared single DNA array,
(b) dehybridization to sequences complementary to P2.

The near-field microwave probing technique can achieve the noncontact detection of the thickness of self-
assembled monolayers (SAMs) by measuring the microwave reflection coefficient S;; at an operating
frequency near 5.3 GHz. The formation and structure of SAMs based on metal bonding have been well-
characterized as a model system for understanding organic monolayer interfaces [37,38]. SAMs on a gold
(Au) interface are of significant interest and have been widely investigated since the adsorption of di-n-alkyl
disulfides on gold has been reported [39]. SAMs of n-alkanethiol have been investigated and characterized
by various methods, which have revealed a densely packed, highly ordered and oriented monolayer structure
on gold.

Figure 5 shows 2D microwave reflection coefficient S;; image of hexanethiol (C6) SAMs with the
thickness of 0.72 nm. The microwave images showed clear contrast between the SAMs (upper level) and the
Au substrate (lower level). The right inset of Fig. 5 shows a C6 SAMs microwave reflection coefficient Sy,
line scan and the topography of the SAMs sample pattern. The possibility of determining different thiol
terminations is determined by physical properties differences in the microwave range.
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Figure 5. 2D NFMM image of the microwave reflection coefficient changes of patterned SAMs on Au substrates. The
left inset shows SAMs pattern as a periodic structure with 50 um stripe width. The right inset shows the cross sectional
profile indicated by white line (left axis) and schematic topography (right axis) of C6 SAMs sample pattern with 0.72
nm thickness.

4.2 NFMM characterization of photosensitive heterojunction

Solar cells work using a semiconductor that has been doped to produce two different regions, an n-doped
region and a p-doped region. Across this heterojunction, the two types of charge carrier, electrons and holes,
are able to cross. In doing so, they deplete the region from which they came and transfer their charges to the
new region. These migrations of charges result in a potential gradient or electrical slope, which charge carrier
tend to slide down as they approach the junction. In particular, our solar cells consisted of five layers: the
metallic back contact, the p-type semiconductor, the n-type semiconductor, the antireflection coating, and the
transparent adhesive. How the reflection coefficient S; depends on the photovoltaic conducting properties of
solar cells can be derived by using standard transmission line theory [17].
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Figure 6. 3D NFMM images of microwave reflection coefficient changes of solar cells dependence on the incident
light intensity and wavelength with the scan area of 340 x 240 pm” at 4.1 GHz. Here AS,, = S/, — S, where S is
the reflection coefficient for dark condition and i = 1,2,3 indicates the incident white light intensities of (a) 122
mW/cm?, (b) 146 mW/cm?, and (c) 166 mW/cm® and the incident light wavelengths of (d) 625 nm (Red), (¢) 526 nm
(Green), and (f) 460 nm (Blue) with fixed intensity of 166 mW/cm’.

To visualize the photoconductivity of solar cells under external light sources, we directly imaged the
reflection coefficient changes AS;; of solar cells at 4.1 GHz. Figure 6 shows the three-dimensional (3D)
NFMM images of the microwave reflection coefficient changes AS,, = S/ — S/, of solar cells dependence

on the incident light intensities and on the incident light wavelengths, where s is the reflection coefficient

for dark condition and i = 1,2,3 indicates the incident white light intensities of (a) 122 mW/cm?®, (b) 146
mW/em?, (¢) 166 mW/cm® for intensity variation and (d) 625 nm (Red), (¢) 526 nm (Green), (f) 460 nm
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(Blue) with the light intensity of 166 mW/cm® for wavelength variation, respectively. The lower baseline of
the 3D images is the minimum level of the Ag electrode. Note that the reflection coefficient changes
originate from the changes of the photoconductivity of solar cells. The changes of reflection coefficient AS;
is significantly increased when the incident light intensity is bigger than 122 mW/cm?, which is the threshold
electron injection. In addition, the changes of reflection coefficient AS;; shows the maximum at 526 nm
incident light wavelength. The above NFMM image directly visualizes how the reflection coefficient
changes AS;; of solar cells depend on the external light intensity and wavelength of the solar cells. So, the
NFMM could directly image the photoconductivity changes inside the solar cells by measuring the change of
reflection coefficient S;; from the cell.

4.2 NFMM char acterization of magnetic domains

Here, we also report a NFMM system incorporating an AFM cantilever probe-tip at an operating frequency
of f=4.4 GHz [40]. We demonstrate improved sensitivity and spatial resolution better than 50 nm for the
magnetic domain images of a 1.2 Gb magnetic HD platter under an external magnetic field. To demonstrate
local microwave characterization of magnetic domains by NFMM we imaged domains and directly
compared with images received by MFM. The dependence of the magnetic domains on the external magnetic
field could be imaged by measuring the microwave reflection coefficient S;; and interpreted by transmission
line theory [17]. When an external magnetic field is applied, the domains align such that all the domains
reorient themselves in the direction of the external field. To visualize the magnetic domains of a hard disk
under the external magnetic field, we directly imaged the microwave reflection coefficient S;; of the HD at
4.4 GHz.

Distance (um)

/ -36.5
0 . ‘W
o 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Distance (pm) Distance (pm)

Figure5.10. 2D (a) MFM and (b) NFMM images of the hard disk surface. Scanned surface area was 20 pm x 20 pm.

Figure 7 shows the two-dimensional (a) MFM, and (b) NFMM images of a hard disk surface with surface
area of 20 pum X 20 pm under 100 Oe external magnetic field applied parallel to the surface. Note that the
reflection coefficient changes originate from the changes of the magnetic permeability of the CoCrPtTa
magnetic layer due to its change under external magnetic field. The changes of reflection coefficient Sy; is
significantly increased until the external magnetic field intensity reach 50 Oe with further increase of
magnetization up to 100 Oe. This nano-scale measurement of the magnetic domains has a great potential for
investigating the magnetic profile with high sensitivity.

5. Conclusion

We have demonstrated the possibility of near-field microwave imaging of physical structures, such as thin
films, bulk material, fluids, etc. by using a NFMM. We have developed theoretical models for the microwave
reflection coefficient S;; and resonant frequency shift Af/f, dependence on electromagnetic characteristics, in
particular, electrical conductivity, dielectric permittivity, magnetic permeability to distinguish the spatial
changes of these parameters in materials under various preparation and measurement conditions. The
smallest detectable change in permittivity (dielectrics) is about 0.2 at SNR =30 dB, the smallest detectable
change in conductivity (semiconductors and perfect metals) is about 0.01 S/m at SNR = 60 dB, the smallest
detectable change in permeability (Permalloy) is about 10 at SNR=40 dB, and the smallest detectable change
in thickness (SAMs) is 2 nm at SNR =50 dB. These results clearly show the sensitivity and usefulness of
NFMM for these material and device applications.
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Light-Weight Short-Range Ku-Band CW-LFM Radar
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Short-range CW-LFM radar design is discussed. Hybrid mode operation consisting of pure CW and CW-
LFM periods is implemented. Such algorithm allows sufficiently simplify the processing and reduce the
false alarm probability.

Introduction

Portable short-range detection devices arouse a growing interest for many civil and military applications
such as collision avoidance systems (ACAR) or target detection in shielding systems [1]. Recently this field
of application is exclusively devoted to FMCW radars, which allow detection and direct measurement of
range and radial velocity very like to pulsed radars, but are less expensive, more portable [2]. Moreover, they
have less power consumption and have no blind-zone. Complexity of small-sized radars consists in
coexistence of inconsistent requirements. For example, application of combined receiver/transmitter antenna
on the one hand leads to desirable reduction of overall system sizes, but on the other hand excludes the
possibility of use of relatively high transmitter power to increase the target detection range due to
unacceptably rising power leakage. Such inconsistent requirements dictate the necessity of subsystems
careful design to optimally combine their advantages.

Overall design

The simplified block diagram (excluding filters) of the developed radar is shown on Fig.1 and represents the
receiver-transmitter with two-step frequency conversion. Such design owes to a number of reasons. First, in
radar, intended for measurement of small Doppler frequencies, it is necessary to reduce phase noise of the
transmitter as much as possible. Application of direct modulation on carrier frequency or repeated frequency
multiplication from lower frequencies, leads to inadmissible level of phase noise. On the other hand, it is
known that at frequency upconversion, phase noise is defined by the greatest phase noise. We use Lucix LO-
149-XB 15GHz phase locked DRO with internal reference with -96dBc/Hz phase noise level @ 1kHz, and
Minicircuits ZX95-1000C VCO with -96dBc/Hz phase noise level @ 1kHz. Second, such design facilitates
also simultaneous achievement of high gain and linearity, as the necessary gain is distributed between
amplifiers at different frequencies. Total gain of all receiver RF amplifiers (12dB) and the antenna (27dB)
partialy compensates propagation losses and provides required target detection range. Video amplifier
should achieve the missing part. Due to the limited isolation of circulator and non-ideal matched antenna,
there is a large parasitic leakage on mixer’s input, and further conversion feeds it to filters passband (this
represents the main limiting factor of all single-antenna systems). To improve transmitter-receiver isolation,
some kind of reflected power canceller should be used. We use one operating at baseband (video)
frequencies. Canceller signal is formed from the triangle-modulating signal and is applied to differential
input of video amplifier. As aresult the leakage originated video component is effectively suppressed in the
output signal. However, canceller signal waveform may vary due to variation of reflected signal phase. Thus
the use of adaptive canceller with feedback loop will alow to reduce the dependence of reflected signa’s
phase variations.

Slotted Waveguide Antenna Array

Principal requirements of short-range and low-power radar antenna are high performance in gain, efficiency,
flat profile and fixed beam. These criteria limit our choice to flat profile antennas only. The most commonly
used ones with good gain property are microstrip patch and slotted waveguide array systems. The advantages
of microstrip patch antennas are light weight, low profile, high gain, but low antenna efficiency due to
dielectric losses, make them unacceptable for low-power radar system. Meanwhile dotted waveguide arrays

87



find wide application in radar systems due to their high performance, gain, efficiency, and flat profile. These
properties make it good candidates for short-range radar application.

1l
amplifier .
'DOWN Bascband

VCO 1GHz
DC canceller 1GHz

Fig.1 Hybrid-Mode CW-LFM Radar simplified block-diagram

The design of slotted waveguide array begins with determining the aperture distribution, and hence the slot
excitation, required to achieve the beam width, gain, and sidelobe level needed at the central frequency.
Antenna consists of set of linear radiating arrays. In this design longitudinal slots are arranged in the broad
wall of the waveguides. The choice of waveguide has two criteria. First, we need to keep inter-element
spacing less than a free-space wavel ength to prevent the appearance of grating lobes. Second are mechanical
restrictions. The array pattern is controlled by number of elements and their excitation amplitudes. Each
element pattern is considered as dipole pattern by Booker postulate [4]. To permit fixed beam criteria the
central feeding of radiating waveguides and resonant slotted waveguide was used. The dlots excitation
amplitudes are controlled only by offsetting the elements from the centerline of the waveguide without
rotation of sots.

Slotted waveguide array antenna have been developed by using FEM simulation techniques, but to save
memory and CPU time over the full wave simulation in large arrays, aperture distribution are calculated by
using existing well known formulas for slot amplitudes (admittance) [5] to obtain the first order design
which does not include the mutual coupling effects at all. To achieve the beam width, gain, and side lobe
level requirements, the antenna should have 8 radiating waveguides with 24 linear slots on each waveguide.
Designed feeding network for radiating waveguides represents the waveguide 1x8 power divider, which
consists of H-plane 3dB waveguide in-phase dividers. Radiation patterns of the antenna in H- and E-planes
are presented on Figs.2 and 3. Here firm lines represent simulation results, while the dashed lines correspond
to measured ones.
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Spatial Azimuthal Scanning

The most suitable surveillance scanning is realized using step motor. Special microcontroller (MC) controls
the motion. All low-level operations are implemented in step motor firmware, and only high-level commands
are sent to MC from central processor to set the scanning sector central direction and span. Angular feedback
is sent back to MC. Moreover, radar signal measurements are made during periodic resting conditions of
motor and then the motor induced noiseis significantly reduced.

Signal Processing, Target Detection and L ocalization

Digital signal processing unit represents the main unit, which allows to achieve the whole potential of radar
system. TMS320C2000 based DSP unit simultaneously forms the transmitter modulating waveform of
transmitted signal and measures the received signal. Asit is well known, the pure CW radar provides only
moving targets detection and can say nothing concerning the target localization. Using CW-LFM radar
provides somewhat “coloring” of transmitted signal and allows directly measure the target’ s range. Presence
of multiple targets makes the problem more complex.

A

Modulating waveform

Alarm  Localization Alarm
Fig. 4 Hybrid Modulating waveform

Likely, the method of transformable periods LFM (TPS-LFM) [6,7] solves this problem and is able to
identify as many targets as needed. Main purpose of short-distance radars is to alarm about presence of
moving targets and then localize them if needed. The most time the system operates in a spatial scanning
mode as Doppler monochromatic radar. In this mode modulating voltage of the shaper does not change.
When moving targets are detected, very simple and elegant algorithm is triggered to identify and localize
multiple moving targets [6]. Such combination of pure CW and CW-LFM algorithms alows reduction of
false alarm probability. Fig.4 shows basic stages of hybrid alarm/localization algorithm. Transformable
periods of LFM are used against false detection of unnecessary targets. Information on presence and
velocities of moving targets in alarming mode is considered as primary one, and then is used for acceleration
of algorithm to exclude false unnecessary targets, which consumes a lot of CPU time rising as square of
number of targets. Using the best available 1024-point FFT alows to obtain frequency resolution of 60 Hz.

Dynamic Range Consideration

Inconsistent requirements to the radar first of all dictate necessity of maintenance of a sufficient dynamic
range (100dB), which is a big problem first of all because of rather weak isolation between the transmitter
and the receiver. One way to overcome this problem is to use several amplifiers with various gain and pass-
bands, which correspond to various kinds of targets ranges and velocities. We use the bank of electronically
switching video amplifiers with discrete gain from 60 to 80 dB, which provides optimal overall processing
gain for given environment under observation.

Asfinal remark and conclusion, the parameters of presented radar are as follows
e Detection range—upto 5 km
e Velocity range— 3to 90 km/h
e Azimuthal resolution — 4 deg.
e Simultaneously tracking targets—up to 7
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L-Band Doppler Radar for Heartbeat Sensing
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Doppler radar with simple design is presented which allows todetect human heart beating and respiration.
Block diagram and preliminary examples are presented.

Introduction

Microwave Doppler radar has been used for wireless sensing applications for many years. Beginning from
1970s, microwave Doppler radar found new applications in human healthcare monitoring and detection. It
offers new opportunities, such as physiological movement and volume change sensing [1], human vital
signal detection for finding trapped people under earthquake rubble [2]. First works were done with heavy
and bulky waveguides, but recent advances in microwave and radar technologies made it possible to
integrate such a system on a single chip [3,4], which is compact, light-weight and low-cost. With
inexpensive and compact design, microwave Doppler radar could be used in home healthcare monitoring,
particularly for detecting sleep apnea[5,6].

Microwave Doppler radar was first used for sensing of respiration rate and the detection of apneain 1975
[1]. Since 1980s, similar systems were developed for finding victims trapped in earthquake rubble and an
avalanche [7] and sensing human presence behind a wall or other barriers [8]. All these systems were
designed using bulky and heavy microwave components and large antennas, which are acceptable for using
in diagnostic institutions, but are impractical for home healthcare monitoring. Alternatives to this for heart
and respiration home monitoring are polar straps [9], chest expansion measuring straps [10] for respiration
monitoring, acoustic monitors, nasal and oral sensors. All these methods require contact with body and
careful placement. Compact Doppler radar may provide portable and more flexible noncontact alternative.

Doppler-type motion-sensing radar systems typically transmit continuous-wave (CW) signal (sometimes
frequency-modulated), which is reflected off the target and received by the receiver. According to Doppler
theory, amoving target will cause frequency shift in transmitted signal, which can be detected by detector. A
stationary person has chest movement, and, therefore, Doppler radar with chest as target will receive
transmitted signal with Doppler shift caused by movement of the chest, which contains information about
heartbeat and respiration. By using existing wireless and radar technologies, it would be possible to design
inexpensive and portable device performing such monitoring.

In this paper we propose single antenna microwave Doppler radar with ssimple design to investigate
human heartbeat and respiration.

Overall Design

The block-diagram is presented in Fig.1. The system operates on 1GHz signal generated by Mini-Circuits
ZX95-1000C LO. The signal is amplified and feed to antenna through circulator. We use applicator-type
antenna filled in with dielectric liquid with permeability equal to water to maintain the matching with
propagation area (human body). Received signal has Doppler shift caused by the heartbeat. Received signal
is down-converted to baseband and amplified by video amplifier to satisfy the ADC dynamic range
requirements. As a digitizer we use NI USB6009 connected to PC.

Due to single antenna system we have to deal with transmitted signal leakage in circulator (decoupling
around -20dB), which leads to DC component at the input of video amplifier (gain 40dB) causing its
saturation. To overcome this problem we use NI USB6009 DAC channel to suppress DC component

manually.

p“‘&?’;i""‘ H NI usmmH Video Amplifier H # o

DC Cancelling i

Fig. 1. The block-diagram of medical radar
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Using this design we obtain profiles of human heart beating in time and frequency domains, which can be
processed. An exampleis presented in Fig. 2.

Fig. 3 Experimental Setup

Noise consideration

The sensitivity of a microwave direct conversion Doppler radar for vital sign detection depends significantly
not only on the strength the respiration and cardiac signals but also the effect of noise at both RF and base-
band frequencies. Since received signals are small, they are very sensitive to the noise. Therefore, it is
important to understand the sources of noise in the system. There are three main sources of noise in radar
system affecting detection of physiological signals. thermal noise, phase noise, and Flicker noise. These
three noise sources are taken into account separately at RF frequency and then combined at baseband after a
mixer.

DC component adaptive cancellation

Application of combined receiver/transmitter antenna on the one hand leads to desirable reduction of overall
system sizes, but on the other hand excludes the possibility of use of relatively high transmitter power to
increase the target detection range due to unacceptably rising power leakage in circulator, which leadsto DC
component at the input of video amplifier causing its saturation. To improve transmitter-receiver isolation,
some kind of reflected power canceller should be used. We will use one operating at baseband (video)
frequencies. For LFM operating mode canceller signal is formed from the triangle-modulating signal and is
applied to differential input of video amplifier. As a result the leakage originated video component is
effectively suppressed in the output signal. However, canceller signal waveform may vary due to variation of
reflected signal phase. Thus the use of adaptive canceller with feedback loop will allow to reduce the
dependence of reflected signal’ s phase variations.
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Conclusion and Further Development

Such simple design can be used to detect and analyze human vital signals. As afirst step it implies further
improvements. Further development will focus on some main aspects such as obtained measurements
analysis, identification and interpretation, and noise level consideration [5]. For the next generation we plan
to switch to quadrature design, which will allow to struggle against possible fading.
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The development results of a new method of aerial (on a helicopter or airplane) infrared (IR)
scanning of extensive forest spaces with the purpose of detecting weak heat sources (fire centers at
an early stage of their development) to prevent the occurrence of large-scale fires are presented.

In the paper there is presented the description of the IR radiometer as well as the measurement
method of point and extended thermal sources wavelength range of 2.5 to 5.5 microns.

1. Introduction

The environment monitoring, investigation and control of ecological conditions attract a great attention of
the mankind, especially at the present stage of development of industry, energetics and urban building.
Optoelectronic systems and devices designed for application in ecological studies and in arising extremal
situations are always in the center of the scientists’ and engineers’ attention. In particular, research
complexes for early detection of fire hearthes arising during natural calamities are irreplaceable.

Therefore, the development and creation of infrared devices and systems of thermal monitoring of
environment, in particular, large forest spaces is a rather important problem.

The development of modern distant and effective methods of ecological monitoring of large forest spaces
is more than actual. In such a situation the only method is remote monitoring from an aircraft (e.g., from a
helicopter) while flying over large forests at the altitude up to 1000 m.

2. Brief Technical Description of a Measuring System

Structurally the measuring complex consists of two basic units: an optico-mechanical unit of the IR
radiometer and an electronic control unit joined to a personal computer. It is designed to measure spectral
radiance and radiation temperature (or its drops) of point and extended sources of infrared radiation under
laboratory and field conditions [1-3]. To automate data acquisition and processing the spectroradiometer is
joined to a computer of Pentium type via a series port RS 232. Optical scheme of the optico-mechanical unit
(OMU) is shown in Fig.1.

Fig. 1. Optical scheme of OMU
1-Primary mirror of the objective; 2-secondary mirror of the objective; 3-radiation from an object; 4-removable plane
mirror; 5-a sight; 6-a modulator; 7-a reference cavity; 8-a fild diaphragm; 9,10-projection objective; 11-a disk with
interferencial light filters; 12-a sensing site of the photodetector; 13-a thermos for liquid nitrogen; 14-a telescope; 15-a
deflectin mirror.

» Input mirror objective of Cassegrain type;

» A telescope for operative pointing to an object under test, equipped with a sighting grid visible
through an eyepiece on the OMU back panel;

» Parallax free sight for accurate pointing the spectroradiometer to an area to be measured. The sight
has a sighting grid with a cross and a circle which defines visual field boundaries of the device;
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» Projection objectives which serve for refocusing the radiation from a field diaphragm to the plane
with light filters and to a sensing site of the photodetector. They represent pairs of spherical mirrors
the application of which enables to avoid achromatic aberrations;

» A block of removable ring wedge variable light filters which provide a total working spectral range
of 0.4 to 14um;

» A photodetector which structurally represents a removable block with a photodetector placed inside
it in accordance with the spectral range, a preamplifier, and an adjusting.

Full working spectral range of the device is covered with the help of three sets of removable light filters

and photodetectors in the subbands of 0.4 to 1.1 pm, 2.5 to 5.5 um, and 8 to 14 um. Main technical
parameters of the device are given in the Table.

No Parameter Name Value
1. Input objective diameter 180 mm
2. Focal distance mechanism. 200 mm
3. Distances to be focused from Sm to o0
4. Working spectral range from 0,4 to 14 ;m
I subband (spectral resolution of 10 %) from 0,4 to 1,1 zm
IT subband (spectral resolution of 3 %) from 2.5 10 5.5 m
III subband (spectral resolution of 8 %) ’ o H
from 7,9t0 13,5 ym
5. Photodetectors:
I subband Si — photodiode
II subband InSb — photoresist
1T subband CdHgTe — photoresist
6. Field of vision 3 mrad
7. Noise equivalent difference of the radiation temperatures (at | 0,05 K
295°K)
8. Continuous work time 8 hours
. Time of preparation to work 15 min
10. | Dimensional size of spectroradiometer:
OMU 415x278x254 mm
ECU 500x420x210 mm
11. | Weight:
OMU not more than 12 kg
ECU not more than 15 kg
12. | Climatic conditions of operation:
Ambient temperature from —35° to +45°
Atmospheric pressure from 84 to 107 kPa (from 630 to
800 mm Hg)
Air relative humidity up to 98% at 35°C
13. | Supply voltage (220 22)V
Frequency (50+ 1)Hz
14. | Power consumed not more than 200W

During operation the OMU, by means of the wedge guide, is placed on a rotary mechanism which is
fastened to the horisontal platform of a specially prepared tripod.

The electronic control unit (ECU) is structurally of on-top variant. All indication and control elements
are mounted on the front panel of the ECU.

Under laboratory conditions the ECU is placed on the table, and under field conditions it can be mounted
in a helicopter with the help of dampers.

In brief, the operation principle of the spectroradiometer consists in the following:Inside the OMU the
radiation flow from the object under test is collected by means of an optical system (see Fig.1) and focused
onto a sensing site of the photodetector. Further, a preamplifier amplifys an electric signal and transmits it to
the ECU. In the ECU the electronic schemes amplify, demodulate and filter the signal from the photodetector
output, and as a result of this there appears a signal at the output the amplitude of which is a mesure of the
radiation temperature of the object. Knowing the value of the collected radiation power ( through the data of
peliminarily conducted energetic calibration of the device), spectral filter features of the system and
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amplification degree, the output signal can be exactly transformed into an absolute measurement of radiation
temperatures of the objects under test.

Let’s notice some advantages of the IR radiometer developed by us [4] compared to the existing close
analogs. To widen functional capabilities in the sphere of spectral investigations of thermal objects, besides
wideband interferencial light filters for spectrum parts of 0.4 to 1.1,2.5 to 5.5., and 8 to14 pum, the device is
also provided with ring readjustable light filters.To eliminate chromatic aberrations the device optical
scheme includes two pairs (see Fig.1) of mirror projection objectives in the focuses of which there are placed
light filters and the receiving site of photodetectors.

The IR radiometer is mounted in the helicopter and, with the help of a deflecting plane mirror, by its
field of vision scans (through the bottom hatch, along the helicopter motion ruoting) terrestril surface of large
forests, see Fig.2.

Fig. 2. Helicopter IR scanning of lage forests

In the presence of fire hearthes the radiation temperature in this region (within the wavelength range of
2.5 to 5.5 um) considereably increases that is registered by the electronic control unit.

At the helicopter flight altitudes of 200, 500 and 700 m the radiometer covers, with its field of vision,
surface areas of about 120, 750 and 1500 sq.m, correspondingly. With the helicopter speed of 150-200 km/hr
the time of one measurement cycle is 0.1 sec.

3. Measurment Technique of IR Flows From Extended and Point Thermal Sources

Before carrying out quantitative measurements of IR radiation emitted by an unknown source, it is necessary
to fulfill energetic calibration of the spectroradiometer, the aim of which is the measurement of the device
response to the known standard source (usually a black body with known temperature). By definition, the
device calibration means obtaining an electrical signal at the output, which corresponds to a radiation flow
unit incident into the radiometer inlet. The calibration is expressed by some function k(A) called spectral
calibration characteristic of the device, which includes combi unit, ned effect of optical elements and
electronic amplification of the whole system. An output signal of the device is proportional to the difference
between the IR radiation flows coming to the photodetector from an external source and from the internal
modulated reference black body. In calibrating the radiation from the calibration black body (with known
temperature) entirely fills the device field of vision. An output signal S(4) is expressed by the following
ratio:

S(2)=k(A)- {14, T)-o(2,0) - r(A,T,)+ (A, T, 1 - 2(A,0)]} 5 )
where r(/i,T ) is Plunk function at the temperature 7 and the wavelength A; T —temperature of the
calibration black body; T(/l, l )—atmospheric transparency over the path / between the calibration source and
device; I,—temperature of the internal reference black body; 7,—temperature of the air during the

experiment.
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In the windows of the atmosphere transparency (e.g. for the wavelength range of 2.5 to 5.5 1 m), where
the transmission is high, z‘(l,l ) may be taken as 1, if the calibration is carried out from the distance “/”

equal to several meters. Therefore in this approximation for § (/1) we can write:

S(2)=k(4)-[r(2.1)-r(2,1,)] )
with the amplification coefficient equal to 1. And in measuring with the amplification coefficient different
from 1 the S (/1) value decreases by the same factor. The Plunk function value is calculated according to the
ratio:

r(A,T)= % [exp(c, / AT)-1]",

where ¢, =3,74-10* W gm*/cm?, ¢, =1,438-10* 1 m deg.

The objects studied the radiation flow of which completely fills the device field of vision are extent in
these measurements. In this case radiance spectral density (W (/1, T )W/cm2 4 m) of the object is measured.
The ratio (1) may be rewrite as:

S(A)= k(AW (A,1)-o(A,0) - r(A, T, )+ (2,1, 1= 2(2,0)]}- B A3)
where W(ﬂ, T ) is the radiance spectral density of the object studied, £ is an amplification coefficient of the

whole system, and the rest symbols remain previous. The atmosphere transparency T(/I,l ) is either

measured simultaneously, or calculated with the help of data from literature [5,6]. From the ratio (3) we can
get for W(A,T):

w(n1)= SAV KRB+ HAT) - r(A.T,) 1= r(2.0)], (4)

HA,1)
Usually the radiation of point sources does not fill the visual field of the device. If the area A of a
radiating object is known we can measure its spectral radiance according to the above-stated technique, that

18
2

Wp(/l,T):W(/l,T)-a)-ZZ- (%)

Where o is a solid angle of the spectroradiometer visual field, W(A,T) is a total spectral radiance
measured according to (4); [ is the distance from the object under test to the spectroradiometer. While
measuring point sources spectral contrast of a radiation source is also of interest, when the background
radiance is comparable to the object radiation. In this case it is necessary to separate the background signal
Sa(A) from the signal “source+background” S(A). For the spectral radiation contrast of the source we can get
the ratio:

2
wia)=_ASA oI ©6)
B-k(2)-7(4,1)4
Where AS(?») = S(X)— Se (7») If A4 is unknown we may define the contrast of the spectral luminous

intensity of the source (in W/strad.um):
AS(2) )
1(2)=w(1) a=—25W)___, p. )
B-k(A)-7(2,1)
Calculation of the radiation temperatures of the objects under test is carried out in accordance with
specially developed algorithms and programs.

4. Conclusion

Application of the given method of remote ecological monitoring of vast forest spaces will undoubtedly
bring to the considerable technical-economical effectiveness and will also have a great importance in the
problem of preventing the fire occurrances, especially of large-scale ones.
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Pannopusuveckunii KOMILIEKC 00HAPYKEHUS M ONIOBEIICHUS

Maptupocsn P. M., A6pamsan A. A., I'ynsa A. I'., Cumonsta P.I'., [lupymsn I'. A., Cmonun A..

[TpuBeneHo onucaHue aBTOMAaTU3UPOBAHHOM OXPAaHHOW CHCTEMBbI NpEIHA3HAYEHHOM IS 3aluThl
TEPPUTOPHUAIBLHO PACIIPEENICHHBIX 00’€KTOB. YKa3aHbI IPEUMYIIECTBA U EPCIIEKTUBHOCTD IPUMEHEHHS
MOJOOHBIX CHCTEM JUIS PEIICHHMs CHIENUANBHBIX 3a/lad OXPaHBI, I'7le TPEOYIOTCS! CKPBITHOCTh YCTAHOBKH,
OTIEPaTHBHOCTh M3MEHEHUSI KOHTPOJIIMPYEMOTro pyoOexa M ObIcTpopasBepThiBaeMocTh. OmoBemieHHe o
HapyIIeHUHA TepenacTcs Ha EHTPAIN30BaHHBIN MyHKT HabmoxeHus (1o 30kM), a Takke HA HOCHMBIN
MPUEMHHUK TPYIIBl OIEpPaTUBHOrO pearupoBanus (mo 3kM) mo oxHomy u3 640-a mHdpOBBIX
MPEnporpaMupOBAHHBIX PAJINOKAHAIIOB.

1.Ha3HavyeHnue u3aeaus.

Komrmieke mpefHa3HaveH ISl CO3/IaHHsl aBTOMATH3MPOBAHHOW CHCTEMBI OXPaHbl KOHTPOJIHPYEMBIX
YYaCTKOB ~ MECTHOCTH  TEPPUTOPUATHLHO-PACIIPENCICHHBIX  OOBEKTOB  OT  HECAaHKIMOHHUPOBAHHO
MIPOHUKHOBEHMUS JIOCH (TPYII JIUI]) TAK U OT aBTOTPAHCIOPTHBIX CPEJICTB.

OOHapyxeHHe HApYIICHUU (BTOPXKEHHI) OCYIIECTBISCTCS TMOCPEICTBOM MPHUMEHEHUS CPEICTB
oOHapyXeHHs (CEHCOPOB) IIOCTPOEHHBIX Ha pa3IWYHBIX (QU3UYECKUX TPUHIOWNAX (MarHUTHEIE,
ceficMMUYecKue, OOPBIBHBIC), KOTOPBIC pPACIONIOKEHbI HA IYTAX BO3MOMKHBIX MAapIIPYTOB CICIOBAHUS
Hapymuteneld. MHpopManus o HapylIeHHH HEMeUIeHHO meperaercs mo kaHany YKB paanocBssu Ha
[EHTPAM30BaHHbBIN IMyHKT HAONIOJCHUS, & TaK K€ Ha HOCHUMBIN paJMONPHEMHHK, KOTOPBIM CHa0XaeTcs
rpyIa OnepaTUBHOIO pearupoBaHMUs.

2. CocTaB KOMILJIEKCA.

prOH_ICHHaH CXeMa KOMIUICKCa C YKazaHUCM HNPHUMCPHBIX paCCTOHHI/Iﬁ IO JaJIbHOCTH ,E[CﬁCTBHH
QJICMCHTOB CUCTCMBbI ITPUBCACHA HA PUCYHKE 1.

AN
] PCT |e CO
AA\\N
\L PCT |e{ CO
AN
HH M A | PCT [« CO
no3 Y AN
- K |« BII 30xMm PP W\L PCT |l coO
ﬁ/ ,\\L PCT [« CO
HII T— PCT |e CO
1-1,5xm
+—>

Puc.1 Cxema auciiokanuu KOMIUIEKCA

Kommuieke cocrout n3z Habopa HECKOIBKUX TUITOBBIX 3JIEMEHTOB!

- MayiorabapuTHbBIH panuonepenaTynk curHanoB TpeBord (PCT) B kKOMOMHAIMU C ONHBIM M3 CPEICTB
obHnapyxenus (CO) ceicMUYeCKUM, MAaTHUTHBIM HITH OOPBIBHBIM;

- HocuMbIit pueMunk (HIT) mrst mpremMa u 0oToOpaXkeHUsT CUTHAJIOB TPEBOTH;

- ueHTpanbHbI TyHKT HaOmoaenus (I[ITH) Ha ocHOBE TEpCOHATBHOIO KOMITBIOTEpPA CO BCTPOCHHBIM
paaroNpUEMHBIM YCTPONCTBOM U CIICIIUANBHBIM ITPOTPaMMHBIM 00eCTIeueHUEM;

- MHOTOKaHAIBHHH paguoperpancisaTop (MPP) mis yBenmudeHus JaTbHOCTH CBSI3H.
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3. KpaTkoe onucanue 3JIeMEHTOB H YCTPOHCTB BXOASIIMX B KOMILJICKC.
3.1 Ceiicmuyeckuii natuuk (Puc.2).

HA3HAYEHHE. Peructpaiiysi MajibIx KOJICOAHUAX TPYHTA U COOTBETCTBYIOIIECE U3BCIICHHE,

TEXHUYECKHE /IAHHBIE

JlansHOCTh OOHAPY KEHUS:

* TICIIEX0/T 10 30 M

* JIETKOI TEXHUKA mo 100 m

* TSDKEJION TEXHUKU 1m0 200 m
Crektp konebaHuit 0.1-10Txg
Koaddunuent ycunenns 1o 60 nb
Tok nokost 50 MxA
Hanpsxenue nutanus 7.5-10VDC
Bec 230r.

Puc.2.

3.2 MarauromeTpuueckuii naTuux (Puc.3).

HA3HAYEHHE. Peructpauys BO3MYLICHHA MAarHUTHOTO TONISi 3€MJIM, BBI3BAHHOTO TIPUCYTCTBHEM

MCTAJIMYCCKOIo mpeameTa.

TEXHHUHYECKHE /TJAHHBIE
JlanbHOCTH 0OHApYKEHHSA: o 50 m
MoltHOCTh, MOTpedIseMas
B XJIYIIEM PeKUME 2 MBt
AMIUTHTY 18 BBIXOTHOTO
CHUTHaJIa 5VDC
JIIMTENEHOCTD BBIXOIHOTO
CHTHaJIa 5 cex
Pazmepnr 25%55x85MMm’
Bec 120r

Puc.3.

3.3 atuuk o6pniBa nposoaa (Puc.4).

HA3HAYEHHE. ®ukcanus HapyIIeHUs TPAHULBI OXPAHIEMOT0 py0Oexka 0OpbIBOM MUKPOIPOBOIA.

TEXHUYECKHE /IAHHBIE
JlnrHa 0OpBIBHOTO TIPOBOIA 1o 100m
JnameTp oOpBIBHOTO TIPOBOIA 0,05mm
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Toxk mokost 20 MKA

Hanpsoxkenne nutanus 7.5-10 VDC
labGaputsr 53x53x36 MM’
Bec 150 r.

Puc.4.
3.4 Paguou3Bemartesb curiana tepsoru (Puc.5).

PCT coBmectHO ¢ m100bIM 13 naTyukoB CO BBIMOJHSIOT 3a1ady OOHApYXeHHUs (akTa BTOPKEHHS C
nepefavell CUrHaja TPEBOTM IO paJvOKaHaly Ha HocuMbli npueMHuk, HITH wumu perpancnsrop. Ilpu
pasMelIeHHd Ha MECTHOCTH YCTPOWMCTBO yCTAaHABIMBAETCS CKPHITHO B TPYHT Ha rinyOuny mo 10cm 3a
HCKITIOYCHHUEM IIEepPEaroIel aHTCHHBI, NPEeICTaBIIEe ca00il YeTBEPTHBOIHOBBIM IITHIPh M3 CTAJIUCTOTO
mpoBoAa AWaMeTpoM IMM, uYTo oOecnedrnBaeT TPAKTUYECKH IIONHYI BH3YaJbHYIO MAaCKHPYEMOCTh
nepenayguka (Puc.5).

B memsax yBenuueHus AaIbHOCTH CBS3M C BBICOKOH NMOMEXO3AIIMIIEHHOCTIO, WIIPHU Mepefade MakeTa
ncnonbp3yerca cBeprouHoe komupoBaHue (Convolution Coding) ¢ ogHbIM W3 BHIOB MaHYeCTEpCKOTO
KoJupoBaHwusl. J{Jis1 MPOBEPKH IETOCTHOCTH MaKeTa JaHHBIX ucmonb3oBad anroput™M CRC 32. IIpu nepenaue
CUTHAJOB TPEBOTM B IENAX MHCKIIOYEHHsS TOTEph CBA3M B YCIOBUSAX CHJIBHBIX €CTECTBEHHBIX MWIIH
YMBIIIJICHHBIX ~ PaMOINOMEX MPEeIyCMOTPEH pEeXHWM MHOTOKpaTHOM mepemaud CcooOIIeHHH depes
MIPOrpaMMHO 3a/1aBaeMBbIi HHTEPBAJl BPEMEHH U TMOCIEAYIONe 00paboTke MPHHIMAEMOTO CHTHANIA MyTeM
MaXOPHPOBAHHUS.

HA3HAYEHHE. ObHapyxeHre ¢akTa BTOPKEHHUS C Iepeadyell CUTHaIa TPEBOTH 0 PaJiHOKaHAITy

TEXHUYECKHE JIAHHBIE

JIMATensHOCTh Mepeadyn CUTHaIa 0,2cex.

YacToTHBIN AUaNa3oH 138-154MTI'11

[lepenaBaemast MOIITHOCTH

(perynmpyemast) 1o 3-x Bt
KonnuectBo pagnokaHaaos 640
IIuranue 4x700MA /4
I"abapuTsr 114x90x82Mm
Bec 500r

Puc.5.
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3.5. Hocumbrii npuemunk (Puc.6).

HA3HAYEHHE. llpueM, u3BelleHne, ACKOAUPOBAaHHUE, U OTOOpakeHHe Kaxaoro u3 640 paguokaHasos,
COXpaHEeHHe B apXuBe nocieHux 10-1 u3BereHnn.

TEXHHUYECKHE JJAHHBIE
Jnamazon pabounx
TeMIeparyp ot -20° o + 55°C
IIutanue cMmeHHas Oatapes 2x700MA/4
["abapuTsr 150x74 MMx40MM®
Bec 490r

Hocumeiit mpuemnuk (HII) cmyxur ans npuema u
0TOOpaXCHUSI CUTHAIIOB TPEBOTH OT CPENCTB  OOHApYKEHHS U
npeaHa3HaueH AJsl obecreueHnss padoThl B MOJIEBBIX YCIOBHUSIX.
OH TaKxe MOXET OBbITb TNpPHUMEHEH INpPH MOHTaXe U
MMyCKOHAIAKe YCTPOWCTB KoMIulekca. B pabouem pexxnme, HII
JIEKOJUPYET W BBIAET Ha NUCIUIel m3BemeHue ot odoro CO
PAacIIoNOKEHHOTO Ha pyOexe oxpaHsl ( B mpeaeiax JOIMyCTHMOM
JOJIBHOCTU
Puc.6 paanocBs3Nn).

3.6.MHorokaHaabHbIi paguoperpanciastop (Puc.7).

HA3HAYEHMUE. IlpueM u peTpaHCcIAnus paJloCUTHAIOB U3 30HBI pacnonoxeHus PCT.

TEXHUYECKHE JIAHHBIE

UyBCTBUTENBHOCTH KaHaJa MpHeMa -120dBm:

YpoBeHb U3NTyUeHUE 1o 5Bt

—— [Iporpamupyemsle KaHaIbI 640
v —4 YacToTHBIN auaa3oH 138-154MTI'1,
E.'s éE‘ TIutanue U=12B, 10A/4
'.'.'l.s }=r ["aGaputsl u Bec 320x220x150Mm°, 16Kkr
3 Pabouas Temmneparypa =30 +55°C

i,
/]

\
\
3
\‘;

MPP crmyxuT Ui npuemMa U peTPaHCIALUN pPagHOCUTHAIOB W3
30HB pacmoioxkenus PCT 1o NyHKTOB mpueMa, B KadecTBE
koTopelx MoryT OwbiTh LIIIH, gmpyroit MPP wmu HIL. MPP
OTHOCUTCA K KJacCy aBTOHOMHBIX YCTPOWCTB M MOXET OBITh
JUINTENIbHOE BpeMsl He OOCIy>KHBAThCS €CIM €CTh YCIOBHUS Ui
CBOEBPEMEHHOIN aBTOMAaTHYECKOW MOJ3apsIKi BCTPOCHHON OaTapen
OT D3JIEKTPOCETH, COJHEYHOH OaTaper WIM APYroro HCTOYHUKA
MUTAHHUS.

il
il

/i

Puc.7
3.7. HenTpanbublii myHKT HaOmoaenus (LITH)

LITH sBnseTcss CTAaHIMOHHOM YacThbl0 KOMIUIEKCa, ©  (DAKTHYECKH TPEIACTABIAET COOOi
aBTOMaTuU3MpoBaHHOEe pabodyee mMecto (APM) omeparopa pabortatoliee HENPEPHIBHO B KPYTJIOCYTOYHOM
pexxnMe u obOecrieymBaroliee MpHeM H O00pabOTKy MOCTYNHBIIMX MO pafiOKaHATy H3BEIEHHH O
HapYIICHHSX, a TAKKE KOHTPOJILHBIX cO00IeHni o coctosHun cs3n. OcHoBy APM onepatopa cocraBisieT
nepconanbHeili kommbloTep  (ITK)  co BCTpOEGHHBIM B €ro MpOLECCOpHBIA OJOK paanolpHEeMHBIM
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YCTPOMCTBOM M cIieluaIbHbIM nporpaMMHbIM obecniedenueM (I10). 1O B peanpHOM MacmiTabe BpeMeHH
MPOU3BOMT IOJIHOE JCKOJWPOBAHUE TNPUHATHIX COOOIICHUH, apXHBAIMI0 M OTOOpaKCHHE Ha 3KpaHe
monutopa [1IK, B TOM 4uclie ¢ MCIIOIB30BAaHUEM AICKTPOHHOM KapThl MECTHOCH (TpaUICCKUM ILIAHOM ).

Ha pwuc.8, puc.9 mpuBeneHsl CHUMKHA C JKpaHa MOHHTOpA C HW300paXKCHHWSAMH SJICKTPOHHOU KapThl
MCCTHOCTHU, I'I€ KBaApaTUKaMH OTPAXCHBI YCTAaHOBJICHHBLIC CO IMMPUBA3AHHBIC K KOOpAWHATaM KapThl, a
TaKKe MPUMEP CTPaHUIIbl ApXUBUPOBaHHOM HH(POpManuu. [locTymieHre NpPUHATOTO COOOIICHUS O TPEBOTH
COTIPOBOXKIAETCSI 3BYKOM M CBETOBBIM CHUTHAIAMU.

P ARCAKH M1

Uiheo

Y

Fwiwnp dh@wlh dwuhG hihnpdwg hw Ubwg npruyhb Lobpghw duwdwlwlp

5 Ukl nhs Linpdiuy Eikng hu 12242008 539AM

<Bnpn tObnghw 12/24/2009 5:36 AM

1 i Linndwy tOEpghw 12/24/2009 5:39 AM
Lhupnb Snwgwlyp

I

Puc.8

B! Load Datalog

Swiwnp dhdwlh dwohb h0dnpdwa hw Ubwanpauyhl tOBnghw chudwbwlp ~
= PhrGbL
Ubjudhl ndhg Linpiwy tobpghuw 120242008 &6:08 AM
4 Ubjuidhl ndpg Cuwin thnpp EOGpoghw 120242008  &:08 AM
bopdengbthedhs
Ubjudhl ndpg Linpiwy tobpghuw 120242008 &6:08 AM
5 Ubjuidhl ndpg Linpdwy tobpghuw 120242008  &:08 AM
4 uepdemebthdrs o UnpdwifBbnehw 121242009 606 AWM
7 wepdmmebthedhs o @nmpntbbpghw (121242009 606 AWM
2 Ubjuidhl ndhg Linpdwy tobpghuw 120242008 &:08 AM
Ubjudhl b ©npn tObpghw 120242008 &:08 AM
1 wopdemetthodps oo
A
Ubjudhl npg Linpowy tobpghuw 120242008 607 AM
o '

Puc.9
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4. 3akJ0ueHne

Kommuiekc OTHOCHTCS K KJIAacCy CpPaBHUTEIBHO HOBBIX M CTPEMHUTEIBHO Pa3BHBAIOIIUXCS Tak
Ha3bIBaCMbIM OBICTPOPA3BOPAYMBAEMbIX CHCTEM HMEIOIIMM aBTOHOMHOC IUTAHME M OCYIIECTBIISFOIIUM
nepeaady CUrHajia o paguoKaHaiy.

Oco0OEHHO TMEPCIEeKTHBHO MPUMEHCHHUE TaKUX CHUCTEM JUIs 3alUuThl pyOekeld B YCIOBHSX TOPHOU
MECTHOCTH, TJ¢ CHUJIbHAs H3PE3aHHOCTh peibeda MW HANMYME CKANBHBIX TOPOA MOXKET MPAKTHUCCKU
HCKJII0YaTh BO3MOKHOCTh MOHTa)Ka CTAllMOHAPHOW CUCTEMBI U IPOKIIAIKU MPOTHKEHHBIX KaOCIbHBIX JTHHUN
CBSI3H U DJICKTPOITUTAHUS.

OTMETHM OCHOBHBIC OTJIMYHS OBICTPOPA3BEPTHIBACMBIX CHCTEM, KaK KJIacca, OT TPAAMIHUOHHBIX CHCTEM
OXPaHbI IEPUMETPOB:

MaJioe BpeMs YCTAaHOBKH 3JICMEHTOB CUCTEMbI Ha MECTHOCTH;

BO3MOXKHOCTH OBICTPOTO M3MEHEHHUsS KOH(UTYpalMy 3JIEMEHTOB KOMILIEKCA B 3aBUCUMOCTH OT M3MCHCHUS
00CTaHOBKH;

BO3MOYKHOCTh YCTaHOBKH Ha HEMOTOTOBJICHHBIX B HH)XCHEPHOM OTHOIICHUH MECTHOCTH;

BO3MOXXHOCTh TPUMCHCHHUS CHUCTEMBl KaK CaMOCTOSTEIBHO, TaK M COBMECTHO C TPaJUIIMOHHBIMU
CTAlMOHAPHBIMU CHCTEMAaMH OXPAHBI.
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Scientific and Technical Investigations of Industrial Electron Accelerators

A. Poursaleh, A. Hakhoumian

Institute of Radiophysics and Electronics, Alikhanian Brothers str.1,378410

In this paper Industrial electron accelerators including electrostatic accelerators, RF linear
accelerators, and also RF single cavity accelerator systems are introduced. By classification of these
industrial accelerators their parameters such as energy and power are determined. Electron
accelerators with different commercial names ELV and ILU type accelerators, dynamitron, industrial
microwave linac and rhodotron and also different model are investigated. By these descriptions and
comparison of these parameters such as energy, power and efficiency, it is easy to select suitable
accelerator for specific purpose in industrial application such as food irradiation , sterilization of
medical devices and other material, corsslinking of wire and cable, heat shrinkable products, tire
component, environment, material treatment, and other industrial application considering total cost.

1. Introduaction:

The industrial electron accelerators developed for industrial irradiation propes such as food
preservation,medical disposals sterilization , polymer cross-linking (tapes, tubes, cables), industrial material
treatment,tire component curing, wast water treatment, etc..[1] The most important parameter of accelerators
are energy and power of accelerator that energy is proportiona depth of penetration of electron beam and
definition by "eV" and power of accelerator is proportional of speed of irradiation and definition by "KW".
according the IAEA prescription the maximum energy of industrial accelerator is 10 MeV .there are two type
of industrial accelerator the fist type is electrostatic or DC and the second is time varying or RF accelerator.
Dc accelerators such as Van de Graff accelerator - cockcroft walton accelerator-dynamitron use electrostatic
field by DC high voltage[2] .the rf accelerator can accelerated electrons from low energy to very high much
energy does not like dc accelerator which has the dc voltage break. In a rf accelerator electrons are
accelerated by the action of radiofrequency electromagnetic waves the mostly of RF electron accelerators are
linear accelerator with multi cavity that called linac and some are single cavity accelerator. rf accelerator can
work at a pulsed mode and cw mode[3,4]. There are many different types of accelerators offering a wide
range of performance ratings, only few would be suitable for industrial application that in this paper
presented.

2. DC accelerator

2.1 ELV type accelerator

In case of DC accelerators machines are based on transformer type modified cockcroft walton to produce
high dc voltage and acceleration tube in which electron from a small heated cathode are accelerated.The
ELV d.c. accelerators has cascade generator with a parallel inductive coupling as the high voltage source and
employ a coreless step transformer with sectionalized secondary coil. General view of the ELV type and
ELV8 accelerator is given in Figure 1. Inside the tank filled with the SF6 gas are located: primary winding,
high voltage rectifier with a built in accelerating tube. There are several module of ELV accelerators such as
ELV4, ELV6, ELV8, ELV12, These ELV accelerators are available in the energy range 0.2 to 2.5 MeV with
the beam currents up to 200mA and maximum power of up to 400 KW [5].

2.2 Dynamitron accelerator

The dynamitron use a similar diode column but the alternating potential is applied in parallel to each diode
from a cylindrical capacitively coupled electrode such DC accelerators are filled with insulating SF6 gas
under pressure and large dimension vessels separate the anode and cathode. figure 2 show the structure of
dynamitron accelerator and view of 3 MeV dynamitron accelerator made by IHEP. The basic dc circuit used
in the dynamitron insures smooth and reliable operation at high voltage .the rate of energy in dynamitron
models available in the 550K eV to 5 MeV .the maxium power up to 250KW .[2],[4]
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Fig. 1: The ELV accelerator Fig. 2: The dynamitron accelerator

3. RF linear accelerators

In arf linear accelerator that called linac electrons can be resonantly accelerated aong a linear orbit by rf
electrical field .the rf accelerating field is either atraveling wave in loaded waveguides or a standing wavein
loaded cavities. The frequency of waves In most electron linear accelerators is around 3 GHz. and usualy of
length of a metre or more with corrugations on its inside. These corrugations, or iris digphragms, cause the
waves to travel at a velocity determined by the iris and waveguide dimensions. so some where called
microwave linac. High energy linacs deliver powers up to 50 kW are available. There are two structure for rf
linear accelerator such as standing wave and traveling wave but There are many commercial name for rf
linac. Figure 3 show the linac use a traveling wave method and disk |oaded structure.
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Fig. 3. Industrial rf linear accelerator Fig. 4.

The main component of the RF system is the microwave source. There is a variety of microwave tubes for
generating and amplifying microwave signals. The two most common used in linacs are magnetrons and
klystrons. Rf linear electron accelerator contain some part such as: electron gun, rf system, acceleration
tube, vacuum system, cooling system, magnet system , beam line contain scanning magnet and horn .figure 3
show the one kind of rf industrial linac [3,4,6-8].

4-RF single cavity accelerator

4.1 The ILU type accelerator

The ILU accelerator type are based rf pulse accelerator and produced in the Institute electron beam cover the
energy range from 0.7 MeV to 4.0 MeV and the maximum beam power is 50 KW .There are several modle
of ILU accelerator such as ILUG,ILUS8,ILU10. Figure 4 shows the ILU6 modle of this kind of accelerator.
The ILU accelerating system consists of copper toroidal resonator. The resonator consists of top and bottom
halves on the internal protrusions of which the electrodes forming an accelerating gap are installed. the
specific frequency of ILU6 is 115.435MHz and pulse repetition frequency up to 50 HZ with 2.5 MeV and
20KW beam power. The ILU12 of a new design it will be efficient maching having 5 MeV energy and
average beam power up to 300 KW [9,10].
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4.2 Rhodotron accelerator

The rhodotron is anew kind of high power and high energy rf single cavity electron accelerator based on the
principle of recirculating a cw beam through a single coaxia cavity resonating in metric waves. The beam
passes several times along different diameters in the middle of cavity.each time the electron cross the cavity
their energy increases by 1 MeV after each pass, the beam is bent by a magnet and then sent back to the
accelerating cavity the trajectories having a rosaceous shape so ten passes and nine magnets are therefore

required to obtain a 10MeV. Figure 5 show the rhodotrt '
= {J[ %

Fig. 5. Rhodotron structure Fig. 6. TT200 rhodotron accelerator

The rhodotron consists of the following major components: an electron gun, the cavity ,the deflection
magnets,a RF system , a cooling system, a vacuum system and the beam delivery system.five industrial
rhodotron model such as TT100,TT200,TT300,TT400,TT1000 raning from 35KW to 700KW beam power at
10MeV are manufactured at IBA company in Belgium.The resonating frequency on cavity is 215 MHz for
TT100 and 107.5MHz for other model . figure 7 show the rhodotron TT200.The RF system consists of a
voltage controlled oscillator followed by a chain of amplifiers. High power amplification use tetrode or
diacrode vacuum tubes [11,12].

5. Comparison of rhodotron with other industrial accelerator

The rhodotron electrical efficiency more than 36%. the Rhodotron operates in a cw mode but linac operation
isin pulse mode.the rhodotron uses a tetrode tube instead of klystron .the tetrode may have a useful life
span up to 4 times that of aklystron installed in asimilarly rated linac unit. The rhodotron ability to scan at a
higher frequency generates a more uniform distribution of dose over the width of the beam scan. in
rhodotron The energy spectrum istight In many linac designs there is a tail in the energy spectrum . The
Rhodotron has a designed energy spread tolerance of less than 100 KeV at 10 MeV ,the rhodotron does not use
the SF6 gas for insulation or venting unlike a many dc electron accelerator SF6 is heavier than air and is
hazard.[11,13].

6. Conclusion

The most important requirements should be consider before industrial accelerator selection are: electron
energy,average beam power, beam current,electrical effieciency,application,narrow energy spread,self
shilding area and total cost. The main parameter of industrial accelerators are presented in table 1.
Electrostatiac type were efficient but limited in voltage due to electrical breakdown.DC accelerators give
high average beam power whereas the RF accelerators generally operated in the pulsed mode give low
average power. On the other hand RF accelerators have high energy gain per unit length[14]. The electron
energy necessity for some industrial application presented in table 2. Figure 7 shows the compersion two
important parameters of some suitable industrial electron accelerator. in this curve the rhodoton is high
energy and highest power industrial accelerator. The investment costs is high for any electron accelerator
facility because of the accelerators price and costs of the building for biological shield. There is aso
auxiliary equipment needed like conveyer under beam , cooling and ventilation systems, control and
monitoring and safety system.
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Tablel:parameter of industrial accelerator
BENRARGY(MeV) mPOWER OF BEAM "10(KW) ‘

dc Rf single | Rf linear 80
parameter cavity
electron 0.055MeV | 0.3-10MeV | 2-10MeV 70
energy 60
avrage beam | <1.5A <100mA <100mA
current 50
average beam | 400KW 700KW 50KW 40
power
electrical 60-80% 20-50% 10-20% 30
efficiency
frequency - 100-200MHz | 1.3-9GHz 20 1
10
Table2:electron beam energy market end 0 1
0 o] =] (o] [(a] o ‘5‘ ';' c c
. “;L % ‘E o “é =} 2 b = o 8 o 9 o 8 8
Market segment Typical energy S 2 ER ES 2 3 L& _E B8 58 ES
3 W U &Y agof = 5 g oD v 3g
surface curing 80-300 kev e Cc e 8 g% 2% ¢¥
© = = — [ o
shrink film 300-800 kev -
wire& cable 1.5MeV Fig7:comparsion of energy and power of industrial
Tube 1.5-2 MeV accelerators
Waste water tretmant 300-2.5 MeV
Sterilization 10 MeV

Usudly low energy accelerators maybe offer the lowest cost. but with low electrons energy decrease
penetration level and loss of flexibility .However economic evaluation should include accelerator and
operating cost of industrial radiation facility.
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The conceptual design a low cost solid state amplifier optimized for rf industrial electron accelerators
presented in this paper. We design 200 KW solid state rf amplifier instead of a rf vacuum tube in high
power industrial electron accelerator such as rhodotron accelerator. The base of design for rf power
amplifier is 107.5 MHz, 1 KW solid state modules .each modules including the MRF6V11KH
LDMOS and impedance matching and circulator and also water cooling .the new design of rf system
for rf industrial electron accelerator including LLRF and control system and high power rf amplifier
consist more than two hundred 1 KW c¢w modules combined to produce a cw total output power of
200 KW.

1. Introduction

High power rf amplifiers have been built for many years using rf vacuum tube similar tethrod, klystron, iot
diacrod, twt because the solid state technology has been for low power amplifier. the recently mosfet
technology allows using the solid state in rf high power [1]One of the application of high power rf system
use in the accelerators machine for example the synchrotron accelerator of soleil used the high power solid
state amplifier for first time in the research accelerators.[2].industrial electron accelerator use for industrial
purposes such as medical sterilization, food preservation, industrial materials treatment, polymerization, etc
[3] we design the solid state high power amplifier for high power and high energy industrial electron
accelerators instead of vacuum tube considering advantages of solid state amplifier.

2. The RF system by high power vacuum tube

There is several model of RF electron accelerator for industrial application one of them is rdodotron. The
rhdotron is a new recirculating high power and high energy industrial electron accelerator. This accelerator
have been manufactured by iba company. The TT200 model of this accelerator with the maximum beam
power 100 KW at 10 MeV .the cavity based on coaxial line shorted at both ends and resonating in the Afg

mode at 107.5 MHz. The electron beam accelerate several times along different diameters of the cavity.
Outside the cavity the beam is deflected by magnets. So the deflected magnets send back into the cavity
after each crossing in order for them to undergo another acceleration cycle another role of magnets is fine
tune the phase between the beam and the accelerating field .figurel show the rhodotron structure. The rf
system of the rhodotron has been designed to deliver about 200KW. around 80 KW are needed to build the
electric field into the cavity allowing an energy gain of 1 MeV by each crossing .the remaining 120 KW is
available to accelerate the electrons. The RF system comprises an RF Low Level rack containing the oscillator
and a W low level amplifier, a solid state 100 W predriver amplifier, a tetrode 10 KW driver amplifier, , and a
tetrode 200 KW amplifier. The low level RF oscillator is a VCO oscillator. It is continually adjusted to the RF
cavity resonance frequency by the phase discriminator that continuously measuring the phase difference
between the voltage read by the input pickup in the cathode-grid tube cavity and the voltage read by the output
pickup in the screen-anode tube cavity of the final RF amplifier during Rhodotron startup. The final RF power
is set to a low safe levels by the modulator, and the voltage regulation board switches the input of the integrator
to the constant voltage generator (case shown in Figure 2, part a). The integrator will then supply sweeping
voltage to the reference input of the VCO. While the RF rack is in sweeping mode, the voltage regulation board
measures the RF voltage inside the RF cavity. If at some time the changing oscillator frequency matches the
resonance frequency of the RF cavity, the voltage regulation board will detect an increase of the RF voltage in
the RF cavity and will connect the input of the integrator to the output of the phase discriminator via the
up/down detector. The RF voltage regulation system adjusts continuously the RF voltage amplitude inside the RF
cavity to match a preset value .that is the optimum for the acceleration of the electrons.
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Figure 1: The rhodotron accelerator structure.

The last part of the RF low level rack is a 1 W low level amplifier that receives the RF coming from the
modulator, amplifies it and feeds it to the input of the 100 W predriver amplifier. The 100 W predriver amplifier
is an air-cooled solid state amplifier show in part (b) of figure 2. Its input is the output of the RF low level rack,
and its output goes to the input of the 10 KW driver amplifier. The 10KW driver amplifier is a standard
commercially available air-cooled broadcast amplifier using a grid-driven tetrode TH341 shown in figure2
.the RF final amplifier is designed so that all the RF field it generates is contained within cavities. The final
amplification use TH781 tetrode tube is shown part (c) of figure 2 that located above the accelerating cavity
partially inside the inner conductor this configuration makes it possible to directly connect the anode cavity and
the accelerating cavity with a short % resonant inductive loop for produce of 200KW cw f power [4-6].
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Figure2: components of rf system of rhodotron accelerator

3. Thenew RF system by solid state amplifier

An investigation into development of 200 KW cw solid state rf power system design to replace the existing
rhodotron rf system that use a novel solid state devices .the conceptual new rf system is consist several 1KW
cw modules .This rf power amplifiers based on parallel assemblies of 1KW modules equipped with mosfet
and impedance matching and circulators. Each modules include the freescale MRF6VP11KH LDMOS rf
power transistor the data sheets of this device declare a 1 KW at 150 MHz with a power gain of 26 dB and
operation junction temperature 225°C [7-9]. The heat produced by the power dissipation in transistor must be
transferred to a heat sink and water cooling for control the temperature of amplifier the transistor package
clamped to the cold copper plate and aluminum heat sink by fasten screws and thermal grease. Thermal
loading of these components can be simulated by the ANSYS software. for impedance matching use coaxial
balun transformer connected in parallel to the input and also output of the module. Impedance matching
section can be design with 50 Q feed port. A circulator with a 50 Q rf termination is integrated in each
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module to protect the transistors from reflected power. Each module shielding aluminum hosing. Every
module is fed by a separate switching power supply delivering about 2000 W at voltage adjustable from 50
up 55 v dc with low ripple. The schematic drawing of 1 KW amplifier module design can be seen in figure 3
part (a) in 107.5 MHz frequency. The power combination scheme for 10KW amplifier is described in part (b)
of figure 3. The basic structure consists of 12 modules each one of 1 KW connected by a 12-way power
splitter at input and a 12-way power combiner at the output considering the lost of combiner. The required
input power to reach an output of 10 KW is 50 W. Complete block diagram of 200 KW amplifier assembly is
shown in part (c) of figure 3. The complete plan include twenty of 10KW amplifier
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Figure3:the 200KW solid state amplifier for industrial electron accelertors

The required components are 2-way and 10-way power splitter at input and al0-way and 2-way high power
combiner at output. Radial power combiner offers low loss excellent amplitude and phase balance with high
power handling capability. Design of combining path and peripheral ports was carried out by circular
geometry as uniformly spaced circular array of coupled to transmission line. For 10-way and 2-way high
power combiner must be carefully design to obtain good matching and high coupling efficiency. In splitter
the power coming from one module can be divided in many equal parts to be sent to the other modules. Each
module monitoring by couplers and control by PLC. The 240 module current are permanently monitored by
PLC through a multiplexing system as other part of rf system so The control system allows checking the
system continuously. The block diagram of new design of 200 KW cw rf system for high power electron
accelerator is shown in figure 4.

The rf system includes the feedbacks for amplitude and phase controls. The rf control system as a
comprises that are responsible for the control of the amplifier. two cavity pickup feedback taken in the
midline of cavity control the phase and power of rf in cavity. Voltage regulation and phase discriminator
circuits by feedbacks control the voltage and phase and resonating frequency. The modulator control
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amplitude of accelerating voltage in the cavity by changing the input power of amplifier and VCO control
the frequency of rf system.
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Figure4: New rf system for high power industrial electron accelerator

4. Conclusions:

The new design of rf system by solid state high power amplifier produced cw output power 200 KW that
can be use this method for mostly of RF industrial electron accelerators. Some advantage of new rf system
for industrial electron accelerator by solid state are such as: Solid state amplifiers are free from thermal
running time so they do not require periodical replacement like vacuum tubes. It is low operational costs in
running and maintenance. Solid state have a Modularity structure and is redundancy, no need the HV and is
In house expertise so the solid state high power amplifier is a suitable for industrial electron accelerators.
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New Holographic Methods for Creation of 2D and 3D Micro- and
Submicro-Scale Gratings in Photorefractive Materials
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The Bessel standing wave and combined interferometric-mask techniques are suggested and realized for
formation of 2-dimensional and 3-dimensional micro-and nano-metric scale holographic gratings in
photorefractive materials. The experiments are realized by 532 nm and 633 nm laser beams in Fe-doped,
as well as Fe-Mn and Fe-Cu doubly doped lithium niobate (LN) crystals taking into account their high
photorefractive properties and possibility of creating the persistent gratings. The gratings formed have ~
10 pm period in radial and azimuthal directions and ~300 nm in axial direction, and up to 10% diffraction
efficiency.

1.Introduction

Materials with spatial periodic structure such as the photonic crystals [1-4] currently find applications in
many fields of physics and optical device engineering. There are different methods for the fabrication of
artificial periodic structures, including etching processes, electronic beam and deep UV lithography [2-4] and
holographic technique [5].

Photonic crystals have a great potential for numerous applications in advanced photonics and nonlinear
optics. Photonic crystals are promising materials for conversion of laser radiation frequency, for controlling
and manipulating the flow of light, they serve as fibers, microcavities, bandgaps etc. Periodically poled
crystals are widely used for generation of new frequencies of laser radiation: second harmonic generation
[6], difference frequency generation and optical parametric oscillators [7,8]. The second [9,10] and third [11]
harmonic generation and nonlinear diffraction effect [12] have been studied in annular periodically poled
crystals.

For many applications, including guiding and trapping systems, optical devices, telecommunications,
information storage, optical computers etc, 2-dimensional (2D) 3-dimensional (3D) periodic structures are
more promising. In spite of many successes in this field, further development of the techniques for
fabrication of various photonic nano- and micro-structures is an actual problem.

Holographic technique [5] is one of simple and promising methods for fabrication of spatially periodic
structures in photorefractive materials. The mask [13] and recently suggested Bessel beam methods [14] are
very promising for creation of 2- dimensional spatial periodic structures in photorefractive materials by
holographic technique.

In this report we present the results of investigations for creation of 2D and 3D gratings by Bessel
standing wave and combined interferometric-mask technique.

2. Formation of 2D gratings by counter-propagating Bessel beam technique

A counter-propagating non-diffracting Bessel beam technique is suggested for creation of 2D gratings. The
Bessel beam [15] has no intensity gradient along the propagation axis and can be represented as a set of co-
axial hollow light cylinders surrounding the central light rod (Fig.1a). The profile of Bessel beam is a set of
concentric rings (Fig.1b). The counter-propagating beam geometry builds up the Bessel standing wave with
periodic annular structure in each anti-node (Fig.1c).

The Bessel standing wave technique allows the creation of 2D holographic periodic structures in
photorefractive materials. 2D periodical structure formed by the suggested method is a combination of
annular and planar gratings. The non-diffracting Bessel beam is formed by optical element — axicon [16].
Fig.1b shows the fragment of radial intensity distribution of Bessel beam formed by an axicon.
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Fig.1.(color online). a) Schematic of ideal Bessel beam which has no intensity gradient along the propagation
axis. (b) Fragment of radial intensity distribution of Bessel beam formed by an axicon using 633 nm laser beams.
Number of rings reaches up to 1000. (c) Schematic of two neighboring planes of standing wave with maxima of
light intensities, separated by half wavelength A/2, where the concentric rings are located. In (c) the scale along
the direction of standing wave (Z-axis) is enlarged relative to X and Y axes.

The recording of the gratings is performed by both single mode He-Ne laser beam at 633 nm with power
17 mW and cw second harmonic of YAG: Nd laser at 532 nm with beam power 100 mW (Fig.2). The
refractive gratings are recorded in both Z and Y-cut 2 mm thick LN: Fe, as well as Y-cut LN: Fe:Cu and
LN:Fe:Mn crystals during 60 min illumination.
Y

Crystal T Mirror
|

532 nm laser -
Gaussian beam

Z

——————— ——>

Axicon - X

Expander

Fig.2. (color online). Schematic for creation of 2D grating by single axicon and back-reflecting mirror. The set of
concentric rings on the surfaces of crystal and mirror show the Bessel beam profile.

The electro-optic effect is responsible for formation of gratings inside the photorefractive crystal
illuminated by non-uniform light beam. The non-diffracting character of the Bessel beams allows the
creation of high contrast gratings. The phase microscope image of the grating recorded by 532 nm, 17 mW
beam inside the LN:Fe:Cu is obtained (Fig.3a), allowing the exact measurements of radial period of the
grating. The measurements gave a value of 9.0 um for grating radial period. Fig.3a shows that the grating
formed in the medium has pronounced azimuthal dependence.

The read-out of 2D grating is performed by Gaussian and Bessel beams at 633 nm and 532 nm.
Diffraction pattern from the grating recorded in Y-cut LN:Fe by 532 nm beam during 60 min, for nearly
orthogonal incidence of the probe Gaussian beam at 633 nm to the crystal surface is shown in Fig.3b. The
appearance of the ring structure itself is the result of diffraction of the reading beam on the refractive index
circular structure inside the crystal. Such diffraction leads to the restoration of the set of rays lying on the
cone (light cone), which form a ring in the far field.

The azimuthal dependence of ring intensity with higher diffracted intensity in the direction of C-axis of
the crystal (Fig.3b) is a result of pronounced azimuthal dependence of recorded grating (Fig.3a). Diffraction
patterns, observed both in transmission and reflection, allowed the measuring of the diffraction efficiency of
the gratings. The formed 2D gratings have the half-wavelength standing wave period of ~300 nm in
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Fig.3. (color online). (a) Phase microscope image of the grating inside the LN:Fe:Cu crystal. The arrow shows
the direction of optical C-axis of the crystal. The distance between the rings is measured 9.0 um. The dashed
lines mark the areas where the grating is recorded with high contrast (upper and lower sectors) and does not
recorded at all (left and right sectors). (b) Far field transmitted diffraction pattern from 2D grating, recorded in
Y-cut LN:Fe by 532 nm beam during 60 min, for nearly orthogonal incidence of the probe Gaussian beam at 633
nm to the crystal surface.

longitudinal direction, the period of ~10 um in radial direction, and up to 10 % diffraction efficiency.

3. Combined interferometric-mask method for creation of 3D periodic and quasi-periodic structures
A new combined interferometric-mask method is suggested and realized for creation of 3D periodic and
quasi-periodic structures in photorefractive materials. The method is based on the preparation of 2D masks

having micrometric scale speckles disposition with different symmetries and illumination of the crystal
through the mask by Gaussian beam in combination with back reflecting mirror.

PHOTOREFRACTIVE MEDIUM

Expander

MASK " cRYSTAL MIRROR

Green laser
Gaussian beam

Fig.4. (color online). a) Experimental setup for recording of 3D gratings by combined interferometric —mask
method. b) Schematic of two neighboring anti-nodes of standing wave, where the mask created quasi-periodic
structures are located. The grating is modulated in radial R, azimuthal ¢ and axial Z directions. The scale along
the direction of standing wave (Z-axis) is enlarged relative to R and ¢ directions.

The counter-propagating beam geometry builds up Gaussian standing wave, which determines the third
half-wave period of the grating in the axial direction. The experimental scheme is given in Fig.4a. Thus, the
created 3D intensity pattern is a set of numerous mask-generated 2D quasi-periodic structures located in each
anti-node of standing wave (Fig.4b). The created intensity pattern was imparted into the photorefractive
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medium via electro-optic effect, thus creating micro- and sub-micro scale 3D refractive index volume
grating.

From 1 to 8 fold axial symmetry masks were generated by computer graphic technique. The masks
consist from black spots periodically disposed along the equidistantly positioned concentric circles,
surrounding the central spot. The number of spots on the i-th circle was equaled M= ji, where i = 1,2,3... is
integer and | is the symmetry order of the mask. The masks of reduced size (0.8 cm) with i =100 were printed
by high resolution printer (3300 dpi) on the transparent film. Fig.5a-b shows the examples of the fragments
of 2 and 7-fold symmetry negative masks. The whole mask consisted from 100 circles had ~35000 holes.

The interference patterns from prepared masks were studied by cw red (633 nm) and green (532 nm)
Gaussian and Bessel beams. When the masks were illuminated by Gaussian beam the observations showed
that for even symmetry masks the symmetry of mask and diffraction pattern from the mask were same.
However, for odd symmetry masks the symmetry of diffraction pattern is twice as high compared to the
symmetry of the mask. Diffraction patterns from 2-fold and 7-fold symmetry masks obtained by green cw
Gaussian laser beam are shown in Fig.5¢ and 5d, respectively.

Fig.5. (color online). (a-b) Examples of fragment of enlarged pattern of negative masks with 2 and 7—fold
symmetries. The masks had a diameter of 0.8 cm and a distance around 30 um between ~10 um transparent
holes. (c-d) Corresponding interference patterns from the masks obtained by green laser beam.

7-fold symmetry mask was used for creation of 3D gratings in Y-cut LN:Fe crystals by combined
interferometric—mask technique. For comparison the recording of 2D grating using only mask technique,
without standing wave, was also performed. The gratings were recorded by cw single mode 100 mW green
532 nm laser beam during 60 min illumination of LN:Fe crystal. The recorded gratings were tested using
both red (633 nm) and green (532nm) laser beams by observing the diffraction patterns from the 2D and 3D
gratings in the far field.

Fig.6 shows the obtained diffraction patterns from 2D grating recorded by mask technique (a) and from
3D grating recorded by interferometric-mask technique (b) using 7-fold symmetry mask. For comparison the
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diffraction pattern from original mask is also shown in Fig.6¢c. The diffraction pattern from 2D grating has
pronounced azimuthal dependence of intensity distribution with higher diffracted intensity along the C- axis
of the crystal. The diffraction from 3D gratings shows more isotropic intensity distribution in diffraction
patterns.

(@ (b) (c)

Fig.6. (color online). Diffraction patterns from 2D grating recorded by mask technique (a), from 3D grating
recorded by interferometric-mask technique (b) in LN:Fe crystal and from 7-fold symmetry original mask (c).
The arrow shows the direction of optical C-axis of the crystal relative to the diffraction pattern. The scales in the
figures are different.

The physical mechanism of formation of the holographic gratings in photorefractive materials is based on
the electro-optic effect. The redistribution of charges inside the crystal by non-uniform light beam builds up
the internal electric fields, which, in turn, lead to the change of refractive index. The charge transport in
doped LN crystal is due to the photovoltaic effect and diffusion of the charge carriers [17].

For 2D gratings recorded by mask technique with the periods in radial and azimuthal directions around
30 pm, corresponding to the spatial frequency K ~ 3x10? lines/cm, the photovoltaic effect is the main process
for charge transport along the C-axis of the crystal and predominant modulation of refractive index along C-
axis. This leads, in turn, to the pronounced azimuthal dependence of intensity distribution in diffraction
pattern with higher diffracted intensity in the direction of C-axis of the crystal. For the recorded 3D gratings
the half-wave period in the axial direction provides enough high spatial frequency of ~ 4x10* lines/cm and
except photovoltaic effect along the crystalline C-direction, the diffusion effect also gives contribution to the
grating formation in the axial direction. Thus the created gratings are more uniform and diffraction from 3D
gratings shows more isotropic intensity distribution in diffraction patterns.

4. Conclusions

The Bessel standing wave and combined interferometric-mask techniques are suggested and realized for
formation of 2D and 3D holographic gratings in photorefractive materials. 2D and 3D periodic and quasi-
periodic artificial structures in photorefractive materials are promising for many applications including band
gap materials, guiding and trapping systems, high capacity information storage etc.
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In this paper a developed C-, and Ku-band, two-frequency, multi-polarization, combined, short-
pulse Doppler scatterometer-radiometer system is described, for short (from low altitude
platform), middle (from vessel) and long (from aircraft) distance remote sensing applications,
suitable for water surface, soil, vegetation, seaice and land snow cover’s microwave reflective and
emissive characteristics simultaneous and spatially coincident, multi-frequency and polarimetric
microwave measurements.

1. Introduction

The retrieval of surface parameters from microwave remote-sensing data requires accurate models for the
relationship between the desired geophysical parameters of a target and the observed quantities. As natura
surfaces generally are described as random functions, the modeling should involve both electromagnetic and
stochastic aspects. Therefore, for an unambiguous and accurate retrieval of land snow cover and soil
moistures and classification of soil vegetation a wider set of independent measurements and a synergy of
various sensors are welcomed. Since, microwave signals backscattered from and emitted by the soil surface
are partially uncorrelated from each other and in practice may be considered as independent variables, the
synergetic application of microwave radar and radiometer observations represents specia interests. For it
successful implementation it is important and suitable to develop multi-band complex of polarimetric,
combined radar-radiometer systems and to perform multi-frequency, polarimetric, microwave, active-passive
combined measurements of snow, bare and vegetated soils under well controlled conditions. On the basis of
the acquired data, it will be possible to validate and to improve reflective (scattering) and radiative transfer
models, and to develop new methods and agorithms providing the possibility to reach high precision in
snow and soil moistures retrieval. At present time, only single frequency (S, C, Ku, K and Ka-band),
polarimetric, combined radar-radiometer systems for various platform applications are developed and are
used for soil, snow, vegetation and water surface microwave active passive characteristics preliminary
measurements[1-7].

In this paper C-, and Ku-band, dual frequency, multi-polarization, combined, short-pulse scatterometer-
radiometer system (ArtAr-C&Ku) is described, for short (from low altitude platform), middle (from vessel)
and long (from aircraft) distance remote sensing applications, for water surface, soil and land snow cover’s
microwave reflective and emissive characteristics simultaneous and spatially coincident, multi-frequency and
multi-polarization measurements [8-10]. The system ArtAr-C&Ku is developed in Armenia, in the
framework of the International Science and Technology Center (ISTC) Project #A-1524, by ECOSERV
Remote Observation Centre Co.Ltd. (ECOSERV ROC), in co-operation with the Institute of Radiophysics &
Electronics of Armenian National Academy of Sciences.

2. C-, and Ku-Band, Combined Scatterometer-Radiometer System

The principal requirements for a development of the system were:

- Functional and constructive combining both C-, and K,-band, microwave, combined active and
passive means of sensing as a single microwave device, providing simultaneous operational
peculiarities.

- Coherent-pulse construction of system’s scatterometers functional schemes, provided high level of
decoupling between transmitting and receiving sections, allowed realize short range operational
potential for both scatterometers beginning from 4m.
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- Series (periodical) transmissions of the signals at two different frequencies at specified (vertical or
horizontal) polarizations and simultaneous receiving of both co- and cross-polarized components of
backscattered radar signals at two different frequencies.

- Possibility for application of developed principles and methods for signals forming and processing for
space-aeria based prototype of the system.

In comparison with earlier devel oped single-frequency, combined scatterometer-radiometer systems of S
(~3GHz), C (~5.6GH2), K, (~15GHz), K (~20GHz) and Ka (~37GHz) band of frequencies [1-8], the
described system has two transmitting and four receiving channels, which allow simultaneously receipt co-
and cross polarized components of the backscattered signals at 5.6GHz and 13.6GHz and the signals of the
observed surface proper radiothermal emissions at 5.6GHz and 13.6GHhz, at vertical and horizontal
polarizations.

In Fig.1 a simplified block diagram of ArtAr-C&K,, dual-frequency, multi polarization, combined
scatterometer-radiometer system is presented. Detailed block diagrams of C-, and K,-band modules of
ArtAr-C&K, system are fully described in [3-6].
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Fig. 1 A simplified block diagram of ArtAr-C& Ku, dual-frequency, combined scatterometer-radiometer system

A — Parabolic antenna (dish and subdish), A;and A,— C-, and K,-band antennafeeds, T, and T,— C-, and K-band
transmitter modules, B; and B, — C-, and K-band radar receivers for backscattered signals co-polarized components,
C;and C,— C-, and K-band radar receivers for backscattered signals cross-polarized components,

E; and E, — C-, and K -band radiometric receivers for radiothermal signals’ vertical polarized components,
F;and F, — C-, and K -band radiometric receivers for radiothermal signals' horizontal polarized components,

D — Reference signal module, S— Synchronizer

The system has three operational modes for the transmitter, suitable to short (5m-50m), middle (30m-
250m) and long distance ( 150m-2500m and more) applications from flying, moving or stationary fixed
measuring platforms. Time-division channeling of scatterometers and radiometers functioning was used for
the system functional scheme development. In Fig.2a and Fig2b time diagrams of the system,s operation are
presented for a short range operational mode (Fig.2a) and for a middle and a long distance operation modes
(Fig.2b).
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The work while of the system is divided by Tr time periods, in which the while Tr is equal to ~10% of
the period Tr=0.1Tp is used for radar channel operation and the rest of the period Tg=Tp -Tr is used for
radiometric channels operation. The while Ts is used for transmission of a single probing pulse or of atrain
of 8 probing pulses at both frequencies and for reception of corresponding (vv or hh) and cross (vh or hv)
polarized components of the backscattered pulse signals at both frequencies. The reception of the
backscattered pulse signals is implemented during the while Tre The transmission is implemented during the
while Tt, where Tp, is the pulse duration. The while Tp, of the period is used for protection of the
radiometer receivers inputs form the residual influence of both transmitters. The while Tg is used for
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reception of proper radio thermal signals of the observed surface at both frequencies, at vertica and
horizontal polarizations.

The transmitted signals' polarizations may be changed periodically (periodically changing operating
mode) or may be changed stepwise by issuing the outside command (polarization stability operating mode).
Such a construction allows improve relative accuracy of measurements by cross polarized signals, simplify
calibration procedures and reduce complicity and value of the system by using microwave and intermediate
frequency modules of the system as a common modules for both scatterometric and radiometric channels. Of
cause, time-division channeling of scatterometers and radiometers functioning has its shortage connected
with a reduction of backscattered signals accumulation efficiency. However, for stationary and low speed
platform applications this fact is not sufficient, if the main requirement for the system’s operation its work
stability and accuracy of measured data. A detail description of the system’s operation features is presented
in[7-9].

3. Realized Parameters

In Fig.3 and Fig.4 realized work prototype of ArtAr-C&K,, dua frequency, multi-polarization, combined
scatterometer-radiometer system is presented. The system was built on the basis of in-house design modules.
In Fig.3 a C-band part (module) of the system is presented. In Fig.4 a Ky-band part of the system is
presented. In Figs.3 and Fig.4 the system’ s antenna and dual-frequency antenna feed are presented too.

Due to some construction peculiarities of the microwave inputs of both C-, and Ku-band modules of the
system, the developed system allows carry out absolute measurements of the observed surface brightness
temperatures (antenna temperatures) at both frequencies, with an accuracy better than 10K for both bands.

The main technical characteristics of the realized prototype are presented in the Table 1.

Tablel
C - Band Ku - Band
Radiometric Radiometric
ArtAr-C&Ku Radar Channel Channel Radar Channel Channel
Central frequency 5.6GHz 5.6GHz 13.6GHz 13.6GHz
Dual Fregquency Parabolic Antenna
Gain / Beamwidth / Sidelobes ~ 2208 / 8 / -18dB ~28dB / 3 / -20dB
Radar pulses, type and duration
for a short range application atrainof 8 pulses, 25ns each atrainof 8 pulses, 25ns each

for avessel and aircraft application

orasingle pulse of 100nsor 1mks

or asingle pulse

of 100ns or 1mks

Pulse repetition frequency
within the train 1.6MHz 1.6MHz
Repetition frequency 1KHz 1KHz
of the train or of the single pulse
Pulse power 50mwW - 1W 75mwW - 2W
Polarization: Transmission “v" or“h" “v" or“h"
Reception “wv, “vh” or “v" and “h” “wv, “vh" or “v" and “h”
“hv, “hh" “hv, “hh”
Pre-detection bandwidth ~100MHz ~500MHz ~100MHz ~500MHz
Receiver's sensitivity (at 1) -130dB/W ~0.1K -130dB/W ~0.15K
Absolute measurements accuracy better than 10K better than 10K
Operational range 4 - 2500m
Dimensions/ weight 240 x 440 x 600mm°/ 25kg
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Fig.3 A C-band module of ArtAr-C&Ku system

Fig.4 A Ku-band module of ArtAr-C&Ku system
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4. Conclusion

Thus, C-, and Ky-band, dual frequency, multi-polarization, combined scatterometer-radiometer system is
developed. The developed system alows investigate peculiarities of relationships between power
(amplitude) and phase characteristics of the backscattered radar signal and between power characteristics of
backscattered radar and emitted proper radio thermal signals of the observed surface or object, under test-
control laboratory conditions at two different frequencies from two different frequency bands. The system
may be used as a detector and identifier and will allow to detect and to classify at least 256 types of
anomalies, originating on the background due to the changes of the observed surface geo-physical and
biochemical parameters. The developed device is the first from the series of dual frequency, multi-
polarization, combined radar-radiometers, which are planned for development and manufacturing in the
framework of the ISTC (International Science and Technology Center) Project A-1524 applied to multi-
frequency, multi-polarization measurements of snow, bare and vegetated soil, perturbed water surface
microwave reflective and emissive characteristics angular dependences, under test-control, quasi-field
conditions, by spatio-temporally combined active-passive systems.
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In this paper the results of simultaneous and spatially coincident, multi-frequency (three-
frequency), multi-polarization, spatio-temporally collocated measurements of waved pool water
surface microwave reflective and emissive characteristics angular dependences at 5.6GHz, 15GHz
and 37GHz are presented. The measurements were carried out under clear air, cloudy and have
rain-hail conditions by C, Ku and Ka-band, polarimetric, combined scatterometric-radiometric
systems.

1. Introduction

Since, the sea surface microwave reflective and emissive characteristics (radar backscattering coefficients
and brightness temperatures) are complex functions of various principal parameters, such as: a current wind
speed and a wind direction, a sea wave condition (a swell condition), near sea surface air and sea water
temperatures, water salinity and surface pollution, meteorological conditions, etc., for unambiguous and
precise retrieval of a specified parameter, such as current wind speed or direction, a sea wave force and
swell’s direction, water salinity or temperature, near sea surface air temperature, type and thickness of
surface pollution, it is necessary to have a priori information about other influenced parameters or to synergy
various independent and differing techniques and measurements. Spatio-temporally combined, multi-
frequency, polarimetric, active-passive measurements is a sample of such synergy [1,2]. At present, there are
several combined scatterometer-radiometer systems operating in various frequency bands [1-8]. Some of
them are acceptable for very short distance remote sensing application [3-8], and allow carry out
measurements under test-control, quasi-field conditions. Therefore, a reason for a performance of spatio-
temporally collocated, multi-frequency and multi-polarization, microwave active-passive measurements
under test-control, quasi field conditions is appeared. Such experimental researches are very important for a
validation and for an improvement of existed theoretical models describing sea surface, for a development
new methods for sea surface mapping, for detection and classification surface signatures and subsurface
targets, as well as for entire solution of the sea surface remote sensing inverse problem.

In this paper the results of spatio-temporally collocated, multi-polarization, combined scatterometric-
radiometric measurements of perturbed, rippled and smoothed pool water surface microwave reflective (a
radar backscattering coefficient) and emissive (a brightness temperature) characteristics angular dependences
at three frequencies, at ~5,6GHz, ~15GHz and ~37GHz are presented. The measurements were curried out
under clear air, heavy clouds and rain conditions by C-, and Ku-band, single frequency, multi-polarization,
combined scatterometric-radiometric systems. The measurements were carried out in the experimental site of
ECOSERYV Remote Observation Centre Co. Ltd. (ECOSERV ROC), from a quarter circle shaped measuring
platform of 7m of radius. All three scatterometric-radiometric systems and the measuring platform were
developed and built in Armenia by ECOSERV ROC, under the framework of ISTC (International Science
and Technology Center) Projects A-872 and A-1524, in co-operation with the Institute of Radiophysics and
Electronics of Armenian National Academy of Sciences.

2. Measuring Facilities and Used Microwave Devices

The measurements were carried out in Armenia, in ECOSERV ROC’s experimental site, equipped by two
quarter circle shaped stationary measuring platforms of 7m of radius R, one built over the experimental pool
of 10m x 3m x 1.5m of sizes and another built over a soil test area of 10m x 3m of sizes. For these
measurements C-, Ku-, and Ka-band, ArtAr-5.6, ArtAr-15 and ArtAr-37, combined scatterometric-
radiometric systems (CSRS) were used, worked under short range application modes (Fig.1). The CSRS set
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on the mobile buggy smoothly moved along a quarter circle shaped path of the measuring platform, from the
base (Fig.2) to the top (Fig.3). A drive mechanism of the buggy allows stop it at any point of the path along
the platform and perform measurements under any angle of incidence from the interval 0-80°. Detail
descriptions of used CSRS are presented in [3-6]. The principal advantages of these unique devices and the
whole measuring complex are the capability to perform, multi-frequency, spatio-temporally combined
angular and polarization measurements of water surface microwave, active-passive characteristics from the
distance ~6m, under the far field condition of sensing.

Fig.1 ArtAr-5.6, ArtAr-15 and ArtAr-37 CSRS set on Fig.2 ArtAr-5.6, ArtAr-15 and ArtAr-37 CSRS set on
the mobile buggy at the base of the measuring platform the mobile buggy at the top of the measuring platform

o, ¢
Fig. 3 An indoor calibration and measuring complex of sky, precipitation and ABB layer’s brightness temperatures

The experimental site equipped as well by external calibration facilities, built just near the measuring
platforms, including two moving test benches (layers): one of the Absolute Black Body (ABB) and another
of a metallic sheet (Fig.3). In the experimental site, an indoor calibration facility is available as well, for the
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systems external calibration purposes, by sky (Fig.4 ) and indoor ABB layer (Fig.5). Besides of calibration
needs this indoor measuring complex is acceptable for researches of clouds and precipitations microwave
features.

Except of the above mentioned external calibration facilities both systems have internal calibration input
modules, including two thermo stabilized, controlled microwave keys for each radiometric channel of any of
the system. In their switched off operational mode these keys are used as well as an internal calibration levels
for calibration of all measured data, including water surface, external calibration ABB layers, sky and
precipitation brightness temperatures.

3. The Results of M easurements

Before all series of measurements of pool water surface microwave reflective and emissive characteristics,
preliminary measurements of indoor ABB layer’s (Fig.3) and sky brightness temperatures (antenna
temperatures) were performed, under observation angles 10° and 30° from a nadir. After that, the CSRS was
set on the mobile buggy and measurements of smoothed (SWP), hand perturbed (HPWS) and rippled (RWS)
water surfaces were carried out at each angle of incidence from 80° to 0°. In Figs.1,2,4,5 the samples of such
surfaces are presented. The measurements were carried out at “v” and “h” polarizations for radiometric
observations and at “vv” and “vh” or “hh” and “hv” polarizations for scatterometric observations, under
various conditions of water t,, and air t, temperatures. During each series of measurement, at the beginning
and at the end of the series, an internal calibration noise signals of 18K (for both polarizations of Ku-, and
Ka-band systems) and 7.7K and 12K (for “h” and “v” polarization of C-band system, respectively) of level
were used for calibration of data obtained by radiometric channels of observation. For scatterometric
channels calibration, internal calibration signals of a level of ~10"'"W were used, estimated to the radar
receivers inputs. These calibration signals allow approximately estimate absolute values of water surface
radar backscattering coefficients and its brightness temperatures.

Multi-frequency and multi-polarization measurements of water surface microwave active and passive
characteristics were carried out by two ways. The first has included measurements at 9 fixed position of the
buggy, corresponding to the angle of incidence from 80° to 0°, by a step of 10°. The second way has included
uninterrupted measurements during a smooth movement of the buggy from the position corresponding to 80°
or 0° to the position corresponding to 0° or 80°.

During each series of measurements a calibration of radiometric data was performed by measurements of
horizontally positioned ABB test bench’s and metallic sheet’s reflective and emissive characteristics, at the
angle of incidence $~0°, to provide full coverage of the observed surfaces (ABB and metallic sheet) by
antenna footprint. The absolute values of water surface brightness temperature were estimated from internal
and external ABB layers’ brightness temperatures, defined as Tp= (273+ t,)y, where the ABB layers’
coefficient of emission y was taken equal to 0.97. The absolute values of water surface radar backscattering

coefficients were estimated as O'ij[dB_l=C+10'10g0(UW-CO&9/UC), where indices 7 ="v"or"A" and

Jj ="v"or" A" show transmitted and received radar signals polarizations, U/, and U are increments of

radar outputs of the system, corresponding to water surface and radar channel calibration signals, relatively
to the radar receiver’s noise (“0”) level, and C is a constant value, defined from antenna gain, beamwidths
in both planes, transmitter and calibration signals powers, and of the radius R~7m of the circle of the
measuring platform, through which the systems have moved.

Fig. 7 Hand Perturbed Water Surface Fig. 8 Rippled Water Surface Fig. 9 Rain Perturbed Water Surface
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Measured data of the absolute values of perturbed and smoothed pool water surfaces radar backscattering
coefficients at vv and hh polarizations and brightness temperatures at v and h polarizations allowed estimate
and research angular and polarization features of radar and radiothermal contrasts originated on the water
surface due to the changes of surface roughness parameters. Radar and radiothermal contrasts between

perturbed and smoothed water surfaces were defined as: Ao, [dB]=o0o,,,,(HPWS[dB]-o,,,,(SWS[dB]
and ATy, [K]=Tg,,(HPWS[K]-Tg,  (SWS)[K], respectively.

Since, the perturbations of pool water surface were made by hand (See Fig.3), due to the absence of
powerful fans for wind waves generation, the results of performed unique measurements have only
qualitative sense. Therefore, only, radar and radiothermal contrasts angular and polarization peculiarities will
be considered further.

In Fig.10-Fig.12 the curves of angular dependences of pool water surface radar and radiothermal contrasts
at 5.6GHz, 15GHz and 37GHz are presented, respectively. The curves of Fig.10 and Fig.11 correspond to
radar signals “vv” and “vh” and radiometric signals “v” and “h” polarizations. The curves of Fig.12
correspond to radar signals “vv” and radiometric signals “v” polarizations, only. Since, it was impossible to
change and to control surface perturbations, the radar contrasts’ angular dependences were built for angles of
incidence 0-32°, only. However, obtained angular dependences represented in Fig.10 - Fig.12 are in good
agreement with the theoretical results of [9,10].

An interesting situation has happened during one series of measurements. A very fast change in
atmospheric condition took place during that experiment. At the beginning of the experiment the sky was
clear. During several minutes, when the buggy has stopped at a position corresponding to the angle of
incidence 30°, a huge rain-cloud (cumulo-nimbus) has appeared on the scene, from a mountain, and very fast
passed the experimental site. Therefore, the cloud’s effect was recorded at the angles of incidence 30° and
20°, only. The measurements were not interrupted, and when the buggy stopped at a position corresponding
to the angle of incidence 20°, a cloudburst with hail has begun and continued about 10minutes. Rain-hail
drops have perturbed the pool water surface as shown in Fig.6. When the rain stopped and the water surface
has been smoothed, the measurements of hand perturbed water surface reflective and emissive characteristics
were continued for angles of incidence 20°, 10° and 0°. A light rain effect was recorded as well at the angle
of incidence 10°.

For a comparison, in Fig.10-Fig.12 rain and clouds influences on water surface microwave reflective and
emissive characteristics in a form of corresponding radar and radiothermal contrasts are presented. In
accordance with the measured data, radar backscattering coefficients of RPWS and HPWS or corresponding
radar contrasts are practically equal. The radiothermal contrast due to the rain perturbation of a water surface
(that is the difference between brightness temperatures of RPWS and SWS) is smaller, than a radiothermal

25
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Fig.10 Angular dependences of pool water surface radar and radiothermal contrasts at 5.6GHz
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Fig.12 Angular dependences of pool water surface radar and radiothermal contrasts at 37GHz

contrast defined as a difference between brightness temperatures of HPWS and SWS. It may be due to a
change of a specular component of reflection of cloud’s emission, only.

The results of Fig.10 - Fig.12 show, that the absolute values of radiothermal contrasts due to nimbuses at
frequencies 5.6GHz, 15GHz and 37GHz may reach the values 25K, 40K and 60K, respectively. Such
contributions in water surface brightness temperatures may be explained by specular reflections of a cloud’s
emission through water.

4. Conclusion

Thus, preliminary results of simultaneous and spatially coincident measurements of water surface microwave
reflective and emission characteristics at 5.6GHz, 15GHz and 37GHz under clear air, cloudy and rain
conditions have shown that combined radar-radiometer sensing is an actual and significant tool for
improvement existed reflective and radiative transfer models for the sea surface. As well as it is an effective
way for solution of problems applied to near sea surface wind and sea surface wave fields parameters precise
and unambiguous retrievals, for sea surface mapping, for detection and classification of sea surface and sub-
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surface signatures and targets. The paper shows as well the existed experimental site built for water surface,
snow, bare and vegetated soils microwave reflective and emissive characteristics simultaneous and spatially
coincident multi-frequency and multi-polarization measurements, under test-control, quasi-field conditions
and equipped by combined, short pulse, short range application combined scatterometric-radiometeric
systems of S, C, Ku, K and Ka-band of frequencies. As well as by facilities for microwave devices absolute
calibration, by a set of stations (spatially distributed) for in-situ control measurements of soil moisture and
temperature, as well as for precipitations (rain, snow), wind (speed and direction) and air (temperature)
characteristics sustainable monitoring and recording. The paper has an aim as well to attract attention of
interested researchers and to invite them to perform their own or joint researches using available devices and
facilities.
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In this paper the results of simultaneous and spatially coincident, multi-frequency (three-frequency), multi-
polarization measurements of bare and vegetated soils microwave reflective and emissive characteristics
angular dependences at 5.6GHz, 15GHz and 37GHz are presented. The measurements were carried out
under various conditions of observation, soil moistures, fire, smock and ash conditions, by C, Ku and Ka
band, polarimetric, combined scatterometric-radiometric systems.

1. Introduction

The main obstacle to achieve unambiguous and precise solution for inverse problems of the Earth (sea, land)
remote sensing is multi-parametric dependences of the observed surfaces radar backscattering coefficients
and brightness temperatures. To overcome these obstacles it is necessary to synergy data of multi-frequency
and multi-polarization measurements obtained by various means of sensing. In particular, spatio-temporally
combined, multi-polarization, multi-frequency active-passive measurements of observed surfaces reflective
and emissive characteristics are a sample of such a synergy. For precise and unambiguous solution of bare
and vegetated soils microwave remote sensing inverse problems it is necessary as well to improve reflective
and radiative transfer models for soil and vegetation. For this purpose it is necessary and very significant to
develop and to manufacture multi-frequency and multi-polarization complex of combined radar-radiometers,
suitable for short range remote sensing application and to perform field or quasi-field measurements under
controlled conditions. Such a task was solved in Armenia by ECOSERV Remote Observation Centre Co.
Ltd. (ECOSERV ROC) in co-operation with the Institute of Radiophysics and Electronics of Armenian
national Academy of sciences in the framework of the ISTC (International Science and Technology Center)
Projects A-872 and A-1524. As a result, C (~5.6GHz), Ku (~15GHz) and Ka (~37GHz) band muilti-
polarization, combined, short pulse scatterometer-radiometer systems for short range remote sensing
application (the minimum operational range of the systems' scatterometersis4m) were developed and tested
in field conditions. To perform angular measurements the ECOSERYV ROC huilt in its experimental site
corresponding measuring platforms and calibration facilities.

In this paper the results of simultaneous and spatialy coincident, multi-frequency (three frequency),
polarimetric, spatio-temporally collocated measurements of bare, dry vegetated and ash covered soils
microwave reflective (radar backscattering coefficient) and emissive (brightness temperature) characteristics
angular dependences at ~5.6GHz, ~15GHz and ~37GHz are presented. During these experiments the
observed area was set ablaze and multi-frequency, multi-polarization, microwave active and passive
measurements at 30° incidence angle were continued for smock, fire and ash situations.

2. Measuring Facilities and Used Microwave Devices

The measurements were carried out in Armenia, in ECOSERV ROC company’s experimental site, equipped
by two quarter circle shaped stationary measuring platforms of 7m of radius R, one built over the
experimental pool of sizes of 10m x 3m x 1.5m and another built over soil test area of sizes of 10m x 3m
(Fig.1). The experimental site is equipped as well by external calibration facilities, built just near the
measuring platforms, including two moving test benches (layers): one of the Absolute Black Body (ABB)
and another of a metallic sheet (Fig.1). In the experimental site, an indoor calibration facility is available as
well, for the systems external calibration purposes, by sky and indoor ABB layer (Fig.2). Besides of
calibration needs this indoor measuring complex is acceptable for researches of clouds and precipitations
microwave features.
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Fig. 2 AnIndoor Calibration and Measuring Complex

For these measurements C-, Ku-, and Ka-band, ArtAr-5.6, ArtAr-15 and ArtAr-37, combined scatterometric-
radiometric systems (CSRS) were used, all worked under short range application modes. All CSRS set on the
mobile buggy silky moved along a quarter circle shaped path of the measuring platform, from the base
(Fig.3) to the top (Fig.1). A drive mechanism of the buggy allows stop it at any point of the path along the
platform and perform measurements under any angle of incidence from the interval 0-80°. The principal
advantages of these unique devices and the whole measuring complex are the capability to perform multi-
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frequency, spatio-temporally combined, angular and polarization measurements of soil, snow, water ice and
water surface microwave, active-passive characteristics, under far field conditions of sensing. The main
technical characteristics of these systems are presented below, in the Table 1.

Table 1.
C - Band Ku - Band Ka - Band
Radar |Radiometricf Radar |Radiometric| Radar Radiometric

Channel | Channel | Channel | Channel Channel Channel
Centra frequency 56GHz | 5.6GHz |13.6GHz| 13.6GHz 37GHz 37GHz
Antenna Gain/ Parabolic| Antenna |Parabolic| Antenna Horn Antenna
Beamwidth / Sidelobes |~ 22dB /| 8°/ -18dB|~ 25dB /| 6.5°/-20dB| ~23dB/ | 9° /-18dB
A train of radar pulses, | 8 pulses, 8 pulses, 8 pulses,
duration of each pulse  |25ns each 25ns each 25ns each
Pulse repetition 1.6MHz 1.6MHz 1.6MHz
frequency within the train
Repetition frequency 1KHz 1KHz 1KHz
of thetrain
Pulse power 50-50mwW| 75-00mwW, 30mw
Polarization:
Transmission “v"or “h" “v"or “h" “v" or “h”
Reception: “w, “vh'|“v" and “h" [“vv, “vh"|“Vv" and “h"| “wv" or “v" or“h”

or or “hh” ,or*“vh”

113 hv’ [ hh!l [ hv, 113 hh” Or 13 hVH
Pre-detection bandwidth |~100MHZz ~500MHz [~100MHZz ~500MHz | ~100MHz | ~800MHz
Receiver’s sensitivity -30dB/W| ~0.1K [-30dB/W| ~0.15K |-126dB/W ~0.3K
Operational range 4 - 250m 4 - 250m 4 -50m
Dimensions/ weight 24 x 26 x|50cm*/12kg| 38 x 34 x|54cm’/25kg| 18 x 22x | 50cm®/ 7kg

3. The Results of M easurements

Before all series of measurements of soil and vegetation microwave reflective and emissive characteristics a
calibration of the measured data were performed by measuring of indoor and outdoor ABB layer's and sky
brightness temperatures. Simultaneously with scatterometric and radiometric measurements, a complete set
of ground truth data, including soil moisture, air, soil and water temperatures were also collocated and
recorded. Remote control of the CSRS, measured data recording and processing were performed by personal
computers set in the work laboratory built just near the platforms. The measurements of soil surface
microwave characteristics were carried out from 9 fixed positions of the buggy, corresponding to the angles
of incidence from 80° to 0°, by a step of 10°. During all series of measurements internal calibration noise
signals were used for radiometric channels calibration. For scatterometric channels calibration, internal
calibration signals of a level of ~10™W were used, estimated to the receivers inputs. These calibration
signals alow approximately estimate absolute values and changes of the observed surface radar
backscattering coefficients and brightness temperatures. At the inputs of al three devices there are thermo
stabilized microwave keys, which may switch off receivers inputs from antennas and work as input
matched loads for receivers. Since, the outputs of these matched loads might be used as starting points for
estimation of absolute values of brightness temperatures (antenna temperatures) of the observed surface,
during all series of measurements these keys switched off antennas for a few times for 15-20 seconds.

The absolute values of observed surface brightness (antenna) temperatures were estimated from the

following equation: Ty =T, — (U X —U %)/AU @ | where, T, = z-(273+t,) is a brightness
temperature of matched load, t, is a temperature of the matched load in centigrade, the coefficient of

emission the matched load » was taken equal to 0.99. U, U° and AU® are outputs of radiometers,

corresponding to the matched load, observed surface and the increment of the radiometric output’s due to
internal calibration noise signal switching, respectively.
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The absolute values of observed surface radar backscattering coefficients were estimated from the
following  equation: aij[dB]:C+1O-Ioglo(UijS -cosQ/UiJ?a'), where indices 7 ="v"or"A4" and

Jj ="v"or" p" show transmitted and received radar signals polarizations, UijS

system scatterometric outputs estimated from scatterometric receiver’ s noise (“zero”) level, corresponding to
soil surface and switched on radar channel calibration signal. C is a constant value, defined from antenna
gain, beamwidths in both planes, transmitter and calibration signals powers, and of the radius R~ 7m of the
circle of the measuring platform, through which the systems have moved. For ArtAr-5.6 and ArtAr-15
systems the constant C is about 2dB and 5dB, respectively.

Angular measurements were carried out for wet and dry soils covered by mature grass (Fig.3), dry sail
covered with dry, cut grass, and ash covered soil after extinguished fire. In Figs.4 — 6 pictures of measured
soil samples are presented.

and U™ are increments of the

Fig.5 Smock and fire covered soil

Fig. 3 The CSRS at 5.6GHz, 15GHz and 37 GHz set Fig.6 The soil covered by chilled (extinct) ash
on the mobile buggy at the bottom of the platform

In Figs. 7 and 8 simultaneously mesured at 5.6GHz and 15GHz data of soil surfaces (Figs. 4—6)
radar cross sections angular dependences are presented. In Figs. 9 and 10 simultaneously mesured at
5.6 GHz and 15 GHz data of soil surfaces (Figs. 4-6) brightness temperatures angular dependences
are presented.
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Fig.7 Radar cross section angular dependence at 15GHz
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Fig.8 Radar cross section angular dependence at 5.6GHz
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Fig.9 Brightnesstemperature angular dependence at 15GHz
1-Cutgrassat “v”,2- Cut grassat “h”, 3—Chilled ash at
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Fig.10 Brightness temperature angular dependence at 5.6Hz
1-Cutgrassat“v”,2- Cutgrassat “h”, 3—Chilled ash at
“v", 4 -Chilledash at “h”, Markers. 5 - Cut grass at “v”

(Green), 6 - Smock at “v” (Yellow), 7 - Fireat “vv” (Red), 8

- Smolder at “v” (Purple), 9- Hot ash at “v” (Black), 10 - Cut

grassat “h” (Green), 11 - Smock at “h” (Yellow), 12 - Fire
at “h” (Red), 13 - Smolder at “h” (Purple), 14 - Hot ash at
“h” (Black), 15— Clear sky at “v”, 16 — Clear sky at “h”
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4. Conclusion

Thus, preliminary results of simultaneous and spatially coincident measurements of soil and
vegetation microwave reflective and emission characteristics at 5.6GHz, 15GHz and 37GHz under
various conditions of observation, soil moistures, fire, smock and ash conditions have shown that
combined radar-radiometer sensing is an actual and significant tool for improvement existed reflective
and radiative transfer models for bare and vegetated soils. Aswell asit is an effective way for solution
of problems applied to soil moisture precise and unambiguous retrievals. The paper shows as well the
existed experimental site built for water surface, snow, bare and vegetated soils microwave reflective
and emissive characteristics simultaneous and spatially coincident multi-frequency and multi-
polarization measurements, under test-control, quasi-field conditions and equipped by combined, short
pulse, short range application combined scatterometric-radiometeric systems of S, C, Ku, K and Ka-
band of frequencies. As well as by facilities for microwave devices absolute calibration, by a set of
stations (spatially distributed) for in-situ control measurements of soil moisture and temperature, as
well as for precipitations (rain, snow), wind (speed and direction) and air (temperature) characteristics
sustainable monitoring and recording. The paper has an aim as well to attract attention of interested
researchers and to invite them to perform their own or joint researches using available devices and
facilities.

Acknowledgement

Authors express their gratitude to the International Science and Technology Center of Moscow
(ISTC), since the experimental site and combined scatterometric-radiometeric systems ArtAr-5.6.
ArtAr-12 and ArtAr-37 were developed and built due to the financial maintenance provided by ISTC
through the Projects A-872 and A-1524.

2 380
. [ L 4
L Oi,j -C, [dB] 340 F TBi 1 [K]
o L L TR P B NI L L | 300 : +
i} 20 40 60 80 L
\ A 260
-2 bl VA-\
V4 R\ 220
4 180
L \——\ 140 !
-6 [
_ \\ 100 T .
-8 i [ 4 .
| 20 LR SR (S T I T M L T |
10 L 0 20 40 60 g0
w-av h-ay —+«-—1ash —8—3
| hh-= v-ash — . 3 5 ® [ ’ 3 7 —_— 3
& i 8 + 9 + g + 12 + 13

Fig.9 Covered by dry, cut grass dry soil radar cross
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Section 3:
Microwave Antennas and Devices






ABTOMATHYECKHM KOMILJIEKC JIsl ONPeae/IeHUsl MapaMeTpoB
anTeHH quanazona KMMB meroxom miianapHoro
CKAHMPOBAHUSA B UX OJIMKHEM IOJIe

B.I'. ABeTucsu

Epesanckuti HUW Cpedcme Ceazu, Apmenus, Epesan 0015, yn. /[zopanu 26
Poccuticko-Apmsancxui (Cnassnckuil) Ynusepcumem, @puszuxo-mexnuieckuil
¢axynomem, Epesan 0051, yn. Oscena Imuna 123

[Ipennaraercst MOCTpOEHHE AaBTOMATHYECKOTO HM3MEPHUTEIBHOTO KOMIUIEKCA JJIsl  ONpEIeNICHUs
rapaMeTpoB aHTEHH JMaIa3oHa KOPOTKUX MHTMMETPoBbIX BoH (KMMB, f =60...3001 Ty ) no metony
IJIaHapHbIX l/I?:MepeHl/Iﬁ 6J'II/I)KH6FO KOMIIJIEKCHOT'O IOJIA UCIIBITYEMbIX aHTCHH. HpHBOHﬂTCﬂ peuICHusA IJid
MOCTPOCHHS COCTABHBIX CHCTEM KOMILIEKCAa — PaJUOU3MEPUTENIEHON, MEXaHUYECKOTO CKaHUPOBAHUS U
CHCTEMbl aBTOMAaTHYECKOTO yImpaBiieHHs. TpeOoBaHUs K OCHOBHBIM Y3J1aM CHCTEM COOTBETCTBYIOT
YPOBHIO COBPEMEHHON TEXHOJOTHMH. B pesynpTare BO3MOMKHO JOCTIKEHHE TOYHOCTEH H3MepeHHs
aMITIATYBI ¥ (ha3bl OJIMPKHETO OIS UCTIBITYeMbIX aHTeHH auana3zoHa KMBB, cpaBHUMBIX ¢ TOYHOCTSIMH
IpU MOJOOHBIX M3MEPEHUSX aHTEHH AMANa30Ha CAaHTHMETPOBBIX BOJH. KomIuiekc yHHMBepcasleH A
MPUMEHEHHUS B Pa3jM4YHbIX CHEKTPAJIbHBIX ywacTkax aunazoHa KMMB, uTo cyliecTBEHHO CHU3UT
3aTpaThl HA TECTUPOBAHUE AHTEHH.

1. BBegenue

[ToTpebHOCTh B yBennueHHH WHGOPMAIIMOHHOW €MKOCTH Pa3HOTO POAa PaTUOTEXHHYECKUX CHUCTEM, B
YBEIMYEHUH pa3pelieHns] W YMEHBIIeHWH TabapuTOB WX AHTEHHBIX YCTPOMCTB AWKTYET MOCTPOEHHE
aHaJIOroB Takux cucteM B auanazone KMMB. CnenctBuem 3T0ro sBisieTcsi HIEPEHOC TEXHUKU U3MEPEHHH U,
B YaCTHOCTH, aHTCHHBIX W3MEPEHHUI B ATOT AMAIa3oH. M3 CyIIecTBYIOMIMX METOAOB aHTCHHBIX W3MEPEHHN
BBIZICNIICTCS TIPOTPECCUPYIONIMI METOA M3MEpPeHUH 1Mo OMMKHEMY IO HCHbITyeMol aHTeHHBI (MA),
o0Jaaronuii MOTEHIUAIBLHO 0oJiee BBICOKOH TOUHOCTBIO OTPE/ICICHUs XapakTepucTuK VA 1o cpaBHEHUIO C
METOAaMH MO JaibHeMy moJro. Pa3paboTaHHble MomuduKauuu MeToAa mo OmmkHemy noiro WA
mpenctaBieHsl B [1-8]. OHM OCHOBaHBI Ha CKaHMPOBAaHWM 30HIAA IO OIPENENICHHOW TOBEPXHOCTH
(rumockocTh, chepa, MWIMHAP U T.A.) B OnmkHeM mojie MA u u3MepeHun JInOo aMIUIMTYAbl U a3kl 3TOTO
moJyiss, AuM00 TOJBKO aMIUIUTYIbL. [IpyU TONBKO-aMILIUTYAHBIX HM3MEPEHUSX BO3pacTaeT JIMOO BpeMs
mmepernii ([5, 6]), 1uO0 MMeeM CIOXHBIH aJrOpUTM MaTeMaTHYecKoW oO0pabOTKM Ui TONy4eHUs
KOHEUYHBIX PE3yJbTaTOB O BOCCTAHOBIICHHOM aajibHeM Tojie ([5-7]) Wiu mMeeM OrpaHMYEHHBIN TUara3oH
m3mepenuit (mo 20 nb [8]). Y3 Bcex momudukamuit CKOPOTEYHOCTHIO Tporiecca 00pabOTKH pe3yIhTaTOB
W3MEpPEeHH BBIIENSETCS, TaK Ha3bIBaeMbBI ceifyac, OOBIYHBIM METOH IUIaHapHBIX wu3MepeHuit. OH
OTIM4aeTcsl OOJBIION HAJNEeKHOCTHIO KOHEYHBIX PE3yJbTaTOB M ampoOHWpOBaH B TeUeHHE Oojee 4eM Tpex
necsTuneTid. MeTo HCIoib3yeT CKaHUPYEeMBIil TI0 TPAeKTOpUH “pacTp”’ eAUHCTBEHHBIN MPOOHBIN 30H/, a B
y3J1ax NPSIMOYTOJIbHON CETKH KOOPMHAT TNIOCKOCTH CKaHUPOBAHHS U3MEPSIOTCS KaK aMIUIUTY 1, Tak U (da3a
ommxaero nolist A, naMeperne KoTopor pe3Ko yCIOKHSAETCS ¢ MOBBIIIIEHHEM paboyeil 4aCTOTHI.

B pabote [9] mpenmcraBineHa peanu3amys TaKOTO METOJa AaBTOMATU3HUPOBAHHBIM H3MEPUTEIHHBIM
komiuiekcoM ansa MA puamazona mmud BoiH 0.5..0.61 MM (~ 550 I'Tm). B HeM HCXOOHBIM CHUTHAJIOM
sisiercst CBY curnan Ha wactore 5 I'Tu. OH mepenaercs oT CTallMOHApHOM ammaparypbl K Hecyllen
HETIOCPEIICTBEHHO 30HJ KapeTKe MOCPEnCTBOM MMoaBMKHON jauHUM nepenadn (I1JIIT). Ona mocTpoeHa Ha
BPAILAIOIINXCS COWIEHEHHUSIX OTPE3KOB KOaKCHaIbHOM nuHHH. CrienuanbHO pa3paboTaHHas KOHCTPYKITHS
takoir IIJII1 obecmeunBaeT BETUKOJEMHYIO CTaOMIBHOCTH MEpeAadd HCXOTHOTO IIOJIE3HOTO CHTrHaja
(¢pazoBas HectaGmibHOTH 0.07°). CurHan ke paGoueii gacToThl MA MONydaeTcss YaCTOTHBIM YMHOKCHHEM
ncxoanoro curaana B 100 pa3 ¢ moMoIsi0 YCTAaHOBICHHOTO Ha 3TON KapeTKe YMHOXHUTENS 4acTOTHl. 3aTeM
3TOT CUTHAI U3ITydaeTcss NpoOHBIM 30HAOM Ha npreMHyto UA.

Opnako, Takas peaiu3alus METoJa NPUBOAUT K Hem3OexHOMy 100-kpaTHOMY YMHOKEHHIO (ha30BBIX
YXOZ0B, BO3HHUKAIOMIMX TIPH TIepeAade HMCXOJHOTO CHTHAjJa, a BBIHY)KICHHAas YCTaHOBKA YMHOXKHTENS
4acTOTBl Ha IBWXKYILIECHCS KapeTKe He CIIOCOOCTBYET OOECTEUEeHHIO HAaJEKHOW M CTaOMIIBHON paboTHI
yMHOXuTeNs. OTMETUM, YTO PU U3MEPEHUAX TaKUM KomruiekcoM, A momkHa paboTaTh TOJNBKO B PEXKHUME
IpreMa, 9YTO HEMpHeMJIeMO NpPH OINpEeAeICHHH XapaKTEePUCTHK TepeAaroIlnX aHTEHHBIX CHCTEM C
HEB3aUMHBIMU 3JIEMEHTAMHU.
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B nanHOl paboTe mpemyaraercs IHOCTPOCHHUE BBICOKOTOYHOI'O aBTOMATHYECKOIO H3MEPUTEIHHOTO
KOMIUIEKca Ui aHTeHH auanazona KMMB, Takxke peann3yromniero oObIYHbIN METO/ IUTAaHAPHBIX U3MEPEHH.
Kommnekc obecneunBaeT HM3MEpeHHUs] Kak MepeAalolmnx, Tak W npueMHbIX WA. McXOmaHBIM MOJIE3HBIM
CHUTHAJIOM B KOMIUICKCE, B OTINYHE OT [9], ABIAETCS CUTHAN yke paboueii gactorel MA amamazona KMMB.
C TOukM 3peHUs pabOTHl KOMILJIEKCAa B pAa3IHWYHBIX CIEKTPANbHBIX YydacTkax naunazoHa KMMB o
yHHBepcaneH. biok-cxema kommiekca (pu padore A B pexxume nepenaun) u Onok-cxema GoOpMUpOBaHUS
OIIOPHOTO U MTOJIE3HOTO CUTHAIIOB NPUBEACHBI HUXKE.

|
Cucrema 00paGoOTKH H BBIAAYH |
AaHHBIX Cucrema

|

! |

| — USB ABTOMATHYECKOT 0|
| Mucruneit 6x00 | ynpaBJeHus

|

|
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6x00
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mpaexkmopusn

30H0a

Hnurepdeiic [« ”
IpobubIii .
W 30H1 KsasnonTuieckuii
Amnundazomerp HAINpaBJIeHHbIH
cuzHanbHble Henbityemas OTBETBHUTEb
6x0061 | AHTeHHA

CIIZH(L; N ‘v‘
amnaumyoHou g om
Mooyasuuu ATTenioatop uel'lolll(i: 2enepamopa
TenepaTopHbIii BEHTH.ICH 0nopHo20
o1 nepexoo k HanpAyceHus
S odnagmdmmmy + AOM
0 , 60110600y ~
ceepxpasmepHole AM"H"Ty}.]HbI“ ‘
60JIH06Q0bI MOayJasTop
CmayuoHapHole
< JIUHUA nepedaiu
CUCHATbHBLI NONe3H020 CUZHANA
861X00 N Cmauuonapran
onoprei AUHUA Nepedatu onopnbtil CUZHATIbHBLI
66100 ONOpHO20 CUZHANA 8bIX00 8bIX00
Puc.1. bnok-cxema aBTOMaTHYECKOr0 KOMILIEKCA Puc.2. bnok-cxema hopMHpOBaHUS OIIOPHOTO

M IIOJIC3HOI'O CUT'HAJIOB

Paouousmepumenvras cucmema (cM. puc. 1) comepkut reHepaTopHbIii O0mok, WA, mpoOHBIA 30H,
ammudaszomerp, uHTepdeiic, cTanvoHapHbIE JUHUU Ul NEPelayd ONOPHOTO U IOJIE3HOIO CUTHAJOB U
cMoHTHpoBaHHY10 Ha ckaHepe [IJIII mone3noro curnana. ITJIIT ocyuiecTBisieT ero mepenadyy Ha OTpE3Ke
«CKaHUPYEMBIH 30HJ - CTalMOHAapHas ammaparypay. Cucmema mexanuueckoeo CKAHUpPOBaHusi COCTOUT U3
MEXaHMUYECKOTO CKaHepa C IPUBOJOM JBI)KEHHSI MAacCUBHON X-KapeTKH, Ha KOTOPOW CMOHTHUPOBAH IPUBOJ
JIBUKEHUS JIETKOM Y-KapeTkH, HeCyllel HEeNmOCPEACTBEHHO CKaHUpYEMbIH 30HA. B cucreMy CkaHMpoBaHUSA
BXOST TaKXe CMOHTHUPOBAHHBIE Ha CKaHepe [Ba MeXaHM3Ma KOMIEeHcaluu u3MeHeHus mHbl [T
Cucmema asmomamuueckoeo ynpaenenus O00€CIEUUBACT YIPABICHHE IIPOLECCOM HU3MEPEHHH U HX
aBroMatuzanuio. Cucmema obpabomku u 8vi0auu OAHHLIX TIO U3MEPEHHBIM JaHHBIM O OJIDKHEM II0Jie,
MOCTYMAIOIIUX C BBIXOJA HHTepdeiica, BOCCTaHABIMBACT JalbHEE II0Jie W ONpeAessieT padoune
xapakTepuctuku HMA.

2. PaguonzmepuresbHas cucreMa
2.1. PaguoannapatypHas 4acThb

Curnan paboueii yactotel A (cM. puc. 2), reHepupyembliii reHepaTopom KMMB, npoxoaut yepe3 BEHTHIIb
U B KBa3MONTHYECKOM HalpaBICHHOM OTBETBHUTENE AEIUTCA Ha ABE YyacTH. OHAa 4acTh C ONMOPHOTO BHIXOJA
TCHEPAaTOPHOTO OJI0Ka HampaBisIeTCs] 4Yepe3 CTALMOHAPHYI0 JIMHUIO IIepeladyd OIOPHOTO CHTrHajda K
omopHOMY BXOxy amiumudazomerpa (ADPM) pamnoanmapaTypHON dYacTH cHUCTeMBI. Jlpyras e dYacTh
MIPOXOJUT uepe3 IeNOYKy BEHTWUJIeH W 3aTeM MOIYJIHpYyeTcsd MO aMIUIUTYJe, Ipeolpa3ysch B MOJE3HBIN
curHan. B pexxume npuema MA, OH ¢ CHTHaIBHOTO BBIXOJA TeHepaTopHOro Onoka nepenaercs depe3 [T k
u3nyyaroniemy Ha MA 3oHay u ¢ Beixoga A moctynaer Ha Apyroil curHanbHbii Bxong ADPM. B pexume
nepenadn WA, TONE3HBIH CUTHAJI C CHUTHAIBHOTO BBIXOJA T'EHEPATOPHOTrO OJIOKa IMepefaeTcs Ha BXOJ
n3nyyatomed A u ¢ Beixoga mpuemHoro 3oHga uepes IIJII1 ganmee HampaBisieTcsi Ha CHUTHANBHBIN BXOJX
A®M. Ynpapigomuii CUrHal aMILIUTy IHOTO Moayiasitopa nonaercss ot HY unu CBY reneparopa onopHoro
HanpsokeHust AOM. Pagnonsmepurensasie cuctemsl A caydaeB HU m CBY aMIUIMTYTHBIX MOAYJISIIAN
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npuBeneHsl B [10], roe mpoBemeH aHamu3 pabOTHI 3THX cucTeM. BrixomubiMu curHamamMu ADM sBisFoTCS
KBaJpaTypHbie /, ) KOMIIOHEHTHI TIOJIE3HOTO CUTHAJIA, TOCTYTAIONINE Ha CUTHAJIbHBIC BXOABI HHTEepdeiica.
[Nosichum HamOonee cymecTBEeHHbIE MOMEHTHI IPU MOCTPOCHUH MPEAJIOKEHHBIX PagiOU3MEPUTEIbHBIX
cucreM. {51 KOPPEKTHOTO IPOEKTHPOBAHMS TaKHUX CHCTEM HEOOXOOUMbI OIEHKH OCHOBHBIX HCXOIHBIX
napametpoB [11]. IlepBbiii mapamerp - MakcuManbHas Mojoca 4actoT AFg... TOJE3HOrO0 CHUTHAala,

OTIpe/IeTISIIoNIasl HauMEHBIIYI0 BO3MOXKHYIO IIYMOBYIO YacTOTHYIO IOJIOCY AF, CHCTEMBI 10 YCIIOBHIO
AF

nepenaun K ,, ydactka “MA — npoOHbIi 30H1” NPy pa3sIMYHBIX TOYKAX HAXOXKAEHUS 30HJA HA KPasX 30HBI

< AF, . OTHOCUTENbHO BTOPOTO IIapaMeTpa OTMETHM clefyiomee. 3HaueHus Kod(h¢uuueHra

max

max

CKaHUPOBaHUMA BOO6I.LIC—TO SIBJIAIOTCS pa3HbIMU. Hawubonsmias BCIIMYMHA KAP U3 3THUX 3HAYCHUU U

NpUHUMACTCA 3a BTOpOfI napameTp. OH 3aBHCHUT OT pasMEpoOB U TUIla I/IA, OT pasMCpPoOB U THIIA 30HAA U OT
Harnepea 3aaaHHOro JUHAMHYCCKOro AauarasoHa H3MepeHHﬁ 110 MOIITHOCTH Kd 5 o6ycnaBnHBa}0mero

max

OPOTSKCHHOCTL 30HBI CKaAHUPOBAHUA. C ):[pyl"Oﬁ CTOPOHKI, MTapaMeTp 4p B OCHOBHOM O6yCJ'IaBJ'II/IBaCT

MUHHMMANbHBIN NONE3HBIH curHan P . Ha Bxoge ADM, nmockonbKy ocnabieHne curHaina Ha yyactke “UA —

min
MpOOHBIN 30HA” HAMHOTO NMPEBOCXOAUT OCIAa0JIEHHUs Ha OPYTMX ydacTKax TpakTa ero mepexaud. B cBoro
odepenb, BemUuuHbl Py . U AFy  SBISAIOTCS  ONPENCISAIONMMU B OTHOLIEHHMM  CHTHAJI/LIyM
PaAMON3MEPUTENBHON CHCTEMBI, OT BEIMYMHBI KOTOPOI'O 3aBHCAT TOYHOCTH M3MEPEHHs M0 aMIUTUTYIE U
(haze. McxonHbie mapaMeTphl OIEHUBAIOTCS CIeIYIONIMMHA BhIpakeHussMu [11]

S
K}r’mx ~ P VAVP (1)
SAKd
Vmax
Smax = 5 (2)

rae: S, -TUIOMAab amepTypsl aHTeHHBL; S, =ab~0,8Ax0,4A=0,32)" -nnomans amnepTypsl 30HAA

(HpCHHOHaFaCTCH 30HJ B BUAC OTKPLITOI'O KOHIIA MPAMOYTOJBHOTO OJHOMOAOBOI'O BOJHOBOJAA, MIPUMCHCHHUC

KOTOpOTo Hambojee IeiecooO0pa3HO B IUAa30HE MIJUIMMETPOBBIX BOJH W B NPHUMBIKAIOMIEH K HEMY

06aCTH YacTOT CaHTHMETpoBOTo auamasona); v* =v,'vivivi'; v -xosddurment cormacosanus aHTeHHEBI

10 NOJIAPU3ALINY; v2A -k09(QQHUIMEHT COTIACOBAHMS AHTEHHBI MO MOIIHOCTH; v -KO3((MUIUEHT MHOIE3HOTO

NeHCTBUS  AHTEHHBI; v -KO>QOUIMEHT WCMONB30BAHMA —TUIOMANM  aHTeHHB; V' =v vivivy;

viP (i=1234)-1e e Ko3pDUIIMESHTHI, HO JUIS 30Ha; V,

max ~"MAKCHMalIbHasi CKOPOCTb CKAHMPOBAHMsS 30H]A,

& -ommOKa 1mo3uIMoHnpoBanus 3oH1a o ocsiMm X, Y . Tlpu usmepenusx UA ¢ amamerpamu D, < 10004,
V... <100 wmm/cek, vi'=~vi =vi>09, vi'>05, K,=3005, v] =v;=~v,>09, v;~08 [12] u
8~ A/100 umeem K 3™ >-100 nb, AF;, . <10 x['m.

B ciydae HY monyssiunu npon3BoanTCs ABOHHOE MpeoOpa3oBaHie YacTOTHI OJIE3HOr0 curHana. Bropas
npomexxytouynas yacrora (ITY4) paBHa wactore HU mMomynsuuu u MUHHManbHas LIymMoBas monoca AFy ...

max

AOM paBHa monoce AF;, cenektuBHbIX Yycunureneii Ha Bropor HY IIY, mnostomy umeem
AF, .. = AF, = AF

N min
CBUY [1Y o0ycnoBieH CTENeHbI0 BKIIaJa HIYMOBBIX KOMIOHEHT rerepoanHa KMMB B monocy mosie3Horo
CHUTHAJIa M COBOKYHHOCTHIO TpeboBanmii Ha CBY manomymsmme ycwiurenn (MIIY) mo mpoctore B
SKCIUTyaTalliy, MO IIyMOBBIM IapameTpaM (PKBMBaJEHTHas IIyMoBas Temneparypa meHee 50°K) m mo
o0ecreueHNI0 HeOOXOAUMBIX TepelaTOYHBIX XapaKTEPUCTHK (HECTaOMIBLHOCTD KO QHULIMEHTa IepeiadH 10
ammatyae menee |0.1 nb| a mo dase-|1°|). Y3komonocHsle (OTHOCHTEIbHAS MONOCA YaCTOT MeHee 5 %)

tpansuctopabie MUY pemmmerpoBoro (M) nmama3zona HawiIydmmM oO0pa3oM 00€CTIeUMBAIOT JATH
TpeGoBanus. [lpu BeimenpuBeaeHHbIX BennunHax CBY ITU mosxker Obite Fr >2 I'Tn [13]. C yuetom

~10 x['u, a wacrora HY monynsiuu cocrasisier 100...200 x['u. Beibop nepsoit

max

Mokaszarenedl COBpeMeHHbIX cmecuTeneld amanazona KMMB c¢ CBY IIY (okBuBaneHTHas HIymMoOBas
Temnepatypa okono 1000° K, motepu npeobpazoBarus okoo 10 1B), BHIIOMHEHHbIE [0 H3T0KEHHOH B [14]
METOJAMKE PAacUeThl TIOKA3bIBAIOT, YTO PaAHOANIIapaTypHas 4YaCTh CUCTEMBI MOXKET 00ECIIEUNTh MTOTPEIIHOCTH

usmepenns 1o ammutyne AA <1 1B u no ¢aseAq,, <6’. Ilpu 5TOM NOTepH B TpaKTe Nepegayuu

OJIE3HOTO cHrHaJa cocTarisiioT 10 nb; motepu B TMHHUM Tiepeadn OMOPHOTO curHana — 3 nb; koagduimeHt
yeunernss MIITY nomnesnoro curaana — 30 nb; kosddunuent ycunenus MILY onopuoro curnana — 20 ab;
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IIpH HAXOKIACHHUHU 30Ha Ha Kpasx 30HBI CKAHMPOBAHNS MHUHUMAJIBHOE OTHOIIIEHNE CHTHAN/IITYM Ha BBIXOJaxX
Y3KOMOJIOCHBIX OaaHCHBIX cMecuTeneit JIM nuamasona — 20 nb; moaapieHre moMex reTepoIUHHBIX BXOJA0B
OanmaHCHBIX cMmecutenel auanazoHoB KMMB u JIM — 20 nb, a Ha ux BBIXOJaX YpOBEHb 3THUX MoMex Ha 10
nb MeHbIIle ypOBHS ITyMa, MOCTYTMAOMIET0 C CHTHAIIBHOTO BXO0JIa CMECHTENE; MOCTaTOYHasI MOIIHOCTh Ha
CHUTHAJILHOM BBIXOJI€ KBA3MONTHYECKOTO HAMPABICHHOTO OTBETBHUTENS T€HEPATOPHOTO OyI0Ka okoiio 3 MBT;
JocraToyHass MomHocTh reHeparopa KMMB oxonmo 5 MBT; cnektpanpHas mnotHocTs AM  mrymoB
regepatopa KMMB Ha uactotax orcrpoek 6omee 200 kI — menee (—145 nb/I'm); oOpaTHble TmOTEpU
BEHTWJIBHOM HEMOYKH I 00ecTrieueHus] He0OX0IMMOTO TTO/IaBIICHHSI TAaPa3sUTHOTO CHTHANIA, OTPAKEHHOTO OT
MOAYJISATOpAa W TPOHHUKAIONIETO B OMOPHBIA Tpakt, — 60 ab; chmekrpaigpbHas IIOTHOCTE AM 1mIymMoB
rerepoauHa KMMB Ha gactorax otctpoek 6omnee 2 I'T'm — menee (—165 ab/I'm).

Panmnoanmaparypras gacts ¢ CBY Mmomymsanuel 1o CTpPYKType 3HAUMTEIRHO Tpomne Bapuanta ¢ HY

mic

moxynsuueii. Beibop CBU MU F/, kotopas B nanHOM ciyudae pasHa wactore CBY momymsuuu Fyp°,

00yCIIOBJIEH HAJIMYMEM COOTBETCTBYIOIIECTO aMIUIMTYIHOTO Momyssropa auanazona KMMB. Paseutue
TEXHOJIOTUW TIOJIYIPOBOJHUKOBBIX MPUOOPOB TO3BOJSET HAAEATHCS HAa HalW4due B OmmxkaiimeMm Oymyiiem
AMIUTUTYTHBIX MOIYJISITOPOB I Bcero amamazoHa KMMB ¢ CBY momymsiueit FAZ’iC >1 ITu. Bonbmen

mic

Fi, a 3HauuT u Fj’°, COOTBETCTBYET MEHBINMiII BKJIaJ LIyMOBBIX KOMIIOHEHT reHepatopa KMMB B

mic

I0JIoCy TNoJIe3HOTro curHana. OgHako, Mpu HEM3MEHHOW OTHOCUTENbHOHU nosoce MITY ¢ yBennuenneMm Fjp
yBENWYNBaeTCA aOCONMIOTHOE 3HAUYEHUE MIYMOBOU mosiockl AF, A®M, a 3HaYUT, ¥ MOUTHOCTH IIYMOBOTO
curnana. Beibupas F," =1..2 T'Tu moxuo obecnieunts AF, <10 MIm [10]. ITpu Tex ke BenuuMHax

D, <1000, K,=30 b u norepp B HepelalOLIUX JUHUAX, PacueT AAeT CIEAyIollee: CIEKTpalbHas

mwioTHOCTE AM 1mymoB reneparopa KMMB menee (—166 nb/I'r) npu gactorax orcrpoek 6oinee 1...2 MI'm;
oOpaTHBIC MOTEpU IEMOYKH BeHTHIeH Oosee 68 nb. [Ipu yMOMSHYTBIX BBIIIE MOTPEHIHOCTAX HU3MEPEHHUS

AA,,. <1 1B, Ag,, <6’ noctatounas curHaibHas MOIIHOCTh TeHeparopa KMMB Takoii cucremb

ma;

BO3pacTaeT U paBHa 3Bm u3-3a yBennueHHus AF, Ha TpH NOPSIKA.

3aMeTHM, YTO B paAMOAINapaTypHBIX 4acTsAX 00OHMX clydaeB MOIYJISILMU TPH Mepexone paboThl B
IpYroil CHeKTpanbHBI yuyacTok nuanazoHa KMMB morpebyercs 3aMeHa y3JI0B CHEKTPaTbHOTO y4acTKa
9TOr0 AMana3oHa COOTBETCTBYIOIIMMH y3JaMH Jpyroro ydacrtka. Ilpum stom CBY u nmocnenyroume 010ku
OCTaroTcs Hew3MeHHbIMH. YacToTHas HecTtaObuinbHOCTE TeHeparopoB KMMB B o0oux ciydasx

panuoanmnaparypHbIX yacTeil jo/kHa ObITh nopsaka Af/f ~5x107°, uro ans D, <10004 obecneunBaer
BHOCUMYIO (Da30BYIO ITOTPEIIHOCTD |A(p| <1°, 0OyClOBJEHHYI0 MHHHMAIbHOH HECKOMIEHCHPOBAHHOM

pasHocTeio Al D, /2 nnvH [ OMOPHOTO M CHTHAIBHOTO TPAKTOB NpH yciosuu /Al ~10...15 [10].
2.2. JIunum nepeaavyu OMOPHOIO U MOJIE3HOT0 CUTHAJIOB

OcobeHHOCTh JMHMN TIepeaadn omopHoro curHaia u [1JIII monme3Horo curHaiia COCTOUT B TOM, YTO OHH
UMEIOT KBAa3UONTUIECKUI XapaKTep U MOCTPOCHKI Ha OTPE3Kax CBEPXPa3MEPHBIX MOJBIX BOITHOBOOB [15].
Hpyras ocooennocts - I1JII1 cMOoHTHpOBaHA Ha CKaHEpPEe M COJCPIKUT JIBA BOJHOBOJHBIX TPOMOOHA ¢
MTOIBIKHBIMH  COWICHEHHSIMH TaKHUX BOIHOBOIHBIX OTpe3koB. KojeHa TpoMOOHOB mepeMemarTcs
[MOOYEepETHO H CHHXPOHHO (IIOCPENICTBOM  CHEIMANbHBIX MEXaHW3MOB KOMIICHCAIUM  CHCTEMBI
MEXaHMYEeCKOr0 CKaHHPOBAHUS) C MEPEMEIICHMSIMH 30HIa BIONbh oce X u Y. Ilpu 3TOoM mepemerieHus
KOJIEH TakoBbl, uTo reomerpuueckas mmHa [UJIIT ocraercs HemsmenHoil. B BomHOBomax oOewx JHHHN
repenad pa3MenieHsl GUIBTPHI TS TIOJABICHUS MAapa3UuTHBIX MOJA. BEIOOp KOHCTPYKIIMH (QHITETPOB 3aBHCHUT
OT THIIA CBEPXPa3MEPHOIO IOJIOT0 BOJTHOBOJA (METATUYECKUN WM METaJUIO-IUICKTPUICCKUN TOJIBIE
BOJIHOBOJIBI [16] - [18]) m oT Tuna ocHOBHOW paboueidi Monbl B HeM [15]. B MOABHIKHBIX COUICHEHHSIX
BOJIHOBOJIOB yCTAHOBJICHBI TIOTJIOTHTENH 3JEKTPOMArHUTHON SHeprun. OHH 00ECIeYrBaOT KPAHUPOBKY
I1JIT1, COOTBETCTBYIONIYIO BHOCUMOM BO3MOXKHO# (ha30BOii HeCTAGMILHOCTH MOJIE3HOTo curnana mexee 1”.
Ilpu pasmepax 25mmx25mm xBagpatHoro BosHoBoma IIJIII m paGore B 9acTOTHOW 0OJACTH BCETO
muarnazona KMMB oxunaembie B [1JII1 HecTaOMIIbHOCTH Tiepeady MO aMILIMTYAC U MO (pa3e COCTaBIISAIOT

COOTBETCTBEHHO MEHEe |0,505| u ‘70 , amotepu — MmeHee 305 [19].
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3. CucremMa MeXaHU4€CKOr0 CKAHUPOBAHMS

CoBpeMeHHbIC TEXHOJIOTHH M3TOTOBJICHUS Y3JIOB TOYHON MEXaHUKH IMO3BOJISIOT 00ECIEYHTh IMIIOCKOCTHOCTh
Az mnepeMeleHud U OTKIOHEHHS Ax,Ay OT NPSIMOJHMHEHMHOCTH NEpEeMEIIeHUss BIOJIb oced X U Y ¢

TOYHOCTBIO MeHee [Omxm Ha paccrosHusXx 1m0 2m [20]. Takum o6pa3oMmM, mpu TOYHOCTIX
ckanupoBanus Az ~ Ax ~ Ay < A/100 n f = 3001 Ty npOTSHKEHHOCTH 30HBI CKAHNPOBAHHMS MOTYT JIOCTUTATH

3naueHust 20004, a pasmepsl MA — 3nauenus 1350A. Illpu f =6011y OyneM HUMETb COOTBETCTBEHHO -

4004 n 2704 .

OCcoOeHHOCTH TTOCTPOEHUSI CUCTEMbI CKaHWPOBaHMUS TakoBHI. [lepBoe - MaccuBHas X-KapeTka, HeCyIas
Ha ce0e Y-kapeTKy W MeXaHW3M €€ TpHUBOJA, UMEeT cleAsmmii runponpuBon [19]. Ero mpumenenue
00yCIIOBIIEHO psJIoM TpeumyiecTB [21]. DTo HaneKHOCTh W JIOJTOBEYHOCTh B PabOTE COBPEMEHHBIX
THIPOIIPUBOJIOB, CIOCOOHBIX OOECIIEYNTh JIMHEHHBIC TEepPEeMEIIeHUsT OKOJO 2M; Mallas HHEPIHOHHOCThH
MOJIBIDKHEBIX Y3JIOB U Majasi 3aBUCUMOCTh CKOPOCTH BBIXOJHOTO 3B€HA OT HATrPY3KH HAa HEM; BO3MOXKHOCTh
IJIABHOTO YIIPABJICHUs MapamMeTpaMy ABM)KCHHs BBIXOJHOTO 3BEHA cleisiiero ruaponpuBoaa. Ilocnennee
MO3BOJISIET pEaNn30BaTh HAa HAYaJbHOM OTpe3Ke IIIaroBOTO TepeMemleHUs] X-KapeTKH IIOCTEIeHHOe
HapacTaHHle ee CKOPOCTH JIBM)KEHHUS C HYJIEBOTO 3HAYEHHS 0 HEKOTOPOTO MaKCHMAIIBHOTO, & Ha KOHEYHOM
OTpe3Ke — MOCTEIICHHOE TallIeHUe CKOPOCTH JI0 HYJIEBOI'O 3HA4YeHHs. Takoi MPUBOJ CHOCOOEH 00ECIeUnuTh
TOYHOCTBH IIATOBBIX MOBTOPSIOLIMXCS NepeMelieHni X-kapeTku nopsaka 0,01vm.

Bropoe — gBa ymOMSHYTBIX MeEXaHM3Ma KOMIICHCAIlMH, OCYIIECTBIIONINE HEW3MEHHOCTh
reomerpudeckoit aunel [1JII1, cMOHTHpOBaHBI Ha CKaHEpe U MOCTPOCHHI Ha nantorpadax [15]. Oxunaemas
TOYHOCTh KOMIIeHcauuu u3MeHeHus IuHbl [UJII1 npu nmpoTsHKEeHHOCTSX 30H CKaHHPOBAHUS OKOJO 2M 1O
ocsaM X u Y cocTaBisieT OKOJIo 10 um .

4. CuctemMa aBTOMaTHY€CKOI0 YNIpaBJeHHUs

OcHOBHBIC Y3JIBI U paboTa CHCTEMBI aBTOMAaTHYECKOTO ympaBiieHUs omucansl B [19], [22]. OcobeHHOCTRIO
MIOCTPOCHUS ATOW CUCTEMBI SBJISICTCS UCIIOJIB30BAHIE KOMITAKTHOTO ()OTOAATYMKA HOBOTO THIA JUIsl TOYHOTO
Y-nosunmonupoBanus 30HAa. POTOMATINK UMEET IUCK C MIENEBOW MEPUOANYECKON CTPYKTYPOH M IITOK,
KOTOPBIA OCYIIECTBIISIET TOCTYTMATENbHOE TepeMeIleHre BIOJIh pajiyca I¥cKa HpW ero BpameHuu. B
q)OTOHaT‘-II/IKe HNCXOOHBIEC HUMITYJbChI BBIpa6aTLIBaIOC$I C IMoOMOWLIbIO JBYX CBCTOAMOJ0B, HCIIOJABUIKXHOTO H
noaBmwxkHOro. IlocTymarenbHoe Y-miepeMeleHre CKaHupyeMOro 30HJ/a, BpAleHHE JMCKa W MEepeMEIICHUe
IITOKa CHHXPOHWU3UPOBAHBI TMPOCTHIM MEXaHW3MOM C JBYMS 3BEHbIMH. B TepBOM 3BEHE MeXaHW3Ma
CHUHXPOHHM3AI[UH MPEAYCMOTPEHbl y4eT ero Jo@ra ¥ KOHEYHOCTH UIMPHHBI WIeNeH IepHOAnYecKOi
CTPYKTYpPBl TIyTEM pETryJUPOBKM HA4adbHOW 3aJCpPKKM BpallleHUs JIMCKA OTHOCUTEIBHO Hadvala
IepeMelieHns 30H/1a NPU peBepce HampaBlieHHs Y-mBrkeHus 30H1a. [lyTeMm ke 3aMeHBI IIKUBOB B 3TOM
3BeHe oOecreunBaeTcsl MIMPOKWH [Waa3oH BBIOOpa 3HAUYEHUH MHWHUMAIBHOTO IIara IUCKPETH3alHud
u3MepeHuid (0T JoJed MM IO HECKOIBKHX MM), YTO CIIOCOOCTBYET YHUBEPCAIBHOCTH YCTPOMCTBA LIS
paboTel B pasmUYHBIX yyacTkax jaumanazoHa KMMB. doromatumk W MexaHW3M CHHXPOHH3AIHH
CMOHTHUPOBaHbl Ha X-KapeTke W pa3MelleHbl BHE 30HbI M3MepeHuid. s X-1o3uIMOHUpPOBaHUS 30H[A
CITY’KUT Ja3epHBII HHTEPPEPOMETPHUUECKHUIA JaTUHK.

B snekTpudeckoi cxemMe CHUCTeMbI, IIOCTPOCHHON C NMPUMEHEHHEM JIOTHYECKUX AJIEMEHTOB, HA OCHOBE
HCXOIHBIX UMITYIECOB (POTOATUMKA W JIA3€pHOTO JMaTdhKa, (OPMUPYIOTCS HMITYJIBCHl yIpaBieHus. Mvu
ympaBisieTcs padoTa CKaHepa U aBTOMAaTU3alHs JUCKPETHBIX OTCUETOB U3MepsieMoro OmkHero noist UA. B
CXeMe TMPEeAyCMOTPEHA 3JICKTPOHHAs YCTAHOBKA TMIOJIOKGHUS M TPOTSDKEHHOCTH JIOCTATOYHOW 30HBI
CKaHUPOBAHUS 10 OCH Y, KOTOpBIE OMPEAETSIOTCS A Kax a0l KOHKpeTHoi WA 1o ee TeCTHMpPOBaHUs, YTO
COKOHOMHT BpeMs M3MEpPEHH. DIIEKTPOHHAS yCTaHOBKA Pean3yeTcs 3alaHueM TIPOTPAaMMHO-YITPABIISEMBIX
OMOPHBIX HANPSKCHUH KOMIIAPATOPOB B KaHAJIAX 3JCKTPUYCCKOW CXEMbI ISl MPSAMOr0 W OOpaTHOTo
IBUOKEeHUH Y-kapetku. [Ipu 3TOM 3amaHue ONOPHBIX HANPSHKEHUH MPOU3BOIAUTCS C YYSTOM JFO(Ta BTOPOTO
3BeHA MEXaHN3Ma CHHXPOHHU3AIINH.

B pesynbrate ymnoMSHYTBIX PELIEHUHA HCKIIOYAETCS 3aBUCUMOCTH Y-TO3UIIMOHUPOBAHUSA 30HJA OT
CKOPOCTH €ro JBIMXKCHHUS BJIOJIb OCH Y, YTO MPHUBOJUT K HEHAJOOHOCTH YIPABICHHUS CKOPOCTHIO Y-
MepeMenIeHns 30Ha U K YIPOIIEHHIO CHCTEMBI aBTOMATHYECKOTO YIIPABJICHHUS IO CPABHEHUIO C TIOJOOHBIMU
CHUCTEMaMH B KOMILIEKCax-poboTax M TectupoBanus A mo ommxHemy moro [4]. [Ipu aToM peam3yroTcs
JOMYCTUMBbIC OLIMOKH MO3UIIMOHUPOBAHHUS 30H1a 8, % 0, < A/100 nns Beex yactor auanazona KMMB.
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5. BbIBOJbI

[Ipennaraemoe moCTpOEHHE aBTOMATUYECKOTO M3MEPHUTENBHOIO KOMILIEKCA W MPHUBEIEHHBIE TEXHUYECKHE
pELICHUs A PEeaM3alUd €ro COCTAaBHBIX CHCTEM IO3BOJIIT MPOU3BOAUTH BBHICOKOTOYHOE, CPABHUTEIHHO
KpaTKoe 110 BpeMEHHU U HaJie)kHOoe TecTupoBanue MA nuanazona KMMB npu mo6om pesxxume pabotel A, a
MIPU COOTBETCTBYIOLIMX OIPAaHMYCHHBIX 3aMEHAX HEKOTOPBIX Y3JIOB CHCTEM O0OECIeYMBAETCs] BO3MOXKHOCTh
HU3MEPEeHHH B JIIOOOM CIEKTPaJbHOM YYacTKe OTMEUEHHOTO JAuamasoHa. B pesynpTare mnosBisercs
BO3MOKHOCTh CYIIECTBEHHOI'O CHMKEHHUS 3aTpaT Ha TECTUpOBaHUE aHTeHH nuanazoHa KMMB.
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Coaxial Microwave Radial Power Combiner/Divider

A. Hakhoumian, N. Poghosyan, T. Poghosyan, A. Gasparyan
Institute of Radiophysics and Electronics, Alikhanian Brothers str. 1, 0203 Ashtarak, Armenia

An X-Band radial power combiner/divider and non-conventional coaxial line matching system has been
proposed and realized. The full design steps and methods of this matching system were developed. The
length of the designed matching section is three times smaller than those of conventional quarter wave
coaxial lines transformers and transformers of continuously changing inner and outer diameters of
coaxial lines which provide impractical lengths of matching section.

1. Introduction

With growing interest in high power solid-state sources for several applications such as radar transmitter,
particle accelerator, UWB system [1] design of high power amplifier (HPA) has received enormous
attention. The most promising method to design HPA is combining output powers from a sufficient number
of comparable low power solid-state amplifiers. As a result the HPA characteristics are dependent on that
power combiner/divider. That’s why development of high efficient combiners to sum output significant
number of amplifiers is in focus. The commonly used the tree type structures based on quadrature hybrids
or Wilkinson dividers have simpler design, but they have disadvantage of using multitude of transmission
line segments , which provide add losses increasing with increase of number of summing amplifiers (N).
The radial structures of the power combiner/divider due to symmetry of the circuit provide good port-to-port
isolations, low losses and structural redundancy [2, 3]. Unlike corporate combining structures, radial
structure permits placement of a large number of ports very close to central feed port, thus minimizing
combining path and losses. A careful optimization of physical structure is essential over desired bandwidth.
In this paper the result of X-band HPA design based on coaxial radial type combiner are presented.

2. Combiner structure

The designed HPA consist from 16 identical micro-strip PA which via micro-strip-to-coax 50Q adapter
are directly connected to receiving coaxial line main port as a load Fig.1.

port i ’ “:I port 1
1 port N port 2

d
t i
g_[> iy
=
E port 3
port 4

main port

1

hl?ﬂ\bﬁ

Fig. 1 structure of divider

The corresponding impedances and dimensions of coaxial lines can be determined from [4]
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1
Zy=60—=In—-=, Z,=60—=In—>, Z, =—F% 1
N \/Z d M \/E D, My (1
D, >lNdo, D, >lNd,. (2)
r 7

As it follow from (1) and (2) Zy,= 3.1Q and (Zy= 50Q, N = 16) D;, D,~ Nd, therefore combiner design
meet the serious problem to match receiving coaxial line, having extra low impedance and big inner and
outer diameters, with the standard 50Q output coaxial line Fig.2.

— % 2

—/—

standard 502
output coaxial

main port

I

In order to match circuits with high ratio of own impedances both conventional methods using
M4 coaxial lines transformers and continuously changing inner and outer diameters of coaxial lines
provide to unavailable lengths of matching section. Alternative promising method allow
significantly reduce the length of matching transformer was purposed by Bramham and Regier [5,
6] presented that matching can be done by connecting lines with appropriate impedances (Z;, Z»,
Z3, 24, ..., Zy) and lengths (L, Lo, L3, Ly, ..., Ly). Lengths of matching lines are about A/12 (Fig.3).

Fig. 2

.

VA 7 2> Zm

Li L

Fig. 3

For two - section matching system Z,, Z, are

Z,,Z,<Z and Z;,Z,>Z, 3)
In differ from conventional transformers in this type of matching system impedance changing have alternated
behavior. Take in account high ratio of Zs to Zy and big difference between input and output coaxial lines
diameters the 12-sectional series matching system to minimize |S;;| was choused and corresponding
impedance distribution was found. Because impedance of coaxial line depends on ratio of outer and inner
diameters but not from their absolute values there are infinity set of coaxial matching sections. To solve this
problem we have placed boundary condition that inner and outer diameters of matching system sections step
by step changes from those for input and output coaxial lines. But change of diameters in coaxial lines brings
another problems caused by coaxial lines discontinuities.
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It was shown [7] that effects from such discontinuities may be calculated from an equivalent
circuit in which the local waves excited at the change in section are accounted for by a lumped
discontinuity admittance shunted between lines at the junction Fig.4.

A4 ’
—— -

I S

—

Y1) Yor)  Y(rrn) Y1)

a b

Fig. 4 Equivalent circuits of coaxial line discontinuity

Discontinuity admittance Y4 can be calculated for a (Sudden Change in Diameter of Inner Cylinder) and b
(Sudden Change in Diameter of Outer Cylinder) as follow:

2 nwe 24, (k
Yd — J 4T 22 0 (znrz) - (4)
(1 I’éj n Knkn{[knréAl(kn’%)] _[knrlAl(knrl)]}
ni
h
2nwe 24,7 (k
APRLS) o) 2 ®
(1 sz n Knkn{[kn}%Al(knré)] _[knrlAl(knrl)]}
ni
h

The Ay(k,r) and 4;(k,r) (r = r}, ¥, ;) can be calculated from
Akr)=J,(k,)+G,N,(k,r), Ak,r)=J (k,r)+G N, (k,r) (6)
Where J, and N, are p-th order Bessel functions of the first and second kinds accordingly and

G —— JO(knrl) - _ JO(knr?a) (7)
! NO(knrl) NO(knr'}»)

Wave number £, calculated from transcendental equations

"]0 (knrl)NO (knr3) _JO(knr3)N0 (knrl) = 0 (8)
and K, from
2
2
K = [1-| — 9
- g

Using discontinuity admittance Y4 and impedance distribution defined above the series matching system can
be designed completely. Design process consist in estimation of overall ABCD matrix (10) by multiplication
of accordance ABCD,' matrix for regular parts of transformer (11) and coaxial line discontinuity ABCDy,"
(12).

ABCD = 4 B —IM[ABCDI' (10)
lc p|
coshyL!  jZ'sinh L

ABCD,, =| jsinh '
Zi

,~ i=2,4,6...N (11)
cosh )L
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=— 10
r== (10)
I 0
ABCD,, =| i=1,3,5... N+l (12)
Ya Y, 1
Resulted ABCD matrix is a function from inner and outer radii and steps lengths
ABCD = f(r,',1,,/ L) (13)

Passing on to S matrix [4] and assign S;; minimum at central frequency, the overall length, steps number and
operating bandwidth desired transformer can be found using computational method Matlab and optimization
procedure [8]. Cross section of 12 step matching transformer is presented on Fig.5.

.y0p
12

Fig. 5 Cross section of 12 step matching transformer

3. Design of X-band HPA

On base of coaxial combiner described above the HPA with output power 140W operating in frequency 8.5-
9.5 GHz was designed. The designed transformer was tested using Ansoft HFSS. Each input port amplifier
using (FLM 1596) FET transistor provides 10 W output power therefore N = 16 input ports was needed. The
designed combiner and measured |S;;| of output port are presented in Fig.6 and Fig.7 accordingly. The length
of designed matching section is L=3cm or L= A which three times smaller compared same condition
conventional quarter waves transformer. Insertion loss of combiner is less than 0.5dB.

Fig. 6 X-Band 16 port combiner
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Fig. 7 |Sy| of divider

4. Conclusion

An X-Band radial type 16-way coaxial power combiner / divider has been proposed and realized. The design
method of non-conventional coaxial matching circuits was developed. The length of the designed matching
section is three times smaller than those of conventional quarter wave transformer. On base of proposed
combiner X-Band HPA with output power 140W in CW mode was assembled.
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Article is devoted to modelling of optical scheme of Antenna and to make a modern software package for
calculation of its electrical parameters. Implemented software creates profiles of primary mirror and
subreflector. It also visualizes geometrooptical model of electromagnetic processes in the aperture of
Antenna.  Software package provides an opportunity to make analyses and realize variations on different
schemes of Spherical Double Reflector Antennas. Based on these results we are able to estimate, analyze
and select the optimal scheme for Antenna. Software allows both estimation of efficiency of existing
system and realizing calculation of electrical parameters of antenna. Using the results of software we have
derived several dependencies between various parameters of antenna which allow us to evaluate the

efficiency of antenna’ s different optical schemes.
1. Introduction

1.1 Goals of Software Package

The general requirements for implemented software package were that it should provide possibility to
estimate and cal cul ate dependencies between parameters of antenna and its scheme. The idea was to consider
different cases for different schemes of antenna and at the end derive corresponding dependencies which will
alow to define an optimal scheme for double reflector spherical antenna.

In contrast from other mirrors like parabolic or cylindrical mirrors, spherical mirrors gather reflected field
not in point or line, but in focal region. The detection of coordinates of focal region is one of the goals of
prepared software package. It is important to place the secondary mirror in a way in which it would not
intersect the caustic curve. In the case when profile of mirror isintersecting the focal region, valuable part of
radiation is reflected by backside of secondary mirror, which is meaningless |oss of power of thefield.
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Figure 1. Geometrooptical scheme

1.2 Softwar e Structure

Another goa of software package is to
provide a possibility to dynamically change the
coordinates of secondary mirror. Based on the
results of experiments like that, it will be
possible to figure out dependences between
focus of secondary mirror and its coordinates.
Also program should have feature to change
dynamically shape of secondary mirror. This
feature will provide possibility to create
dependency between shape of mirror and
effective surface, also between shape of mirror
and coordinates of focus point.

1. Subreflector, 2. Primary Mirror,
3. Caustic's curve, 4. Focus Point (feed should be placed as close
toit asitis possible)

The software package is composed from two parts. First part isimplemented in Java programming language.
The second is created using MatL ab. First part of program composed from following sections:

1. Calculation of profiles of mirrors

2. Visualization of electromagnetic field in aperture of antenna
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3. Calculation of Sizes of focal region
4. Analyses and creation of dependences

The last part, is somehow finalizing the purpose of thesis. That section shows how parameters of antenna
behave in different positions and shapes of secondary part. Especially are considered cases where top
coordinates, aperture and focus point of secondary mirror are different.
Second part of packageisimplemented in MatL ab and has following functionality:
1. Calculation of Pattern of feed in E and H surfaces
2. Calculation of amplitude distribution in aperture of antenna
3. Calculation of Pattern of whole antenna

This part also has user interface so calculation may be done using different input parameters like working
frequency of antenna or length of receiving or radiating wave.

2. Dependencies
2.1 Derived Dependencies
The result of our research shows that there are some dependence between shape and place of secondary

mirror and between other parameters of antennas. Table 1 shows exactly which dependences are considered
in thesis work.

Table 1. Dependences considered

N Reflector’ s parameters Antenna parameters
Subreflector shape  (Aperture | Focus (x,y coordinates)
1 an Height)
Top  coordinate  of | Percentage of efficiency of usage of
2 reflector caustic curve.
3 Focus Position Surface Efficiency
. Aperture <> Height Height<->Aperture

Let’s clarify why these dependences exist and why they are important for parameters of antenna.

1. The spherical front of wave will gather in different positions in dependence from shape of subreflector.
So changing the position of primary mirror is resulted into change of position of focus. From Fig. 2 we
can conclude the following tendency. By enlarging the height of mirror we making focus position closer
to the reflector. We have the opposite tendency when we are enlarging the width of mirror. In that case
focus point is moving away from reflector. Using Fig. 2 we can select an optimal place of feed, because
knowing the height and width of mirror we are able to define the focus.

2. Another important issue is that if we will place the reflector very closely to the primary mirror, it may
intersect with curve of caustic. During this kind of intersections the valuable radiation may be reflected
from back side of secondary mirror and lost. So another issue is to figure out this dependency. The
results of experiments are provided in Fig. 3. Having this dependency in our arsenal we can define the
best position for reflector. By saying the best we mean the location of reflector, in which it can gather the
highest percentage of radiation. So in focus point, the power of signal should be the highest. The optimal
distance between primary mirror and subreflector could be defined from Fig.3.

3. We aso consider another combination of dependencies which can provide possibility to make reverse
engineering. These dependencies are between, width and height of reflector, and between focus and
Surface Efficiency .One of these functional dependenciesis shown in Figure 4.
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Figure 3. The optimal distance between primary mirror and subreflector

All Graphs and charts that are presented are composed by combining different replications of different

experiments. Beside these kinds of graphs we also have possibility to consider results of each experiment
separately. Inthe Fig. 5it is presented the surface efficiency after different experiments.
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3. Conclusion

Derived dependencies between various parameters of antenna alow us to evaluate the efficiency of
antenna s scheme. According to the data that we have figured out we can define an optimal place and shape
for reflector. It will also be possible to realize a reverse engineering: for example having one of the
parameters of reflector like its height we can define its width. So let’s consider more explicitly what results
do we have.

1. Using the dependencies that we have derived, we can select an optimal place of radiator, because

knowing the height and width of mirror we are able to define the focus.

2. Theoptimal distance between primary mirror and reflector could be defined from results of software.

3. Anoptimal location for reflector could be found.
4

. Software package allows realizing reverse engineering. Having one of above mentioned parameters others
can be calculated.
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So in conclusion we can say that atool has been created for searching and finding optimal parameters for
creation of double reflector spherical antennas.
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Mutual Coupling Reduction in Fractal Patch Antenna Based Phase Array

A. Hakhoumian, N. Pogosyan, A. Gasparyan, A. Kuzanyan
Institute of Radiophysics and Electronics NAS RA, Ashtarak, Armenia

In this paper microstrip patches with fractal geometry are proposed to use in array antennas instead of
rectangular ones to reduce mutua coupling between elements of array. The use of fractal geometries has
significantly impacted many areas of science and engineering; one of which is antenna design. Parameters
for different polarization and the effect of fraction on mutual coupling of fractal patches are studied.
Simulations and experimental results show that the resulting array antenna has reduced mutual coupling
effect compared to patch array.

Introduction
Advance antenna attributes for both military and commercia sectors are

1. Compact size

2. Low profile

3. Scanning beam

4. Low cost

Antennas that satisfy these objectives are microstrip (especially microstrip patch) arrays. Microstrip array
antennas [1-5] are widely used in phased array antenna applications such as pattern beam forming, and
electronic scanning radars because of their simple manufacturing, small size, light weight and low cost. The
design of array antenna with scanning beam starts with designing a single antenna element and then the
whole array. But the mutual coupling effect
between array elements (Fig.1) is significant and
can't be avoided because large errors in beam
forming and null string will appear [6, 7]. In [8-
10] several methods have been reported such as
change of feeding point position, structure and
patch geometry. For example, concave rectangular
patches are proposed to decrease mutual coupling
effect.

In this paper we propose use of microstrip , ,
patches with fractal geometry to reduce mutual Fig.1 Mutual coupling between the elements of array
coupling. Furthermore, patch parameters and the
effect of fraction on mutual coupling for different polarization of fractal patches have been studied and
compared to results of mutual coupling for microstrip patch antenna arrays. Fractal and patch antenna arrays
have been ssimulated by FEM modeling for various distances between antenna elements. Simulation and
experimental results show that mutual coupling for the resulting array antennais weaker.

Effect of mutual coupling in microstrip phased array antenna

When two antennas (or array elements) are widely separated, the energy coupled between them can be
neglected. The influence of one element on the pattern and current excitation of other one is very small.
When antennas are brought closer the coupling effect increases. The magnitude of coupling depends on the
distance between array elements, their patterns, and the vicinity structure of the elements [11]. When many
elements are placed together in one array, the effect of coupling is significant and the pattern and impedance
of array elements are drastically changed. Large arrays with wide beam can exhibit scanning blindness.
When a phased array scans, the input reflection coefficient of every element at certain angles rapidly
increasesto 1. The array fails radiation and forms a pattern null.

Mutual coupling causes change of the scanning impedance, which leads to scanning blindness, which is
hard to predict accurately except where array structure supports a surface wave. The most natural method to
decrease mutual coupling effect is to increase the distance between elements, which will also increase the
gain of the system. But this method will increase the whole system size making it impractical and also, when
the distance become larger than the wavelength, it leads to grating lobes in the pattern. The farther we move
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elements from each other, the closer become grating lobes, and after each wavelength of distance one more
lobe occurs in each side of pattern.
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Fig.2 Demonstrate of Fractal and Patch Stracture Size

Proposed method, fractal geometry

We propose to use fractal (1% iteration of Minkowski pattern) antennas instead of rectangular patches (0"
iteration of Minkowski pattern). Fractals are complex geometric designs that repeat themselves, or their
statistical properties on different scales (are self-similar). Fractals, because of their self-similar property, are
natural systems where this complexity provides the desired antenna properties. Fractal structures have been
applied to various fields, such as antenna and el ectromagnetic bandgap structure design.

Structures of the array antennas

In our research each antenna array structure consists of two elements (Fig.2). Each element is made of two
conductive and one dielectric layers. The lower conductive layer is aluminum ground plane. Cooper patch (or
fractal) patterns are placed on the top. The dielectric relative permittivity ¢ is equal to 2.2.

S11 (€8]

T o e e % 66 62 58 54 5 46 a2 38 34 3
X ¢ (mm)

3% —L == = 3
28 285 29 295 3
Fraquaney (GHz)

Fig.3 Reflection coefficient (S;1) dependence on Fig.4 Reflection coefficient minimum (min(S.y))
coaxial feeding point position (x;). dependence on coaxial feeding point position (x;).
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Reflection coefficient and radiation pattern of single fractal antenna

It is observed that fractal antenna parameters depend on feeding point position. All this experiments and

simulations have been done on 3GHz. Here the
dependence of reflection coefficient on feeding point (x)
vertical moveis presented (Fig.3 and Fig.4).

It can be seen that the operating frequency varies
depending on feeding point location. The reflection
coefficient varies as well. The dependence curve is
presented. The effect of patch geometry fraction on
reflection coefficients dependence on x; (feeding point
distance from center of fractal) and radiation pattern are
studied (Fig.5). For the optimal feeding point location the
gain in two planes is presented. Comparing to patch
antenna (on the same frequency) the gain is decreased by
2 dB.

Mutual coupling comparison for patch and fractal
results

We have studied mutual coupling effect for fractal and
patch array antennas structures (Fig.2) for two types of
feeding techniques — horizontal (ports 1 and 3) and
vertical (ports 2 and 4). It is known that mutual coupling
effect is stronger for paralel feeding type. Corresponding
curves for reflection coefficients are presented (Fig.6-
Fig.9). It can be seen that for fractal pair we get the
reflection coefficient 2-5dB less than for rectangular
patches.
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Fig.6 Reflection coefficient (S13) of fractal depending
on distance d
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Conclusion

This paper proposes a new method for mutual coupling reduction in array of microstrip antennas by using
fractal structures instead of ordinary rectangular patches. Also, an optimal feeding point position has been
found by employing simulation techniques. The main advantage of proposed method is that it not only
reduces mutual coupling but also decreases linear sizes of patch antennas.
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Radar Cross-Section Near -Field M easur ements

M. Ivanyan®, N. Khachatryan®, E. Tagvoryan
'Radiophysics Research Institute, Komitas av. 49/4, 0051, Yerevan, Armenia

The paper describes the scattering properties determination of the radar objects using near-field
measurements. Measurements performed by the help of the scanning measurement probes using spherical
scanning surfaces. The method allows obtaining the full information about scattered far field of the object.
The basic algorithm is supplemented with the proposed method of exclusion of the real probe diagram
influence. The inclusion is based on the probe diagram representation by the vector spherical harmonics
series expansion and doesn’t require the additional measurements: only the mathematical treatment is
changed. The variations of the method, allowing avoiding the external background noise and direct
inclusion of the radiating probe radiation influence, are presented as well.

1. Introduction

As it was shown earlier [1,2] there is the possibility to obtain the Radar Cross-Section Area (RCSA) patterns
of different objects, making field measurements in its near region (Near Field, NF). It was worked out the
methods and algorithms of NF to far field (FF) transformation. In said methods the illumination of the object
and measurements of the scattered field components are executed with help of two point electrical dipoles
(probes), displaced on the given scanning surfaces which are fully or partially embracing the object [2].

This paper presents the modified algorithms, giving the possibility to except any disturbing external
influence, received by the measuring probe. The agorithm is generalized for cases of radiating and
measuring probes with the arbitrary forms of radiation pattern and for excluding external parasitic radiation
or external noises aswell.

Fig. 1. The geometry of the problem: 1 measuring probes, 2 radiator, 3 far-field imaginary measuring probe, 4 far-field
imaginary radiator.

The results of investigations, presented below (Sections 3-6), are obtained for the case of the concentric
spherical scanning surfaces of the probes, which are embracing the object in its near space. The case of ideal
dipole probesis describing in Section 2.

2. Objects scattered field reconstruction by using of dipole probes

The main version of the measuring system (Fig. 1) includes three concentric spherical surfaces (with radii
rl1 < rf <Tr,). Thefirst two of them are scanning surfaces for measuring probe (probes), and third one is for
radiating probe. Both measuring and radiating probes are point electrical dipoles: their moments are tangent
to the corresponding surfaces and can have orientation along the angular orts ég,éw of the spherica
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coordinate system connecting with the common center of spheres. The results of measurements can be
presented as a matrix:

ESF,. %) pa—6.0. (1)
Here and further: the first argument indicates the point of radiating probe displacement, second one the
observation (measurement) point; the higher index indicates the radiation probe moment orientation
direction, lower one shows the measuring probe moment orientation direction. Under results of
measurements (1) we understand the registered measuring probe full field real components of the “radiating
probe - object” system.

The data of measurement results (1) permit ones to reconstruct the object scattered field in arbitrary point
of space ﬁl (R1 > rlz) induced by radiating dipole, placed in arbitrary point of space Iiz (R2 > rf) aswell,
i.e. to obtain the RCSA pattern of the object. The electrical components of scattered field are presented by
series of complex electrical vectorial spherical harmonics EN (I?{) [3]:

Eg(ﬁz’ﬁi):h%“NMEN,q(ﬁz)EM,p(ﬁi) 2

Generalized indexes of summation N, M includes the parameters which describes the whole set of the
orthogonal vectorial spherical harmonics. The expansion coefficients «,,, are defined in two stages:

1) For the each position of radiation probe the expansion coefficients of the measured field are determined
for the each of two scanning surfaces of measuring probe:

ay, (5)=FLEN[. 22 B0 52 N | ©
The operator F is represented as integral on measuring surface:

F(EB,E(/,,N,r):I[ExI:lN(F)]dg/HENxI:IN(F)]d§ @)
S S

The first two arguments in LHS of (4) are the angular components of measured field; the third argument
indicates the index of the determining coefficient (according with the index of magnetic spherical harmonic

H () and fourth one determinates the radius of integration spherical surface.

The dependence of decomposition coefficients from the radius of measuring sphere caused of external
(regarding to measuring sphere) source of radiation. It is possible to distinguish the objects scattered field
coefficients of decomposition with help of (3) by formula

an (rz) = {al?l (rZ)ZN (rll)_ ay (FZ)ZN (rlz)}/(ZN (rlz)_ AN (rll))
lN(r):F{ENH’EN(/}’ N,I’}, EN(F):RG{EN(F)} ()
The externa radiation, which caused of the possible disturbing fields, in region into sphere can be
represented in series of real vectorial spherical harmonics E (7):

AL WA N CRLES
B (Fz) = {al?lz (Fz)_ Ofr(ill1 (r_z)}/(ZN (rlz)_ AN (rll)) (6)

2) Repeating application of operator F (4):

Oy = F(alﬁ (Fz)’ ag (r2)1 M ’rz) (7)
This operation is used on base of the principle of reciprocity for the two point electrical dipoles [4]. For the
real radiating and measuring probes the additional mathematical treatment is necessary. The measuring probe
compensation methods are presented in series of works (see, for example [5] and papers, cited there). The
method, presented below, uses the peculiarities of the far field reconstruction method (Section 2) and the
measurement data set (1). Method includes both the measuring and radiating proves pattern influence
improvements. The preliminary studiesin this direction were performed in work [6].

3. Measuring probe pattern compensation
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The relationship between results of measurements and fields expansion coefficients (fixing by point
electrical dipole) can be obtained by using only single measuring sphere (with radiusr, = rl orr = rlz) and
is realized with help of expansion coefficients C2™(r;), C3°(F;), W2(F,) and D" (F,) of the patterns
(without tested object) of measuring real probe E m(rl, r) ideal electrical dipole Eg d(rl, r), of undisturbed
(measured with the help of ideal electrical dipole) field Eq ! (r2, I ) exited from the object and of the same
field, measured by the real probe E ! M(F,.T,):

Eqm r, f chm Np f Eqd r, f Zqu f

EQ' I’Z,I’ Z\P EpM(rZ’rl)zle(\:llM(Z)ENp(ri) )

N
The measured by red probefleld components may by presented by two different ways:

P F q (ON =
SRR NGRS o AT AN ©
Finally from equation (9) one obtain the linear system of equations for expansion coefficients W (FZ) :
~( CIM(F, _\ CIM(r, =
O ()= ok vi(0), 7 6)-F| S (o) S e )L 10

The eguation (10) can be solved by taking limited numbers of L in (10) and equa to it numbers of
summation terms by N. The system of equations should be solved for the each fixed position of radiating
probe. In the general case the method of the system (10) evaluation and solution is not need any limitations
for probe pattern form and doesn't require any additional measurements. The method can be used both for
the radar cross-section area determination of passive objects, and for active antenna testing as well. The
method can be generalized for the case of external radiation presence.

4. Objectsillumination by arbitrary probe pattern
In analogy with previous results it can be reconstructed the testing object’s scattered field components

E“'i (sz) initialized by the ideal electrical dipole on the measuring surface r; by help of expansion
coefficients G27(r,), C24(r,), @%(F;) and P3"(F;) of the patterns (without tested object) of radiating real
probe ESR(rl,r), ideal electrical dipole Egd( r,,r), and with the help of scattered from the object field
distribution in the cases of ideal EZ'(F;, T; ) andreal E}(T;,T; ) radiator.
EXR(r,.T) ZGQR Ew(7), EX(F,,T) ZC“" (1= (g}
EX (7, 1,) Zq> xa(2), Eg'(r;,rl)=2pr( )Eng (7). (11)
N

Here the field, exciting from the object and initialized by real radiator and electrical dipole as well are
presented by these formal expansions on the radiator scanning sphere versus radiator’ s displacement point:

O§ ()= F(E) (7. 1) ' (1T N )
R ()= F(Ey" (1) Ep' (5,5) N L o) (12
Similarly to (9) one can write:

R(w
Eqr szrr qu ZGI\? (2)

DO} (7)Epg(T2) (13)

Finally from equation (13) one obtains the linear system of equations for expansion coefficients q)f,(fz)
similarly to (10):

! (0)- Zkone). 7% - | o en o) S e () L a4




5. Determination of the scattering properties of the object

In the common case of the arbitrary patterns of both of probes, the field, initiating by radiating dipole probe
and measured by the same kind of ideal dipole probe may by reconstructed with the help of the sequentialy
application of algorithms, developed in sections 3 and 4 by using the initial results of measurements

E{(F,. %) p.ag—0.0 (15)
Both the radiator and measurer are real with the corresponding decomposition coefficients GE,'R(FZ) and
GY m( ) of these radiating patterns.

At the first step the reconstruction of the field distribution, measured by the ideal dipole probe should be
done with the help of determination ¥(F; ):

wi(F,)=T{n% (7). DI(,)) (16)

where T is the linear operator, gives solution of linear system of equations and Df(r;) is a corresponding
expansion coefficients of initial measured data (15)

ES(F 6)=2.Di( (17)
The undisturbed field, measured by the ideal dlpole probe, When can be presented as follows:

EX (7, 1;) Z‘P (18)
which should be presented as an expansion on the sphere I, versus radiator displacement point:

B (%)= 2R (B (2) (19)
Finally, after determination of the function @y, (Fl) A

o? () =T{78 (7). R°(7)) (20)

the field, distribution, initialized by the ideal dipole radiator and measured by the help of ideal dipole probe
aswell, may be reconstructed:

EX(r. ZCDp o) (21)

6, Deter mination of the cross-section area pattern

To obtain the radar cross-section area of the tested object without using the etalon object, the additional
measurements of the fixed radiator radiation on the sphere r; should performed. Measurements must perform
by the measuring probe, used during of the testing process and the far field of the radiator should be
reconstructed.

The object scattered field in case of using the radiating and measuring probes having arbitrary patterns, can be
presented, similar to (2), as a series of vectoral spherical harmonics The expansions are related to the spherical
frame of reference, associated with the common center of the concentric spherical scanning surfaces{Fig. 1).

In this case of determination the coefficients ¢, , the measured data, before using far field

reconstruction algorithm (Section 2), should be treated by algorithm, presented in Section 5. In the case of
external radiation presence the algorithm of exclusion of this disturbing effect should be applied in addition.
In this case two measuring spherical surfaces should be used (Section 2). Then the RCSA of tested object
pattern may be presented as follows:

ER.R)
=

where R =R, =R>>r, and E; isareconstructed far field value of the radiator in the principal direction.

oi(R.R )= 4R 22)
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Thus, it’'s possible to perform the relative measurements of the one- or multidirectional (multipositional)
RCSA and RCSA directional patterns of different object in its close (near) space instead of using the etalon
object.

7. Conclusion

The methods and agorithms to obtain the scattering properties of the objects by near field measurements are
presented. The possibility of correction the influence coming from the external radiation and probes patterns
influence improvements are shown.
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Temperatur e Performance of a Two-Stage S-Band 40 Watt LDMOS Power
Amplifier
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This article presents the thermal characterization of atwo-stage LDMOS power amplifier operating from
3.1-3.5GHz. The RF performance of the amplifier under pulse conditions with 1ms pulse width and 10%
duty cycle is characterized versus temperature. The amplifier is designed for S-band pulsed radar
applications and can operate both under short pulse/low duty cycle and long pulse/high duty cycle
conditions. The temperature was varied from -45 to +85°C and the RF performance characterized. The
RF test results show a decrease in the power output and power gain of the amplifier as the case
temperature increases.

1. Introduction

In this paper the temperature performance of a LDMOS based RF power amplifier designed for the upper S-
band frequency range optimized for radar applications was characterized. The power amplifier operates over
the instantaneous bandwidth of 3.10-3.50GHz and produces a minimum of 40 Waits of output power
operating under pulsed signal conditions with a 1ms pulse width and 10% duty cycle. The power amplifier is
operated in class-B mode with input drive level of 0.3Waitt.

Thefirst stage (driver stage) of the power amplifier is a 10 Watt LDMOS transistor internally matched to
50-ohm [1] optimized for operating over the instantaneous bandwidth of 3.10-3.50GHz. The transistor
supplies a minimum of 10 Watts operating peak power under the conditions of 1ms pulse width and 10%
duty cycle. It has atypical gain of 11dB across the operational bandwidth. The transistor is biased into Class
B mode of operation with drain voltage Vds=28V and a gate voltage Vgs=2.2V. The trimmer potentiometer
resistor in the gate bias circuitry can be used to vary the quiescent current and thereby adjust the gain of the
transistor.

The second stage (final stage) consists of two LDMOS transistors combined in paralel via Wilkinson power
combiner [4]. Each transistor supplies a minimum of 22 Watts of peak output power and is optimized to operate over
the bandwidth of 3.10-3.50 GHz under the conditions of 1ms pulse width and 10% duty cycle. Each transistor has a
typical gain of 10 dB across the band. The transistor is hiased in Class B mode of operation with drain voltage
Vds=28V and a gate voltage Vgs=2.2V.

Fig.1: Two Stage LDMOS Power Amplifier optimized for 3.1-3.5GHz operation for pulsed radar applications. The
PCB size measures 3.30” x 1.65” x 0.212" using 25 mil thick RO6010.

The output power from the driver stage is divided using a 2-way equally split Wilkinson power divider
and provided as input for both of the final stage amplifiers. An attenuator is used between the driver stage
and the Wilkinson divider for controlling the RF drive level of the final stages. The output power from the
final stage transistors are combined using a 2-way Wilkinson power combiner. The transistors are matched to
50 ohms using traditional micro-strip transmission line methods.

Fig.1 shows a picture of atwo stage power amplifier optimized for pulsed radar applications in the upper
S-band from 3.1-3.5GHz. Rogers RO6010 circuit board material with a high dielectric constant of 10.2 is
utilized in order to minimize the size and loss from the transmission line matching networks which is critical
at these frequencies.
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2. Results and Discussion

A 40 Waitt, two stage RF power amplifier designed and optimized for pulse signal operation has been used to
study the variation in the RF electrical characteristics to variation in temperature. The pallet amplifier has a
typical gain of 21dB at room temperature across the band of operation. All performance characteristics are
measured with input drive level of Pin=0.3W. The output power and gain performance at room temperature
under 1ms pulse width and 10% duty cycle pulse versus the frequency is shown in Figure 2 below.
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Fig.2: Power Output Po (W) and Power Gain G(dB) versus frequency under 1ms/10% pulse at Tcase=25C. Amplifier
demonstrates typical gain flatness of 1dB across the operating 400M Hz bandwidth.

The measured power output is 52.3, 43.1 and 41.6W a 3.1, 3.3 and 3.5GHz frequencies with
corresponding power gain of 22.35, 21.52 and 21.35dB. Amplifier has power gain flatness of 1dB across the
operating frequency band.

Figure 3 below shows power output performance vs. case temperature across the operating 3.1, 3.3 and
3.5GHz frequencies. Asit was expected, power output/gain of the amplifier increased with lowering the case
temperature and decreased with increased case temperature. Here also all measurements have been taken
with fixed input drive level of 0.3 Watt. At 3.5GHz, power output/gain increase at -40°C was 2.03dB
compared to +25°C, whereas at 3.1 and 3.3GHz frequencies the change was 0.92 and 0.81dB, respectively.
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Fig.3: Power Output vs. Case Temperature measured at 3.1, 3.3 & 3.5GHz frequencies. Recorded variation in Pout was
2.73dB across -40°C to +85°C temperature range at 3.1GHz frequency.
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Fig.4: Power Gain versus Case Temperature.
For Si based transistors theoretical gain variation versus temperature is -0.1dB per +10°C. Since we have
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atwo stage amplification here and both stages are Si based transistors, expected gain variation from +25°C to
-40°C was +1.3dB. At 3.1 and 3.3GHz frequencies power gain increase was below that number whereas at
3.5GHz it is exceeded by about 0.7dB. This may be contributed by the mismatch on the output of each
transistor and inter-stage matching.

It must be mentioned also that amplifier had stable performance across the operating temperature and
frequency range. The stability was verified against up to 2:1VSWR mismatch on the output and no pulse
break-up has been detected across the entire temperature range of -40°C to +85°C.

Figure 4 shows power gain performance versus case temperature under 1ms/10% pul se.

The recorded variation in power gain across the entire -40°C to +85°C temperature range was 2.73, 2.57
and 4.81dB at 3.1, 3.3 and 3.5GHz frequencies. Again, power gain variation is much larger at 3.5Ghz than at
the other two frequencies and further investigation is necessary to determine the root cause of the variation.

Table 1 below summarizes the data taken at 3.1GHz. It is worth mentioning that power gain variation in
Tc=25°C+25°C range (from 0°C to +50°C) is only 1.06dB. Gain variation from 25°C to 0°C is +0.38dB and
from 25°C to 50C is-0.68dB.

F(GHz) | Po(W) | P (W) G Tc (°C)
3.10 345 0.30 20.54 85
3.10 38.8 0.30 21.05 70
3.10 43.2 0.30 2151 60
3.10 44.8 0.30 21.67 50
3.10 475 0.30 21.92 40
3.10 50.7 0.30 22.21 30
3.10 52.3 0.30 22.35 25
3.10 55.0 0.30 22.56 10
3.10 57.2 0.30 22.73 0
3.10 59.3 0.30 22.89 -10
3.10 615 0.30 23.05 -20
3.10 63.1 0.30 23.16 -30
3.10 64.7 0.30 23.27 -40

Table 1. Power output/gain versus case temperature at 3.1GHz. Gain variation is higher at elevated than at lower
temperatures. For example, from 30°C to 70°C deltagain is-1.16dB whereasit is only +0.68dB from 30°C to -10°C.

Table 2 shows the data (power and gain versus temperature)at 3.3GHz and Table 3 at 3.5 GHz freguencies,
respectively.

F(GHz) |Po(W) |Pn(W) |G Tc (°C)
3.30 28.7 0.30 19.76 | 85
3.30 32.0 0.30 2023 | 70
3.30 34.3 0.30 2052 | 60
3.30 36.5 0.30 20.79 |50
3.30 38.1 0.30 20.99 | 40
3.30 39.8 0.30 2117 | 30
3.30 43.1 0.30 2152 |25
3.30 45.3 0.30 21.74 |10
3.30 46.4 0.30 2184 |0
3.30 48.6 0.30 2204 | -10
3.30 49.7 0.30 2214 | -20
3.30 50.8 0.30 2224 | -30
3.30 51.9 0.30 2233 |-40

Table 2. Power output/gain versus case temperature at 3.3GHz. Gain variation is more linear here compared to 3.1GHz.
For example, from 30°C to 70°C deltagain is -0.94dB whereasit is only +0.87dB from 30°C to -10°C.
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At 3.3GHz power gain variation in Tc=25°C+25°C range (from 0°C to +50°C) is 1.05dB, similar to
3.1GHz operation. Variation from 25°C to 0°C is +0.32dB and from 25°C to 50C is-0.73dB.

F(GHz) |P,(W) |P.(W) |G Tc (°C)
3.50 21.9 0.30 1857 |85
3.50 25.4 0.30 19.21 | 70
3.50 28.9 0.30 19.76 | 60
3.50 31.8 0.30 20.18 |50
3.50 35.2 0.30 20.63 | 40
3.50 39.3 0.30 2110 |30
3.50 416 0.30 2135 |25
3.50 485 0.30 2202 |10
3.50 54.3 0.30 2250 |0
3.50 60.0 0.30 2294 |-10
3.50 62.4 0.30 2311 | -20
3.50 64.7 0.30 2327 | -30
3.50 66.4 0.30 23.38 | -40

Table 3. Power output/gain versus case temperature at 3.5GHz. Although gain variation linear here compared to
3.1GHz operation, but the absolute number is much higher compared to both 3.1GHz and 3.3GHz operation. For
example, from 30°C to 70°C deltagain is-1.89dB and it is +1.84dB from 30°C to -10°C.

At 3.5GHz power gain variation in Tc=25°C+25°C range (from 0°C to +50°C) is 2.32dB. Variation from
25°C to 0°C is +1.15dB and from 25°C to 50C is-1.17dB.
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Fig.5: Power gain versus frequency at constant output power of 40W with a 16ms pulse width and 50% duty cycle and
Tcase=25°C.

The RF power amplifier was also tested under extremely long pulse conditions with a 16ms pulse width
and a heavy duty cycle of 50%. Under both of these conditions there are minimal cooling effects of the pulse
signal and the temperature rise inside the device results in gain flatness of 1.2 dB across the frequency band
of operation. Even under these harsh conditions, however, the power gain has been maintained at
approximately 20dB while biased in Class B mode of operation.

3. Summary

One observation from the tables 1, 2 and 3 is that the power gain variation across the -40°C to +85°C
temperature range is much higher at 3.5GHz compared to 3.1 and 3.3GHz frequencies. For example, gain
variation from +25°C to +85°C is-1.81dB, -1.76dB at 3.1, 3.3GHz frequencies and -2.78dB at 3.5GHz. This
results in -0.302dB/10°C, -0.293dB/10°C and -0.463dB/10°C at 3.1, 3.3 and 3.5GHz, respectively. In +25°C
to -40°C temperature range, gain variation is 0.92dB, 0.81dB and 2.03dB at 3.1, 3.3 and 3.5GHz,
respectively, which results in 0.142dB/10°C, 0.125dB/10°C and 0.312dB/10°C at 3.1, 3.3 and 3.5GHz. There
isgood correlation in performance at 3.1 and 3.3GHz frequencies, but at the high end of the band variation is
as high as 60% more compared to mid-band and lower frequencies.
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4. Conclusions

RF performance of a two-stage, 40 Watt, S-band LDMOS power amplifier has been characterized over -40
to +85C temperature range. . The test results show that the power amplifier has a higher gain at lower
operating temperatures and lower gain at higher operating temperatures. The recorded gain variation at
3.5GHz is much larger than at 3.1 and 3.5GHz frequencies. Further investigation is needed to determine the
root cause of the variation.

Table 4 below summarizes power gain variations versus case temperature at temperature extremes and
versus room temperature measurements (25C). It also includes the gain variation versus frequency and
temperature (AG3).

F (GHz) 3.10 3.30 3.50
AG1(dB)=G(85°C)-G(-40°C) -2.73 -2.57 -4.81
AG2(dB)=G(25°C)-G(-40°C) -0.92 -0.81 -2.03
AG3(dB)=G(85°C)-G(25°C) -1.81 -1.76 -2.78
AG3(dB)=G(MAX)-G(MIN) 4.81

Table 4. Power gain variation versus case temperature at temperature extremes across the operating 3.1 to 3.5GHz
band. Recorded worst case variation is-1.81dB, -1.76dB and -2.76dB at 3.1, 3.3 and 3.5GHz frequencies,
respectively.

It has been demonstrated that a two-stage silicon RF LDMOS amplifier performs well under extreme
temperature ranges from -40 to +85C. The RF performance under long pulse conditions (pulse widths
exceeding 1ms and duty cycles at or above 10%) produce more power on target, a key parameter in radar
systems. The LDMOS design provides more than 20dB of gain across the frequency band of operation. The
power amplifier demonstrates the utilization of a 50 ohm matched device in the first stage which allows the
PCB size to remain small and reduces the passive component count both of which reduce the overall cost of
the system.
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High Power RF/Microwave Transistors, Pallets and Amplifiersfrom Integra

Technologies, Inc.

A. Barsegyan

Integra Technologies Inc., 321 Coral Circle, El Segundo, CA 90245, USA
apetb@integratech.com

Integra Technologies, Inc. is engaged in design and manufacturing of High Power RF/Microwave
transistors, 50-ohm matched pallet amplifiers, miniaturized power amplifiers (MPA) and High Power
Amplifiers (HPA) based on silicon Bipolar and FET technologies, including LDMOS, operating from
VHF to S-band frequencies. Currently, extensive development work is being done on Gallium Nitride
technology, which will enable operations for X-band and higher frequencies.

Incorporated in the state of Californiain 1997, Integra has become a leading supplier of RF transmitter
modules for Radar and Avionics equipment and system manufacturers. Today Integra is a multi-million
dollar, 1SO9001 certified company with a broad customer base spanning the globe including Armenia.
The purpose of this paper is to familiarize the audience with the company and how its products can be
used in Armenia.

The 50 Ohm pallets are essentialy building blocks combined in parallel to achieve any required system
level power for a conventional high power transmitter or can be used individually as radiating elements
for a Phased Array Radar ( PAR) system.

Ingtitutions in Armenia have been utilizing such products to build RF transmitters. This knowledge base
which appears to be growing over the years can be extended to cover other types of RF transmitters used
in Avionics, Broadcast, Cell phone infrastructure, SATCOM and miscellaneous wireless communication
systems.

The photo below illustrates an S-band 3.1-3.5GHz, 2-stage, 650 Watt HPA, where Integra transistors and
pallets are employed on both stages of amplification. The unit also includes digital circuitry to monitor
output Voltage Standing Wave Ratio (VSWR) and flange temperature of transistors. Systems designers
use several such HPA's combined in parallel to achieve desired system level power.

1. IBA3135M 650 Amplifier

The IBA3135M650 is a solid state, base plate cooled, pulsed RF amplifier operating in the 3.1-3.5GHz
frequency range. Its operating voltage is 36.0 £ 0.2VDC and operating temperature is -25 to +65°C. The
amplifier has an optional internal circuitry to monitor temperature and operating power levels (input, output,
and reflected). RF input to the amplifier is through a female SMA connector and output is via a female N

connector.

This amplifier isintended for use in military radar systems and is capable of a wide variety of pulse formats
and duty cycles. Its output is protected against high VSWR by an internal circulator. The nominal output
power at 25°C is 650W with 25W input power.

Specifications @ 25 degree Celsius

Operating frequency range — 3.1 to 3.5GHz
I nstantaneous Bandwidth — 400MHz
Output Power - > 650W peak

Input Power — 25W peak

Input Return Loss - > 10dB

Pulse Width — up to 150us

Duty Cycle —10% max

Pulse Amplitude Droop — 1dB max
Insertion Phase—0 £ 20°

Peak DC Current — 80A max

RF Envelope Rise time — 130ns max
RF Envelope Fall time — 110ns max
Spurious Outputs — 50dBc min
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e Harmonics (2™ through 4™) — 30dBc
o Note: Amplifier can operate at higher duty cycles with reduced power output

2. Amplifier Architecture

The IBA3135M650 is a solid state two-stage pulsed power amplifier. The RF amplifier assembly consists of
a hybrid coupled first stage driver module followed by a 4-way hybrid power splitter. The four outputs from
the power splitter are fed to 4 identical hybrid coupled power modules whose outputs are combined and
routed to the internal output circulator, protecting the module from high VSWR load conditions.
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Fig. 1. 3.1-3.5GHz, 2-stage, 650 Watt Pulsed Power Amplifier

The first stage of amplification is realized via Integra IBP3255 pallet. This driver module consists of two
IB3135M 70 transistors combined in parallel and amplifies the 25W input signal to minimum of 130 Wait

level.
The output of IBP3255 pallet is then split via a 2 stage, 4-way hybrid splitter into four equal signals used to

drive the second stage power module 1BP3249.
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IBP3249 pallet is based on the Integra IB3135MH100 power transistor — 2 combined in paralel and has
typical Power Output of 200 Watts and Power Gain of 8dB . It operates under 36Volt collector bias. The
outputs from the 4 power modules are combined via a 2- stage, 4-way hybrid combiner and routed to the
output power coupler and circulator.
The output of the amplifier is protected against high VSWR conditions by a Raditek RI-SS-3.1-3.5-CD-
100WR-A30 circulator.
The amplifier has a built in RF power detectors and a microprocessor which monitors a sample of the input,
output and reflected output power in addition to the amplifier temperature. There is a green and ared LED
near the D-subminiature power connector that provide indication of DC power and over-temperature
respectively. BIT features to include:

e Input power fault — over range

e Output VSWR fault — over range

e Over temperature fault — over range

Typical RF performance datais given in the table below:

Gain Nc
Part No. Freq(GHz) | Po(W) | RL(dB) (dB) (%) Droop
3.10 779 18.0 14.93 25.24 | -0.38
IBA3135M 650 | 3.30 709 24.0 14.53 27.77 | -0.44
3.50 670 21.0 14.28 28.32 | -0.31

The rated 650 Watt minimum power is achieved by combining four IBP3249 palletsin parallel. The insertion
losses associated with power combining and output isolator are about 0.8dB at the high end of the band.
Output Power/Gain Flatness of the amplifier is less than 1dB maximum and typical number is about 0.7dB.
Thisis achieved by implementation of Gain Equalizing Networks employed on both stages of amplification.
Both I1BP3255 and 1BP3249 pallets include the Gain Equalizing Networks on the input of the matching
networks.

3. 1BP3249 and | BP3255 pallet amplifiers
As we mentioned above, IBP3255 pallet consists of two IB3135M70 transistors combined in paralldl. It

operates under 36Volt collector bias and has typical Power Gain of 7.5dB. Typical RF datais given in the
table below:

Pulse
P, RL Gain Nc Droop
Part No. Freq(GHz) | (W) [ (dB) | (dB) (%) (dB)
3.10 157 178 | 7.98 41.34 | -0.25
|BP3255 3.30 175 17.4 | 8.46 43.29 | -0.20
3.50 143 140 | 7.57 40.35 | -0.19

IBP3249 pallet is based on the Integra IB3135MH100 power transistor, operates under 36V olt collector bias
and has typical Power Output of 200 Watts and Power Gain of 8dB. Typical RF data is given in the table
below:

Pulse
Freq P, RL Gain Nc Droop
Part No. (GHz) | (W) | (dB) | (dB) (%) (dB)
3.10 225 |132 |83 44.46 | -0.18
IBP3249 3.30 221 |144 |825 41.48 |-0.20
3.50 197 184 |7.75 40.88 | -0.22
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4.1B3135M 70 and 1B3135M H100 transistors

The primary building block of areliable High Power RF amplifier is the RF circuit and the High Power RF
transistor itself. It is in the design of this transistor that reliability related factors, such as metallization and
ballasting, must be taken into account. Integra’s transistors utilize high f; process, interdigitated geometry
and gold metallization for the highest possible functional performance and reliability. Emitter ballast
resistors assure devices are less susceptible to thermal runaway and prevent hot spotting across the transistor
chip.

Integral s IB3135M 70 transistor is used for the 1% stage of the amplifier. The second stage of amplification is
realized via IB3135MH100 transistor. Both transistors are Common Base, Class C, hybrid bipolar junction
transistors, are gold metallized and use gold bonding wires for electrical connections to enhance device
reliability.

IB3135MH100 device is specified at 100 Watt minimum output power over the given frequency with 7.90
dB minimal gain. The device has internal input and output matching networks and operates from a single
36V power supply. It is rated at 2:1 VSWR for survivability. IB3135M70 device is specified at 70 Watt
minimum output power over the given frequency with 7.65 dB minimal gain. The device has internally
matched input and output networks and operates from a single 36V power supply. The device is aso rated at
2:1 VSWR for survivability.

5. Conclusion

Integra Technologies, Inc is a vertically integrated company with unique ability to provide high power RF
solutions from basic transistors to pallet and amplifier levels, covering operations from VHF to S-band
frequencies. Over the past several years Integra has proven many times its ability to design and mass produce
state of the art transistors, pallets and amplifiers in very short time intervals. Integra products are used in
critical systems such as Air traffic Control, Phased Array, Shipboard and other military and civilian use
radars. Therefore, regardless of your needs in RF High Power industry — transistors, pallets or amplifiers,
Integra Technologies, Inc is able and willing to help you to find and produce solutions. If you have a system
level requirement, for example, transmitter box or complete radar system, Integrateam can help you to select
right component from the existing reach portfolio or if necessary, will develop one that will work for you.
We will work with you to create component specifications based on the given system level requirement and
support your needs through production cycle.
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Development of the Softwar e Architecture for Control and Diagnosis of Devices
in Heter ogeneous Systems

M. V. Markosyan', A. L. Grigoryan™?, T. A. Papoyan®

! Yerevan Telecommunication Research Institute (YETRI), Dzorap str. 26, (37410) 56 60 61 Yerevan, Armenia
2 State Engineering University of Armenia, Teryan str. 105, Yerevan, Armenia

We consider the software architecture for automated diagnosis and management of devices across
heterogeneous systems. The proposed architecture is modular, which provides simplicity and flexibility.
We consider in detail the structure and function of all modules. Management and diagnosis is based on
the expert data, which are defined in the scripting language JavaScript.

1. Preface

With the development of programme-device compound systems in the sphere of information technologies
the demand for automaticalized systems increases from year to year. The architecture of program providing
for automatic diagnostics and the management of devices in heterogeneous systems is being observed. The
system is characterised by the presence of two interacting independent moduls — the client and the server
which commonly can be realised on different computers, exchanging data through the net.

2. Thearchitecture of the system

The program must carry out the following tasks:
1. Ask data from devices periodically
2. Work out the received data
3. Redlize scripts of diagnostics and management defined by the expert
4. Write down the information about the events in database
The following architecture is suggeted (Fig. 1):
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Fig. 1 The architecture of the system

The program providing consists of 2 basic moduls and an additional layer: client module, server module
and Hardware Abstraction Layer.
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Commonly, the computer to which the devices are connected, may differ from the operator’s computer
that is why the system is divided into client and server parts. The client module sends requests to be written
down or read from the device to the server module which realises them and returns the result. The client
module receiving the data from devices works them out according to certain scripts, as well as gives
graphical interface for the operator. Both modules interact with the help of RPC protocol. For the abstraction
from definite protocols of interaction with devices, an additional layer HAL (Hardware Abstraction Layer) is
imported between the server and the devices. Let us observe the parts of the system in detail.

2.1. Hardware Abstraction L ayer

There is a great number of protocols of interaction with the devices. It would not be appropriate to redlize
such a great number of protocols in the server module as for the given system only a few or one protocol
may be necessary. To solve the problem of the dead code and to make the structure of the server easier, the
realization of certain protocols was exported to a separate layer called Hardware Abstraction Layer (HAL).
HAL is a great member of program modules, let us call them drivers, each of which realizes a certain
protocol of working the device and gives a program interface of input/output for the server module.

Firstly, HAL increases the flexibility of the program as drivers can be added and removed at your
discretion not touching its remaining parts. Secondly it hides the whole difficulty of interaction with the
devices from the server module. From server’s point of view now our heterogeneous system is simple
uniform structure which can be presented as atable (Table 1):

)
5| e
S 8 Address
5| 8
o (@]
0 0x0000 0x0001 OXFFEE
0 1 0x0000 0x0001 ... | OXFFFF
0 0x0000 0x0001 ... | OXFFFF
1 1 0x0000 0x0001 ... | OXFFFF

Tablel
For the request to any device the server needs to know the following data:
1. the number of the protocol
2. the number of the device
3. theaccess mode
4. thelinear address
5. the number of data units
Each device in the system is unequivocally defined by the number of protocol and the number of the
device. The number of the protocol defines which definite driver server the given device. In addition, each
device has its identifier — the number of the device as one driver can serve severa devices at atime. The
mode of access may have the following meanings (Table 2):

1 bit 8 bit | 16 bit 32 bit

Read-Only 0 2 4 6

Read-Write 1 3 5 7
Table 2
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Depending on the concrete driver realisation and on the device type address distance for different modes
may and may not coincide. As both cases are possible, this detail must be specified in the driver
documentation.

2.2. Server

Server module introduces program interface to the client module for the device interaction. This interface
represents the functions of reading and writing which are brought forth distantly by the client module with
the help of RFC protocol. In case of receiving inquiery the server redirects it to the corresponding HAL
driver and returns the result or error message. Both consequent and parallel operations of input and output
are supported. If the device is occupied the inquiery is queued.

2.3. Client

Client module carries out the main part of the task — periodically inquires the demanded data from the server,
carries out the working out script, saves the diagnostic information in the database and reflects graphically
the system condition. Given module consists of 4 main sub-systems: the core, the sub-system of data
collection, the sub-system of logging and the sub-system of graphic interface for interaction with the
operator. When starting the client module the object of core is the first to be created which downloads the
file of configuration. In fact that file is the description of the whole system and contains all the necessary
data for the operation of the program such as: server |P address, the number of used protocols, the hierarchy
of devices, the names of devices and variables, the addresses used by each device, the scripts of working out
etc. The configuration file has XML format.

All the logic of diagnostics and management is realised in the form of scripts written in JavaScript
language, which are carried out on the interpretator embedded in core. Using files from the configuration
database, the core creates and initializes the other sub-system, after which creates a working out flow and the
carrying out of the main task is started. The core periodically counts the data in the sub-system database and
saves in the named variables that are available in the JavaScript area. In this way the data from devices can
also be dealt with the same way as common variables with the difference that the first are read-only. Having
received the data the scripts are carried out which realise the operations specified by the expert.

The sub-system of data collection provides the delivery of the data necessary for the core as well as for
the feedback connection, provides recording function in the device. When starting working out process the
given sub-system creates separate flow for each protocol, connects to the server and starts counting data from
the address configuration file with given frequency. Received data are saved in the dynamic memory and are
available for reading from the core. In the process realisation it shoud be taken into consideration that the
data are changed in one flow and read in another, consequently access synchronization should be taken care
of.

The sub-system of logging is meant for saving all the necessary diagnostic information in the database. It
is necessary for restoring the pace of actions and finding out the cause in case of errors. Each record should
contain minimum 4 fields: the exact time, the level (debug, dangerous, critical), the source and the message.
The quantity of the fileds can be enlarged if necessary. Given sub-system is realised as singleton class, i.e.
it'sonly sampleis created that is avail able both for the other sub-systems and the JavaScript area.

The sub-system of graphic interface is meant for the visualisation of the system state. It also gives a
convenient mechanism for the operator. The given sub-system is maximally autonomic from the other sub-
system and interacts with them only in the area of JavaScript. Such independence gives an opportunity to
change or fully redo the graphic interface, not touching upon the code of the other parts.

3. Conclusion

As the process of diagnhosis of systems is a problem of paramount importance from the point of ensuring
normal working functionality, so expert systems of diagnosis are intensively expanding and developing. The
proposed architecture is modular, which provides simplicity and flexibility.
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OnmcaH W3MepHUTeNh MOTIIONAeMOil MOITHOCTH Tanaromero m3myderns MM u UK numamazona mmwmH
BOJIH, KOTOPBIiI 00ECIIeUHBACT H3MEPEHHE MOTrOI0MAEMON MOIIHOCTH H3lTyueHus HaunHas ot 0,1x10°Br
¢ TouHocTIO Tmopsiaka 1%. ITpubop oTnmuaercst OT M3BECTHBIX TEM, YTO HAarpeB HArpy3KH CPaBHEHHS
OCYIIECTBIIAETCS IPH OMOIIM COBMEIIEHHOTO B OZHOM TPaH3UCTOpe (PMHKINK JaTYNKa TEMIIepaTyphl U
HarpeBaTensi. JTHM O0eCIeunBaeTcs MOJTHAs MIACHTUYHOCTh IO TEIUIO(PU3MYECKUM MapaMeTpaM o0enx
Harpy3ok. PasHocTh Temmeparyp mexay Harpyskamu <0,01°C, mpu 3TOM H3MepHTENbHAs Harpyska
HarpeBaeTcsi MOrJouieHHBIM B Harpy3ke CBU wu3myueHueMm, a Harpys3ka CpaBHEHHS HarpeBaeTcs
HHU3KOYAaCTOTHBIMU UMITyJIbcaMu. OTHMCaHHBIA U3MEPHUTENh MOXKET HalWTH MPUMEHEHHE NPHU pa3paboTKe
BBICOKOTOYHBIX YYBCTBHTEIILHBIX BATTMETPOB Kak B obacth MM BouH, Tak u B obnactu K nuanasona
JUIVH BOJH.

[[lupokoe NPUMEHEHHE KANOPUMETPUUYECKUX METOAOB u3MepeHus wmowmHoctd CBY  usnmydenus
OTIPaBAAaHO MPOCTOTOH MPEBPALIEHHUS SHEPTHH IIEKTPUIECKOTO TOKA B TETUIOBYIO W yI0OCTBAM M3MEpEeHUs
TerI0TE. Cpen KOIOPUMETPUICCKUX U3MEPUTENICH MOIITHOCTH BPEMEHHBIC Y TOYHOCTHBIC XapaKTePUCTHKU
CYIIIECTBCHHO YIyYIIAlOTCS TPU BBEICHUM B HMX COCTaB HArpy30K CpaBHEHHUs. B OCHOBY pa0OTBI Takmx
KOJIOPUMETPOB 3JI0’KEH IIPULIMII CPABHEHUS TEIJIOBOTO BO3JEHCTBUSA U3MEPSEMOI MOITHOCTH OJABAEMOT0
Ha M3MEPUTEIHHYIO HATPY3Ky MEPBUYHOTO M3MEPUTEIHHOTO IPEeoOpa3oBaTelis C TEIUIOBBIM BO3ACHCTBHEM
WU3BECTHOM MOITHOCTH MOCTOSIHHOTO WJIM MEPEMEHHOTO TOKAa HU3KOW YacTOTHI MOJAaBAEMOT0 Ha Harpys3Ky
cpaBHeHUsT W (akTtudecku mnpouecc uzMepeHus CBY MomHoOCTH CBOIOTCA K HM3MEPEHHIO MOITHOCTH
ro/laBaeMoil Ha Harpy3Ky cpaBHeHus. Ha Ttabmure 1 mpuBeneHBI OCHOBHBIE TapaMeTpbl BaTTMETPOB
MOTJIONIAEMON MOIIHOCTH UMEIOIINE U3MEPUTEIBHBIE KAMEPhI U KaMephl CPaBHEHUSL.

Tabmmma 1
Tun Mowmnocmo Juanason usmepenuss  Iloepewnocms npumeyarue
KoJopumempa usMepeHus usMepeHusl
1 M3-11A (10x107...10) Br (IMIM1...11,5) I'T1g <5,8% KuaxocTHbIH

TEIUIOOOMEHHHUK, 3aMeHa
Ha M3-56, M3-95

2 M3-13 (2..2x10%) Br (30MI'1...1,6) I'Tx 4-8 % KunxocTHslit
TEINIOOOMEHHUK, 3aMcHa
Ha M3-48, MK3-68

3 M3-13/1 (6..2x10%) Bt (2,591T...37,5) I'Tx 4-8 % JKunkocTHBIN
TEIUIOOOMEHHHUK, 3aMeHa
Ha M3-45, M3-46, M3-
47, MK3-70, MK3-71

4 MK3-18A (0,1...10) MBT (0,4...3,5) Mmkm +10 % Cyxoif KaJopuMeTp

5 M3-24 (10...1000) MmBT (0,22...7,5) MM +12,5% Cyxoif KaJIopuMeTp

Kaxk CJICOyeT wus Ta6JII/I]_IBI, BaTTMCTPbl CPAaBHCHUA OTIMYAIOTCA IMHUPOKOIOJOCHOCTIO, OOJIBIIIUM
JUHAMWYCCKUM JMala30HaM W ¢ TOTPEIIHOCThI0 u3MepeHus 4-8%, a s BaTTMETpa OINTHYECKOTO
muara3ona 10 12,5%. 3To 0OBACHSIETCS TEM 9TO B KATOPUMETPAaxX C )KHUJIKAM TEIUIOHOCHUTENIEM, HCTOYHHKOM
IMOTrpC€HIHOCTU MOT'YT CIIYKHUTb HCAOCTAaTOYHAsd MHTCHCUBHOCTL INEPEMCIIMBAHUA KUAKOCTHU, O6pa30BaHI/I$I
Iy3bIPKOB B TPyOOMPOBOJE, (UIyKTyanus TeMIEpaTyphbl OTOKA KHIKOCTH H.T.A.. B CyXux kajiopumeTpoB
OCHOBHBIM HCTOYHHMKOM IOTPEIIHOCTH CIYKaT pa3In4HbIe TEMIEpATypHBbIC MOJNSA JUIS WU3MEPUTEIBHOM
HArpy3KH W Harpy3kd cpaBHeHUWs. Hanmuwe HarpeBaTelns JJisl HATPY3KU CPABHEHUS YKE CO3JIAeT pa3iinune
TeHJIO(l)PI?»H'—IeCKI/IX nmapanueTpoB MCXKAY Harpy3skaMu, 4TO U SABJIACTCA UICTOUHHUKOM IMOTPCUIHOCTH.

Jlnsg  CyImeCTBEHHOTO YAYYIICHHs TMapaMeTpOB CyXUX (CTATHYECKUX) H3MEPUTENeH MOIIHOCTH
Ienecoo0pa3Ho MPUMEHHTh pelieHus mpuHAToe [4], rae Omaromapss BpeMEHHOMY pa3AeiieHHo (yHKIIAN
HU3MEPCHUA W PETYIUPOBAHUIO TEMIICPATYPhl CTAJIO BO3MOXXHBIM HM3IOTOBJICHUE HArpy3Ku C ITOJTHOCTBIO
OJIMHAKOBBIMU TEILIO(PHU3UUESCKUMU TTApaMETPaMHU.
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VYrpouieHHas GyHKIHOHAIBHAA cxeMa pa3paboraHHoro usmepuress momHocti (MM) mokasan Ha puc.1.
Ha pucynke mokazansl mudpamu: 1 TepMomaTamk (p-n MEpexoa OWMOISAPHOTO TPaH3UCTOpPAa), HATPY3KH
U3MEpeHHUs, 2-TepMOJaTyuK-HarpeBareiab (TPaH3UCTOp) HArpy3KHU cpaBHEHHS, 3,4,5-0TpaHUYUBAIOIINE WU
Pa3Bs3bIBAIOLIUE PE3UCTOPBI, 6-pE3UCTOp [UIsl U3MEPEHUsT TOKa KOJUIeKTopa TpaH3ucropa 2, 7,8,9,10-
3JICKTPOHHBIE KITFOUH, TIPH 3TOM, Kiitour 9,10 paboTaroT B mpOTHBO(A3HBIX peXUMaX OTHOCHUTEIIBHO KITtoueh
7,8, 1l-remepatop MeaHapa ¢ NPOTUBO(A3HBIMU BbIXOJaMH, 12-0JOK yHpaBieHHs HAarpeBOM Harpy3Kd
cpaBHeHus, 13,14-0710ku u3MepeHHs Temmeparypsl, 15-auddepeHUuanbHbId  ycuauTenb, 16-010k
U3MEpEHUss MOUIHOCTH, 18-Harpy3ka cpaBHEHMs, 17-Harpy3ka u3MepeHus, 18-Harpys3ka cpaBHeHUs, 19-
TeIIoBOoM 3kpaH, 20-termmom3onsarop (meHoruiact). CxemMa mHTAaeTcs OT JBYX CTaOMIM3HPOBAHHBIX
UCTOYHMKOB +15B 1 ucrounuka 20B st HarpeBa Harpy3ku cpaBHEHHS.
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Puc.1 @ynkyuonanbHan cxema uamepumens MOWHOCHU. [-mepmooamyux Kamepsi usmepenus, 2-
MepMOOamyUK Kamepvl CpaeHeHUs, pabomarouezo maxice 8 pedxcume Haepesamens, 3,4,5,6-ppesucmopul, 7,8,9,10-
2n1eKmpoHHble Ktouu, 11-eenepamop meanopa c npomugo@aszusvimu evixooamu, 12-010K ynpasieHus Hazpeeom Kamepbl
cpasnenus, 13,14-6noku uzmepenuss memnepamypbol, 15-ouggepenyuanvuviii ycunumens, 16-610x usmepenus
Mmownocmu, 17-usmepumenvhas Haepyska, 18-naepysxa cpasnenus, 19-mennogoii sxpan, 20-meniouzonrsnmop.

OtmetuM, 4uTo 1 W 2 31€MEHTHl BBIIOJIHEHbl HAa OJHOTHUIIHBIX TPAaH3UCTOpax, MPU ITOM KOJIIEKTOP
TpaH3ucropa 1 He ucnonsizyercs. Harpysku 17 u 18 coBeplieHHO OJHOTUIHBIE U AJIA CO3JAaHUSI XOPOIIETro
TEIUIOBOTO KOHTAKTa ¢ KOPITyCaMU TPaH3UCTOPOB | M 2 MCNONB30BaHa TEIJIONPOBOAsmas nmacrta. Harpysku
M30JIMPOBAHbI OT OKpYy»Karomiel cpenbl neHorutactoM 11XB-1 u umerot obmuit MeaHbIH TerIoBoH 3kpaH 19.
IIpu aTOM BXOJ Harpy3ku 17 OTKPBIT JUIA AAAOLIET0 U3JIy4YeHHUs, a BXOJ Harpy3Ku 18 3aKphIT.

W3mepuTens MOIIHOCTH paboTaeT cieayiomuM oOpa3oM. Ilocie BKIIOYEHHS CETEBOrO HaNpsDKEHHS
BKIIfoyaeTcd UCTOYHMK CBY m3nydeHus, MOAKIIOUEHHBIH K BXOAY Harpy3ku uaMepenus. Harpyska 17,
cornacoBaHHas ¢ BosHOBogHBIM CBY tpakTtom (KCBH<1,2) HaunHaeT HarpeBarcs, 4TO MPUBOJUT K TOMY,
YTO Ha BBIXOJE JIEKTPOHHOrO TepMoMeTpa 13 oOpasyeTcs HampspkeHHe, IPOIOPLHOHATIBHOE TeMIIepaType
Harpy3ku 17. Ilpm »TOoM, mpollecc HarpeBa OymeT NPOJOKATHCS MO TeX IOp, IOKa MpPHUPAIICHHS
TeMIepaTypsl U3MEpHUTEIbHON Harpy3ku AT, OyIyT yIOBIETBOPATH YCIOBUIO

AT, =PcguRry, ( 1 )

rae Pcgy-MoIHOCTE TOTNaniaeMoit Harpyskw, Rrp-kos(d@uieHT, ompeAensionuii KOIUYECTBO TEIUIa,
niepeoBaeMoe U3MEPHUTEIBHON Harpy3Koil OKpykaromei cpefe (TermoBoMy dKpany), Rry-haktndecku, 3To
BEJIMYMHA TEIUIOBOTO CONPOTHBIIEHUS, Harpy3Ka-oKpy Karolas cpesa (TerIoBoi 3KpaH).

[Toutn OIHOBPEMEHHO C HAarpeBOM HW3MEpPUTEIBHOM Harpy3ku 17 HarpeBaeTcs TakKe Harpyska
cpaBHeHHUs 18, T.K. Harpy3ka CpaBHEHHS IPEACTABISAET M3 CeOsl CIEMSAIIUNA TEPMOCTAT C 3aJaTYHKOM,
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KOTOPBIM SBIISIETCSI TEPMOMETP 13, BBIXOZHOE HANpsHKEHHE KOTOPOrO CITYKHT KaK 3alarollee HaNpshKeHUE
TEepMOCTaTa Ha OCHOBE TpaH3HUCTOpa 2.

Tar kak TeruioBas MOCTOSHHAs BPEMEHHU yCTAHOBJIEHHHS TeMIIepaTypbl HAarpy3Kd M3MEpEeHHs MOYTH Ha
MOPSIIOK OOJIbIIIe, YeM BpEeMs YCTAHOBJIIEHUS TEMIIEPAaTypbl HArpy3KH CPOBHEHUS, TO IIOCIIE yCTAHOBJICHUS
TeMIepaTyphl Harpy3KH U3MepeHus 17 Takke ycTaHaBIMBAETCS TeMIepaTypa Harpys3ku cpaBHeHus 18. s
H3MEpEeHHsI MOITHOCTH HEeOOXOOUMOe I HarpeBa Harpy3Kd CpaBHEHHUS Ha TemrepaTypy AT,. u3mepsercs
TOK KOJUIEKTOpa TPaH3UCTOpa 2 ¢ MOCIEAYIOUIMM YMHO)KEHUSIM Ha HamnpsbkeHHd Ha kosuiekrope Uy , 4To
peanu3yetcst B 00ke 16. s 3TOro HMIyIECHOE HANpsOKEHHE ¢ 00EMX KOHIIOB pe3ucTopa 6, BIIOYCHHOE
[IOCTIEIOBATENIFHO C KOJUIEKTOPOM TpaH3MCTOpa 2, YyCHUIMBaeTcsd, TIpeodpa3yeTcss B HampsiKeHHe
MIOCTOSIHHOTO TOKa MPH IIOMOIIM CHHXPOHHOTO JeTekropa-puibrpa (mnst oOecrmedeHust BBICOKOH
[IOMEXO0YCTOHYUBOCTH), IJI1 KOTOPOTO B KauecTBE OMOPHOM (pas3bl MCIIOIB3YETCs] HANpsDKEHHE C BhIXOJa
meanapa 11 (B cxeme 1 He mokazaH). YMHOXKEHHE TOKa Ha HaNpsHKEHHE Ha KOJUIEKTOPE MPOU3BOAMTCS
MPEUU3UOHHBIM aHaJOroBeIM yMHOXHUTeneM ADS34L, ¢ gomycTuMo#l ommOKoW yMHOXKEHHs He Ooiee
+0,25%. BrixonHoe HampspKEHHE MOCTOSHHOTO TOKa OJ0ka 16 ¢ BBICOKOH TOYHOCTBIO MPOMOPLHOHATIBHO
MOIIHOCTH HarpeBa Harpy3KH CpaBHEHHUSI.

Takum 0Opa3om, morjiomaemMas B Harpy3Ke H3MepeHusi 17 MOIIHOCTh IpUBENia K HAarpeBy Harpy3kd Ha
AT,, 4TO HpHUBENO K POCTY HANpsDKEHUS Ha Bbixoae TepMmomerpa 13 Ha AU,. Takoil pocT HampspKeHUs
3a7aTuuKa TepMocTaTa ((aKTUYEeCKH HArpy3Ku CpaBHEHMs) INPHBEN K pOCTy TemmepaTypbl Ha AT,
Hacroneko temnepatypsl AT, u AT, paBHBI, ()AKTUYECKH 3aBUCUT ¥ OCHOBHAsS IIOTPEHIHOCTh M3MEPEHHU.
OTMeTHM, YTO CTaOMIBHOCTD YCTAHOBJICHHOTO 3HAYCHUS TEMIIEpaTyphl Harpy3ku 18 u ee npeiid 3aBucsT oT
crabmibHOCTH H aAperidha muddepernuanbHoro yewmutens 15. [lpn ucnomaennu muddepeHmaibHOTO
YCHJIMTEIIS Ha MIPEIU3UOHHOM onepalmoHHoM ycunurene OP-07, BpeMeHHol apeiid TemMrepaTypsl Harpy3Ku
6yzner umeth nopsiaka 0,2x107 °C/mecsu, a TemneparypHslii apeiid ve Goree 0,3x107 °C, mpu u3MeHeHHH
TEMIIEpATyphbl OKpysKaromiei cpeasl Ha 1°C.

Tak Kkak Harpy3ka CpaBHEHMS W Harpys3ka H3MEPEHHs II0 CBOUM TEIUIOGH3MUYECKHM IapaMeTpam
a0CONIOTHO HE OTIMYAIOTCS IPYr OT Apyra, TO MOXHO YTBEpXKIaTh, YTO HPU NPUMEHEHHH OOJBIIOTO
yCHIeHUS WM npenu3suoHHol Mukpocxembl AT, =AT,, wmn ke Pcgy=Puyn, rae Pcpy 4YacTe namaromei
MOIIHOCTH IOTJIONIEHHOE B M3MEPUTENBHON Harpyske, P, MOIIHOCTB A HAarpeBa Harpy3KH CpPaBHEHHS,
n3MepeHHoe 6mokoM 16. OObdHO M3MepuTenbHble Harpy3ku umetor KCBH or 1,15 no 1,6. Benmuunna
najaromiell MOIIHOCTH ONpenenseTcs mo Gopmyre

P
Pcpy = s 2),
K, (1=1 )
rae K,=1 (mpu nonnom pasenctse T,,=Tp) , a MOIyb KO3 dulieHTa OTpaskeHuUs
Eomp

|7l = (3),

Erp-HaNPsOKEHHOCTB MOJIA OTPasKE€HHOM BOJIHBI, Epo,-HAIPSHKEHHOCTB MOJIA MTOJAIOIIEN BOHBI N 7K€

KCBH—-1

I, =—— 4).
| ”P| KCBH+1 )

[Ipu M3roTOBICHMM MaKeTa M3MEPUTENS MOIIHOCTH ObLIa MPOBEPEHA JIOJTOBPEMEHHAs CTA0MILHOCTH
pasuuisl Ty,-T¢,<0,01°C.
OCHOBHBIE TEXHHYECKHE ITapaMeTphl Pa3pad0TaHHOTO U3MEPHUTEINSI MOIIHOCTH CJICAYIOIIHE:
e JluanazoH yactoT uzMepurens oT MM BoaH no UK nuanazona,
e J[nana3zoH u3MepseMbIX MOIIHOCTEM O,lxlO'3 ..200x107 Br,
e TOYHOCTH H3MEpPEHUS MOTIIOMAEeMON MOIITHOCTH +1%,
e Tabaputer 250x200x80 mMm
e Bec <6,5kr
Pa3paboTaHHbIil U3MEpUTENh MOIIHOCTH MOXET HaWTH NpHUMEHeHHe Ojaronapst BBICOKOM TOYHOCTH,
MIPOCTOTE M3TOTOBJICHUS M HMIMPOKOMY AHMAINa30HY M3MEPSEMBIX YacTOT, HAUYWHAS OT CyOMWJIMMETPOBBIX U
MUJIMMETPOBEIX BOJH M KOHYas WH(paKpacHBIM nuama3oHaMm. OYeBHIHO, YTO B KaXKIOM IOAIUANa30HE
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ClIelyeT MPUMEHSTh COTJIACOBAHHE C BOIHOBBIM CONPOTHBIICHHEM HArpy3kd. JIJisi BHICOKOW CTaOMIILHOCTH
MOKAa3aHHUs LIEIECO00Pa3HO TEPMOCTATHPOBATH TEIIOBOM ekpaH (¢ TouHocThio +0,1°C).
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The Application of the Developed Methods of M aterials Joining in Electronic
Engineering

V. Avagyan, T. Mkrtchyan, R. Mikaelyan

Center for the Advancement of Natural Discoveries using Light Emission, Acharian 31, 375040 Yerevan, Armenia

The presented is the technology of diffusion joining of dissimilar metals: copper+ stainless steel, copper+
steel 3, stainless steel+ titanium. New method of diffusion joining of the copper and stainless steel
excluding the chrome oxidization from vacuum chamber residual gases in stainless stee is
experimentally developed. Diffusion joining of stainless steel and steel-3 used in accelerator technology
for electromagnets development is studied. It is proposed to make diffusion joining of stainless steel and
steel-3 by athin shell preventing carbon to be reconstructed. Technological processes of diffusion joining
of stainless steel and titanium are studied using intermediate metallic shellsin joining zones. As a result,
successive layers of stainless steel, copper, vanadium and titanium are chosen, during which diffusion
welding the intermetallic brittle aloys are absent in their joining zones. Micro-hardness values are
measured in the joining zones.

When you create a product of accelerator technology, is a very topical problem of obtaining bimetallic
elements, reliable connections designs of machines and devices of dissimilar materials[1, 2].

Modern accelerator technology consists mainly of welded structures - vacuum chamber, a device for
transportation of elementary particles, vacuum system, pipes and fittings, working in a wide temperature
range (from 673 to 4.2 K) and under different load conditions (static and cyclic for level of stress and
temperature). They are characterized by a variety of forms, the degree of complexity of design solutions, a
broad enough range of materials and weld methods.

Complex variables influence in the operation temperature and force factors, while ensuring a vacuum leak
[2], or increased sensitivity of materials at low temperatures to stress concentration and their tendency in
some cases, to structural changes (formation intermetalidov or solid solutions) cause increased special
requirements for the design and fabrication of welded structures in accelerator technology [3,4].

Reliability and durability of the units of accelerator technology largely depends on the properties and
qualities of materials used to manufacture them.

By the nature of the materials in accelerator technology can be divided into three groups: employed in the
manufacture of parts for the inner cavity of products; protecting the inner cavity of products from the
atmosphere; for external components.

The materials for each of the groups subject to various requirements, so the content of the first group
should be limited to the contents evaporated in vacuum impurities (Zn, Bi, Sb, Sn, Mn, |, S, etc.).

The presence of these impurities in metals leads to technological heating (for example, the evacuation of
electronic systems) to their evaporation and deposition on the elements of the vacuum system. In these same
materials should be limited to the content of gases. Increased gas separation materials for the parts of the
inner cavity complicates the process of pumping equipment and storage products, particularly when they use
gas emission leads to burn them.

The materials enclosing a vacuum chamber from the atmosphere than previously presented above is still
very important requirement - they must be vacuum-tight ie, they should not have microscopic cracks, pores
and cavities. Thus, when building products are used in accelerator technology welding clean impurities from
the materials.

In the manufacture of products in accelerator technology uses a variety of materials to be welded, is
traditional austenitic steel 12X18H10T. In recent years significantly increased the use of welded structures
accelerator chamber aluminum alloys [5], we note that a further increase in the volume of aluminum aloys
limited by their lack of strength, is currently underway to implement and improve processes welded
dissimilar aloys: copper + stainless steel, copper + aluminum, copper + steel, stainless steel + titanium.

Currently, the vast mgjority of designs of vacuum chambers are made of welded, so the main requirement
for materials is their good weldability. This term refers not only an opportunity to get out of this material
permanent connection of all existing methods of welding, but also, more importantly, the preservation of
strength, ductility, resistance to brittle fracture in heat affected zone.
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For most combinations of dissimilar metals and alloys that have welding, there are substantial differences
in melting temperature, density, coefficient of thermal properties, especially the linear expansion. However,
difficulties arise because in most cases with limited mutual solubility for the main combinations of weld
metal is extremely difficult to avoid the formation of stable intermetallic phases with high hardness and
brittleness.

Among the new methods of welding metals in accelerator technology occupies a special place in a
vacuum diffusion bonding, which alows to solve many problems of dissimilar metals, brazing and fusion
welding, which are difficult or impossible. Feature of this process is a compound of metals without melting
in a vacuum, under conditions excluding contamination of abutting surfaces of harmful impurities, the gases
in the development of appropriate technology to obtain a connection to the minimum allowed by plastic
deformation.

It is known that during welding of dissimilar materials containing chromium, oxidized, even in high
vacuum, but a minimum of isothermal holding is not enough for the formation of chromium oxides [6].

To obtain the vacuum-tight connection bimetallic blanks from copper and steel 12X18H10T developed a
method of joining dissimilar materials, whose principle is as follows [7]. On the vacuum chamber of the
diffusion welding plant MDV -301 on the lower rod bearings installed flange of copper on the upper rod is
fixed flange, stainless steel, which is located at some distance from the copper flange. RF inductor heats the
copper flange to a temperature of 1123 K, after unheated stainless steel with the top rod is squeezed onto a
copper flange and a pressure up to 20 MPa for 30 seconds .. RF inductor heats team bimetallic billet to a
temperature diffusion bonding and welding is obtained by optimally good connection, because the soft
copper is heated microplastic deformation creates maximum contact between the surfaces of contact, which
is required for the formation of physical contact and developed after interdiffusion at this through close
contact prevents the oxidation of stainless steel vacuum chamber residual gases.

Experimental data showed that the temperature welding T = 1173 K, pressure P = 1 MPa and welding
timet = 20 min, achieved equally strong, tight and vacuum-tight connection, Fig. 1 shows the microstructure
of abond.

Strength of welded joints of copper to stainless steel obtained under these conditions, when tested in
tension was 220-240 MPa, which is close to the ultimate strength of copper. Fig. 1 shows the microstructure
of the copper - steel 12H18H10T. As can be seen from the figure, the interface of dissimilar metals are clear
and thin, the pores and non-metallic inclusions are absent. This indicates the high quality weld components
bimetal obtained by diffusion welding in vacuum, the microhardness of these sites did not significantly
change, indicating the absence of intense diffusion interaction in the areas of their contacts, resulting in their
solid-solution strengthening. This can be attributed to the fact that the solubility of carbon in copper is very
small, but this does not preclude obtaining a lasting and vacuum-tight connection.

ad w A .mﬁ;”;‘, -1-"‘-1:"-15“"':

Fig. 1. Microstructure of a bond éo'pper - steel 12X18H10T (x 500)

Some welding of dissimilar materials in terms of scientific research does not cause much difficulty, and
their use are the most rational construction sites and products meet the needs of modern science and practice.
For example, the welding of dissimilar materials with stainless steel St.3 12X18H10T made fundamental
changes in the design and manufacture of the magnet (Fig. 2), where the fixation and orientation of the poles
of the unit are provided with guiding elements in the form of pins welded diffusion bonding of steel 3 and
12X18H10T. Pins arranged in a horizontal plane in mutualy perpendicular faces of the main pole
nakanechnika so that their axes lie in the median plane leveled the gap, and their diameter exceeds the value
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of this gap. In addition, in order to eliminate the influence of pins on a uniform field, she made three layers,
with upper and lower segment of the pin, located in the corresponding slots of the main magnetic pole piece
and made of feromagnitnogo material, and the middle part of a nonmagnetic materiala. Such kind of fixing
unit pole at the same time and it is fitting, since the mutually perpendicular arrangement to exclude any bias
block relative to the yoke. In addition, the pinsin this case, the work of compression, in contrast to the well-
known option, which allows the same diameter shtivtov carry heavier loads. Thus, we have a strict system of
the yoke-pole block, which is capable of withstanding the stresses produced in the electromagnet, we note
that to ensure the homogeneity of the magnetic field lag screw pole unit is also made of magnetic and
nonmagnetic steel. Fig. 3 shows the results of the study metallographic interface bimetal. To relieve tension
before the final machining performed vacuum annealing, it turned out that after heat treatment, is developing
a transition zone between layers of dissimilar steels, mainly carbon from steel 3 in the direction of steel
12X18H10T (Fig. 3., right). Education and development of transition zones between dissmilar steels
eliminated by blocking the diffusion redistribution of carbon between them by introducing an intermediate
layer of copper.

For the connection the titanium to steel 12H18H10T used a double lining of the steel copper, titanium
from vanadium.

The analysis testifies that there is currently no data on the regularities of formation and growth of
intermetallic compounds between titanium alloys and steel, no data of microhardnessin the joint zone, which
is necessary for the evaluation of the weldability of dissmilar metals. To assess the weldability according to
the recommendations of the International Institute of Welding (I11W) toughness of heat affected zone should
not exceed HV =350 [g].

The results of studies of the microhardness in the joint zone of transition elements titanium-steel joined
by various methods into a vacuum of 1,3 x 10-3 Pa. In the study used the following methods:

1. diffusion welding in vacuum with alayer of vanadium-copper;
2. Vacuum brazing Ti / L-CuSn12/ 316 L, T = 1040 ° C;
3. Vacuum brazing, Ti / L-Ni-2/316 L, T=1080° C

Fig. 4 shows graphs of microhardness in the joint zone, the results of studies that the greatest plasticity in
the bond titanium to steel is achieved through the use of vanadium-copper strip. Tensile fracture occurs on
copper. Mechanical tests on the stretching shows that failure occurs on copper and is 200-220 MPa, carried
out research and industrial performance testing of compounds at a temperature of 4.2 K.

CT3
12X8H10T
CT3

Fig. 2. Left — schematic model of the magnet; right — a schematic model of the pin design of heterogeneous
materials.
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Fig. 3. Left - the microstructure of the mterfac& St3-12X18H10T rlght - mlcrostructure of interfaces St.3-
12X 18H10T, after heat treatment.
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Fig. 4. Distribution of the microhardness in the joint zone: 1 — Diffusion welding of Ti / V / Cu/ 12H18H10T
(T =1000 °C, R=5 MPa, t = 15min); 2 — Vacuum brazing Ti / L-CuSn12/ 316 L, T = 1040 °C; 3 — Vacuum brazing,
Ti/L-Ni-2/316L, T =1080 °C.
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YHUBEPCAJBHOE YCTPOMCTBO JIJIS1 ONPEJEJEHUSA 3APSIIA
XUMHNYECKUX HCTOYHHUKOB TOKA

A.P. Cumonsin ', A. A. Canosin ', A. T. T'ynstia ', P. A. Cumonsta !

! |nstitute of Radiophysics and Electronics, Alikhanian Brothers str. 1, 378410 Ashtarak, Armenia

OrnvcaH TOYHBIA M3MEPUTENh KOJMYECTBA 3apsaa MOJyUYCHHOr0 XUMHYeCKUM HcTouHuKOoM Toka (XUT) Bo Bpems
3apsija U OTJIABUIEro HAarpy3Kke BO BpeMs paspsia.

VYecrolictBo pabotaer kak 3apsuaHuk XUT, kak paspsmuuk XUT, kak 3apsaauk XUT ¢ accMMETpUYHBIM pexuMaM
3apsija U Kak U3MEpUTENb KOJIMYEeCTBa 3apsijia Py 3apsijie ¥ MpH paspsijie.

brarojapsi BEICOKOW TOYHOCTH H3MEPCHUS, YHUBEPCAILHOCTH M MPOCTATe OOCIYKHBAHUS MPUOOP MOXKET Hail TH
MpUMEHEHHE U Ui pa3pabotunkoB XUT u i 3KCIUTyaTallHOHIUKOB U CIICIIMATUCTOB 110 peMoHTy XUT.
KuroueBsble cjioBa: 3apsiji, pa3psijl, aCCUMETPUYHBIA PEKUM, HANIPSDKEHUE, TOK.

B [1] ommcano yctpoiictBo ans usMmepeHus emxoctd XUT, m3mMepsromero kak IOJyY€HHOTO OT HMCTOYHMKA
MTUTaHKS, TaK U OTIAHHOT'O HAarpy3Ke KOJINYecTBO 3apsaoB. OHAKO, ONMMCAHHOE YCTPOMCTBO TpeOyeT 00CITy KUBAFOLIMN
MEPCOHAN BBICOKOTO KJlacca M KpPOME TOr0, M3 3a HAIM4YUs BHYTPEHHOTO CONPOTHBIEHHS CHCTEMA H3MEPEHUS
HanpspkeHus Ha 3axnumax XUT npuBoIUT K JOMONHUTENBHON ITOTPELIHOCTH MIPY CpadaThIBAHNH CHCTEMbI OTKIIFOUEHHUS
(n1 BKITIOUEHUS) peXKUMOB 3apsiia (pa3psna).

B nanHOI1 cTaThe onMcaHO YCTPOMCTBO Ul TOYHOIO M3MEPEHMs] EMKOCTU KaK IPU MONTY4YEHUH, TaK ¥ IPU OTAAue
3apsI0B BO BpeMsl pa3psAla Ha PE3UCTUBHOI Harpyska, IpH 3TOM TOK CTaOMIM3HMPYETCs Kak HpH 3apsaKe Tak u MpH
paspsanke XUT.

B npubop BBeneH IONOIHUTEIBHBIA PEKUM- PEKUM aCCUMETPUYHOTO 3apsiaa, Koraa B ogHoM moinyrnepoune XUT
3apsbKaeTcs, a BO BpeMs BTOPOrO MONyIepuoja paspsxkaercsi. OTUM PeXHMOM cornacHo jurepatype [2,3] XUT
(cepebpsiHO-IIMHKOBBIE, CBHHIIOBBIE W T.[.) YaCTHYHO BOCCTaHaBIMBaeTcs. [lolydeHHOe 3HAa4YEHHE amMIep-4acoB
COXPAaHAEHTCS AJISl PETUCTPALUH.

OtmeTuM, uro u3BecTHhId npubop “Kynon-12ns”, ¢upmbl “A u T curembl”, XOTSI ¥ HHAULHUPYET E€MKOCTh
CBMHIIOBBIX AaKKyMYJIATOPOB, HO HE W3MepseT. YTNpolleHHas (QyHKIMOHAIbHAas cXemMa OJoKka yIpaBieHUs
pa3paboTaHHOTO U3MEPHUTEIS HMEET CIexyroImuii Bux (puc. 1).

1]

K1 |2
°‘ 17

3 6

[
4 —1 8

K2 —

j: |

Puc. 1. Ynpawennana gpynxyuonanvnan cxema 6noka ynpaenenus. K1, K2 xknemsr XUT, 1,3,7,8 UcTOYHHKH HANpsOKEHUS, 2
HCTOYHUK CTAaOMIM3MPOBAHHOTO TOKA 3apsiaa, 4 Harpy3Ka ToKa pas3psija, S OJOK m3MepeHUs HanpspKeHHs, 6 OJOK yIpaBIeHUS

Brok ympaBnenus mporecca 3apsina u paspsga XUT coctout u3 ciemyromux y3moB U aaemenToB: K1 i K2 kmemmbt
JUI TIOAKJIFOYEHHS aKKyMYyJIATOpOB, IpH 3ToM K kiemme Kl moaxmrodaercss MoJOXWTEIbHBIM BbIBOA, a Ha K2
HOJKIIIOYAETCsl OTPULATENIFHBIA BBIBOA M OJHOBpeMeHHO K2 coenuHsieTcs ¢ oOMIMM NPOIOAOM ycTpoicTBa. 2 U 4
OJI0KHM 3apsiia U paspsiia COOTBETCTBEHHO. J[Jisl yCTOHOBJIEHHS BEJIMYMHBI TOKA BO BPEeMs 3apsiaa K OJIOKY 2 HOIKIIIOUYEH
YIpaBISIeMbIid HCTOYHHK cTabmnmm3npoBanHoro Hanpsokerus (YVCH) 1, a mist ycTaHOBIEHHST BETMYMHEBI TOKA paspsiia
K 6moky 4 moxkmoueH YUCH 3. 5- 610k u3mMepeHus HanpspKeHUs 3apsbkaeMoro (pa3pspkaeMoro) akkymydssiropa. s
CHATHUS BIUSHUS BHYTPEHHOro comnportusieHus XWUT, uzMepeHue HanpsoKeHUs MPOU3BOAMUTCS BO BPEMs OTCYCTBHS
TOKa 3apsiaa (paspsaa).

BreixomHo# curHan O10ka 5 TocTymaer Ha BXOZ OJOKa ympaBieHHS 6, KOTOPBIM B 3aBUCHMOCTH OT YpPOBHS
Hanpspkennst Ha kiemmax XWT u oT nojydeHHOW KOMaH/bl BKJIOYaeT wiu Onok 2 (3apsa) win 6mok 4 (paspsn).
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YpoBeHb HampsHKEHUS MPH KOTOPOM OTKIIodaeTcst 6ok 2 ompenenser 6moxk YVCH 7, a ypoBeHb HampspKEHUS IS
OTKIIIOYCHHUs Tpolecca paspsga onpeaenser YMCH 8. Brmok ympasienus padoraer cieayromum obOpasom. [locie
TIOJKITIOYEHUsT KJIEMH ycTpoicTBa K 3akuMaM XUT u BKIIOYEHUS] MUTAaHMS YCTaHABIMBAETCS IPH IOMOIIN OJIOKOB
YUCH 1,3,7,8 BenmuurHa TOKOB 3apsia W pa3psia HANPsOHKCHUS MPH KOTOPBIX OTKIIFOYAIOTCS IPOLECCHl 3apsiia U
paspsiza, mocie 4ero ¢ MOMOIL0 KHOIIOK KOMaH]{ BKJIIOYAaeTCsS OJUH U3 CIEAYIOIUX PEXKUMOB!

1. Pexum 3apsaa akkyMyJsTopa

2. PexuM pa3psaa akkyMymnsaTopa

3. Pexum 3apsna akkyMmyJsTopa B aCCHHXPOHHOM PEXHME

4. Pexum u3MepeHHUs eMKOCTH aKKyMYJIsITOpa

W3Mepenust KoJMm4ecTBa 3apsijia MOIyYeHHOTO WIK OTJAHHOTO aKKYyMYJISTOPOM MPOU3BOIUTCS MO (BDYHKIIHOHATBHOM

CXeMe COIJacHo puc. 2.

Bxon
o—» 1 = 2 I 3 > 4 > 5

2

Puc. 2. @ynkuyuonanvnasa cxema u3MepeHuUA Koauuwecmea 3apada. | yCUIUTENb HANpsDKEHHs, 2 TmpeoOpasoBaTelb
HaNpsHKEHUA-9acTOTa, 3 CUETUHK UMITYJIbCOB, 4 U(pO-aHATIOTOBBII TpeoOpa3oBarTenb, 5 BOILTMETP.

Cxema u3MmepeHHs 3apsga paboTaer ciexyromuM obpasoM. Hampspkerne oOpa3oBaHHOE Ha TOKOM3MEPUTEIEHOM
pe3ucTope MojaeTcsi Ha BXOJA YCHIMTENs | M Imocie YCHJICHWs NOCTyIaeT Ha BXOJ JIMHEHHOro mpeoOpaszoBarelis
HanpspkeHusi-uacrora 2. IlonydeHHass Ha BbIXOZE IpeoOpasoBaTesst 2 IMOCIEAOBATENEHOCTh MMITYJIBCOB B TEUEHHH
3apsiia (WIn paspsiia) HaKarIuBaeTCsl B CUETUMKE UMITYJIbCOB 3. KommuecTBo MMMy IbCOB cueTunKa 3 mpeodpasyercs B
HaNpsDKEHHUS IIOCTOSHHOTO TOKa IM(PO-aHAJIOTOBBIM IIpeoOpa3zoBaTeneM 4, BBIXOJHOE HAIPSHKEHHE KOTOPOTO
U3MEpSIETCs BOJIbTMETPOM HOCTOSIHHOT'O TOKa 5.

Cucrema U3MepeHUs KOJIMUYECTBA 3aps/I0B OTIAHHBIX aKKyMYJISITOPOM Harpyske BO BpeMs paspsijia, He OTJIMYAeTCs
BbIIIEONHCaHHOT0. OTMETHM, YTO TIepe]] Ha4aIoM JIF000H KOMaHIbl CYETYNKN OOHYJIISIFOTCSI.

IIpn pexxumax 3apsiga, paspsa U B PEKHME ACCHMETPUYHOTO 3apsiia BOJIBTMETP 6 TOAKIIOUEH K BBIXOAY
u3Mepurels HanpsbkeHust S (puc. 1), a mpu pexxuMe M3MEpeHUsl 3apsijia BOJLTMETP IOKa3bIBAET KOJWYECTBO amIiep-
4acoB B pexuMe paspsija. VizmepeHus aMnep-4acoB MPOM3BOAMUTCS creayromumM oopaszoM. [Tocne noaxmouenus XUT
kimemam K1 1 K2 o komaHze u3mepenne amrep-4ac MpoOUCXOAUT TTONHBIN 3apsi. [lociie OTKITIOUeHNs pexknMa 3apsaKi
KOTZ]a HampsDKEHHWE Ha aKKyMyJISITOPE MEPEBBIIAET yCTAHOBICHHBINH YPOBEHb MPOMCXOAUT aBTOMATUYECKUH MEpexos
U3 pexuMa 3apsaa B pexuM paspsna. Kak TONbKO HampsbKeHHE yYMEHbUIAETCsS Ha KieMaX HIDKE YCTaHOBJIEHHOTO
6moxkom 8 (puc. 1) ypoBHs mpolecc paspsia OCTAHOBIMBACTCS M BOJBTMETP IOKA3bIBACT KOJMYECTBO aMIlep-4acoB
OTAaHHOE Harpyske. [ ycTpaHEHWs BIMSHHS BHYTPEHHOTO COIIPOTHBIICHHS Ha TOYHOCTH IOKAa3aHUSA M3MEPHUTEIs
HampspkeHust 5 (puc. 1) wW3MepeHHs TNPOM3BOAMTCS BO BPEMs CIELMAIBHO CO3JaHHOW May3bl, KOIZa CHCTEMa
yIpaBJeHUs] OCTAHOBJIMBAET MpoLEcC 3apsiia Wik paspsina. [locne Kaxmoil BBINOJHEHHOH ONepalud yCTPOMCTBO
MIEPEXOJUT B JISKYPHBIH peskuM ¢ MaseiM (MeHee 0,5 BT) morpebiieHneM MOIIHOCTBU. B 3TOM pexuMe ycTporcTBO
MOJKET HaAXOANUTCHCSI HEOTPAHUIEHHO I0JITOE BPEMSI.

PazpaboTaHHbIil H3MEPUTENb UMEET CIIEAYIONINE OCHABHBIC TAPAMETPBHI:

1) Pexum 3apsana XUT

a) /Jluamason BenuuuHBI TOKA 3apsina 0,1...10 A

b) JIuCKpeTHOCTh YCTaHOBKH TOKa 3apsga 0,1 A

¢) /luama3oH ycTaHOBKH HampsDKEHHUS OTKIIIOYAIONIero mporecc 3apsga 11...15 B
2) Pexum pazpsga XUT

a) /JluamasoHn BeauuMHBI TOKa paspsaa 0,1...10 A

b) JIuckpeTHOCTH YCTaHOBKH ToKa paspsga 0,1 A

¢) /lnama3oH yCTaHOBKM HANpsDKEHUS OTKIIFOYAIOIIETo Mmporece paspsana 9,5...12 B
3) Pexum accumerpuuHoro 3apsina XUT

a) /Jluama3oH yCTaHOBKHM BEJIMUYHMHBI TOKA B moiynepuoze 3apszaa 0,1...10 A

b) /[Imama3oH ycTaHOBKH TOKa B moxynepuoze paspsanga 0,1...10 A

¢) HuckperHocts yctaHoBKH Toka 0,1 A

d) /Jlnama3oH yCTaHOBKHM HalpsDKEHHsS OTKIIIOYAIOLIETO IPOLECe 3apsiia acCHMETpUUHbIM TokoM 11...15 B
4) Pexum usmepenus ammnep-yacoB XUT

a) Jlmama3oH U3MepeHus: eMKOCTH BO BpeMs paspsaa 0,1...200 Au

b) Homyctumas morpeursHocTs <1,5 %

PazpaboTanHbIil IpUOOpP MOKET HAWTH NMPUMEHEHUE KaK CpelH pa3padOTYMKOB, Tak U cpenu mnosb3zoBareneid XUT
Tak Kak oOecrieunBaeT
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a) Tounoe u3mepenus emkoctu XUT,
b) TIlo3BouiseT ucce0BaTh BIMSHUE 3apsijia IPU aCCUMETPUYHOM TOKE Ha TIapaMeTphl aKKyMYyJIaTopa
c) Ilo3BoiseT KOHTPOIMPOBATH TOK U HAINIPSDKEHHE KaK BO BpeMs 3apsja Tak U BO Bpems paspsaa XUT.

JUTEPATYPA

Cumonst P.A., Maptupocsa O.A., YcTpoHCTBO U1l ©3MEPEHHST EMKOCTH B aMIlep-JacaxX aKKyMyJIITOpHBIX OaTtapeek, n3. HAH
PAuTHNVA, TH. 2004, TLVII, N3, ct. 334

Tumodees O.I1., Wneur H.M., DiextpoobopynoBaHne aBTOMOOWMIIS, HEHUCIPABHOCTH M TEXHHYECKOe oOCIyXuBaHHE, M.,
Tpancnoprt, 1981, 140c.

Pomanos B.B., Xacues F0.M., Xumnueckue ncrounnku Toka, M., Cos. Panno, 1968, 378c.

186



YHuBepcaJbHbI TEPMOCTATHBINA MOAYJIb

P. A. Cumonsu ', A. A. Canosta ', A. T'. T'ysn !
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Jlaercs onmcanne MOAyJs JJIsl TIOCTPOECHUS TEPMOCTATOB, UMEIOIIUX NPOCTYH0 KOHCTPYKIHIO, BBICOKYIO
TOYHOCTh TMOJJEPKaHUA TeMIepaTypbl, Malyl0 HHEpPIUOHHOCTb, MNPSAMON BBIXOJ AN H3MEpEHHS
TEMIIEpaTypbl BHEIIHUM INPHOOPOM. DTH KadyecTBa MOJy4YeHbI Onarojgaps MPUMEHEHHIO OHIOJISIPHOTO
TpaH3MCTOpa KaK B KadyecTBE TEPMOJATUMKA, TaK M B KAadyeCTBE HarpeBareis, a TakKe BPEeMEHHOMY
pa3feneHuIo MpoLecca U3MEPEHUsT U peryIupoBaHus Temneparypbl. ONHCaHHBIH MOJYJIb MOXKET HaWTU
INpUMEHEHne Tpu  pa3paboTKe TepMocTaroB, u3Mepureneil wmomHoctn CBUY  numamasona,
TEPMOAHEMOMETPOB, STAJOHHBIX HCTOYHHKOB PaIMOTEIIIOBOTO M3Jy4eHHS (TOPSIYMX HATrPY30K).

U3BecTHBI TepMOCTaThl, B KOTOPHIX OWUTOIAPHBIA TPaH3UCTOP MCIOJB3YETCS B KauecTBE HarpeBaTelns U
OJHOBPEMEHHO SIBJIICTCS AaTYUKOM Temmeparypsl [1,2]. Takoe BkiItOYeHUE [T03BOJISIET 3HAUUTEIBHO CHU3UTD
TEIUIOBOE COTPOTHUBIICHUE MEXAY HarpeBaTeieM H JaTYNKOM TeMIIepaTypbl, YTO MPUBOIUT K MOBBIIIEHUIO
TOYHOCTH, YCKOPEHHIO IIpollecca YCTAHOBJIEHUS TEMIEpaTyphl B KaMepe U YIPOIIEHUI0 KOHCTPYKLHHU
TepMocTaTa.

OpHako B YKa3aHHBIX PEIICHUAX OTCYTCTBYET BO3MOKHOCTh M3MEPEHHSI TeMIIEpaTyphl B Kamepe 0e3
JOTIOJIHUTENIFHOTO BHEIIHETO0 TEPMOMETpa, YTO CYIIECTBEHHO OTPAHWYHMBAET BO3MOXKHOCTH YKa3aHHBIX
TepMocTatoB. Kpome 3TOro, B 3THX TepMoOcCTaTax HampsDKEHHE Ha JaT4MKE TEeMIIeparypsl (mepexox 0Oaza-
SMUTTEP) 3aBUCUT HE TOJIBKO OT TEMIEpPaTypbl, HO U OT IPHIOKEHHOTO K KOJUIEKTOPY HAIPSKEHUS, UTO
TpeOyeT MOMOTHUTEILHON CTa0MIN3AIINN KOJUIEKTOPHOTO Hampsbkenust. B [3] omucan TepMocTatr B KOTOPOM
BBEJICH KJIFOUEBOW 3JIEMEHT, Ojlarojapsi 4eMy yMEHbIIAEeTCsl pa3HUIa MEXKAY TEMIepaTypol OTKIIOUEHHS U
BKJIIOUEHHUsS] TPAaH3UCTOPHOro HarpeBatens. HecMoTps Ha 3TO, CIOXHOCTH PEryJIHPOBaHHS DPEXUMOB
M3MEpeHHs TeMIepaTypsl M KaaHOpOBKH TEpPMOCTaTa SBISETCS OCHOBHBIM HEJOCTAaTKOM YKa3aHHOTO
TEPMOCTAaTa, K TOMY K€ He UMEIOIIETO BBIX0/1a AJIs HETIOCPECTBEHHOTO U3MEPEHUS TEMIIEpaTyphl B Kamepe.

B Hactosme#t paboTe ommcaH TepMOCTAaTHBIH MOIYJNb, COOpaHHBIN cormacHo [4,5], mpu 3ToMm B [5]
OIIMCAHO YCTPOMCTBO AJISI U3MEPEHUS TEMIIEPATyphl, JaTYMK KOTOPOro paboTaeT B UMIYJIbCHOM PEXUME Ha
MIPSIMOCMEIIEHHOM P-h Tepexoe (TOK CTaOUIN3UPOBaH, CKBAXXHOCTh UMITYJIbCa 2), BBIXOIHOE HANpsKEHHE
MIPOIOPIIMOHANIBHO TeMIlepatype nepexona. B [4] onmucano ycTpoHCTBO AJis PETyJIUpPOBaHUs TEMIEPATYpHl,
(TepMocTaT) B KOTOPOM B KadeCTBE M3MEPHUTENSI TEMIIEpaTyphl HCIOIL30BaH TEPMOMETP corjiacHo [5], a
perynupoBaHre TeMIepaTyphl OCYIIECTBISETCS MEPEKIIOYeHHEM TPaH3UCTOpa M3 peXUMa H3MEpEeHHS
MPSIMOCMEIIEHBIM p-N MEPEXOJOM B PEKUM PETYJIUPOBAHUS TEMIIEpaTypbl TpaH3UCTOpa (KOJIEKTOPHOTO
Iepexo/1a) KOTOPbI MOKeT ObITh NPUKJIEEH K KaMepe ¢ 000l KoHpHUrypauueil.

Takum o00Opa3oMm, B 3TOM YCTPOWCTBE NPOM3BEAECHO BPEMEHHOE pa3/elIieHHE Ipolecca H3MEPeHHs
TEeMIIepaTyphl U €€ PETyJIUPOBAHMSL.

VYnpouieHHas pyHKIHOHATIbHAS cXeMa pa3paboTaHHOTO TEPMOCTATHOTO MOIYJIS MOKa3aHa Ha puc. 1.

Ha pucynke mokazanel mudpamu 1-TpaH3UCTOp, paboTalmuil Kak TepMOJATUYWK, TaK M B Ka4eCTBE
HarpeBatens. K TpaH3ucTOpy mpuKperuisiercs Kamepa TepMoctata. 2,3,4- OrpaHHYMBAIONINE U
Pa3BA3BIBAIOLINE PE3UCTOPHL. 5,6,7-3NEKTPOHHBIC KIIOYH, MPH 3TOM KIOY 5 W KI04d 6,7 paboTaiT B
npoTtuBada3HBIX peXUMax. §-TeHepaTop MeaHApa C NPOTUBO(A3HBIMH BHIXOJaMH, 9-OJIOK yIpaBiIeHUs
HarpeBoM, 10-0;mok Tepmomerpa, 11-muddepeHnManbHbId  yCHINTENb, 12- HCTOYHUK PEryJIHPYyeMOTro
CTa0MJIBHOTO HANpsDKEHUS MMOCTOSIHHOTO TOKa (3aaT4yuk), Cxema TepMOocTaTa MUTAeTCsl OT ABYXIOJSPHOTO
CTaOMIM3UPOBAHHOI'O MCTOYHHKA HAPSHKEHUS! TOCTOSIHHOT'O TOKA HE TIOKAa3aHHOTO Ha PUCYHKE.

Cxema paboraer cuemyromuM o0pa3om. I[locine BKIIOUCHHS THUTaHHWS Ha BBIXOJE TeHeparopa &
MoJy4yaeTcsl iBa MPOTHBO(A3HbIX HanpskeHus ¢ 4yacroroi mpumepHo 40-80I'm. B omnoM momymepuone
BKJTIIOYAETCS KJIIOY 5 M OTKIIIOYAIOTCS KII0UM 6 1 7. B TeueHne 3Toro nojiyneprozaa NpoucXoauT U3MEpEeHne
Temneparypsl 0siokoM 10, Ha BbIXOZE KOTOPOTO MMEEM HAIPsKEHHE MPOIOPLUOHAIBHOE Temmeparype. B
JIpyroM ToJyTepHoje paboThl reHeparopa 8 KiIouu 6 W 7 BKIIOYAIOTCS, a K04 5 oTKiIouaeTcs. B aTtom
MOJYTIEpUOJe TPOUCXOJUT HArpeB TPaH3UCTOpa |, MPOMOPLUMOHAIBFHO YPOBHIO CHUTHalla Ha BXOZe OJioKa
ynpasiieHHs HarpeBoM 9. BxoaHoii curnan 61oka 9 momydaercs ¢ BeIXoAa JudQepeHIHuanbHOro yCHInTeNs
11. Ha ogaoM Bxozae ycumutenst 11 uMeeM BBIXOJHOM CHUTHan TepMoMeTpuieckoro 6ioka 10, Ha npyrom
BXO/JI€ BBIXOJHOE HaIpsUKEHHUE 3aaTunka 12 (peryaupyeMoro UCTOYHMKA HaNpsKEHHUs TMOCTOSHHOTO TOKa).
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Ecnu BeIXOMHOE HampspKeHHE 3aaTdnka 12 0ombIne, ueM HanpsbkeHne TepmomeTpa 10, To Ha BeIxoae O0Ka
11 uMeeM TIONOXUTENBHOE HANpPsHKEHHUE, MPOMOPIHOHATIBHOE Pa3HOCTH BXOJHBIX HANpspKeHWH Oyoka 11.
OTUM HanpspKEHHEM M yIpaBiisieTcs HarpeB TpaHsucropa 1 Oiokom 9.

2 5
it 10

v

Bbixopg
8 1 TepMmomeTpa

=
S
A

9 12

7 4

Puc.1 @ynkyuonanvuan cxema mepmocmama. [-mepmooamuux-nazpesamensv Ha mpansucmope (KT961),
2,3,4-pesucmopul, 3,6, 7-21exmponnvie Kiouu, S-eeHepamop meanopa ¢ npomusopasHvimu evixooamu, 9-010K
ynpaenenus Hazpegom mpansucmopa, 10-6nox uzmepenusi memnepamypwi, 11-oughpepenyuanvuoiii ycunumens, 12-
UCTHOYHUK Pe2yIUpyemMoco cmaduibHO20 HANPAXCeHUs NOCMOAHHO20 MOKA.

OueBuHO 4YTO OBICTPOIEHCTBHE TEPMOCTATHOTO MOXYyJs OylIeT B OCHOBHOM OINPENENISATHCS
ObicTpozpeiictBueM TepMomerpa 10 u OBICTPOTOH (MOLIHOCTBIO) HarpeBa TpaH3UCTOpa 1, MUTAIOLIEro
0;iokoM 9. B maHHOM yCTpOHCTBE BpeMsl Iiepeladnl TeMIIepaTyphl OT TepMOJIaTInKa (Iepexo 6a3a-3MHUTTEP)
K CHCTEME TepMOpPETyIMPOBAHHs ONpE/eNAETCs YacToTol reHeparopa 8 (HaxoauTes B mpeaenax 12+25x107
cek.). CTaOMIBHOCTh YCTAaHOBJIEHHOI'O 3HAUEHHs TEMIepaTypbl MOAyJs T.e. TpaH3uctopa 1 u ee apeiid
OyzeT ompenenarsCsi KpoMe MapaMeTpoB 3aJaTylKa, TAaKKe BPEMEHEM M TeMIIepaTypHbIM aperdom
middepenmansoro ycwmtens 11. Ilpu ucnonnenun Omoka 11 Ha MPENU3UOHHOM OIEPAHOHHOM
yeunutene OP-07, BpeMeHHO# apeiid) TemmepaTysl MOAy/s OyaeT MMeTh BeamumHy mopsika 0,2x107 °C
/MecsiL, a TeMiepaTypHbIi apeiid - 0,310~ °C npu H3MeHeHHH TeMIepaTyphl OKpyKaromeii cpexst Ha 1 °C.

Jns ompeneneHns CBS3M MeXTy aperipoM 3amatumka 12 M BpeMEHHBIM M TEMIIEPAaTypHBIM Ipeirdom
TEeMIIepaTypsl MOIYJsl MPHUBEICHA SKBHUBAICHTHAs CXeMa HCXOIS M3 TOr0, YTO B TEPMOCTATHOM MOJYJIe
MIPOMCXOIUT BPEMEHHOE pa3AejeHUE Mpolecca U3MEPEHHS W PEeryJIMpoBaHUs TEMIIEPaTypbl, IPH 3TOM B
OJTHOM TIOJIyIepHoze paboTaroT TONBKO Iepexon 0a3za-sMUTTEp TpaH3UCTOpa 1 M TepMOMETpUUECKU OJIOK
10 (octanpHBIe y37BI OJIOKAa HE OEUCTBYIOT). B momynepwose ympaBieHus paboTaroT Bce OJOKH, Kpome
Onmoka M3MepeHHs, XOTs Ha BbIxoAe Onoka 10 mMMeeTcss MOCTOSHHOE HampspKEHHE, BEMYWHA KOTOPOTO
[IPOIOPLIMOHAIIbHA TEMIIEpaType p-n Ipexona TpaHzuctopa 1. B momynepouae u3MepeHHsS NPOUCXOIUT
TEIUIOBBIICNICHHE B IIEpeXo/ie 0a3a-3MHUTTEp H3MEPUTEILHEIM TokoM Gi10ka 10 (0 10x10° Br), a Bo Bpems
peryaupoBaHus B nepexone 0a3a-KoJUIEKTOp MOLIHOCTh HArpeBa MOXKET AOCTUY JI0 CIUHHUI U AECATKH BaTT.
VYuuThIBas BBIICHANIMCAHHOE YNPOIIECHHAs (yHKIMOHANbHAs cxeMa OyleT UMETh CIeAYIoIui BUL (puc. 2).

10 ? >
o Bbixoa

11 12

Puc.2 Ynpowennaa gpynkuyuonanvnaa cxema mepmocmama. 10-610x usmepenus memnepamypet, 11-
oupepenyuanvhvlii ycunumennv, 12-ucmounux pe2yiupyemo2o cmaduibHO20 HANPSANCEHUs. NOCMOSIHHO20 MOKA.

B ynpomieHHO# cxeMe TepMOCTaTHBII MOJYJb MOKa3aH B MOJYIIEPUOAE PETYIUPOBAHUS TEMIIEPATYPhI, a
IMyHKTUPOM HAapuCOBaH JaT4WK Temmeparypel [| (mepexom 0aza-sMuTTEp TpaH3UCTOpa 1) IHIIB
MOAYEPKHUBACT HE3aBUCUMOCTh IONylepuona u3MepeHust garuyukoM JI.  VYuutelBasg  peasbHbIE
terorexuudeckue mapamerpsl BU u CBY MOITHBIX TpaH3UCTOPOB, HA KOTOPHIX IesecooOpazHee BCETO
MTOCTPOUTH BBIIIIE OMTUCAHHBIA MOJIYJIb, TOCTPOUM TEIJIOTEXHUYECKAs SKBUBAJICHTHAs cxema Moayus (puc.3).
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Puc.3 Tennomexnuueckasn IK6UGATIEHMHAA CXEMA MEPMOCHAMHOZ0 MOOYIA

B ymporieHHoit cxeme Bce MpakTHYeCKH Oe3MHEPIIMOHHBIE AIeMEHTHl 00beINHEHBI B OJI0Ke ycuauTens 1,
ocraBisisi Tonbko R,C, mHTerpupyiomee 3BeHO (PKBHUBAJIEHT CHHXPOHHOTO (UIbTpa M JeTeKTopa Oiioka
mmMeperns [5]) B Omoke tepmomerpa 2. TpaH3WCTOp TMOKa3aH C TEIUIOTEXHHWUYECKUM SKBHUBAJICHTOM
pacnpeneieHHOH €MKOCTH M TElJOBOTO COMPOTHUBJIEHHMS KOJUIEKTOPHOTO IEpexoja, TemJIOBbhIX
COTIPOTUBJIEHUHN Ry mepexon-kopmyc, TEemIoBas eMKOCTh KOpIyc-okpyxatommas cpeaa Cy, COnpoTHBIEHUEM
KopIyc- okpykaromas cpena R,. Iloxxmrouenus Bxoma tepmomeTpudeckoro 0ioka (01ok 2 puc.3) mocie
pacnpenenenHoi menu R,C, Haubomee cooTBecTByeT (pr3muecKoil KapTHHE U3MEPEHUs TEeMIIEpaTyphl, TakK
Kak anmemeThl Ry, Ci u Ry KOCBEHHO BXOZAT B IleNb OOpaTHOW CBA3M, NMPAKTHUECKH HE BIHSS Ha Mpolecc
PETYJIMPOBaHUS TEMIIEPATYPhl KOJUIEKTOPHOTO TIepexoa .

[ mpemoTBpamieHnss caMOBO30YKACHHUA W TIOBBIIICHUS MTOMEXOYCTOHYHBOCTH CHCTEMBI, TTOCTOSHHAS
BPEMEHU CHHXpPOHHOTO (punbTpa Tepmomerpa [5] 1= R,C, BeiOupanach mopsaka 0,5 cexyHI, MpH 3TOM
cyMMapHas 3apaaka rno nenu R,C, 1 ykazaHHBIX TpaH3UCTOPOB Ha 1-2 nmopsaka MeHsle. Cie1oBaTenbHo,
0COOBIX Mep U MPEeNOTBpAIICHUS CaMOBO30YXICHHS B 3aMKHYTOM KOHTYpE TEpMOPETYJIHMPOBAaHUS HE
TpebyeTcs. B manHO# crcreMe ObUTH U3MEHEHBI KO3 GHUIHEHTH ycuneHus 6ioka 1 (puc. 3) HauunHas ot 10
10 10%, B pe3ynpTaTe Yero BelTMUMHA HANpPSKEHHS 3amaTunka Uy NPAKTHUECKU CTAA PABHOM HATPSKEHUIO
TEPMOMETpa. DTO 3HAYUT, YTO JJIS TIOTYUSHHS BBICOKOW TOYHOCTH TEPMOCTATUPOBAHUS CJIEyeT IPUMEHHUTH
BBICOKOCTAOMIIBHBIN MCTOYHHK. J{JIs1 5TOTO Hai/IeHO 1enecooOpa3HbIM IPUMEHEHHEe HOPMAJIFHOTO DIIEMEHTa
BTOpOTrO Kiacca (X480) ¢ COOTBETCTBYIOIIEH COMIACYIONMIEH CXEMOH.

H3mepeHHOe 3HAUCHUE H3MEHEHHUS TeMIIePaTypbl B Kamepe TepmoctarupoBanust Mmeree uem 0,01 °C, mpu
TEIUIOM30JAIMY  KaMmepbl TmeHoriactoM IIXB-1 tommuuoit 10MM W npu HW3MEHEHHH TeMIIEpaTyphl
okpykatoreii cpensl £10 °C a mpeiid cBsi3aHHBIN ¢ apeiihoM 3amaTunKa TeMIIEPATyPhl COCTABISIET TOPSIIKA
0,001°C.

s nu3Mepenne OBICTPOACHCTBUS TEpMOCTaTa HA BBIXOJIE 33aJaTuMKa TeMIepaTypsl Obuta (hopMHUpOBaHa
CTyIeHb HANpsUKCHHS Ha BeamduHy Harpesa 10 °C, um dportom memee 10 cexymn. B pesymsrare
HM3MEpPEHHOE 3HAYeHHE MOCTOSIHHOM BpeMEHH TepMOMETpa M TepMocTara cocTaBWiM mnopsaka <0,3 c, npu
cpenHel MOIHOCTH Harpesa 2,4 Br.

brmaromapss BBICOKOW TOYHOCTH, MAJOWHEPITMOHHOCTH W MaJIbIM TrabapuTaM, MaHHBIA TEPMOCTATHBINA
MOJIyJIb MOKET HAMTH IMIMPOKOE MIPUMEHEHHE B paAHOTEXHUKE (CTaOMIN3alMs TETUIOBBIX PEKUMOB CXEMHBIX
9JIEMEHTOB M OJIOKOB), B M3MEPHUTENBbHOW TEXHUKE sl STATIOHMPOBAHUS TEPMOMETPOB, JISi HOCTPOCHUS
MaJoro0apuTHBIX  PETYJUPYEMBIX  WCTOYHHKOB  PaJUOTEIUIOBOTO  W3IYUYEHHs  MHJUTUMETPOBOTO,
cyommmmmmeTrpoBoro u MK nuamazona. Kpome »3Toro, TepMOCTaTHYECKUH MOAYTh MOXKET HaHTH
MpUMEHEHHUE MpH pa3paboTKe TePMOAHEMOMETPOB.
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