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Preface 
The International Conference “Microwave and THz Technologies and 
Applications” (IRPhE’2014) was held in Aghveran, Armenia, from October 2 to 
October 3, 2014. The IRPhE’2014 was directed to the revival of the traditional 
conferences organized by the Institute of Radiophysics and Electronics, National 
Academy of Sciences of Armenia, since 1968. In the framework of the Conference 
four sections were organized: “THz Technique and Spectroscopy”, “Remote Sensing 
and Radar Technologies”, “Microwave Photonics and Devices”, and “Materials and 
Electronics”. 
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Advanced THz-TDS Instrument Applied to Non-destructive 
Quality Evaluation of Industrial Crystalline Materials 

 
Seizi Nishizawa1, Takeshi Nagashima2 and Mitsuo W. Takeda3 

 

1FIR FU, University of Fukui, 3-9-1 Bunkyo, Fukui 910-8507, Japan 
2Faculty of Science and Engineering, Setsunan University, Neyagawa 572-8508, Japan 

3Faculty of Science, Shinshu University,3-1-1 Matsumoto 390-8621,Japan 
 
The coherent terahertz (THz) ra diation emitted through the fem tosecond pulse laser i rradiation on a 
photoconductive antenna has been effectively utilized for the terahertz tim e-domain spectroscopy 
(THz-TDS). A versatile compact THz-TDS in strument was n ewly developed with an extremely high 
SNR in the wavenumber region below 170cm-1.  For the expansion of  spectrum wavenumber coverage 
up t o t he IR  regi on, an advanced T Hz-TDS instrument was devel oped wi th the new optics 
configuration of a composite THz-TDS with Michelson (Matin-Puplett configuration) interferometer 
(FTIR). Here, an overview of the newly developed THz-TDS i nstruments with the fundamental optical 
advantages and further some of the latest results of applications focusing on the THz-TDS non-destructive 
quality evaluation for industrial interested materials and crystalline polymorphs of active component APIs 
of OTC pharmaceutical products are described.. 
 

1. Introduction 
The recent progress in the generation of coherent terahertz (THz) radiation through the femtosecond pulse 

laser irradiation on a photoconductive antenna has been effectively utilized for the promising new spectrometric 
technique of the terahertz tim e-domain spectroscopy  (THz-TDS) [ 1]. The THz-TDS technique [ 2,3] has the 
advantage of better signal-to-noise-ratio (SNR) than that of the conventional spectrometric techniques of Raman 
and FTIR [4] , and further makes it possible to measure not only the spectrometric transmission intensities T(ω) 
but also the intrinsic phase shifts   of propagating THz radiations through within a sample specimen. The 
exact measurements of both T(ω) and Δφ(ω) make direct estimation of the real part ε’(ω) and the imaginary part 
ε”(ω) of complex dielectric constant ε*(ω) free from the uncertainty caused by the Kramers-Kronig analysis [4]. 
The intrinsic phase shifts Δφ(ω) also enables to m ake analy tical estim ation of the dispersion relations for 
various elem entary excitations coupled with th e propagating THz radiations. Thus the THz-TDS 
measurements are effectively applied to the far-infrared spectroscopic investigations of intermolecular vibration 
modes, crystalline phonon modes, crystalline morphology, photonic dielectric structures and glassy  m aterial 
boson peaks.  

The THz-TDS technique has recently been in progress with a wide expansion of fundamental research and 
industrial investigation applications. A versatile compact THz-TDS instrument has been newly developed with an 
extremely high SNR in the wavenumber region below 170 cm-1. Further, for the spectrum wavenumber coverage 
expansion up to the entire IR region, a new instrum ent of THz-TDS has been developed with the advanced 
optical configuration which consists of a com posite THz-TDS optics and a high throughput Michelson 
(Matin-Puplett configuration) [4] interferometer (FTIR). These THz-TDS instruments are now being applied to 
the far-infrared spectrum  measurements on dielectric functional materials, poly morphous organic com pound, 
bio-molecules, and crystalline morphology of pharmaceutical reagents. The THz-TDS investigation is also being 
applied for the non-destructive quality evaluation of industrial products. 

Here, an overview of the newly developed instrument performances and some of the latest results of novel 
applications focusing on the THz-TDS non-destructive quality evaluation of functional dielectric materials and of 
crystalline polymorphs in the active components (APIs) of OTC pharmaceutical products are described. 

 
2. Instrumentation Performances 

For the Far-infrared spectroscopy , conventionally FTIR technique based on  Michelson interferom eter 
has been m ainly utilized. A ty pical FTIR  instrum ent with a high throughput Michelson (Matin-Puplett 
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configuration) interferometer is shown in Fig. 1(a,b,c). THz-TDS technique has recently been in progress with  
the advantages of higher SNR and more wide  dynamic range than that of other techniques (Raman and FTIR).. 

A com pact THz-TDS instrum ent has been newly  developed with the advantages of h igh SNR in 
Far-infrared region below 170 cm -1 and applied for versatile m easurements (transmission, reflection, liquid, 
gas, ATR, m apping, tem perature dependence and etc.) (Fig. 1(d,e,f)) [2]. For the THz-TDS, the sam ple 
preparation techniques used here are the same as those used in FTIR and Raman spectroscopy. An absorption 
spectrum on air was m easured and com pared with the water vapour absorption spectra offered from  the Jet 
Propulsion Laboratory  (JPL). As shown already  in th e proceedings of the International Conference on 
“Microwave and THz Technologies and Wireless Communications” (2012) at Yerevan [5], the wavenumbers 
of the absorption lines agree with th e absorption data of JPL and also the spectral resolution is less than 
0.02[cm-1] which was confirmed by the water vapour absorption line at 57.22[cm-1] measured at less than 60 
Pa.  The spectral coverage depends  on the femtosecond laser. The THz radiation source spectra m easured by 
the laser (Femtolasers Productions GmbH: Integral Pro) which pulse duration is less than 10 fem tosecond is 
shown in Fig. 1(f). The THz radiation is observed from  about 1[cm-1] to 230[cm-1]. Almost all compact type 
femtosecond lasers are possible to set on the instrument.  

Between 230 and 340[cm-1], the THz radiation is absorbed by the GaAs phonon absorption bands of the 
photoconductive antennas. It is expected that the high frequency limit of THz radiation will becom e higher 
than 440[ cm-1] by  avoiding the absorption of the GaAs s ubstrates. The recent progress in the research 
applications enables the potential application for the far-infrared measurements on new functional materials. A 
new instrument of THz-TDS has been developed with the advanced optical configuration which consists of a 
composite THz-TDS optics and a high throughput Michelson (Matin-Puplett configuration) interferometer. A 
photographic view of the optical configuration is shown in Fig.2. The instrum ent is for use in the qualitative 
analyses of opt electric constants of materials in which the spectrum wavenumber coverage is expanded to the 
NIR region (Fig. 2(b)). 

 

3. Non-destructive Quality Evaluation 
The versatile compact THz-TDS instrument developed with the advantages of wide wavenumber coverage 

and a high dy namic range has been in progress applied for far-infrared m easurements on industrial functional 
materials, poly morphous organic compounds, bio-molecules, and cry stalline m orphology of pharm aceutical 
products, of which THz-TDS investigation is applied to the pharmaceutical industry.  

In ferroelectric materials, the dielectric properties in the terahertz (THz) region are of great importance 
due to the physical and chemical properties of Ferro electricity dominantly originated in this region. The soft 
optic m odes responsible for Ferro electricity  appear in the far-infrared region below 100[cm-1]. T he 
measurements of complex dielectric constants at the THz frequencies are very useful. Since ferroelectric soft 
modes are infrared active and they  propagate as polaritons, the polariton dispersion in the far-infrared region 
gives very important information for both fundam ental and technical problem s in ferroelectrics. The 
ferroelectric materials of current interest are mostly perovskite families with oxygen octahedral. The THz-TDS 
measurements are in focus on the ty pical perovskite fa milies of current industrial interest, which includes 
bismuth, titanate Bi 4Ti3O12 (BIT) (Fig.3), lithium  heptagerm anate, Li 2Ge7O15 (LGO) (Fig.4) and lithium 
niobate LiNbO3 (LN) (Fig.5). Their Ferro electricity  originates dominantly from the instability  of polar soft 
modes in a ferroelectric transition. So the THz dy namics is very  im portant for the characterization of 
ferroelectric properties. As one of the great technologi cal achievements in the 1990s, oxide ferroelectric thin 
films have attracted a great deal of attention for use in non-volatile m emories. In which bism uth titanate 
Bi4Ti3O12 (BIT) is one of the most important key materials for FeRAM. However, there are still some problems 
to overcome in order to measure very high-frequency dielectric properties accurately for thin films or for very 
thin plates. Consequently , an experim ental method for determining THz dielectric properties is desired for 
fundamental and practical research.  

As shown in Fig.3(a), the spectral transmission intensity T(ω) and intrinsic phase shift Δφ(ω) of ac-plate of 
BIT were accurately  measured frequency range from 100[cm-1] down to 3[ cm-1]. Fig.3(b) shows the frequency  
dependences of dielectric constant ε’(σ) and loss ε”(σ) derived directly from the measured values of transmission 
intensity and intrinsic phase shift. For light polarization parallel to the a-axis ( E//a) and b-axis ( E//b), low 
frequency polariton branches of A’(x, z) and A”(y) sy mmetries were clearly  observed down to 3[cm-1], 
respectively. In the polariton dispersion, the wavevector κ(ω) is reduced for the observed values of the intrinsic 
phase shift Δφ(ω) through the equation, Δφ(σ) = dκ(σ) where d is the sample crystal thickness. 
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(a)                                                                         (d) 
 

   
(b)                                                                            (e) 

 
(c)                                                                                 (f) 

Fig. 1 Spectrometric fundam ental propert ies perform ed on t he far-infrared FTIR spectroscopy  and the THz-TDS 
spectroscopy. The spectrum wavenumber coverage and spectrometric dynamic range of  source radiation  (a), (b) and (c) 
are perform ed on  the  typical FTIR i nstrument wi th a hi gh throughput M ichelson (M atin-Puplett confi guration) 
interferometer(JASCO TRL), and other party (d), (e) and (f) are on the newly deve loped versatile THz-TDS instrument  
(Aispec  model :pulse IRS- 2000)  respectively. 
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Fig. 2 Advanced optics of the composite THz-TDS com bined wi th a hi gh t hroughput M ichelson (M artin-Puplett 
configuration) interferometer (FTIR) (Upper) and expansion of the spectrum wavenumber coverage to the NIR region 
(Lower).  

 
 
The observed dispersion curves shown in Fig.3(c)  by  open circles were well reproduced by the 

phonon-polariton dispersion curves calculated through the Kurosawa formula [6]. The solid curves in Fig.3(c) 
denote the curve calculated by the Kurosawa formula using mode frequencies  of  A’(x, z) symmetry, in which the 
values of fitting parameters are shown in the table in  Fig.3(c). The good agreement concludes that the nonlinear 
relation reflects the dispersion relation of phonon-polariton. For the polariton coupled to a polar mode with A’(x, 
z) symmetry at 28 [cm-1], the nonlinear ω-κ relation of the lowest branch was clearly  observed in the frequency 
range 3-26[cm-1]. The lowest limit of the static dielectric constants along the a- and b-axis: εa0)=75.99 and ε 

b(0)=146.41 were respectively  estimated from the lowest  polariton branches [ 3], whose values showed good 
agreement with those measured with LCR meter. 

The THz-TDS provides inform ation on low-frequency  in termolecular vibration m odes, and has a wide 
range of applications in Pharmaceutical industry including formulation, high throughput screening, and inspection 
in process. The different form s referred to as “poly morphs” have the sam e chem ical form ula but different 
crystalline structures that can lead to different phy sical and chem ical properties of the m aterial. The different 
forms may have different rates of dissolution or bioavailability, and may even effect the stability of the products. 
The formation of different polymorphs can be controlled during crystallization by the solvent used, the rate of 
cooling, and the degree of super-saturation of the solu tion. Once in the desired crystalline form the polymorphic 
state may be changed by  incorrect storage or even during tablet preparation. At present, there are no quick and 
convenient methods for confirming the polymorphic state of products while in storage or during manufacture.  

The THz-TDS spectra are sensitive to the difference in the crystalline structure, and thus are applied to 
search the poly morphs of m edicines. In F ig.6, th e THz-TDS transm ission spectra of some marketed 
pharmaceutical products are shown with the industrial interest in non-destructive quality evaluation. Fig.6 shows 
the transmission  
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spectra measured on the tablets over the counter m edications named G10, GD and G10P identified with the 
pharmaceutical main active component, namely API famotidine containing the poly morphs of form A, form B 
and  
other forms, and additionally the main additives of lactose and mannite. 

A precursory instrument (Fig.7) [7] for the quality  control on pharm aceutical products  has been newly 
developed and started trial of practical application with the advantages of high dynamic range, sensitivity, high 
throughput screening, and high speed inspection in pharmaceutical product line.   

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3  Far-Infrared phonon-polariton dispersion probed for the ferroelectric bismuth titanate Bi4Ti3O12 (BIT) crystal by 
THz-TDS. The transmission T(σ) and the intrinsic phase shift Δφ(σ) measured on the c-plate of high-quality BIT crystal 
(a), and the com plex dielectric constants ε*(σ) { ε’(σ), ε”(σ)} est imated t hrough T(σ) and Δφ(σ) of m easured   
transmission spectra in the light polarization along the a-axis (b) are shown. In (b), the solid lines are the calculated curves 
using the constants of ωTO=28.3[cm-1] and σ=3.0[cm-1] obtained through Raman scattering measurements. It can be found 
that the estim ated values of ε*(σ) t hrough THz-TDS t ransmission m easurements are qui te i n agreem ent wi th t he 
calculated values. The dispersion relations of phonon-polariton are also shown (c), in which the closed circles denote the 
estimated values through Δφ(σ) and the solid lines denote the calculated curves of phonon-polariton dispersion relation 
on the basis of the Kurosawa formula[6], and the table in (c) shows the values of fitting parameters for observed polariton.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Complex d ielectric co nstants m easured o n lith iumu h eptagermanate Li 2Ge7O15 (LGO) crystal fo r th e lig ht 
polarization p arallel to  th e c-axis ( Left an d Cen ter ) an d Disp ersion relatio n measured o n lith iumu h eptagermanate 
Li2Ge7O15 (LGO) crystal fo r the light polarization parallel to the c-axis. ( Right ). Solid curves denote the calculated 
curves on the bases of the Kurosawa form ula[6]. Closed circles denote the measured dispersion relation for t he l ight 
polarization parallel to the c-axis, and the values of fitting parameters are tabled. 

(a) 

 

 
(a)                      (b)                           (c) 
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Fig. 5 Transmission intensity and phase shift spectra measured on an x-plate of a poled lithium niobate LiNbO3 (LN) for the 
light polarization parallel to the y-axis (E//y) and the z-axis(E//z); (Upper), Complex dielectric constants measured on an 
x-plate of a pol ed LiNbO3 (LN) crystal fo r th e lig ht p olarization p arallel to  th e y-axis and t he z-axis; (M iddle), and 
Dispersion relations measured on an x-plate of a poled LiNbO3 (LN) crystal for the light polarization parallel to the z-axis; 
(Lower). Solid curves denote the calculated curves on the bases of the Kurosawa formula. The values of fitting parameters 
are tabled.  
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Fig. 6 Polymorphs of Pharmaceutical Active Famotidine 
THz-TDS non-destructive polym orphs ch aracterization of pharm aceutical pr oducts. THz-TDS absorption spectral 
fingerprints obtained by the non-destructive measurements on t he OTC  t ablets of st omach m edicine nam ed 
G10/GD/G10P (a), the transmission API: famotidine containing the different polymorphs of Form A, Form B and others 
(b), and also additives (c). 
 
 

  
 
Fig. 7  Ph otographic v iew o f a p recursory THz-TDS p robe [7 ] for the quality control in the Process Analytical 
Technology (PAT), with the potential to be extended to at -line and on-line quality control inspection in pharmaceutical 
product lines (Aispec model: Pharma QC-1000). 
 
 
 

 

・ S.-Y. Lin, W.-T. Cheng, S.-L. Wang: 
International Journal of Pharmaceutics 318 (2206) 86-91

・ Japanese patent : 2708715
（1986, Gedeon Lichter Ltd., Hngary）
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4. Summary 
The new instruments of THz-TDS have been developed with different optical  bench configurations. 

One is a com posite THz-TDS instrum ent com bined with a high throughput Michelson (Martin-Puplett) 
interferometer applied for research m easurements with wide wavenum ber covera ge from  far-infrared to 
near-infrared. By the THz-TDS instrument, both measurements with THz-TDS and FTIR are possible without 
moving a sam ple specim en. Another is a compact THz-TDS instrum ent with the adaptation of routine 
quantitative measurements for characterizing industrial products. This com pact instrument enables to m easure 
with various sampling optics units inserted in the sample room.  

The versatile THz-TDS instruments have applied for accurate quantitative measurements and the spectral 
intensities T(ω) and the intrinsic phase shifts Δφ(ω) of transmission spectra have carefully been measured on the 
ferroelectric materials and a glassy  material.  From the spectral intensities T(ω) and the intrinsic phase shifts  
Δφ(ω), the com plex dielectric constants of the m aterials were estimated without the uncertainty  caused by the  
Kramers-Kronig analy sis in conventional infrared spect roscopy. The dispersion relations of the ferroelectric 
materials were also derived from the intrinsic phase shifts.  The obtained dispersion relations are well reproduced 
by the phonon-polariton dispersion relations calculated on the basis of Kurosawa’s formula [6]. By the THz-TDS 
instruments, the lowest branch of phonon-polariton dispersion was determined down to the very low frequency of 
3cm-1, which could not be attained by other experimental methods.  The anisotropy of polariton was also clearly 
observed simply by rotating the light polarization of the incident THz radiation.  The boson peak of a glassy  
material was also observed by  the THz-TDS instrum ents.  Up to now m ost of properties on boson peaks were 
discussed only on imaginary parts χ” (δ) of dynamic susceptibility. Therefore, the determination of both the real 
part and im aginary part of dielectric constant is very  important.  We believe these observations are the first 
reported observations of the disper sion relation of phonon-polariton. The nove l applications to pharm aceutical 
products were described.  The THz-TDS has a wide range of applications for industrial especially pharmaceutical 
quality control including formulation, high throughput screening, and inspection in the product process. It is also 
suggested that THz-TDS has the technological advantage of non-contact measurement on far-infrared dielectric 
properties, which is usefully applied to both fundamental study of various far-infrared elementary excitations and 
utilitarian development of electronics devices, and further to quality  control of industry  products in the near 
future.   
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 Session 1.  THz technique and spectroscopy 

THz radiation tapered dielectric antenna partially 
filling the metal waveguide 
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1 Yerevan State University, Alex Manoogian str. 1, 0025 Yerevan, Armenia 
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Results of t he effective gener ation of ul tra-broadband t erahertz (THz) r adiation i n the band 0.1-2  
THz, vi a opt ical recti fication of fem tosecond l aser pul ses i n a nonl inear t apered cry stal, are 
presented. It  is shown t hat by pl acing the LiNbO 3 crystal in free space, a nd in hollow waveguide,  
both t he phase- matching and  tim e- and sp ectral-features of the e mitted THz field ar e changed. 
Several i ntense spect ral regi ons wh ose freq uency depends on  t he si ze of t he Li NbO3 crystal are  
observed. The  fi nite-element method was  em ployed t o model and sim ulate the THz wave 
propagation in a Li NbO3 tapered crys tal in  order to analyze e xperimental result s, and to vi sualize 
how the form of the crystal infl uences the distribution of THz radi ation both inside and outside the 
crystal in the near-field zone. It is shown that, during propagation of the THz radiation in the crystal-
metallic waveguide system, both the mode structure and phase velocity are changed. 

1. Introduction and Background  
Tapered dielectric structures are widely  used in designing components in millimeter, sub-m illimeter 

(attenuator, phase shifter) and optical devices; and in n ear-field optical m icroscopy for concentration of the 
incident radiation [ 1]. Tapered waveguides have been prop osed to guide and enhance THz radiation int o a 
confined region in [ 2–5]. The adiabatic co mpression of tapered parallel-plate waveguides for sensitiv ity 
enhancement of waveguide THz ti me-domain spectroscopy  wa s investigated in [ 6]. Super-focusing of 
terahertz waves below λ/250, using plasmonic tapered parallel-plate waveguides, was demonstrated in [7]. A 
tapered photoconductive THz field probe tip, with subwavelength spatial resolution, was used for imaging in 
[8]. Tapered dielectric rod  antennas of rectangular cro ss section, in millimeter wa ve dielectric integrated 
circuits, were developed in  [9]. A metal-dielectric pyramidal tip antenna, with pulsed terahertz radiation or 
continuous-wave radiation near 80 GHz was used f or near-field i maging [ 10]. A frequen cy-independent 
spatial resolution of about 20 µm was obtained, corresponding to λ/200 at 80 GHz, which is only limited by 
the size of th e facet terminating the tip. THz r adiation in the tapered LiNbO 3 ribbon waveguide and laser-
driven LiNbO3 tapered THz antenna placed in free space were studied in [11, 12].  

In this paper the experimental results of e ffective generation of ultra-broadband terahertz radiation, in the 
band 0.1-2 THz, via optical rectification of fem tosecond laser pulses in a LiNb O3 nonlinear crystal, partially 
filling the metal waveguide, are presen ted. To avoid THz wave reflections fr om the output surface of t he 
crystal due to an im pedance mismatch with free space,  the output surface wa s cut at  an angle. The tapered  
surface provides the broadband im pedance-matching of the crystal with free space: this resu lts in a greater  
intensity of THz radiation fro m the crystal com pared with its rectangular form [2, 13 ]. The s ide b of  a 
rectangular crystal of dimensions (a, b, L) is reduced linearly from width b to zero while keeping the broad side 
a fixed. The semi-angle of the taper is α=110 (ETHz ~1/ α), and the distance between the waveguide aperture and 
taper aperture is L = 8 mm. T o t he authors’ k nowledge, no results have yet been reported concernin g 
simulations and experiment with a tapered nonlinear crystal.  

 

2. THz radiation generation in tapered crystal placed within a hollow waveguide or free space. 
Optical excitation of broadband THz pulses was per formed with 100 fs pulses from a Ti-S apphire laser 

(λ=800 nm) [14]. The linearly polarized THz radiation is generated in TE-like mode (E x
nm ), due to the largest 

second-order nonlinear ten sor element d 33. The temporal waveform of THz radiation from  a L iNbO3 crystal 
located in free space and amplitude spectrum after fast Fourier transformation (FFT) are shown in Fig.1(a, b). 
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Fig.1. Temporal waveform (a) and (b) amplitude spectrum of the THz pulse generated by optical rectification of 100-fs laser pulses 

in a LiNbO3 tapered broadband antenna located in free space. 
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Fig.2. Temporal waveform (a) and (b) amplitude spectrum of the THz pulse from the LiNbO3 tapered broadband antenna 

within hollow metallic waveguide. The LiNbO3 antenna partially filled the metal waveguide. 
 

Figure 2 sho ws temporal waveform an d the am plitude spectrum of THz radia tion when the sa me taper ed 
LiNbO3 crystal is placed in metal hollow waveguide.  

The finite-element method  was employed to model and simulate the THz wave propagation in a LiNbO3 
tapered crystal in order to analyze experimental results; and to visualize how the form of the crystal influences 
on the THz radiation both inside and outside the crystal in the near-field zone. The propagation of THz waves 
in the LiNbO3 waveguide, with frequencies equal to the most intense spectral radiation lines in the THz pulse  
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Fig.3. The distribution of  THz electric field Ex component with 240 GHz  frequency propagating  along                                   
the z axis, L= 8mm: (a) vertical view in (yz) plane; (b) lateral view in (xz) plane. 

 

 

 

 

 

 

 

Fig.4. The distribution of THz electric field Ex component with  270 GHz frequency propagating along                                  
the z axis, L= 8 mm: (a) vertical view in (yz) plane; (b) lateral view in (xz) plane. 

 
spectra (at: 240 GHz, 270 GHz), were studied using the ‘COMSOL Multiphysics’ program. The distribution 
of the THz el ectric field com ponent, propagating along the z axis of the LiNbO 3 antenna, at frequencies of 
240 GHz and 27 0 GHz, are given i n Fig.3 and Fig.4. Because of  the continuously variable height b of the  
narrow wall of the waveguide, there is change of the critical frequency and the group velocity of THz wave. 
The THz wa ve passes from the multimode regime to single-mode; and the fie ld is concentrated. It is shown 
that placing the LiNb O3 crystals in free space, and in the hollo w waveguide, both the ph ase-matching, time- 
and spectral-features of the emitted THz field are changed.  

3. Conclusions                                                                                                                                            

    The full en ergy of the T Hz radiation propagating along straight lines parallel to the z-axis of the tapered  
crystal has both external (outside of the plate) and internal fields (Fig.3, 4). This t ype of full-f ield 
transmission allows efficient generation of THz radiation in a rectangular metallic waveguide partially filled 
by nonli near rect angular cry stal if, for given optical and THz fr equencies, th e collinear  phase- matching 
condition is satisfied. The phase-matching condition can also allow the efficient generation of THz waves at 
other frequencies, by  choosing the appropriate cross- section of the metallic waveguide and the thickness of 
the LiNbO3 crystal plate [13, 14] . The phase-matching condition is achieved at  high frequencies for smaller  
crystal thickness. The ratio (b/a) of the waveguide affects the propagation loss: for larger ratios, the 
propagation loss is less. T he influence of diffraction on the THz wave propagation in the waveguide also 
depends on t he size and form  of the cr ystal. The tapered cry stal antenna eliminates the diffraction of the 
THz wave which occurs in the crystal of rectangular shape. 

 (a)  

(b) 

(a) 

(a) 

(b) 
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Variation of the mode structure dur ing propagation of the THz radiation in the tapered-shap ed crystal is 
accompanied by a change of the phase an d group velocities. More wave energy at a frequency of 270 GHz is 
distributed in  the cry stal than the energy  of 240G Hz waves. In the cry stal, the low-frequency  spectral 
components of the THz p ulse travel  less distance than the high-freque ncy spectral co mponents. They  are 
refracted at t he interf ace between t wo media and spread in the air b etween the cry stal and the metal 
waveguide.                                                

Excitation of ТHz radiation in the tapered nonlinear LiNbO 3 antenna using an optical fem tosecond laser 
pulse permits the resolution of pro blems connected w ith input/output coupling – mode matching and sin gle 
mode propagation. Com pression of the THz field al ong the tapered waveguide explains the result, noted 
experimentally, that the THz radiation (in the range 0.1- 3 ТHz) from a Li NbO3 crystal, tapered at the end, 
exceeds the THz radiation obtained from a rectangular crystal by approximately five-ten times [13-15]. 

 The demonstration of the enhanced THz radiation by a tapered LiNbO3 antenna partially filling the metal 
waveguide opens a range of possibilit ies for THz spectroscopy of nanostructures or of m olecules at low  
concentrations and near-fi eld i maging [ 16]. Any non linear cry stals with select ed high non- linear second-
order susceptibility, having low absorption coefficients and low dispersion, may also be used as antennas for 
ultra-high-speed electronic integrated circuits [17].  
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Broadband THz  Generation in  LithiumNiobate Crystal by Step-Wise Phase 
Mask 

G.K. Abgaryan,Yu.H. Avetisyan, A.H. Makaryan, V.R. Tadevosyan  

Microwave Radiophysics and Telecommunications Dept., Yerevan State University, 1 Alex Manoogian, 0025 
Yerevan, Armenia 

Recently  the narrowband THz radiation has been obtained by using binary phase masks (PM) placed in 
front of  non linear crystal. How ever the u ltrashort (b roadband) TH z pu lses are  ne cessary for many 
applications, such as time-domain spectroscopy, imaging etc. 
In this paper a new method for efficient THz-pulses generation by OR  i n the single-domain lithium 
niobate crystal is p resented. It's based on using the step-wise (SW) phase mask, which provide quasi-
linear time delay of femtosecond laser pulses along cross-section of the optical beam.Every crystal layer 
(along direction of the laser beam propagation) radiate THz-pulses at the Cherenkov angle. Thanks to 
using of t he phase m ask t hese T Hz-pulses reach exit surface of the  cr ystal s imultaneously, th ereby 
providing synchronous broadband radiation. 

 
Theterahertz(THz) band( 0.1-10THz) of electromagnetic waveshaslargervariety ofapplications  such 

as high-speed communication, molecular spectroscopy, security imagining, medical diagnosis, and many 
others [1,2]. However,the applicabilityofterahertzsourcesisstillcriticallydependentonthepoweravailable 
withcurrent technology, whichhaspromptedmuchresearchin developingcompact table-top THzsources.  

The difference-frequency generation and optical rectification (OR) of femtosecond laser pulses are the 
widely used methods for the generation of narrowband radiation in THz range [3-5]. It was demonstrated 
[6] that application of wide-aperture beam in transversely patterned PPLN crystal leads to THz 
generation with Δf ≈ 17 GHz bandwidth.  The fs-laser beam propagates collinear to PPLN domain wall. 
THz-wave is generated in the direction determined by Cherenkov radiation anglech=acos(ng / nTHz),  
whereng=c /uis the group index, u- group velocity of the laser pulse, c- light velocity and nTH୸  is the 
refractive index at generated frequency.  The periodical domain-inverted structure in the PPLN crystal 
serves to obtain a constructive interference of THz fields radiated by separate PPLN’s domains. In the 
result will be obtained quasi-monochromatic THz radiation with a center frequency of F- (THz), 
determined by the spatial period Λ of the PPLN crystal.The main drawback of this method is that the 
periodical domain inverting technique is  applicable only to the ferroelectric material, such as 
LiNbO3.Furthermore, generation frequency is predetermined by the spatial period of the domain-
inverted structure and therefore it cannot be modified after the sample fabrication. To overcome this 
problem a scheme proposed where a virtual quasi-phase-matching structure in single-domain LiNbO3 
crystal is formed by the crystal illumination through a phase mask or shadow mask. 

Recently the narrowband THz radiation has been obtained by using binary phase masks (PM) placed 
in front of nonlinear crystal as seen in the Fig.1 [7].  

 

Fig. 1. (a) Schematic view for THz-wave generation in LiNbO3 crystal with using a phase mask, (b) wave vector diagram. 

Using this method, an eff ective phase matching for ge neration of THz radiati on in t he direction of the 
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Cherenkov angle can be obtained. TH z pulses em itted from  different lay ers reach the edge of the cry stal 
alternately, yielding narrowband THz radiation. 

However, the broadband THz pulses  are nec essary for m any applications, such as ti me-domain 
spectroscopy, imaging and etc. 

To obtain of broadband terahertz radiation is necessary that the THz pulses emitted from each layer of the 
crystal reached the exit su rface of the  crystal simultaneously. This is equivalent to scenario i n which, TH z 
pulses radiated from each layer of crystal reaches to next layer at the same time as optical pulse. To provide 
this condition it is necessary  to have slope am plitude front of optical beam . This would be achieved if the 
optical beam could be passed through the prismatic form phase mask, as shown in Fig. 3.  

From  quasi-phase-matching condition it is necessary that: 
 

௟భ

௖
݊௠ ൅

௟మ

௖
݊௢௣ ൌ

௟భ

௖
൅

௟య

௖
்݊ு௭,                  (1) 

 
where݈ଵ ൌ ܱܣ ൌ ܦܥ ,     ݈ଶ ൌ ܱܰ , ݈ଷ ൌ nopis refractiv,ܰܦ e index of cry stal for optical pulse, 
்݊ு௭isrefractive index of cry stal for THz waves and ݊௠ is refractive index of m ask's medium  for optical 
pulse. 

From (1) follows that to obtain the desired slope of amplitude frontthe angle  must be equal to: 
 

α ൌ arctg
௡೅ಹ೥ି௡೚೛ୡ୭ୱ C౞

ሺ௡೘ିଵሻ ୱ୧୬ C౞
.     (2) 

 

 
 
 

Fig. 2.Vector view of structure for generating broadband THz pulses. 
 

 
Unfortunately, cannot be used a prism to obtain this structure, because of therefraction of optical 

beam. 
To overcome this pr oblem we present a new method for efficient THz-pulses generation by OR in t he 

single-domain lithium  niobate cry stal. It' s based on using the step-wise (SW ) phase mask(Fig. 3), which  
provide quasi-linear ti me delay of femtosecond laser  pulses along cross-section of the opti cal beam.Every 
crystal lay ers (along direction of the la ser beam propagation) radiate THz-pul ses at the Ch erenkov angl e. 
Due to using of step-wise phase m askit is possible  to have structure  where  these THz-pulses rea ch exi t 
surface of the crystal simultaneously. 

In Fig. 4 is shown position of laser pulses in the successive different of time moments into different layers 
of the phase mask and the nonlinear cry stal, necessary to obtain of simultaneous emission of THz pulses  
from the output surface of the crystal. 
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Fig. 3. Step-wise phase mask in front of crystal. 

 
 

Fig. 4.The position of optical puls in different time. (a) The position of optical pulses in input of SW phase mask. (b) 
The formation of slope front of optical beam. (c) Deformation of aplitude front in nonliner crystal.(d) Position of pulses 

near exit surface. 
 

To ensure the propagation of the laser beam in a mask without deflection, step size of the mask must 
be much larger than the wavelength of the laser radiation. However, the size of step cannot be larger 
approximately the half length of THz wave.It is necessary for phase-matching from different layers of 
crystal [7].In addition, to the laser pulse propagation on SW phase mask with low distortion before 
entering the nonlinear crystal, the mask length ݈is important. Using the expression (2) for the angle α, it 
is not difficult to determine mask length by its certain thickness ݀and refractive index݊௠of its material. 

 

݈ ൌ ݀ ൉ tgα ൌ ݀൉
௡೅ಹ೥ି௡೚೛ୡ୭ୱ C౞

ሺ௡೘ିଵሻ ୱ୧୬ C౞
(3) 

 

Taking into account losses of THz radi ation  i n a nonlinear crystal, there is no sense to use laser beams 
with transverse dimensions greater than 1 / ( - loss coefficient),  and therefore it is reasonable to limit the 
size d of the nonlinear crystal.When using crystalline quartz as a material of the mask and d = 1 mm we are 
getting for the mask len gth l≈ 8 mm.The length of mask can decrease by  using a material with a high  
refractive index. 

In order to avoid diffraction  the layers of mask  necessary to separate from each other using mirrors.  
Conclusion 
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A new m ethod for efficie nt THz-pulses generation by OR in the single- domain lithium niobate cry stal was 
presented.It's based on us ing the ste p-wise phase m ask, which provide quasi-linea r time delay of fem tosecond 
laser pulses a long c ross-section of the optical beam. Ever y crysta l la yers (along di rection of the laser beam 
propagation) radiate THz-pulses a t the Cherenkov angle. Due  to us ing of the SW phase mask these THz-pulses 
reach exit surface of the crystal s imultaneously, thus providing broadband THz radiation from the surface of the 
crystal. 
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Electromagnetic modelling of THz wave e mission fr om GaP l ayer i mbedded i n a F abry-Perot 
micro-resonator formed by DBR mirrors is performed. The frequency-domain modelling is carried 
out by the method of single expression. The modelling permits to reveal favourable structures for 
DBR mirrors, where layers ad jacent to GaP layer h ave higher permittivities. By proper choose of 
DBR mirrors i t is p ossible to  attain  an  essen tial en hancement o f THz rad iation from o ptically 
pumped GaP layer.  

 
1. Introduction 

The terahertz (THz) band of electromagnetic (EM) wav es is under high interest during last decades since a 
lot of new phenomena in matter – EM wave interaction in this range have been observed [ 1,2]. THz wav es 
find applications in wireless co mmunication, biological  i maging sy stems, medical spectros copy, security 
services, etc [1-5]. There are some possibilities to excite THz waves [1,2,6-8]. Our interest is directed to THz 
wave emission technique using non-linear optical effect in semiconductors via THz wave rectification [9,10]. 
THz waves are generated by using diff erence frequenc y generation via excitation of phonon-polaritons i n 
semiconductor layer at hig h power opti cal wave incide nce [11,12]. Insertion of a semiconductor lay er in a 
Fabry-Perot micro-resonator perm its to  enhance THz wa ve emission [ 13,14]. It is im portant to note that 
Fabry-Perot micro-resonators considered in [13,14] consist only of one type of DBR mirrors, namely, DBRs 
where lay ers adjacent to non-linear semiconductor lay er have a lower per mittivity. However, as it was 
indicated before the best DBR mirror characteristics can  be achieved by  hav ing outerm ost lay ers of high  
permittivity [ 15]. Then, it is expected to achieve an  enhancem ent of THz wave em ission by  usi ng DB Rs 
having high permittivity layers outermost.  
     In the cur rent work T Hz wave emission from  semiconductor lay er of GaP within t he 1D Fabr y-Perot 
microcavity formed by  DBRs is nu merically analysed by  the method of singl e expression (MSE) [15-19]. 
GaP layer is pumped by an external op tical radiation. DBRs consist of SiO 2/air quarter-wavelength bilayers. 
An influence of perm ittivity of outerm ost lay ers of DBRs operating in T Hz range on em ission from 
semiconductor layer is investigated.    
 
2. Method of single expression [15-19] 
 
Here the backbone of the MSE for wave normal inci dence on a multilayer structure is presented. From 
Maxwell’s equations in 1D case the following Hel mholtz equat ion can be obtained for linearly  polarized  

complex electric field component )(zEx
 : 

0)( )(~)( 2
02

2

 zEzk
dz

zEd
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x 
 ,                                                     (1) 

where ck /0   is the free space propagation co nstant, (z)(z) )(~   jz  is the complex permittivity 

of a medium. The essence of the MSE is presentation of a general solution of Helmholtz equation for electric 
field component )(zEx

 in the special form of a single expression:   



 
IRPhE’2014, October 2-3, 2014, Yerevan, Armenia 
 

18 
 

 )(exp)()( zjSzUzEx   ,                                                   (2)  

 instead of the traditional presentation as a su m of counter -propagating waves. Here U(z) and S(z) are real  
quantities de scribing the  resulting electric field am plitude and phase, respectively . Time dependence 

 tjexp  is assu med but suppressed throughout  the analy sis. Solution in the form  (2) prevails upon the 
traditional approach of counter -propagating waves a nd is m ore general because it is not relied on the  
superposition principle. This form of solution describ es all possible distributions in space of electric field 
amplitude, corresponding to propagating or evanescent waves in a medium of negative permittivity. It means 
that no preliminary assumptions concerning the Hel mholtz equation’s solution in dif ferent media are needed 
in the MSE.  This gives advantages in investigation of wave interaction with any longitudinally non-uniform 
linear and intensity dependent non-linear media with the same ease and exactness.  

Based on expression (2) the Hel mholtz equation (1) is re formulated to the set of first order differential 
equations regarding the electric field  am plitude U(z), its spatial derivative Y(z) and a quantit y P(z) - 
proportional to the power flow density (Poynting vector) in a medium:                                                          
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where 
)(
)(

)()(
0

2

zkd

zdS
zUzP  .  The sign of (z)   can  take either positive or negative descr ibing relevant 

electromagnetic features of dielectric or metal (plasma), correspondingly. The sign of (z)   indicates loss or 
gain in a medium.  

The set of differential equations (3) is in tegrated numerically starting from the non-illuminated side of a 
multilayer structure, where onl y one outgoing travelling wave is supposed. I nitial values for integration ar e 
obtained from the boundary  conditi ons of electrodynam ics at the non-illuminated side o f the structure. 
Numerical integration of the set (3) goes step by step towards the illuminated side of the structure taking into 
account an actual value of  structure’s permittivity for the given coordinate at each step of  integration. In the 
process of integration any variable of the set (3) is  possible to record in order to have full inform ation 
regarding distributions of electric field amplitude, its derivative and power flow density inside and outside of 
a structure. At the borders between constituting layers of a multilayer structure ordinary boundary conditions 
of electrod ynamics bring to the con tinuity of )(zU , )(zY and )(zP . From  the boundar y conditions of  
electrodynamics at the illum inated side of th e structure the amplitude of incident field Einc and pow er 
reflection coefficient R are restored at the end of calculation.  The power transmission coefficient is obtained 
as the ratio of transmitted power to the incident one.  

2. Numerical analysis of  THz  Fabry-Perot  micro-resonator with GaP spacer  

For electromagnetic modelling the structure presented in Fig.1 has been considered. 

                   
 

 
 
 

 
 

 Fig.1 Fabry-Perot structure under modelling 
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The considered structure is created by  DBRs from odd or even number of alternating la yers of high (H) and 
low (L) permittivities.  Modelling has been done for THz frequen cy range as: THz 25.125.0 f  or at 

wavelengths: m 1200m 2400   . DBR’s layer of hi gh perm ittivity is taken fro m SiO 2 

( 4944.4
2
SiO  at the central wavelength m 6200  centr [20]) and has the thickness 

2

2 4
0

SiO

centr
SiOd




 -

= 73.1132 m . Layer of low  permittivity is an air with 1  and the thic kness m 155
4

0 
 centr

aird . 

Permittivity of non-linear semiconductor GaP at the central wavelength m 6200  centr  is 02.11GaP  

[21]. Thickness of GaP layer is chosen as m 100 GaPd , which is approximately the half-wavelength.  

     It is important to choose proper structure of DB Rs with high Q-factor providi ng THz field localization in 
active semiconductor layer favourable for its em ission. The fav ourable DBR structure is one starting and 
ending by layers of high permittivity [15]. In this case the higher reflection coefficient is possible to attain at  
reduced number of alternating quarter-wavelength layers. 
     Numerical modelling has been done for the stru cture with two ty pes of  DBRs: with  lay ers of low 
permittivity adjacent to GaP layer [structure (HL)m-GaP-(LH)m] and high permittivity [structure (LH)m-GaP-
(HL)m].  Here lay ers of high and low perm ittivity a re i ndicated by letters H and L, m is the num ber of 
bilayers in DBR, which in our case is four. The consider ed structures are pres ented in Fig. 2 where at both 
sides of the structure is the free space. 
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a)                                                                     b) 

Fig. 2. Distribution of permittivities in two types of Fabry-Perot structures: a) structure  (HL)4-GaP-(LH)4 
where adjacent to  GaP layers of DBRs have low permittivity and b) structure (LH)4-GaP-(HL)4 where 

 adjacent to GaP layers of DBRs have high permittivity 
  

The relevant transmission spectra for both types of the structures are presented in Fig. 3. 
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a)                                                                b) 

Fig. 3. Transmission spectra of Fabry-Perot micro-resonators: a) for the structure  (HL)4-GaP-(LH)4 and  
  b) for the structure (LH)4-GaP-(HL)4. Forbidden range of wavelengths is connected to the forbidden region of DBRs 

 
In the spectrum  presented in Fig. 3b it is clearly  visible the narr ow transmission peak located within the 
forbidden ra nge, that  is the well known Fabr y-Perot resonant peak sti pulated b y half-wavelength Ga P 
spacer located between two highly reflective DBR mirrors. In the spectrum presented in Fig. 3a the peak in 
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the middle of forbidden range is very small that ca n be ex plained by  lo w reflec tion coefficient of DBRs  
starting and ending by layers of low permittivity. 
    External o ptical pum p brin gs to T Hz waves excitation in a non- linear sem iconductor GaP lay er. In 
electromagnetic m odelling generati on of THz waves in a non-linear sem iconductor GaP la yer can be 
described by the positi ve value of imaginar y part of its perm ittivity. T o model THz waves generation 
different positive values for imaginary part of GaP’s permittivity have been applied.  
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                                            a)                                                                             b) 

Fig. 4. Transmission spectra of Fabry-Perot micro-resonators when GaP is pumped by external 
optical radiation: a) the structure   (HL)4-GaP-(LH)4 and b) the structure (LH)4-GaP-(HL)4. In both structures  

imaginary part of GaP permittivity is taken as 07.0GaP  

 
As it foll ows from Fig. 4 for the same value of posi tive imaginary part of GaP permittivity there is cle ar 
indication of strong enhancement of tra nsmitted wave for the structure where a djacent layers of DBRs are 
of high perm ittivity (Fi g. 4b). Modest transmission e nhancement is observed for unfavour able struct ure 
(Fig. 4a). To understand the phy sics of this difference it is useful to observe the electric field dis tribution 
within the str uctures. In F ig. 5 relevan t field distributions of  THz wave for b oth structures at the central 
wavelength are presented.  
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a)                                                                          b) 

Fig. 5. Distributions of electric field amplitude Ê  and power flow density  P  within the Fabry–Perot  
structures at central wavelengths, where transmission peaks are observed in Fig. 4 

 
As it follows from Fig. 5, in favourable structure (Fig. 5b) DBR mirrors create resonant field distribution 

with l ocal m aximum in GaP la yer. T he last is  resp onsible for efficient THz  wave em ission. Power flow 
density has p ositive value in the ri ght part of the str ucture and negative – i n the left side o f the struct ure. 
This is a real indication on emission out of the structure. In the structure, where GaP is covered by layers of 
DBRs of low perm ittivity adjoined to GaP (Fig. 5a ) THz field distributi on has its local minimum in GaP  
and for that reason a small change of power flow is indicated in Fig. 4. 
 

 

 

 



 
IRPhE’2014, October 2-3, 2014, Yerevan, Armenia 
 

21 
 

3.  Conclusion 

Performed electromagnetic analysis permits to indicate the favourable Fabry-Perot micro-resonator structure 
for rectification of THz waves at optical pu mping of non-li near sem iconductor lay er, serving as m icro-
resonator’s spacer. In favourable DBR-GaP-DBR stru cture lay ers adjacent to GaP should be of hi gh 
permittivity. Thus, to have highl y reflective DBR mirrors in Fabry-Perot micro-resonator it is i mportant to 
locate DBRs’ layers of high permittivity just adjoining to spacer.  
    Distributions of electric field am plitude and power flow obtained by electromagnetic modelling permit to 
explain optical characteristics of Fabry-Perot structures with different DBR mirrors depending on the starting 
layers adjoining to the spacer. 
    Though the electro magnetic analysis has been do ne for specific materials of DBRs and spacer, the sa me 
analysis possible to perform for any optically active materials by advanced method of single expression.    
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The method of determination of carrier–envelope phase shift for a femtosecond fiber laser pulse in 
the infra-red range (0=1.98 µm) is offered. It is shown that the proposed method can be used for 
phase synchronization of fem tosecond fiber lasers. The method is based on di fference frequency 
radiation generat ion by  m utually ort hogonally l inearly polarized pulses, which interacted with 
periodically polled GaSe cry stal. It’s considered the difference frequency  radiation generation in 
the 8µm -12µm range by  laser pulses with 30fs dur ations at 1.98µm  central wavelength and wi th 
100MV/m electrical field amplitudes.   

 
1. Introduction 

For transfer of high stability of optical standards in a radio range fem tosecond lasers with passive 
synchronization are used, and the first optical hours of new generation were realized in [1, 2] by means of the 
Ti:Spfemtosecond laser (0.8 µm ). The radiation of such lasers consists of “com b” equidistantly spectral 
components with frequencies of f m = m  · f rep + f 0, m  106an integer, f reprepetition frequency of pulses, 
f0shift of a com b respect to zero frequency . Frequencies of f rep and f 0 lie in a radio range. On base of this 
relation, it is possible to establish direct phase-coherent coupling between optical and radio ranges by control 
of two parameters of a comb of frep and f0 [2]. If frequency of the optical reference standard oscillator f st less 
than a width of a “comb”, the scheme of optical hours can be simplified essentially, by elimination the f0 due 
to “com b” spectral range transform ation in a nonlinear  cry stal [ 3, 4,5] . In this work a m ethod of 
determination of carrier–envelope phase shift for an  fem tosecond fiber laser pulse is proposed. It is 
considered the pulses with central wavelength 01.98 µm. It is shown that the proposed method can be used 
for phase synchronization of two fiber lasers when freque ncy of beating between lasers is equal to frequency  
of the reference oscillator. The offered m ethod is b ased on generation of radia tion at difference frequency  
(DF) by  mutually orthogonal and linearly  polarized l aser pulses, which interacted with periodically polled 
GaSe cry stal. It is considered generation of DF radiation in 8µ m12µm range by  the pulses with 30fs 
duration at 1.98 µm central wavelengths and 100 MV/m electrical field amplitudes. 
 
2. Mathematical description of few cycle mutually orthogonal and linearly polarized pulses interaction 

with the periodically polled GaSe crystal    
 

Let us consider a case where linearly  polarized laser pulses with plain wavefronts and mutually 
orthogonal planes of polarization Ex and Ey are propagating along the z-axis, coinciding with the optical Z 
([001]) axis, in an anisotropic crystal of periodically polled GaSe (fig. 1).  
 
 
 
 
 
 

 
 

 
 
 

 
 

 
Figure 1. Periodically polled GaSe crystal structure. 
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As seen from fig. 1 Ex pulse is polarized along a crystal X axis ([100]) and Ey– along Y ([010]). So the Ex and 
Ey pulses correspond to waves with ordinary polarization. The corresponding wave equations m ay be 
represented in the form 
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where PL,x andPL,y are, respectively, linear and nonlinear parts of the medium polarization, PNLxz and PNL,y are, 
respectively, nonlinear parts of the medium polarization. The linear response of the m edium to the x- and y- 
polarizations is determined by the expressions  

      yxoLyLx EP ,
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0, )(       (2) 

where 0 is the vacuum dielectric constant and     1
o is the linear susceptibility of the medium for ordinary 

polarized wave. According to [6]  th e linear susceptibility of GaSe for ordi nary polarized wave can in the 
spectral range 0.622 µm20µm at T=293K temperature be presented as  
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where 00154.0,1260.0,3757.0,4437.6  oooo dcba . In the chosen geom etry the nonlinear 
polarization of the m edium caused by  quadratic su sceptibility m ay in the quasistatic approximation be 
written as  
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where 5422 d  pm/V is the coefficient of nonlinear susceptibility  of GaSe crystal. It’s considered the case 
when spectra of both laser and difference frequency  radiation lie below the electronic resonance frequencies, 
but above ionic resonance frequencies of the m edium. Under these conditions the refractive index in (3) is 
represented as a Tay lor series [ 7, 8]. In periodic dom ain structures the periodic change in sign of quadratic 
susceptibility occurs at interfaces between dom ains, which produce conditions for constructive interference 
of signal and idle waves in bulk cry stals with ar bitrary dispersion characteristics.   The nonlinear 
susceptibility may in this case be written as [7] 
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where  is the period of the dom ain structure, m = 0, 1, 2,  M, and M is the number of terms in the sum (5). 
Obviously, the nonlinear part of m edium polarization w ill also be a periodic function of the z-coordinate. 
The value of the period should be determined by the energy and momentum conservation laws 
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with p and s being, respectively , the short and the long wavelengths, within the spectral band of the few-
cycle laser pulse, whose interaction in quadratically nonlinear medium may lead to difference frequency ( IR  
) generation. In the periodic dom ain structures th e quasi-phase m atching is realized for all pairs p and s 
spectral components satisfying the condition (6). In par ticular, for a laser pulse with Gaussian tim e profile, 

duration 0 = 30fs, central wavelength 0 = 1.98 µm, and the spectrum width 02ln2   = 24.99 THz 

(= 329 nanometers), spectral components from 1.813µm to 2.144µm are within the spectral bandwidth. In 
fig. 2 (a) is shown dependence of the period  vs. wavelength of DF radiation for a case when short and 
long-wavelength spectral a com ponent’s are p= o0.82 = 1.71µ m and s =  o + 0.03  = 1.99µ m 
respectively. In fig. 2 (b) is  shown dependence of the period  vs. wavelength of DF radiation for a case 
when short and long-wavelength spectral a component’s are p = o 0.82 = 1.71µm and s =  o + 0.58 
= 2.17µm respectively. 
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Figure 2. Dependence of the period  vs. wavelength of DF radiation for a case when short  and long-wavelength  
spectral  a component’s are  p = o 0.82 = 1.71µm and s =  o + 0.03 = 1.99µm respectively2(a), and when 
short  and long-wavelength  spectral  a component’s are  p = o 0.82 = 1.71µm and s =  o + 0.58 = 2.17µm 

respectively 2(b). 
 
The numerical integration of the equations (1) in the approximation of unidirectional waves were realized by  
the method of lines [ 8, 9]. For numerical integration of the system of equations (1) we choose the boundary 
conditions 

     ,cosexp,0 22
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0 pyy    (7) 

where 2p = 30fs, (0 = 1.98 µm) and y0 = x0 = 0 are the normalized initial values of the amplitudes of y- 
and x- polarized pulses respectively ,  phase difference between the interacted pulses. The maximum 
values of initial values of amplitudes are equal to 100 MV/m. For numerical simulation we choose the period 
of the regular dom ain structure  = 304µ m and the length of nonlinear cry stal 11· = 3.344mm. According 
to fig. 2 at  = 304µm it take place the quasi-phase m atched generation of DF radiation at 12 µm  and at  = 
152µm take place the quasi-phase m atched generation of DF radiation at 8µm . The relative error in 
computation was chosen to be 10-6.  
  

3. Computation Results and Discussion 

Here we describe the results of num erical integrati on of sy stem of the (1) equations for the different 
values of phase difference between the interacted  pulses by the m ethod of lines. For the study  of 
dependences of spectral distributions of the m utually orthogonal and linearly -polarized DF radiation pulses 
at the crystal exit on phase difference  during numerical integration the spectral filtration of electric fields 
of x- and y- polarized radiation pulses by  m eans of the low pass filter was carried out. The transm ission 
function of used low pass filter can be presented as 

    411 cfffH         (8) 

where fc = 85.71THz low pass filter cut frequenc y, which correspond to the wavelength of c = c/fc = 3.5µm. 
According to (4 а), (7) for x- and y- polarized interacted pulses with equal am plitudes the spectrum  of 

medium nonlinear polarization at  = 0 can be presented as      02
~~~   FFPxNL ,   0

~
yNLP  

and at =/2 as    02
~~   FPxNL  ,    02

~~   FPyNL , where  F
~

 initial pulse (7) envelope 

Fourier transform ation. So, after spectral filtration at = 0 the spectrum  of generated in the m edium x- 
polarized pulse, will be concentrated near dc and the spectrum of generated in the medium y- polarized pulse 
will tend to zero. At =/2 the spectrum s of x- and y- polarized pulses will be zero. On fig. 3 temporal 
profiles of x- and y- polarized interacted pulses on the exit of periodically polled GaSe crystal with the period 
equal to 304µm and number of periods equal to 11 are shown at = 0, = 30о  and = 60о.  

а) 

b) 
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Figure 3. Temporal profiles of x- and y- polarized interacted pulses on the exit of periodically polled GaSe crystal 

structure with the period equal to 304µm and number of periods equal to 11 are shown at = 0, = 30о  and = 60о 
respectively. 

 
According to simulation results and as seen from  fig. 3 the maximum of absolute value of electric field of  y- 
polarized DF radiation pulse at  = 0 form s 0.03-th part from  a pump pulse maximum, at = 30 оthe 
0.21th part  from  a m aximum and at = 60 о0.23-th  parts and when  changing from  0 to 60 о the 
maximum of absolute value of electric field of x- polarized DF radiation pulse decrease from the 0.5th part of 
a maximum to the 0.4th part. In the fig. 4 are s hown dependences of normalized spectral densities of x- and 
y- polarized pulses at the crystal exit from wavelength (fig. 4a, 4b, 4c) at the phase differences’  = 0,  = 
30о and  = 60 о. In fig. 4 also shown dependences  of norm alized spectral densities of x- and y- polarized 
pulses at the cry stal exit from wavelength after spectral filtration in the 4µm -18µm spectral range (fig. 4d, 
4e, 4f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Dependencies of normalized spectral densities of x- and y- polarized pulses at the crystal exit from 
wavelength (4a, 4b, 4c) at the phase differences’  = 0, = 30о and = 60о. Dependencies of normalized spectral 
densities of x- and y- polarized pulses at the crystal exit from wavelength after spectral filtration in the 4µm-18µm 

spectral range (4d, 4e, 4f). 
  
As seen from figure the am plitude of x- polarized pulse is m ore than am plitude of y- polarized pulse and, 
particularly, when phase difference increase from  0о to 60 о the difference between pulses spectrum  levels in 
decibels at 12µ m wavelength decrease from  -34dB to -9dB. The 12µ m wavelength of DF radiation 
corresponds to that wavelength at which take place the qua si-phase matched interaction. In fig. 5 are shown 

a) 

b) 

c) 

d) 

e) 

f) 
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dependencies of spectral densities of x- and y- polarized DF radiation pulses at low pass filter exit 
normalized t o t he ma ximum o f x- and y- polarized radiations taken befo re radiation spectral filtration  
SxIR/Sxmax and SyIR/Symax. As seen from fig. 5 when the phase difference between interacted pulses vary from- 
45о to 0o and from 0o to 45о between phase difference and normalized spectral densities of x- and y- polarized 
pulses appears a relationship.  
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Dependencies of spectral densities of x- and y- polarized DF radiation pulses at low pass filter exit 
normalized to the maximum of x and y polarized radiations taken before spectral radiation  SxIR/Sxmax and SyIR/Symax. 

  
According to fig.5 the efficiency  of DF radiation generation for x- polarized wave reaches 16.3·10 -3 and 
6.12·10-3 for y- polarized wave. In fig. 6 is shown dependence of the wavelength xIR (yIR) corresponding to 
the m aximum of the spectral density  of x- ( y- ) polarized DF radiation vs. phase difference between 
interacted initial pulses. According to fig. 6 when vary from 0o to 45 о DF central wavelength xIR vary 
from 15.1µm to 16µm.   
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Dependence of the wavelength xIR  (yIR) corresponding to the maximum of the spectral 

 
In other words, there is a relationship between xIR and phase difference when the latest vary  from -45o to 0o 
and from 0o to 45o. When  vary from 0o to 2o the yIR vary from 3.093µm to 12.56µ m and when  vary 
from -2 o to 0 o the yIR vary  from 11.84µ m to 3.093µ m. When vary from 2 о to 60 оyIR increase and 
become equal to 13.88 µ m. So, by "mixing" of x- polarized DF radiation pulse in the spectral range 15.1 µm 
 16 µm  with the radiation of single-frequency quantum-cascade laser based on a bound-to-continuum  
transition working at room -temperature at 16µ m [ 10] it’s possible to establish a direct phase-coherent 
relationship between the laser central frequency and DF radiation frequency where the beat frequency will be 
located in the radiofrequency  range and will be proportional to the initia l pump pulse phase difference. The 
proposed method, particularly, can be used for the phase synchronization of two femtosecond fiber lasers one 
of which is frequency stabilized [11, 12]. As seen from abovementioned, when2о  for establishment of 
direct phase-coherent relationship between frequencies of the sy nchronized laser and reference stabilized 
laser, by using the y- polarized DF radiation, as the reference source will necessary use a tunable source with 
3µm  16µ m tuning range. In fig. 7 presented dependencies of x- and y- polarized radiations spectral 
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densities Sx / S xmax and S y / Symax , norm alized to the m aximum values, taken at the input of low pass filter 
from the phase difference. As seen from the figure and as follows from the simulation results when the phase 
difference vary  from - 45 о to 45 о there is established the unique rela tionship between spectral densities of 
radiations and the phase difference. Wherein, for ne gative phase differences normalized spectral density  for 
y- polarized radiation is m ore than the spectral density for x- polarized radiation and for positive phase 
differences vice versa.  
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7. Dependencies of x- and y- polarized radiations spectral densities Sx / Sxmax and Sy / Symax , normalized to the 
maximum values, taken at the input of low pass filter from the phase difference. 

 
So, the additional registration of the ratio of spectral densities of x- and y- polarized radiations before 
filtration process will allow to get the unique relations hip between spectral densitie s of radiations and the 
phase difference up to sign in all range of phase difference variation from -45o to 45o.  
 
4. Conclusion 

In this work is shown that by  DF radiation generation due to nonlinear interaction of mutually orthogonal 
and linearly  polarized pum p pulses with periodically  polled GaSe cry stal it’s obtained the direct phase-
coherent relationship between the ca rrier–envelope phase shift of the sy nchronized pump pulse and the DF 
radiation frequency . The proposed m ethod, particularly , can be used for the phase sy nchronization of two 
femtosecond fiber lasers one of which is frequency stabilized.  
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Operation of the radar in up-to-day conditions requires improving its performance characteristics. 
On the o ther hand, modern capability of detection and destruction of the rad ars require strongly 
the increasing of its mobility, which is determined by the radar folding time from operation mode 
to transport state and vice versa. For VHF radars, which are objects with bulky antenna system, at 
first place there is a need to develop the antenna system, the design of which is mainly determined 
by the above mentioned characteristics. The designing of antenna system is divided in two areas: 
radio t echnical and de sign-engineering. The p urpose of t his work i s t he rep resentation of 
researches a nd sol utions di rected t o i mprove t he ra dio-technical pa rameters of t he VHF ra dar 
antenna system and its mobility by reducing the transition time of radar from the transport state to 
operational readiness and back. 
 

   Antenna array radiating elements 
   Mentioned above two areas are closel y linked with each other, since the choi ce of antenna array  radiators 
and its excita tion system (in terms of its  shape and dimensions) largely determines the choice of design and 
engineering solutions for the optimal layout of whole antenna system to the transport  state. The problem of 
increasing of radar mobility [1] connects initially  with th e choice of array  radiating elements. However,  its 
choice is determined by the directional properties of the antenna array, its directional pattern (DP), gain ( G), 
side lobe levels (SLL) etc. 
   From the c omparative a nalysis of different radiat ors of antenna array , calcu lation and sim ulation results 
(using the software package FEKO 5.5) it was revealed that the most acceptable values has circular antenna, 
developed and designed in the likeness of a m icro-strip antenna proposed in [2 ]. The par ameters wer e as  
follows: the r elative frequency broadband is about 20 ... 25%,VSWR ≤ 1,6, G≈ 8,5 .. . 9 dB at the reflector 
size 1,2 m  × 1,2 m  and a longitudinal dimension 0 2 m along the axis of radi ation. The general view and  
operation construction of circular antenna with linear horizontal polarization are shown in fig. 1.For reducing 
of weight and windage of antenna its reflector and a metal disc are made as a metallic gri ds and circular  
radiator is perforated. The weight of the antenna is  about 6.5 kg. For improvement of antenna ground-based  
measurements and m inimization of e rrors at determination of  an tenna pattern and gain (c orresponding to 
conditions of free space) from ground-based measurements in co nditions of specular reflections from  t he 
Earth the problem of reception in that conditions was researched theoretically [3]. 

 

a)                                      b) 
 

Fig. 1. Circular antenna (а) and general view (b): 1 –metal disc, 2 –circular antenna, 
 3 - reflector, 4 –feeding coaxial cable 

 
   In the result, the equivalent model of two-beam reception with virtual receiving antennas was proposed. On 
this basis the methodology for determination of required parameters from measurements with the help of two 
identical antennas method was developed [ 4]. The optim al co nfiguration o f arranging of two iden tical 
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circular antennas was selected and measurements for determination of required DP and G have been carried  
out [5]. 
 
 

Antenna array 
   The antenn a array  made mockup contains 24 circular  radiators in two line arrows of radiators with 12 
pieces in each row. The dimensions of t he mockup are:  horizontal - 17.7 m, vertical - 3.6 m. The excitation 
of radiators in each row is in-phase. The relative sma llness of the radiator longitudinal size ( 0.2 m) along the 
radiation axis has   been used for it folding of antenna  array to the transport state. Phase ex citation of upper 
row radiators relatively  to lower row radiators is shifted on 900. The excitation amplitudes of both  rows are 
the same, but in each row the am plitude distribution changes from the central radiator to the e dge radiator by 
the Dolph-Chebyshev law for providing of low SLL of the array. The strip design dividers of low power level 
(Wilkinson d ividers) and high power le vel dividers on coaxial circular bridge have been  developed for 
implementation of the calculated amplitude distribution. 
   Preliminary measurements of DP and G of antenna array mockup in reception mode have been carried out 
by the on-site measurement method on the airfield territory. A helicopter МИ8-МТВwas used as the aircraft. 
For reducing the measurement errors, caused by the  influence of frame and propeller of helicopter on D P of 
measuring radiating half- wave vibrator, the special device has been proposed which was mounted on  the 
bottom of th e helicopter[6 ].The realized device is a new radiating s ystem "v ibrator-box." The box has a 
special design and includes an electromagnetic energy absorber. Relatively low weight of box and pointed at 
the ends of its shape practically  no effect on the aer odynamic characteristics of the helicopter. The photo o f 
made mockup of array, mounted on the flying field for the measurements is shown on fig. 2. 
   The measur ement method, which diff ers by  cheapness of measurement process, has been developed and  
employed for determination of the array parameters [7]. The method is based on a special program of vertical 
and horizontal flights of the helicopter. 
   At the measurements of the el evation DP the binding of coordi nates (altitude above ground and t he 
horizontal distance from the array ) of he licopter during flights with samples of relevant signal registrations, 
carried out by the ground m easurement equipment ,has been im plemented b y t he synchronizatio n of 
operation of GPS navigators of the helicopter and the operator of the ground measurement equipment. 
   Azimuth (horizontal) DP in the direction of maxi mum of elevati on DP lobes was measured by rotating of 
the array  on 3600 around i ts vertical axis at the hung positio n of  the helicopt er. The measurem ent samples 
were taken over a discrete 0.5 0 given by  n-coder of rotation drive. Measur ement r esults of DP by  the 
elevation and azimuth planes are shown on fig. 3 and 4. 
 

 

 
 

Fig. 2. Antenna array mockup on flying field 
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a)                                                     b) 

 
Fig. 3. a) Elevation DP measured at horizontal flights (angle sector10...1790);  

b) Azimuth DP measured in direction of the first lobe maximum of elevation DP at hung helicopter  
 

 
 

Fig 4. Vertical (elevation) DP in angle sector 0... 200, measured at vertical flight of helicopter  
 

Operating antenna system. 
   Antenna system of radar includes:  
     - antenna array; 
     - antenna–mast equipment; 
     - energy supply and automatic control subsystem 
   The whole antenna system is mounted on a three-axis platform of container of standard trailer. The photo of 
the antenna system in operation mode on the carrier support of the container is shown on fig.5, and the photo 
of the antenna system in the folded state is shown on fig. 6. 
   Adjustable by height supports of platform create enough arms, providing sustainable and stable state of the 
antenna sy stem at the presence of w eight and wind loads during operation. The horizontalizing of th e 
platform is provided by special hardware and softwa re subsy stem of suppo rts regulation  b y height.  At 
transport state the radar a ntenna system is in cont ainer having a  length of 13,62m, width 2,55m  and 2, 48m 
height. Since the horizontal size of the antenna array  is 17,7m [8], the total horizontal frame is in the form  of 
two composite folding frames with len gth 8,8m each, that is en ough for arrangement of array  in folded state 
along the length of the container. 
 
 

 

 

 

 

 
Fig. 5. Antenna system on platform Fig. 6. Antenna system in folded state 
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Design of array 
   The main units of the array  are the central section and two fol ding frames of array  radiators.  Fram es are 
fixed to the sides of the central section by the pin hinges. These main units are shown on fig. 7. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Antenna array 

 
Antenna-mast equipment. 

   The main units of antenna-mast equipment are shown on fig.8.  
 

 
 
 
 
 
 
 
 

 
                                                     Fig. 8. Main units of antenna-mast equipment 
 
   That are a base-subframe, telescopic mast, t wo corresponding actuator for mounting the telescopic mast 
from transport horizontal s tate to operating vertical stat e and vice versa, and the central unit, which is unde r 
the central se ction of the array . The drive of sliding inner tube of  telescopic mast provides arrangem ent of 
array symmetry center on heights from 6.5m to 9.7m with 0.8m discrete. 
 

Energy supply and automatic control subsystem  
   It contains two diesel generator of autonom ous power (operating and standby ) and a lower electro-cab inet 
for control and check, placed on the platform of the c ontainer. This subs ystem contains also the uppe r 
electro-cabinet for control and check mounted on the upper part of the array  central section (fig. 9). The 
control structure provides two modes - automatic mode by the "one button" principle and the manual mode, 
allows automatic control of each mechanism. 
 

 

Fig. 9. The main units of energy supply and automatic control  
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Stages of automatic folding and unfolding of antenna system  
   The automatic unfolding of the ante nna sy stem c onsists of 6-consecutive s tages with its final following 
states: 
- first stage - tent of trailer container is stacked and the supports of container platform is at operating position; 
- second stage - telescopic mast of antenna system is raised and it has an angle of 60° relative to the horizon; 
- third stage – array radiators are unfolded to the operating vertical position; 
- four stage – array frames are unfolded to the operating position and are fixed; 
- five stage - telescopic mast is raised to the working vertical position; 
- fix stage - the array is raised to the desired height and azimuth rotation of array is started;  
   Stages of automatic folding are carried out in inverse order.  
Total amount of time of unfolding (folding) is 15min. 
 

Abstract of the antenna system structural design  
   The modeling and calculations were made for all main constructions with the goal of selection of materials 
and to deter mine the robustness and stiffness under real  operating conditions - weight loads, loads at 
transportation and wind loads at wind speeds up to 40m / s, at t he thickness of the icing to 10mm  and the 
azimuth rotation of the array  with speed 6 rpm /s. The calculations were made by the progra m Solid Works 
2012, Solid Works Flow Simulation CO-ADAPCO STAR -CCM +.  
   The required powers of electromechanical actuators and its support points have been determined during the 
simulation of whole system. Designed and manufactured actuators are supplied by the ball-screw assemblies, 
servo m otors, feedback sensors, tem perature sensors  a nd brakes. The actuators have high efficiency  a nd 
provide high-precision motions with control program [9].  
    As a result , realized radar has bett er performance characteristics, the possibilit y of its use at the reduced  
number of staff and significantly increased mobility which is most essentially. 
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Ground Pen etrating Rad ar (G PR) is a non- destructive imaging techn ique that can  be ef fectively 
used for advanced inspection of composite structures and for diagnostics affecting the whole life-
cycle of civil  engi neering works. GPR p rovides h igh-resolution images o f the investigated 
structures through wide-band electromagnetic waves. It is possible to identify four main areas that 
have to be a ddressed in order to promote a wi der use of this technology in civil engineering: a) 
design of innovative systems; b) development of data-processing algorithms and analysis tools, for 
the interpretation of experimental data; c) integration of GPR with other non-destructive methods; 
d) development of guidelines and t raining o f en d u sers. The C OST Act ion T U1208 "C ivil 
Engineering Applications of Ground Penetrating Radar" is running since 2013 and this paper will 
present its main activities and objectives, as well as the results achieved until now. 

 
1. Introduction 

Ground Pene trating Radar (GPR) is a safe, advanced, n on-destructive and no n-invasive sensing techni que 
that can be s uccessfully employed for sub-surface investigation, inspection of natural or manmade complex 
structures, and diagnostics affecting the whole life-cycle of civil engineering works [1-3]. In particular, it can 
be effectively used for the surveying of roads, bridges, tunnels, railways, dams, the detection of underground 
cavities, and the inspection of modern and historical buildings. It can also be used to map the buried utilities 
in a region, e nabling rapid installation of a new plan t with m inimum disruption and damage to the existing 
one; gas, water, sewage, electricity , telephone, and cable utilities can be localised. Furthermore, with GPR it  
is possible to perform detailed inspection of reinforced concrete, to locate steel reinforcing bars and pre/post-
tensioned stressing ducts. Quality control of pre-cast concrete structures, such as deck beam s, can be carried 
out. Deterioration and delamination on bridge decks can be mapped; zones of termite attack or fungal decay  
in wooden bridge beams can be fou nd. An analysis of geological s tructures can be made with GPR, for the  
mapping of soil, rock or fill layers, in geotechnical investigations and for foundation design. 

GPR provides high-resolu tion images of the investi gated structures through wide-band electro magnetic 
waves. Penet ration and re solution depend prim arily on the trans mitting frequency  of  the equipment, the 
antenna characteristi cs, the electri cal p roperties of th e ground or survey ed m aterial, and the contrasting  
electrical properties of the  targets with respect to th e surroundi ng medium. The centre frequenc y of  GPR 
antennas ty pically ranges from 25 MHz to 4 GHz. Genera lly, there is a direct relationship between the 
chosen frequency  and t he resolution t hat can be obtai ned; conversely , there is an inverse relations hip 
between frequency and penetration depth. High frequencies can therefore be used to detect small and shallow 
targets, wher eas low frequencies allow the sensing of larger and deeper targets.  GPR works best in dry 
ground environments, but can also give good results in wet, saturated materials; it does not work well in 
saline conditions, in high-conductivity media and through dense clays limiting the signal penetration.  

Different approaches can be employed in the proces sing of collec ted GPR dat a, aiming at  transforming 
radar data in to user-usable im ages of the subsu rface. The procedures depend on the site and equipm ent 
characteristics, how data were collected and the aims  of the survey . The classical  strategy usually includes 
band-pass filtering to remove unwanted high or low frequency noise, stacking to improve the signal-to-noise 
ratio, m oving-average filtering to smooth out jitt er between wave fronts, background- noise rem oval to 
remove clutter bands parallel to the air-soil interface,  de-convolution filtering t o remove multiple echoes or  
signal ringing, and the application of a migration algorithm to focus the diffractions from  buried objects to 
their true positions. By  means of gain adjustment algor ithms, signal strengths in different regions are often 
balanced and corrections are applied for variations in surface topographic elevation.  

Once data have been processed, they  still have to be analy sed. This is a challenging problem , since 
interpretation of GPR radargram s is ty pically non-i ntuitive and considerable expertise is needed. In the 
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presence of a complex scenario, accurat e electromagnetic-modelling software i s a fundamental tool for the 
validation of data interpretation. It  can be e mployed for the char acterisation of scenarios, as a preli minary 
step that precedes a survey, or to gain ‘ a posteriori’ a better understanding of measured data. Moreover, it 
can help to i dentify signa tures generated b y uncom mon or co mposite targets. A forward electro magnetic 
solver can b e used to p erform rep eated evaluations  of the sc attered field  due to known targets, i n 
combination with optimization techniques, in order to estimate – throug h comparison with measured data –  
the physics and geometry of the region investigated by the GPR.  

It is possible to identify four main areas, in GPR fiel d, that have to be addresse d in order to prom ote the 
use of this technology in t he civil engineering. These are: a) desi gn of novel sy stems; b) d evelopment of  
electromagnetic modelling, i maging, inversion and data-process ing tools for the interpre tation of GPR  
results; c) integrate GPR with other non-destructive testing (NDT) methods; d) contribute to the development 
of new standards and guidelines and to  training of end users, that will help to increase t he awar eness of 
operators.  

In this framework, the COST (European COoperation in Science and Technology) Action TU1208 "Civil 
Engineering Applications of Ground Pe netrating Radar" is carry ing out its  activities. The main objective of 
the Action is to exchange and increase scientific-technical knowledge and experience of GPR techniques i n 
civil engineering, whilst promoting a m ore effective use of this safe and non-destructive technique. The  
Action invol ves 27 COST Countries (Austria, Belgium, Croatia, Czech Republic , Denmark, Estonia, 
Finland, France, for mer Yugoslav Republic of Mace donia, Ger many, Greece, Ir eland, Latvia, Malt a, 
Netherlands, Norway , Po land, Portugal, Romania, Serb ia, Slovak ia, Slovenia, Spain, Switzerland, Turke y, 
United Kingdom), a COST Cooperating State (Israel), 3 COST Near Neighbour Countries (Armenia, Egypt, 
Ukraine), and 4 COST International Partner Countries (Australia, Hong Kong Special Administrative Region 
of the People 's Republic of China, Rwanda, U.S.A.). Un iversity researchers, software developers, civil and 
electronic engineers, archaeologists, g eophysics experts, non-de structive testing equi pment designers and 
producers, end users fro m private companies and stakeholders from public agencies, are par ticipating to the 
Action.  

In Section 2, COST and th e Action TU1208 are presen ted. The Action’s ongoi ng activities are resumed, 
as well as the results achieved b y now within the f our Working Groups composing the scientific pattern of  
the Action. I nformation concerning t he meetings, wo rkshop and conferences organised by  the Action is 
provided. 

In Section 3 im portance and interest of Armenian  group to coop erate with European colleagues under 
COST 1208 Action umbrella is presented. 

In Appendix, the list of Universities, research cent res, private com panies and public agencies currentl y 
participating to the COST Action TU1208 is reported. 

 
2. COST and the Action TU1208 “Civil Engineering Applications of Ground Penetrating Radar” 

COST is the longest-run ning E uropean (EU) frame work supporting  coop eration am ong scientists and 
researchers across Europe; founded i n 1971, it ha s been confi rmed in Hor izon 2020. It  contributes to 
reducing the frag mentation in EU research investment s, building the European Research Area (ERA) and 
opening it t o cooperation worldwide . It also ai ms at constituting a “bri dge” towards the scientific 
communities of emerging countries, increasing the mobility of researcher s across Europe, an d fostering the 
establishment of excell ence in various key scientific domains. Gender balance,  early-stage researchers and 
inclusiveness are strategic priorities of COST. 

COST does not fund research itself, but  provides support for activities carried out within Actions: these  
are bottom-up science and  technology networks, centre d around nationall y funded resear ch projects, wi th a 
four-year duration and a minimum participation of five COST Countries. The Actions are active through a  
range of networking tool s, such as meetings, workshops, conferences, training schools, short-ter m scientific 
missions, and dissemination activities; they are open to researchers and experts from  universities, public and  
private research institutions, non-gove rnmental orga nisations, industr y, and sm all and mediu m-sized 
enterprises.  

COST Actions are funded within nin e key  science and technolog y fields: biom edicine and molecular 
biosciences; food and agri culture; forests, their produc ts and services; materials, physics and nanosciences;  
chemistry and m olecular sciences and technologies; ear th system science and environm ental management; 
information and comm unication technologies; tran sport and urban develop ment; indivi duals, societies, 
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cultures and health. In addition, Tra ns-Domain Actions deal  with broad, multidisciplinary topics and  
Targeted Networks target specific policy strategies.  

For more information on COST, please visit www.cost.eu. 

The COST Action TU1208 is running i n the “Transport and Urban Develop ment” COST domain; it was 
launched in April 2013 a nd will end i n April 2017. Th e scientific structure of the Action includes four 
Working Groups (WGs). The WG1 focuses on the design of novel GPR instrumentation (m ore details are 
given in Subsection 2.1). The WG2 deals with the deve lopment of guidelines for the survey ing of transport 
infrastructures and buildings, and for the sensing of underground utilities and voids (see Subsection 2.2). The 
WG3 studies electromagnetic forward and inverse methods for the solution of near-field scattering problems 
by buried structures and data-processing techniques (furt her information can be found in Subsection 2.3). 
The WG4 is concerned with applications of GPR outside  from the civil-engineering field and  integration of 
GPR with other NDT technologies (see Subsection 2.4).  

Several events were organised by the Action, during the first 18 months of its lifetime. A kick-off meeting 
was held, to launch the activities (B russels, Belgium , April 2013). The first general meeting was mainly 
devoted to a ddress the state of the art, advance ment, ongoing s tudies and open problem s, in the topics of  
interest for the Action (Rome, Italy, July 2013) [4, 5]. A workshop on finite-difference time-domain (FDTD) 
modelling was held, along with WG 2 and 3 meetings (Nantes, France, February 2014) [6]. A second general 
meeting wa s organised jointly  with the European Geosciences Union General As sembly, to present a nd 
discuss the results achiev ed during the  first y ear of the Action (Vienna, Austria, April-May  2014) [ 7]. A 
Working Group Meeting focusing on t he organisation of dissemination and t raining initiat ives took place 
(Barcelona, Spain, May 2014). In June-July 2014, the Action co-organised with the Université Catholique de 
Louvain the 15 th Internati onal Conference on Ground Penetra ting Radar (GP R 2014), hel d in Brussel s, 
Belgium [3].  

The Action TU1208 is also active in offering Training Schools (TSs) [8] for PhD Students and early-stage 
researchers. A TS on “Microwave I maging and Diagnos tics: Theory , Techni ques, Applications” was co-
organised with the COST  Action TD1301 "Development of a European-based Collaborative Network to 
Accelerate T echnological, Clinical and  Co mmercialisation Progress in the Area of M edical Microwav e 
Imaging" and the European School of Antennas (M adonna di Cam piglio, Italy , March 2014). A TS on 
"Future Radar S ystems: Radar 2020"  was co-organised with the European S chool of  Ant ennas and th e 
European Microwave As sociation (Karlsruhe, Ger many, May 2014), it covered the state of the art and new 
trends on radar technologi es. Finally , a  Training School on “Civil Engineerin g Applications of GPR” was 
held in the University of Pisa (Pisa, Ital y, September 2014), covering topics as GPR basics and hist ory, how 
to cond uct a  surve y, t he main applications of  GPR in civil  en gineering, design of  GPR sy stems, radar 
interferometry, electroma gnetic techniques for the modelling of GPR scena rios, im aging and inversion 
techniques for the interpretation of GPR data. 

In Subsection 2.5, the next meetings and training activities are announced.  
The COST A ction TU1208 is constantly  promoting its activities i n prestigious international conferences 

related to the Ground Penetrating Radar [9]-[13]. 
It is still possible to join the Action TU1208, in order to contribute to it s scientific activities and 

participate to its events; interested res earchers and e xperts are wel come to take contact with the Authors of 
this paper. Information on the Action can be found at  www.cost.eu/COST_Actions/tud/Actions/TU1208 and 
www.GPRadar.eu. 

 
2.1. Novel GPR instrumentation 

The WG1 of the COST Action TU1208 f ocuses on the dev elopment of innovative GPR equip ment 
dedicated for civil engi neering applications. It  includes three Projects. Project  1.1 deals with the “Design, 
realisation and optim isation of in novative GPR equipm ent for the m onitoring of c ritical transp ort 
infrastructures and buildi ngs, and for  the sensing of  underground util ities and voids.”  Project 1.2 is 
concerned with the “Developm ent and definition of advanced testing, calibrati on and stabil ity procedure s 
and protocols, for GPR equipment.” Project 1.3 focuses on the “Design, modelling and optimisation of GPR  
antennas.”  

During the first y ear of the Action, the Members coordinated between the mselves to address the state of 
the art and open problem s in the scientific fields ide ntified by  these Project s [4, 14 ]. In ca rrying out this 
review work, the WG1 benefited fro m the contributi on of  Dr. David J. Daniels, participating to the First  
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General Meeting as an external expert and giving a plenary talk on GPR design challenges; he also prepared 
for the Action a special paper that is included in [4 ], resu ming the characteri stics of GPR sy stems, wit h 
particular reference to the various m odulation techn iques, highli ghting the issues related to the design of 
GPR antennas, suggesting what i mprovements in subsystems - such as antennas, receivers and transmitters - 
are needed to increase overall GPR performance, an d giving ideas for further research and developm ents. 
The WG also benefited from the contribution of Dr. Erica Utsi, participating to the First General Meeting as 
an external expert and sharing with the Members her wide experience on GPR technology and methodology. 
The synergy with WG2 and WG4 was useful for a deep  understanding of the problems, merits and limits of 
available GPR equipment, as well as to discuss how to quantify the reliability of GPR results.   

An innovative reconfigurable ground-coupled stepped -frequency GPR is bein g studied and optim ised by 
the Members; it was designed in Italy  and is equipped  with two bow-tie antennas with a seri es of switches 
along their ar ms, so that their size can  be varied. T he system was tested in several sites, both indoor and 
outdoor, in comparison with a commercial ground-c oupled pulsed system [3, 4, 7] . Subsequently, within a 
Short-Term Scientific Mission (STSM), the prot otype device was sent to Norw ay and com pared with 
commercial g round-coupled stepped-frequency radar [ 15]. These experimental activities were fundam ental 
to gain a deepen knowledge of the reconfigurable GPR prototype and to plan its improvement. 

Another innovative system being designed within the Action and proposed by Italian Members, will allow 
investigating the mechanical proper ties of pavement, in addition to its geometrical and electro magnetic 
properties [3, 4]. 

Cooperation with the COST Action I C1102 “Versatile, Integrated, and Signal-aware Technologies for 
Antennas (VISTA)” has been established, concerning the design of GPR antennas. 

At least two more WG1 activities need  to be mentioned, as they  are very interesting and prom ising. The 
first one, coordinated by Italy and involving Members and external experts from Germany, United Kingdom, 
Japan and United States, is the development of a pr otocol pro viding recommendations for  the safety  o f 
people and instruments in near surface geophysical prospecting, with a particular focus to the use of GPR. 

The second initiative is called GPR4Every one, it was propo sed by Italy and consists in creating a virtua l 
store of GPR equipment at the disposal of Members from inclusiveness Countries: some Institutes have GPR 
systems and complementary NDT equipment no longer u sed, while there are Institutes who cannot afford to 
buy a GPR; thus, the idea is to cense t he unused equipm ent and make it available to be given for free to  
researchers from less research-intensive countries, as a small step to counterbala nce research co mmunities’ 
unequal access to funding and resources distribution. 
 
2.2. GPR surveying of pavements, bridges, tunnels, and buildings; underground utility and  
        void sensing 

The WG2 of the COST Action TU1208 deals with the development of g uidelines and p rotocols for  t he 
surveying, through the us e of a GPR sy stem, of transport infra structure and build ings, a s well as for the 
sensing of utilities and voids. It includes five Pr ojects. Project 2.1 focuses on outlini ng “Innovati ve 
inspection procedures for effective GPR survey ing of critical transport infrastructures (pave ments, bridges 
and tunnels).” Project 2.2 is concerned with the development of “Inno vative inspection  procedures for 
effective GPR survey ing of buildings.” Project 2.3 d eals with identifying “Innovative inspection procedures 
for effective GPR sensing and m apping of undergr ound utilities  and voi ds, with a focus to urban areas.” 
Project 2.4 focuses on the development of “Innova tive procedures for effective GPR  inspection of 
construction materials and structures.” The WG2 als o includes Project 2.5 on the “Deter mination, by using 
GPR, of the volumetric water content in structures, sub-structures, foundations and soil,” this is a topic of 
great interest in civil engineering, as water infiltration is often a relevant cause of degradation of structur es, 
such as roads of bridges, and of rebar corrosion.  

During the fi rst year of the Action, inf ormation was collected and shared abo ut state-of-the-art, ongoi ng 
studies, problems and future research needs, in the topics covered b y the five above-mentioned Projects [ 4, 
14, 16]. In carry ing out this review work, the WG2 be nefited from the contribution of Dr. J anne Poikajarvi 
who participated to the WG Meeting in Nantes as an external expert and prese nted the Mara Nord Project , 
recently carried out in Finland, Sweden and Norway, aiming at demonstrating the potential of GPR in roa d-
condition measurement and rehabilit ation planning, and at creating and harm onising Scandinavian 
recommendations; he prepared for the Action a spe cial pa per as well, that is included in [ 6], where th e 
achieved results are presented and how the project was carried out is explained step by step. 
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Based on the experience and knowledge gained fr om th e in-depth review work carried out by  WG2, 
several case studies were conducted; the y were prese nted during t he Second General Meeting and the GPR 
2014 conference [3, 7 ] and are not resumed here fo r br evity reasons. Further more, the ext ension of GPR 
application to railways track ballast assessment was demonstrated [17]. 

The Action identified some refer ence test-sites, for an advanced com parison of available inspection 
procedures to be carried out in the next y ears of activity (taking advantages of the interaction with WG4), as  
well as to t est GPR equi pment (interacting with WG 1), electromagnetic sim ulators, an d data-proces sing 
algorithms (thanks to the cooperation with WG3). In particular, the Action ch ose the IFSTTAR geophysical  
test site and the accelerated pavem ent testing (AP T) facility . The geophy sical test site is an open-air 
laboratory including a large and deep area, filled with various materials arran ged in horisontal co mpacted 
slices, s eparated by  vertical interfaces and water-tight ed in surfa ce; sever al objects as pipes, poly styrene 
hollows, boulders and m asonry are embedded in the field [6 ]. T he full-scale APT facility  is an outdoor 
circular carousel dedicated to full-scale pave ment experiments, consisting of a central tower and four long 
arms equipped with wheels, running on a circular test track [6]. 

Another interesting and pr omising WG2 initiative t hat has to be mentioned is the development of a  
Catalogue of European test sites and laboratories for the testing of GPR equipm ent, methodology a nd 
procedures that is being coordinated by France and It aly. The catalogue will represent a usef ul tool for t he 
GPR community and it will contribute to identifying new cooperation possibilities among research groups, to 
clarifying which are the missing testing facilities in the various European regions, and to addressing current  
or future research needs.   

 
2.3. Electromagnetic methods for near-field scattering problems by buried structures; data-processing 
       techniques 

The WG3 of the COST Action TU1208 focuses on the development of accurat e, versatile and fast 
electromagnetic scatt ering methods for the characterisation of GPR scenarios and on the i mprovement of 
inversion, imaging and data-processing algorithm s f or th e elaboration of GPR data collec ted during civil 
engineering surveys. It i ncludes four  Projects. Project 3.1 de als with the developm ent of advanced  
“Electromagnetic modelling for GPR applications.” Pr oject 3.2  is concerned with the d evelopment of 
advanced “Inversion and im aging techniques for GPR applications.” The topic of Project 3.3 is the 
“Development of intrinsic models for  describing n ear-field an tenna effect s, including antenna-medium  
coupling, for im proved ra dar data processing using full-wave inversion.” The Project 3.4 focuses on the 
“Development of advanced GPR data-processing algorithms.” 

 During the f irst y ear of the Action, in formation was collected a nd shared about state-of-the-art of the  
available electromagnetic-scattering, imaging and inversion data-processing methods [4, 14]. In carrying out 
this review work, the Members of Project 3.1 could benefit from the special workshop on FDTD organized 
in Nantes [6]. The Members of Project 3.4 could bene fit from the contribution of Prof. Andreas Tzanis, who 
participated t o the WG M eeting in Na ntes as  an external expert and present ed the well-k nown matGP R 
software that he developed, providing a broad and f unctional range of tools for the analysis of GPR data; he 
also prepared for the Action a special paper giving  an overview on GPR data processing, suggesting open 
issues and possible future developments in this area, that is included in [6]. 

Reference test scenarios were defined  by  t he WG3 Members, in cooperation with WG2, to test t he 
modelling/inversion/imaging/data-processing techniques during the next years of activity [7, 8]. 

For what concerns electromagnetic-s cattering methods, particular atten tion is being paid t o the FDTD 
technique and the spectr al do main C ylindrical-Wave Approach (CWA). In the FDTD technique, the 
Maxwell's equations are s olved through space and time discretization; GprMax is a fre eware and versat ile 
FDTD simulator, very well-known in the GPR community. This tool is being further tested and improved by 
WG3 Mem bers. In particular, the pos sibility to adopt a m ore realistic representation of t he soil/material  
hosting t he sought  structu res and of t he GPR antennas is being intro duced in the soft ware; moreover, 
input/output procedures to ease the def inition of scenarios  and the visualisation of num erical results were 
developed [3, 7 ]. Part of this work was carried out during two S TSMs involving Members from Italy  and 
United Kingdom [8].  

In the CWA, the field scattered by subsurface two -dimensional targets with arbitrary cross-se ction is  
expressed as a sum of cylindrical waves; use is made of the plane-wave spectrum of such waves to take into 
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account the interaction of the scattered field with the interfaces between different materials that constitute the 
medium hosting the sought targets. The method was extended to deal with through-the-wall scenarios [18]. 

Advancements of inversion/im aging/data-processing algorithm s achieved b y Action Mem bers were 
presented during the Second General Meeting and the GP R 2014 conference [3, 7], as wel l as in [19, 20]. 
They are not resumed here for brevity reasons. 

 
2.4. Different applications of GPR and other NDT technologies in civil engineering 

The WG4 of the COST Action TU1208 focuses on applications of GPR outside from  the civil engineering 
field. It also deals with the integration of GPR with  other NDT techniques, in order to improve the potential 
of the combined methods. Among such techniques there are ultrasonic testing, radiographic testing, methods 
employing surface waves, approaches involvi ng the using of an open coaxial probe com bined with a vector 
network analyser, liquid-penetrate testing, m agnetic-particle testing, acoustic-emission testing, edd y-current 
testing, self-potential methods and DC methods; the coup ling of GPR with infrared therm ography or with 
Falling Weight Deflectometer (FWD) and its Light version (LFWD) is pro mising, too. In civil engineering, 
several methods that are commonly used in solid-earth geophysics have their counterparts in non-destructive 
testing. In fa ct, the m ost used construction m aterials are mineral aggregates , such as concrete ( mineral 
aggregates, cement, additives) or asphalt (m ineral aggregates, bitumen, additives), and also soils and rocks 
are mineral aggregates; thus, it is possible to effectiv ely use earth-monitoring methods for civil engineering  
applications, of course the  scale of structures and infrast ructures is much smaller rather than the one of the 
earth and an adaption of the methods is recommended and required. 

The WG4 includes six Projects. Project 4.1 deals with the “Application of GPR and other non-destructive 
testing methods in archaeo logical prosp ecting and cultu ral heritage diagnostics.” Project 4.2 is concerned  
with the innovative “Application of GP R to the localisation and vital signs  detection of buried and trapped  
people.” Proj ect 4.3 focuses on the “Application of  GP R in asso ciation with other non- destructive testi ng 
methods in surve ying of t ransport infrastructures.” P roject 4.4 regards “Applications of GPR in associ ation 
with other non-destructive testing methods in buil ding assessment and in geological/geotechnical tasks.” 
Project 4.5 is about the “Develop ment of other a dvanced electric and electromagnetic methods for th e 
characterisation of construction materials and structures.” Project 4.6 focuses on the “Applica tion of GPR in  
association with other non-destructi ve testing met hods in the management and protection of water  
resources.” During the firs t year of the Action, information was collected and shared about state-of-the-art, 
ongoing studies, problems and future research needs, in the topics covered by these Projects [4, 7, 14, 21].  

Based on the experience and knowledge gained fr om th e in-depth review work carried out by  WG4, 
several new case studies were conducted, m ainly relevant to archaeological prospecting; some of them were 
carried out throug h STS Ms in Greece and Austria, involv ing Members fro m Spain and Belgium  [8]. The  
results of these studies were presented during the Se cond General Meeting and the GPR 2014 conference [ 3, 
7], as well as in [22, 23]; they are not resumed here for brevity reasons.  

Within the WG4 activities, the cooperation with the COST Action TU1206  “Sub-Urban - A European  
network to i mprove understa nding and use of the  ground bene ath our cities” has to be mentioned. This 
Action focuses on highlighting the im portance of the ground beneath cities, which is often under-recognised 
and overloo ked, with the main aim  of transforming the relationship between experts who d evelop urba n 
subsurface knowledge and those who can benefit most from it – as urban decision makers, practitioners as 
well as the wider research community. 

 
2.5. Next events and training activities 

The Third General Meeting of the COST Action TU1208 is going to be held in London, United Kingdom, on 
March 4-6, 2015. It will  include a half-day  traini ng for PhD Students and early -stage researchers, t he 
Management Co mmittee meeting, and the meetings of the four WGs. Speci al sessions will take place, 
focusing on the condition assessment of transport infrastructure and the mapping of urban subsoil with GPR: 
the main challenges of the se tasks will be discussed, the view-points of stakeholders, private and academic 
GPR end-users will be presented and co mpared, wi th the aim  of  making a significant step forward in the 
development of GPR European guidelines and protocols. 
    The Action is organising a Session on “Civil Engineering Applications of Ground Penetrating Radar,” 
within the 2015 EGU General Assembly, to be held in Vienna, Austria, on April 12-17, 2015. 
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Furthermore, the Action is co-organising, joi ntly with the Euro pean School o f Antennas and the Eur opean 
Association on Antennas and Propagati on, a Training School on “Ultra-Wide Band Antennas, Technologies 
and Applications,” to be held in the Karlsruhe Institu te of Technology, in Karlsruhe, Germany , on April 20-
24, 2015. The course will present an insight into the design, evaluation and measurement procedures for ultra 
wideband (UWB) antennas, as well as the characteristics of the UWB radio channel. The theoretical le ctures 
will be co mplemented with laboratory  tut orials on antenna design, experimental techniques includi ng 
measurements in anechoic chamber, detection of hidden objects and wave propagation simulations. 
    Finally, the Action is organising a workshop on “Advanced GPR survey s using m ultichannel antenna 
arrays,” to be held in May 2015, in the archaeological site of Carnuntum, Austria. The scope of the workshop 
is to inform  about the pot ential of m ultichannel GP R sy stems, to educate on exact data positioning usi ng 
motorized array  GPR sy stems in co mbination with GPS and robotic total stat ions, and to familiarize th e 
participants with commo n s ystems an d workflows in regard to data acquisiti on, processi ng and efficient 
interpretation. Carnuntum was a Roman army camp on the Danube in the Noricum province and after the 1st 
century the capital of the Pannonia Superior province, with 50,000 people; its remains are situated in Lower 
Austria, halfway between Vienna and Bratislava, and the “Archaeological  Park Carnuntum” extends over an 
area of 10 km² near today 's villages Petronell-Car nuntum and Bad Deutsch-Altenbur g. The whole area is 
being m apped with GPR by the L udwig Boltzm ann In stitute f or Archaeological Prospect ion and Virt ual 
Archaeology. 
 
3. GPR activities in Armenia and Participation to TU1208 

In July 2013 Fiber Optics Communication Laboratory at State Engineering University of Armenia joined the 
COST 1208 Action as a r epresentative from COST Near Neighbour Countries.  In the end of April 2014 it 
was the first COST TU1208 m eeting where participated  Armenian group  [24]. The following inform ation 
has been presented on this meeting. 

   Armenia is a country located in a very complicated region from geophysical point of view. It is situated 
on a cross of several tectonic plates and a lot of dorma nt volcanoes. The main danger is earthquakes and the 
last big disaster was in 1988 in the northwest part of  contemporary Armenia. As a consequence, the mai n 
direction of geophy sical resea rch is  directed towar ds monitoring and data a nalysis of seis mic activit y. 
National Academ y of Sciences of Ar menia i s conducting these activities in the Institute of Geological 
Sciences and in the Institute of Geophysics and Engineering Seismology. 
    Research i n the field of ground penetrating ra dars is consi dered in Armenia a s an  advanced a nd 
perspective complement to the already exploiting resear ch tools. The previous  achievements of Ar menia in 
the fields of radioph ysics, antenna measurements, laser physics and existing releva nt research would permit 
to initiate new pro mising area of re search in the direction of theory  and experiments of gro und penetrating 
radars. 
    One of the key problems in the operation of ground penetrating radars is correct analysis of peculiarities of 
electromagnetic wave interaction with different lay ers of the earth. For this, the well-known methods of 
electromagnetic boundar y problem solu tions are applied. In addit ion to t he existing m ethods our resear ch 
group of Fib er Optics Co mmunication Laboratory at the State Engineering U niversity of Armenia declares 
its interest in exploring the possibilities of new non-traditional method of boundar y problems solution for  
electromagnetic wave interaction with the grou nd. This new method for  sol ving boundary pro blems o f 
electrodynamics is called the method of single expression (MSE) [ 25-27]. Th e distinctive feature of this 
method is denial fro m the presentatio n of wave equatio n’s sol ution in the form of counter-propagat ing 
waves, i.e. d enial fro m th e superposition principal application. This perm its to solve linear and nonlinear 
(field intensity-dependent) problems with the sam e exactness, without any approxim ations. It is favourable 
also since in solution of boundary problems in the MSE there is no necessity in applying absorbing boundary 
conditions at the m odel edges by terminating t he co mputational dom ain. In the MSE the  com putational 
process starts from the rear side of any multilayer structure that ensures the uniqueness of problem  solution 
without application of any artificial absorbing boundary conditions. 
    Previous success of the MSE application in optical domain gives us confidence in succes sful extension of 
this method’s use for solution of differ ent problem s re lated to electro magnetic wa ve interaction with the 
layers of the earth and buried objects in the ground. 
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   Armenian group involved m ainly in COST TU1208 activities carrying out in WG3, where other 
methods of electromagnetic modelling are in use by European colleague s. It is expected to perform  
comparison of the MSE with other existing modelling methods in frame of COST cooperation.    
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                 In this paper a new method of anti-hail protection and an autonomous and automate operating hail 
                 preventing  sonic  cannon  (generator)   will  be  discussed.  As  well  as   the  results  of   radiometric  
                 measurements of clear air and  hail  clouds  brightness  temperatures will be  presented, measured  at   
                 various frequencies and  polarizations. The  results  have  been  obtained  during  the  measurements  
                 carried out in Armenia from the measuring complex built under the  frameworks   of   ISTC  Projects  
                 A-872 and A-1524. The measurements were carried out at vertical  and  horizontal  polarizations,  at 
                 various angles of sensing by C-,  Ku-,  and  Ka-band  combined  scatterometric-radiometric  systems  
                 developed and built by ECOSERV Remote Observation Centre Co.Ltd. In  this  paper  a  method  of 
                 anti-hail protection, structural and operational features of the autonomous and automate  operating 
                 hail preventing sonic cannon will be considered and discussed. 
 

1. Introduction 
Each y ear ha il and shower cause great  and severe da mage to agriculture and hum an properties and to 

minimize or to prevent eco nomic disruption and downturn in agriculture various kind of  anti-hail protection 
methods and stations are used to reduce the material damage in size.  

At present several anti-hail protection methods and stations are known in the art. It is know n an anti-hail 
protection method with an active effect on hail clouds by shells or rockets which spread reagents or aerosol in 
clouds [1,2].  

It is kn own as well an anti-hail pr otection m ethod with an acti ve effect (impact) on hail  clouds by 
significant (powerful) shock waves directed upward ly to the sky  [3,4]. It is b elieved that the succ ession of 
shock waves transports positive ions from ground level to cloud level which disrupt formation of hail nuclei.  

This method of anti-hail protection is fulfilled by  the following way. Supersonic and signi ficant shock  
waves is gen erated by  sequential ( serial) detonating an explosive mixture of com bustible gas (co mbustible 
fuel) and air in a combustion chamber (in an enclosed body) of a hail preventing sonic generator (an anti-hail 
shock wave generator) and is direct ed upwardly  to the sky . By selec ting material and quantit y of  th e 
combustible fuel, number and duration of detonations it is possible to provide significant shock waves and to 
effect on the hail clouds up to 10km of altitude, changing hail cloud structure, preventing further 
development of hail and transform ing hail to (into) rain, to wet snow or to small ice drops.  As the fuel  or 
combustible gas may be used acety lene gas, a mixture of propane-butane gases or other gas or liquid fuel 
with high energy capabilities [3,4].  

Usually, f or hail detection powerful Weather Doppler radar is used, o perating at sh ort centimeter or 
millimeter band of wave s. These radars cost sev eral hundred thousand or  m illion USD, have serious 
disadvantages and cannot solve the problem totally.  

Therefore a reason is appeared to develop and to produce new kind of detector-identifiers, which will cost  
cheaper and have additional advantages.  

Clouds brightness temperature is a function of m any parameters, in which air and particles tem perature, 
fraction type (water or ice) and particles size are the principal  variables. The changes of clouds radio  
brightness temperatures, related with th e changes of dielectric properties of par ticles and their te mperatures, 
depend on frequencies and polarizations of observation. Therefore, by a microwave radiometers it is possible 
to make precise and high probable detection and classification of hail clouds  

Radiometric observation may not miss the stage of transformation of water va pour and drops of water t o 
hail as well, becaus e w ater and ice  dielectric  const ants are  very  differ and s uch formations’  brightness 
temperatures will sufficiently vary one from the other. 

In this paper a new method of anti-ha il protection and an auton omous and automate operating hail 
preventing sonic cannon (generator) will be discussed As well as  the results of radiometric measurements of 
clear air and hail clouds brightness tem peratures will be presented, measur ed at various frequencies and 
polarizations.  
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The results have been obtained during  the measurements carried out i n Armenia fro m the measuring 
complex built under the framework of ISTC Projects A-872 and A-1524. The measurements were carried out 
at vertical and h orizontal polarizations, under various angles of s ensing by C-, Ku-, and  Ka-band com bined 
scatterometric-radiometric systems (ArtAr-5.6, ArtAr-15, and ArtAr-37) developed and  built by ECOSERV 
Remote Observation Centre Co.Ltd., under the framework of the above Projects [5-8].  

In the paper structural and operational features of the autonomous and automate operating hail preventing 
sonic cannon, utilized measuring systems and the whole measuring complex will be considered and discussed 
as well. 

  
2. A new method and corresponding device for anti-hail protection 
 The results of experimental resear ches, carried out  in the fram ework of  ISTC Project A-1524 [ 5-8] and  
partially are presented in Fig.1 have shown, that the radiothermal contrasts from hail clouds may  reach up to 
50-100K in dependence of  the frequency band. These results have suggested that radiometric measurements 
may be successfully used for hail detecti on and hail clouds classification. On the basis of these results a new 
method and corresponding device for hail detection and prevention have been developed as an invention. 
 The method and the aut onomous and autom ate operating hai l preventing  sonic canno n has already  
patented in  Arm enia by ECOSER Rem ote Observa tion Centre Co.Ltd [ 9]. A PCT Application  
(PCT/AM2012/000001) was submitted to WIPO (World In tellectual Property Organization) and a Report of 
the International Searching Authority on a patentability of this invention was received [10]. 
 In Fig.2 a bl ock diagram of the autonom ous a nd automate operating hail preventing soni c cannon is 
presented. 
 Preferred modes of operation of the autonomous and automate operating hail preventing sonic cannon are 
described with reference to Fig 1. After initial starting (running) of the ant-hail protection system, that is after 
opening mechanical valve and switchin g on power supply, which begins feed control m eans, ignition means 
and detector-warner (detector-alerter), the anti-hail protection sy stem continues its operation auto matically. 
The control means opens solenoid valve and sets hail preventing sonic generator  in a waiting m ode of 
operation. Flow of the combustible gas through open solenoid valve and pressure regulator (pressure reducer) 
comes to the input of closed fuel injector. Up-directed  antenna observes the sky, receives continually signals 
of sk y proper radiotherm al em ission and transfers them  to the i nput of radio metric receiv er. Radiometric 
receiver processes received signals and out puts to the input of controlling com pensation circuit a signal  
corresponding to a sum  of powers of signals of exte rnal emissions and i nternal noises. T he compensation 
circuit output s its signals to the i nput of controll ing m ulti-channel thresholder. In the controlling m ulti-
channel thresholder the signals is compared with N various threshold levels.  The warning device 
processes jointly received signals, generates a warnin g (alert) signal and outputs ge nerated warning signal to 
the input of the control means.The control means sets the operation m ode of hail preventing sonic generator 
in accordance with the received warni ng signal, such  as a switching-on mode, a waiting mode, an operating 
mode and a turning- off mode, and set s operation pa rameters, such as power (the combustible fuel quanti ty) 
and duration of detonations, number (frequency) of detonations and a detonation window. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Radiothermal contrasts from various types of clouds at various frequencies and at vertical polarization of sensing 
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Fig.1 A block diagram of the autonomous and automate operating hail preventing sonic cannon 
1- a hail preventing sonic generator, 2- a cylindrical combustion chamber, 3– a conical barrel, 4- a neck, 5 air inlet ports, 
6- a fuel injector, 7- an igniter, 8- a fuel supply system, 9- a control means, 10- an ignition means, 11- a power supply, 

12- a detector-warner (detector-alerter), 13- an antenna, 14- a radiometric receiver, 15- a controlling compensation 
circuit, 16- a controlling multi-channel thresholder, 17- a warning device, 18- a combustible fuel reservoir, 19- a 

mechanical valve, 20- a solenoid valve, 21 a pressure regulator 
 

The control means keeps hail preventing sonic generator  in a waiting m ode of operation if received warn ing 
signal has the value “0”. When the control means receives a warning signal with the value “1” or more it sets 
the operating mode of operation, sets operation pa rameters of hail preventing  sonic generator in accordance 
with the value of the received warning signal, create s co mmand (control) signals and runs hail preventing 
sonic generator. When the hail preventing sonic genera tor is operat ed, the control means  causes combustible 
fuel to be released through fuel injector into com bustion chamber, until sufficient co mbustible gas for a full 
explosion resulting in a significant shock wave is presen t in combustion chamber. Mixing of the combustible 
fuel (co mbustible gas) wit h air in the com bustion cham ber is automatic and rapid.  A short ti me after th e 
solenoid valve of fuel injector is closed the control means triggers spark gap coil of the ign ition means to  
create a high voltage puls e resulting in a spark acro ss th e ele ctrodes of igniter. As the gas in combustion 
chamber rapidly combusts, a shock wave  results wh ich is directe d by conical barrel. The momentum of t he 
combustion gases is dire cted upwardly , and once th e co mbustion gases have fully  expanded, the upwa rd 
momentum of the gases causes a negative pressure to be  created in the com bustion chamber which results in 
flaps of air inlet ports being drawn open  so that fresh  air may be drawn fro m ambient through air inlet p orts 
to fill combustion chamber. 

 It is i mportant to select  a f uel and ignition sy stem which can operate even when rain water (ice, snow) 
passes through the conical barrel  into co mbustion cham ber. I t is i mportant to select th e parameters of 
combustible fuel, the com bustion cham ber volume to  upper orifice size as well as the conical barrel 
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dimensions in order that a good shock wave is generated and sufficient aspiration through air inlet ports takes 
place in order to bring in sufficient fresh air for the next combustion. 
 When the control m eans receives the warning signal with the upper-range ( maximum) of value, then  the 
control m eans sets the turning-off m ode of operati on, switches off hail pre venting so nic generator and  
interrupts det onations, t hat is stops fuel  injection and ignition. C ontrol m eans switches on hail preventi ng 
sonic generator and resets for hail preve nting sonic generator the waiting mode of operation when it receives 
from warning device next (next in turn) signal with the value “0” only. 

 The detector-warner may be mounted at any  distan ce (close, near, not so fa r, far) away from  hail 
preventing sonic generator . The ante nna may be directed to t he sky under any  elevation (vertical) and 
azimuth angles. Pref erable elevation angle is fro m the interval 0-30 0 from the vertical. When the detector-
warner is mounted close to the hail preventing sonic  generator then more preferable interval for radiometric 
observation is 0-100 from the vertical. Preferable a zimuth direction for radiometric observ ation is the sector 
North West-North-North East, since it allows practically  exclude the sun dire ct influence on antenna at any  
time and at any season. For the detector-warner any ki nd of antenna may  be  used, with a ny beam width. 
Preferable antenna beamwidth is 10-20 0 at 3dB level.  Radiometric receiver (16) may operate at any allowed 
central radio frequency from L to W-band of m icrowave (L, S, C, X, Ku, K,  Ka, W), at any interfere nce 
(noise) free bandwidth of receiving (reception) and at any polarization of sensing. Preferable bands  fo r 
operation are X, Ku, K and Ka. For the  detector-warner any type radiometric receiver may be used. For the 
radiometric r eceiver preferred integration time is  1-5 second and preferred sensitivity is 01-05K in 
dependence on frequency band. 

 When the detector-warner is mounted far (away) from hail preventing sonic generator then it is preferable  
to control the  hail preventing sonic gen erator remotely and transfer warning (a lert) signals generated by the 
warning device to control means by means of cell phone, by radi o aids  (by   radio  technical  devices),  by   
means  of  radio  comm unication,  by means of te lephone communication, or by other technical means of 
communication. 

 Detail  descriptions of stru ctural, technical, operational and application features of hail prev enting sonic 
generator (9) are presented in [9,10]. 

The hail preventing sonic generator’s impact area is limited in a size and usually is about 500-600m in a 
radius over the generator [3]. Therefo re, the hail preventing sonic generator is mounted near protected  
agricultural fields and lands. 
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           The Results of  C-, Ku-, and Ka-band  multi-frequency  radiometric 
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                 In  this  paper  the   results  of   multi-frequency   (at  5.6GHz,  15GHz  and  37GHZ)   and   polarization 
                 measurements of clear air and clouds brightness (antenna) temperatures are presented, measured under 
                 various observation angles. The results have  been  obtained  during   the  measurements  carried  out  in 
                 Armenia from the measuring complex built under the framework of ISTC Projects  A-872  and  A-1524. 
                 The measurements were carried out at vertical  and  horizontal  polarizations,  under  various  angles  of  
                 sensing by C-, Ku-, and  Ka-band  combined  scatterometric-radiometric systems  (ArtAr-5.6,  ArtAr-15, 
                 and  ArtAr-37)  developed  and  built  by  ECOSERV  Remote  Observation  Centre  Co.Ltd.  under   the 
                 frameworks of the  above  Projects.  In  the  paper  structural  and  operational  features  of  the  utilized 
                 system and the whole measuring complex will be considered and discussed as well. 

 
1. Introduction 

Hail and shower c ause great and sever e damage to agriculture and hum an properties. To reduce material 
damage in size it is necessary  to have many  stations of anti-hail protection equi pped by hail clouds detector-
classifiers. Usually, for hail detection powerful Weat her Doppler radar is used, operating at short centim eter 
or millimeter band of waves. These r adars cost seve ral hundred thousand USD, have serious disadvantages 
and cannot solve the problem totally. Therefore a reason is  appeared to develo p and to  produce new kind of 
detector-identifiers, which will cost cheaper and have additional advantages.  
 Clouds brightness temperature is a funct ion of many parameters, in which air a nd particles t emperature, 
fraction type (water or ice) and particles size are the principal  variables. The changes of clouds radio  
brightness temperatures, related with th e changes of dielectric properties of par ticles and their te mperatures, 
depend on frequencies and polarizations of observation. Therefore, by synergetic application of data of multi-
frequency and multi-polarization microwave radiometric observations it is possible to detect and to recognize 
type of the clouds, its water content an d the stage of transformation of water v apour  and drops of water to 
hail (to ice). Radiometric observation may not miss the stage of  transformation of water vapour and drops of 
water to hail, because w ater and ice dielectric constants are ver y differ and such formati ons’ brightness 
temperatures will suffici ently var y one fro m the othe r. So, for precise and high probable detection and 
classification of hail clouds, for real time scale recording of hailing time, for upcoming hail storm’s start time 
prediction, for retrieval of hail-stones’  probable sizes, for a ssessment of  expected q uantity of hail 
precipitation it is necessary to develop multi-frequency and multi-polarization microwave radiometric system 
to carry  out clear sky and clouds sustainable m onitoring. Before that, it is ne cessary to specify  appropriate 
frequencies and polarization for solution of hail clouds detection, classification and precipitation param eters 
and quantities assessment by multi-frequency and multi-polarization microwave radiometric system.  

In this pape r the results of m ulti-frequency (at 5.6GHz, 15GHz and 37GHZ) and polarization 
measurements of clear air and clouds brightness (a ntenna) te mperatures are  presented, measured under  
various observation angles. The results have been obtained during the measurements carried out  in Armenia 
from the measuring complex built u nder the frameworks of ISTC Projects A-872 and A-1524. The  
measurements were carried out at vertical and horizontal polarizations, under various angles of sensing by C-, 
Ku-, and Ka-band co mbined scattero metric-radiometric sy stems ( ArtAr-5.6, ArtAr-15, and ArtAr -37) 
developed and built by  ECOSERV Remote Observation Centre Co.Ltd. under the frameworks of the above 
Projects. In t he paper stru ctural and operational feat ures of the utilized sy stem and the whole measuring 
complex will be considered and discussed as well [1-4]. 

 
2. Measuring facilities and microwave devices 

The measure ments wer e carried out in ECOSERV Re mote Observation Centre’ s experi mental sit e, 
equipped by indoor and outdoor measuring platforms, scanners, an indoor calibration room and facilities (See 
Fig.1) [1-5]. The calibration facilities of the indoor calibration room are used for microwave devices external 
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calibration purposes, by sky  and by indoor ABB la yer. Besides of calibration needs this i ndoor measuring 
complex is used for researches of clouds and precipitations microwave features. 
 
 

    
 
Fig.1 The experimental site of the ECOSERV ROC Co.Ltd.and the indoor calibration room with the scanner and CSRS 

 
For these measurements C-, Ku-, and Ka-band radiomet ers of Art Ar-5.6, ArtAr-15, and ArtAr-37 com bined 
scatterometric-radiometric systems (CSRS) were used [ 6-10]. The m ain technical characteristics of utiliz ed 
ArtAr-5.6, ArtAr-15, and ArtAr-37 systems’ radiometers are presented in the Table below. 

 
 ArtAr-5.6 ArtAr-15 ArtAr-37 
Central frequency 5,6GHz 15GHz 37GHz 
Antenna and beamwidth     Parabolic    5.20 Parabolic    5.60 Horn     70

Radiometer receiver’s bandwidth ~0.5GHz ~0.5GHz ~1GHz 
Radiometer channel’s sensitivity at 1s ~0.1K ~0.2K ~0.3K 

 
Detail descriptions of utilized CSRS and the whole expe rimental site and facilit ies are possib le to find as 

well in http://www.e coservroc.com. Th e principal a dvantages of these unique measuring complex are  the 
capability to perform , multi-frequency, spatio-temporally combined angular and polarization m easurements 
of soil, snow, ice, water surface, clear air, clouds and precipitation  microwave, active-passive characteristics, 
under control led and far field cond itions of sensing. Except of  the above mentioned external calibration 
facilities radiometric chan nels of all utilized CSRS have internal calibration m odules, co mprising thermo  
stabilized noise input generators and ther mo stabilized, controlled microwave input keys. These keys in their 
switched off operational m ode are used as internal ca libration levels (starti ng points) for estimation of 
measured data, such as  water surface, external calibration ABB la yers and sky  brightness temperatures. The 
noise generators feed the sy stems’ inputs by specified calibration noise signals of 18K of lev el, for instance, 
which are necessary for estimation of observed surfaces and sky brightness temperatures fluctuations.  

The measurements of cl ear air (sky ) and clouds brightness tem peratures were carried out by  two wa ys. 
The first way includes dire ct measurements of sky  brightness temperatures from  indoor calibration room or  
from outside located (outdoor) platform. Outdoor platform allowed carry out measurements of sky brightness 
temperature under various azimuth angles as well.  

The second way includes measurements of changes of smooth water surface brightness temperature due to 
appearance of clouds and precipitation. Scatterometric measurements by a scattero meters of utilized ArtAr-
5.6, ArtAr-15, and ArtAr-37 CSRS were used to estimate perturbation level of pool water surface, for 
correction clouds and precipitation contribution in water surface brightness temperature. 
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3. The results of measurements 
Before and af ter all seri es of measurements of sky  brightness temperature (antenna temperatures or more 

exact apparent tem peratures) fro m indoor platform  the m easurements of ind oor ABB layer’s brig htness 
temperature (antenna temperatures or more exact appa rent temperatures) were c arried out. Measure ments of 
sky brightness temperature from indoor platform  were carried out consequently  under elevation angles 100 
and 300 from nadir at both vertical an d horizontal (cross) polarizations of observation. Before and after all 
series of measurements of sky  brightness temperat ure from  out door platfor m the measurements of n oise 
temperatures of ArtAr-5.6, ArtAr-15, and ArtAr-37 CSRS radiometric channels’ controlled microwave input 
keys at their switched off operational modes were ca rried out, to get starting points for  estimation the 
absolute values of sky brightness temperatures at various frequencies and polarizations.   

Before all series of measurements of pool water surface microwave reflective and emissive characteristics, 
preliminary measurements of indoor ABB layer’s and clear sky brightness temperatures at observation angles 
100 an d 30 0 from  nadir were performed. After that, th e CSRSs were set on the m obile bugg y and  
measurements of smooth pool water surfaces were carried out at each angle of incidence from 80 0 to 00, by a 
step of 100.  The measurements were carried out at “v” and “h” polarizations for radiometric observations and 
at “vv” and “vh” or “hh”  and “hv” polarizations for scattero metric observations, under various conditions of 
water tw and air t a temperatures. During each series of measurement, at the beginning and at the end of the 
series, an internal calibrat ion noise signals were sw itched on and were used  for calibration of data obtained  
by radiometric channels of observation. For scatterometric channels calibration internal calibration signals of 
a level of ~10-11W wer e used, estimated to the receivers  i nputs. T hese calibration signals allowed  
approximately estimate a bsolute value s of water su rface radar backscatterin g co efficients and brightnes s 
temperatures. Re mote control of each CSRS wa s perfor med by its personal co mputer s et in the work  
laboratory built just near the platforms. During meas urements the output  signals of scattero metric and  
radiometric receivers were recorded by  personal computers as a file. After each series of measurements the 
saved files h ave been rep roduced on the co mputer monitor as chart records and were used for further  
processing and esti mation of the observed surface r adar backscattering coefficients and brightness (antenna)   
temperatures  at  various  polarizations and frequencies. 

The absolute values of water surface or sky  brightness temperatures were estimated from the following 
equation:  
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where, )273( KBi tT    is a  brightness temperature of the matched load, Kt  is a  physical temperature of  

the matched load in centigrade, the coeffi cient of emission of the matched load   was estimated and was 

taken equal to 0.99. K
iU , S

iU  and cal
iU  are outputs of the radiometer receiver, corresponding to the matched 

load, water surface or sky and the incr ement of the  radiometric output’s due to internal ca libration  noise  
signal’s switching, respectively. The accuracy  of estima tion of the absolute value of water s urface and sky  
brightness (antenna) temperatures is about 8-15K, in accordance with the frequency. The accuracy of relative 
measurements of angular changes of water surface and sky brightness (antenna) tem peratures is better than 
0.1-0.5K, for C-Ka-band, respectively. 

In Fig.2 m easured values of clear sk y, lightel y clouded and cl oudy sky bri ghtness tem peratures are 
presented, measured at 37GHZ fro m indoor calibrati on room. The results of such measurements at 15GHz 
are presented in Fig.3. 

In Fig.4 the results of direct measurements and corresponding estimations of clear air and various kind of  
cloudy sky  brightness (antenna) te mperatures measured simultaneously at 5.6GHz, 15GH z and 37GHz are 
presented. In accordance with the results of Fig.4 the radiothermal contrasts between clear air sky and cloudy 
sky brightness temperatures may reach up to 30-40K  at 37GHz an d ~15-20K at  15GHz. For hail clouds the 
contrasts may reach 50-100K in dependence of the frequency of sensing. 
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                             Clear sky                                                 Lightely clouded sky                                             Cloudy sky  

Fig.2 The measured values of clear sky, lightely clouded and cloudy sky brightness temperatures at 37GHz 

         
                             Clear sky                                                 Lightely clouded sky                                             Cloudy sky  

Fig.3 The measured values of clear sky, lightely clouded and cloudy sky brightness temperatures at 15GHz 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 The measured and estimated values of clear sky and cloudinesses brightness (antenna temperatures at 5.6GHz, 
15GHz and 37GHz  
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The development results of a new method of aerial (on a helicopter or airplane) infrared (IR) scanning of gas 
main pipelines and detecting gas leaks is described . IR scanning of pipelin es was perf ormed in the  
wavelength range 8–12 µ m by  a helic opter fly ing along the routes of pi pelines. In th e paper there is 
presented the description of the IR r adiometer as well as the measurement method of point and extended  
thermal sources wavelength range of 2.5 to 5.5 and 8-12 microns. 

 
1. Introduction  

The environment monitoring, investigation and cont rol of ecological conditions attract a great attention 
of the mankind, especially at the present stage of development of industry, energetic and urban building. 

Optoelectronic sy stems and devices designed for application in ecological studies and in arising 
extremely situations are always in the center of the scientists’ and engineers’ attention.  

The main artificial source  of atm ospheric gaseous pollution is l eakage of natural gas, in which the 
methane content is 95%. However, the problem is aggravated by the fact that gas main pipelines (GMPs) run 
through sparsely inhibited and hard to reach territories, where testing is especially impeded. 

It is obvious  that the dev elopment of a state of the art rem ote and efficien t method for ecological 
monitoring of GMPs is especially pressing. In this situation, the only practical method is remote testing from 
an aircraft (e.g., a helicopter) flying along the pipeline route at heights of up to 1000 m. 

The objective of this study is the description of a universal IR spectroradiometer (SR) we developed and 
demonstration that one possible field of its application is the airborne IR monitoring of GMPs. 

Therefore, the developm ent and creation of infrare d devices and s ystems of thermal monitoring of 
environment is a rather important problem. 
 
2. Brief Technical Description of a Measuring System 

Structurally the measuring co mplex co nsists of two  basic units: an optico-m echanical 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 condit ions [1-3]. To automate data acquisition and processing the spectroradiom eter is 
joined to a personal computer via a series port RS 232. Optical scheme of the optico-mechanical unit (OMU) 
is shown in Fig.1. 

 Input mirror objective of Cassegrain type; 
 A telescope for operative pointin g to an object un der test, equipped with a sighting gri d visible 

through an eyepiece on the OMU back panel; 
 Parallax free sight for accu rate pointing the spectrora diometer to a n area to be measured. The sig ht 

has a sighting grid with a cross and a circle which defines visual field boundaries of the device; 
 Projection objectives whic h serve for r efocusing the radiation from a field diaphragm  to the plane 

with light filters and to a sensing site of the phot odetector. They represent pairs of spherical mirrors 
the application of which enables to avoid achromatic aberrations; 
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 A block of removable ring wedge vari able light filters which provide a total working spectral range 
of 0.4 to 14m; 

 A photodetector which str ucturally represents a removable block with a photodetector placed inside 
it in accordance with the spectral range, a preamplifier, and an adjusting  

 
Figure 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 field diaphragm; 9,10- 
projection objective; 11- a disk with interferential light filters; 12- a sensing site of the photodetector; 13- a thermos for 
liquid nitrogen; 14- a telescope; 15- a deflection mirror. 

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

and phot odetectors in the sub bands o f 0.4 to 1. 1 m, 2.5 to 5.5 m, and 8 to 14 m. Main technical 
parameters of the device are given in the Table. 

 
№ Parameter Name Value 
1.  Input objective diameter 180 mm 
2.  Focal distance mechanism. 200 mm 
3.  Distances to be focused from 5m  to   
4.  Working spectral range 

I sub band (spectral resolution of  10 %) 
II sub band (spectral resolution of  3 %) 
III sub band (spectral resolution of  8 %) 

from  0,4 to 14 m  

from  0,4 to 1,1 m 

from  2,5 to 5,5 m 

from  7,9 to 13,5 m 

5.  Photodetectors : 
I sub band  
II sub band  
III sub band  

 
Si – photodiode 
InSb – photoresist 
CdHgTe – photoresist  

6.  Field of vision  3 mrad 
7.  Noise eq uivalent di fference of t he radiation t emperatures (at  

295o K)  
0,05 K  

8.  Continuous work time  8 hours 
9.  Time of preparation to work  15 min 
10.  Dimensional size of spectroradiometer: 

OMU 
          ECU 

 
415x278x254 mm 
500x420x210 mm 

11.  Weigh t: 
OMU 
ECU 

 
not more than 12 kg 
not more than 15 kg 

12.  Climatic conditions of operation: 
Ambient temperature 
Atmospheric pressure 
 
Air relative humidity 

 
from –35o to +45 o 
from 84 t o 107 kPa ( from 630 t o 
800 mm Hg) 
up to 98% at 35oC 
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13.  Su pply voltage 
frequency  

(220 22) V 
(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 i s 

fastened to the horizontal platform of a specially prepared tripod  
The electronic control unit (ECU) is str ucturally of on-top variant. All indication and control  elements 

are mounted on the front panel of the ECU. 
Under laborator y conditions the ECU is placed on  the table, and under field conditions  it can be 

mounted in a helicopter with the help of dampers. External appearance of the units is shown in Fg.2. 

 
Figure 2. External appearance of the radiometer A)OMU, Б) ECU. 

 

In brief, the operation prin ciple of the spectroradiometer consists  in the following: Inside the OMU t he 
radiation flow from the object under test is collected  by means of an optical sy stem (see Fig.1) and focused  
onto a sensing site of the photodetector. Further, a prea mplifier amplifies an electric signal and transmits it 
to the ECU.  In t he ECU the electronic schem es am plify, dem odulate and filter t he signal from  the 
photodetector output, and as a result of this there appears a signal at the output the amplitude of which is a 
measure of the radiation temperature of the object. Knowing the value of t he collected radiation po wer 
(through the data of preli minarily conducted energetic calibration of the de vice), spectral filter features of 
the sy stem a nd am plification degree, the output signal can be exactly  tra nsformed into an absolute  
measurement of radiation temperatures of the objects under test. 

Let’s notice some advanta ges of the IR  radiometer d eveloped by us [4] compared to the existing close 
analogs. To widen functional capabiliti es in the sphere of spectral investigations of thermal objects, besides 
wideband interferential light filters for spectru m parts of 0.4 t o 1.1,2.5 to 5.5., and 8 t o14 m, the device is 
also provided with ring reflective light filters. To eli minate chromatic aberrations the device optical scheme 
includes two pairs (see Fig.1) of mirror projection objectives in th e focuses of which there a re placed ligh t 
filters and the receiving site of photodetectors. 

The IR radio meter is mounted in t he helicopter and, with the hel p of a deflecting plane m irror, by its 
field of vision scans (through the bottom hatch, along the helicopter motion routing) terrestrial surface. 
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Figure 3. Helicopter IR scanning of GMPs. 

The IR radiometer scans t he Earth’s surface along the GMPs routes within its field of view through the 
bottom hatch. If there ar e macroscopic gas leaks in this region, the radiation temperature (in the wavelength 
region 8–14 μm) drops significantly [5] and is recorded by the ECU. 

At helicopter flight  altitudes of 200 and 150 m , the radiometer fields of view on the gr ound encompass 
surfaces with radius of ~6 and ~2.5 m, respectively, see fig. 3. 

With the helicopter speed of 150-200 km/hr the time of one measurement cycle is 0.1 sec. 

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

Before carry ing out  quant itative measurements of IR radiation emitted by  an unknown source, it is 
necessary to fulfill energetic calibration  of the spectr oradiometer, the aim of which is the measurement of 
the device response to the known standard source (u sually a black bod y with known tem perature). By 
definition, the device calibration m eans obtaining a n electrical signal at the o utput, which corresponds to a 
radiation flow unit incident into the radiom eter in let. The calibra tion is expressed by  some function k( ) 
called spectral calibration characteristic  of the device , which incl udes combined effect of optical ele ments 
and electronic a mplification of the whole sy stem. k() is expressed in V/radiati on unit, with standard level 
of am plification degree. An output sign al of the  device is proportional to the difference between the IR  

radiation flows co ming to the photod etector fro m an external source and from the internal  m odulated 
reference black body. In calibrating the radiation fro m the calibration black body (with known temperature) 
entirely fills the device field of vision. An output signal S() is expressed by the following ratio: 

               lTrTrlTrkS B ,1,,,, 0                           (1) 

where  Tr ,  is Plunk function at the temperature T  and the wavelength  ; 

T  – temperature of the calibration black body;  

 l,  – atmospheric transparency over the path l  between the calibration source and device; 

0T  – temperature of the internal reference black body; 

BT  – temperature of the air during the experiment. 

In the windows of the atm osphere tra nsparency (e. g. for t he wavelength ran ge of 2. 5 to  5.5 m), 

where the transmission is high,  l,  may be taken as 1, if the calibration is carri ed out from the distance 

“ l ” equal to several meters. Therefore in this approximation for   S  we can write: 
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        0,, TrTrkS                                                       (2) 

with the amplification coefficient  equal to 1. And in  measuring with the am plification coefficient different 

from 1 the  S  value decreases by the same factor. The Plunk function value is calculated according to the 

ratio: 

     1
25

1 1/exp,  Tc
c

Tr 


  

where   
4

1 1074,3 c   W m4/cm2  
4

2 10438,1 c   m deg 

The objects studied the ra diation flow of which com pletely fills the device field of vision are extent in 

these measurements. In this case r adiance spectral density (W  T, W/cm2  m) of the object is measured. 

The ratio (1) may be rewrite as: 

                  lTrTrlTWkS В ,1,,,, 0                     (3) 

where  TW ,  is the  radiance spe ctral density of the object studied,   is a n amplification coefficient of 

the whole syste m , and the rest symbols re main previous.  The atmosphere tr ansparency  l,  is either 

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

get for  TW , : 

            
 lr

lTrTrkS
TW B

,
,1,,/

, 0


 

                                       (4) 

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 
is 

   
A

l
TWTWp

2

,,                                                             (5) 

Where  i s a solid angle  of the spectroradiom eter visual field, W( ,T) is a total spectral radiance 

measured according to (4);     is the  distance fro m the object under test to the spectroradiometer. While 
measuring p oint sources spectral contrast of a radiati on source is also of interest, when the backgrou nd 
radiance is comparable to the object radiation. In this  case it is necessary  to separate the backgroun d signal 
SФ(λ) from the signal “so urce+background” S().  For the spectra l radiation contrast of the source we can 
get the ratio: 

   
   Alk

lS
W

,

2






                                                       (6) 

Where        ФSSS  

If A is unknown we may define the contrast of th e spectral luminous intensity  of t he source (in 
W/strad.m): 

                                   
   

2

,
l

lk

S
AWI 




 


                                       (7) 

Calculation of the radiation tem peratures of the objects under test is carri ed out in accordance with  
specially developed algorithms and programs. 
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4. Conclusion 
 Application of the given method of remote ecological monitoring of vast forest spaces and extended gas 

pipelines will undoubtedly bring to the considerable technical-economical effectiveness and will also have a 
great importance in the problem of monitoring atmospheric pollution from natural – gas emissions. 
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The creation of  op toelectronic devic es and systems wit h the best m etrological parameters t hat e nable the 
operational analysis of basic physical and environmental parameters, and distan t monitoring of the atmosphere 
and air infrared environmental control of v ast forest spaces (for d etection o f fires in th e early stages o f their 
development) and pipelines of natural gas is a very important task. The present work is devoted to presenting the 
results of research an d d evelopment wo rk on the d evelopment and  manufacturing o f o ptical-electronic 
instruments for environmental p urposes to explore th e b asic p hysical and ecolog ical p arameters o f the 
atmosphere, as well as monitoring forest spaces and main gas pipelines. 

 
1. Introduction 

Currently sharply increased interest in environmental issues, which is pr imarily due to the ever-increasing 
contamination of the environment. 

According to the latest data on the study of atmospheric pollution in industrial developed countries [1-4], the 
main sources of pollution are industrial and energy facilities and transport, which accounted for over 80% of the 
total amount of pollution. The major components of air pollution are gaseous compounds of c arbon, nitrogen 
and sulf ur, as well  as solid and  liquid ae rosol formation, which a re of particular c oncern for t he normal 
functioning of humans and other biological objects [5-6]. 

Significant contamination of air space and its devastating effects on human health, climate and vegetation is 
also due to macroscopic leaks (or sometimes emissions) of natural gas pipelines and extensive fires, particularly 
forest areas. 

Therefore, th e cre ation o f op toelectronic dev ices and s ystems w ith the b est metrological parameters that 
enable the operational analysis of basic physical and environmental parameters, and distant monitoring of the 
atmosphere and air infrared environmental control of vast forest spaces (for detection of fires in the early stages 
of their development) and pipelines of natural gas is a very important task. 

The present work is devoted to presenting the results of research and development work on the development 
and manufacturing o f o ptical-electronic instru ments for environmental pu rposes to exp lore the basic phy sical 
and ecological parameters of the atmosphere, as well as monitoring forest spaces and main gas pipelines. 

 
2. Optical-Electronic Measuring System for Atmospheric Transparency 

Measuring c omplex c alled “ The Fi eld Op tical-meteorological po st-Machine (FOMPA)” [ 7], d esigned for 
continuous measurement of meteorological optical range, or the extinction of the atmosphere in the wavelength 
range from 0.35 to 1.1 microns, and the automatic processing of the results of the spectral transparency of the 
atmosphere in the range of from 1 to 14 microns. 

Complex “ FOMPA” is co mposed o f two  units: Op tical-mechanical (O MU) and elec tronic co ntrol un it 
(ECU). 
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Optical scheme OMU is shown in Figure 1. 
Optoelectronic d evice pa th i s formed o f three c hannels, measuring, con trolling and o f the backg round. 

Unlike remote (OMU) unit, which operates directly in the atmosphere, ECU and recording of the complex may 
be in the room or in the back of the auto laboratory for the distance control the operation of the equipment. 

When full-scale measurements in the atmosphere calculation of the attenuation of the atmosphere  it  and 

meteorological visibility range  iM tS  at any given time  it  in absolute units is based  on measurements of the 

measuring signal  itU1 , background  itU 2  and control  itU 3  channels, according to the relations: 

         iiii tUtUtUUAt 213
0
3  ;                                               (1) 

   iiM ttS 91.3                                                                (2) 

on wave length m 55.0 . 

 

 
Figure 1 . Optical Scheme of OMU Measurer of Spectral Transparency of the Atmosphere: 1-illuminating; 2-lamp ISSH-
100-5; 3-parabolic mirror; 4,15-cellular hood; 5,11-screen; 6.23-protective glass; 7 .13-iris aperture; 8-absorber of light; 9-
mirror "Black"; 10-control lens; 12-photometer; 14-flat mirror; 16.17-mirror objectives; 18-round lens hood; 19-cylinder 
lens hood; 20-filter; 21-rotation axis; 22-aperture; 24-plane of  FEU; 25-working volume of device. 
 

A significant advantage of the above developed by  us o ptical-electronic complex “FOMPA” compared to 
the currently op erating (e specially in the avia tion se rvices) similar d evices [8 ] i s the a bility t o provide f or 
periodic monitoring se nsitivity of a pparatus in the time op erating i nstructions manual and a ll measurements 
against the “black” mirrors which provides a high sensitivity reception system. 

 
3. The Metrological Characteristics of Equipment “FOMPA” 

Metrological certification of equipment “FOMPA” conducted according to the specially developed program 
of metrological certifica tion (A EL2.766.000PMA) [9 ]. W hen ce rtification a pparatus d efined metrological 
characteristics indicated in Table 1. 

Experimental studies of the metrological characteristics of the equipment “FOMPA” held in the chamber 
for an op tical c alibration, the de scription of w hich i s presented in [1 0]. Th e list  o f a ll pr oducts u sed in th e 
certification of the equipment, with its precision classes presented in [9]. 

Certification shall be sub ject to the sensitivity of the equipment, “FOMPA” to the value of the attenuation 
coefficient of the atmosphere. It is determined by recording the electrical signal output apparatus for measuring 
the attenuation in a clean atmosphere. 
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Table 1: Metrological Parameters of theEquipment “FOMPA” 

The Name of the Metrological 
Characteristics and Units of Measuring 

Nom. 
Values 

Permissible 
Declinations  

The sens itivity of instruments in  the fou r 
wavelengths to the va lue o f th e attenuation 
coefficient of the atmosphere, [Km-1/mV] 

A1 (0.35) 
A2 (0.55) 
A3 (0.70) 
A4 (1.10) 

± 15% 
± 15% 
± 15% 
± 15% 

The r atio o f t he sensitivity of  t he e quipment 
for measurements in clean air and carbon gas 

2.61 ± 0.03 

The r ms value o f re lative er ror in the 
measurement of the i nstrument atte nuation 
coefficient of the atmosphere, no more than 

 ± 15% 

 
Electrical output devices “FOMPA” is linearly related to the attenuation coefficient of the a tmosphere and 

the dependence of )]([ fU  can be normalized as the main metrological characteristics of the equipment. 

The main metrological parameters in equation (1) are the sensitivity of the equipment A (0.55). 
The basic erro r o f the measurement sensitivity of t he ou tfit c onsists o f errors of measuring circu its a nd 

errors in the d etermination of t he c oefficients. A dditional h ardware error assoc iated w ith the impact o f 
destabilizing factors such as changes in t he ambient atmosphere, changing the supply voltage, vibration loads, 
etc. 

Chimneys con trol exp osed the  threshold se nsitivity of A (0.55 ) o f the dev ice, which is the measurement 
error of ± 15% (signal / noise ratio of 2.8). 

When the ambient temperature changes from 273 to 313 K (00 to 40 0C) the add itional error of the output 
signal does not exceed 20% of the basic error.  

 
4. Universal Infrared Spectral Radiometer “USR-A” 

For the purpose of spec tral and  rad iometric stud ies of a tmospheric an d thermal o bjects para meters in th e 
wavelength range from 0.4 to 14 microns, we have developed and manufactured a universal spectral radiometer 
“USR-A”, a detailed description and principle of operation is presented in [11,12]. 

“USR-A” is designed to measure the spectral density of the brightness and radiation temperature (or drops) 
of point and extended sources of infrared radiation in the laboratory and field  conditions, as well as for remote 
spectral analysis of hot gas facilities. 

Structurally spectroradiometer made up of two parts: optical-mechanical (OMU) and the electronic control 
unit (ECU ). Th e electrical c onnection b etween the units is b y means of ca bles. Fu ll sp ectral ran ge of the 
instrument is cov ered b y three se ts of interchangeable filters an d ph oto d etectors su b b ands: from 0 .4 to 1 .1 
microns from 2.5 to 5.5 microns and from 8 to 14 microns. Optical scheme OMU is shown in Figure 2. 

An Electronic Control Unit Constructively Desktop Performance: all organs and display controls are located 
on the front of the ECU. We n ote some o f the  benefits we d eveloped IR spec troradiometer "US R-A" as  
compared to the existing close analogues (see for example [13]). To extend the functionality of spectral studies 
of thermal objects, except for the broadband interference filters for spectral regions from 0.4 to 1.1, from 2.5 to 
5.5 and from 8 to 14 mm, the device is also provided with the ring tunable optical filters [14]. 

In order to e liminate chromatic aberrations in the optical system of the device includes two pairs (Fig. 2) 
Mirror projection lenses, in the focus of which are installed filters and photo detectors tipple. 
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At the end of  this se ction, we no te t hat aft er s ome de sign im provements in t he optical system 
spectroradiometer "U SR-A" (adding the inp ut deflecting  mirror) in [20] described in d etail the method o f air 
environmental control of forest spaces and gas main pipelines. 

 

 
 
Figure 2. OMB Optical Scheme:1-Primary mirror lens; 2 -secondary mirror lens; 3-r adiation from the object; 4-retractable 
flat mirror; 5-sight ; 6- modulator; 7 -bearing cavi ty; 8-field stop; 9 ,10-projection len s; 11-disk inte rference fil ters; 12-
sensitive area of the photo detector; 13-dewar of liquid nitrogen; 14-visual tube. 

 
5. The Metrological Characteristics of a Universal Spectroradiometer "USR-A” 

Metrological ce rtification was conducted in a ccordance with th e universal spectrora diometer spe cially 
designed p rogram o f metrological certifica tion (AEL2 .807.007PMA, [ 15]). In metrological eva luation 
determined device characteristics shown in Table 2. In carrying out metrological certification spectroradiometer 
“USR-A” t o a pply the necessa ry instru mentation a nd e quipment refe rred to in [1 5]. In  the sa me pap er the  
conditions and procedure for certification are presented. Measurements to determine the difference between the 

radiation temperature equivalents to noise NeqT . , performed with the setup diagram of which is shown in [15]. 

Value of noise equivalent temperature difference NeqT . determined by the formula: 

T

N
Neq K

U
T



 . , was found to be 0.05 within ± 10%. 

To determine the basic error of measurement of radiation temperature difference Spectroradiometer, on the 
installation of certification established blackbody temperature in the range of 288 to 298 and in increments of 10 
K, five times the output signals of the device checked. 

The standard deviation of the measurements was determined by the formula:
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 Reduced error in the measurement of the difference between the spectroradiometer radiation temperatures 
was within ± 15%. 
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Table 2: Metrological Parameters of the Equipment “USR-A” 

The Name of the Metrological 
Characteristics and Units of Measuring 

Nom. 
Values 

Permissible 
Declinations  

Comment 

Working spectral ranges, : 
I channel 
II channel 
III channel 

 
0.40-1.1 
2.50-5.50 
7.90-13.5 

 
± 10% 
± 10% 
± 10% 

 
 
Provided with 
filters 
 

Field of view, mrad, no more than: 
I channel 
II channel 
III channel 

 
3 
3 
3 

 
± 10% 
± 10% 
± 10% 

 

The d ifference in noise-equivalent 

radiation te mperatures, , K , no 
more than: 
II channel 
III channel 

 
 
 
0.05 
0.05 

 
 
 
± 10% 
± 10% 

 

Summary reduced measurement error  o f 
the temperature diff erence b etween the 
radiation ran ge of 0.5 to 200 at  th e lever 
293 ± 50 K, no more than: 
II channel 
III channel 

 

 
 
 
 
± 15% 
± 15% 

 

 
6. Multi-Channel Aerosol Spectrometer 

Developed multichannel aero sol spectrometer “Masnik-A” [16], is the optical-electronic automatic device 
for measuring the concentration and  si ze d istribution of liqu id an d solid aer osol formations of na tural and  
artificially origin in the laboratory and field conditions. 

Structurally, t he spectrometer consists of  two units: t he e lectronic-optical s ensor ( EOS) an d the un it o f 
reference and control (URS), connected by a cable. 

The principle of the device is based on measuring the intensity of the radiation scattered by aerosol particles. 
Optical scheme of EOS is shown in Figure 3. 

The op tical system o f the illuminator and the photo detector (F igure 3) a re used for the  formation o f the 
optical counting volume (item 11 in Fig. 3) of the sensor. It is a glowing cube with a discrete change in its size, 
which is achieved by  replac ing t he field  d iaphragms, wh ich are depo sited on flat bo nding surfaces o f 
condensers. 

Prior to the actual measurements in the atmosphere of the optical calibration of the spectrometer is carried 
out according to standard polystyrene latex particles [17]. 
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Figure 3. Opt ical Sch eme o f the Spectrometer "Masnik-A":1-illuminating; 2-s pherical mirror; 3-lamp li ghting; 4,9 -
condenser with integrated field diaphragm; 5,7-projection lenses; 6-photometer; 8-mirror flat; 10-sensitive area of the photo 
detector; 11-space of work volume. 

 
At the end of this sec tion should be noted that the advantage of the developed by us aerosol spectrometer, 

compared with the currently operating appliances similar to [18], is the ability to change (operation unit) orifice 
size field illuminator and a photometer which in turn leads to a change the geometric dimensions of the working 
volume (or countable vo lume, se e Fi gure 3 ) of t he d evice, which can sign ificantly e xtend the rang e o f the 
measured aerosol number concentration of particles from the surrounding area, as well as the design concept of 
the spectrometer "Masnik-A" in the two blocks, the operation of which ensures the safety of the service operator 
from possible harmful effects of ambient aerosol. 

 
7. The Metrological Characteristics of a Multi-Channel Aerosol Spectrometer “MASNIK-A” 

Metrological certification of multi-channel aerosol spectrometer "Masnik-A" was carried out according to a 
specially developed program AEL2.851.002PMA [19]. For certification iden tified metrological charac teristics 
of the instrument are presented in Table. 3. 

 
        Table 3 : Metrological Parameters of the Equipment “Masnik-A” 

The Name of the Metrological Characteristics and Units of 
Measuring 

Permissible 
Declinations  

The rela tive error in the reproducibility of the ca libration of the 
instrument a t the re ference desk  o f monodisperse aerosol 
particles, no more than 

± 15% 

The relative error i n t he m easurement aerosol particles sizes i n 

the range from 0.4 to 40 , no more than 
± 20% 

                                                                                        
A list o f a ll assets, conditions and procedures, a s well a s a  description of t he measuring system for 

calibration certification set forth in [19]. 
The relative error in the reproducibility of the calibration of the instrument is determined by the formula: 

  

%100
0

0 



d

ddu
g                                                                      (10) 
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where d 0 - nominal size o f aerosol particles used  re ference, du  - measured values of particles in micron . The 
deviation of the reproducibility of the calibration of the instrument was within ± 15%. 

To assess the relative accuracy of measurement of dimensions of the aero sol particles, all operations were 
carried out as set out in [19] and a particle size of 0.5 microns. 

According to the formula (3) is de fined rela tive error of  measuring the size  of aerosol particles, w hich 
proved to be within ± 20%. 

When the a mbient te mperature chan ges f rom -4 0 to 40 0 C additional error measure the siz e o f a erosol 
particles does not exceed 20% of the relative error of measurement. 

It should be noted that the above optical-electronic systems, we designed three patents for inventions. 
 

Conclusion 
The d eveloped op tical-electronic systems o ffer the possibility of  re mote se nsing o f physical and 

environmental para meters of  the a tmosphere and  IR so urces, as we ll as the  aeroso l co mponent in the 
environment. 

The experimental results of the metrological characteristics developed devices confirm the high accuracy of 
the measurements. 

The developed method of infrared air monitoring can be widely used for remote environmental monitoring 
forest spaces and natural gas main pipelines. 

Mobile versio n of t he com plex cre ated instru ments can b e used succe ssfully f or the rap id a ssessment o f 
physical and ecological state of the atmosphere, as well as for the distant researches of thermal objects. 
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Pedestrian detection using higher order statistics (HOS) or polyspectral 
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The analysis of the signal using the power s pectrum and autocorrelation fun ction is  
insufficient. We do not have complete information about such signals, because of the loss 
of the phase information in the power spectrum and autocorrelation function. In that case it 
is very important using higher order statistics (HOS). The subject of higher order statistics 
(HOS) has received much attention in recent years. We are using higher order statistics for 
pedestrian detection. The pedestrian detection is modeled as amplitude modulation. 

  

Introduction. 
Cumulants and its Fourier t ransform, known as highe r order statistics, become very important. As we know 
second order statistics (i.e. autocorrelation, power spectrum and etc.) are phase blind. Using o f Higher order 
statistics gives opportunities to find phase infor mation.   In generally, HOS or polyspectral analyses are used 
in signal processing frameworks for several reasons, as for addi tive Gaussian  noise suppre ssion (white or  
colored), inf ormation about the signal phase, detecti on and char acterization of non-linearit y, detection of 
Gaussian deviations and etc.  
Below mentioned advantages are used in this paper fo r two experim ents: mixer output si gnal detection and  
pedestrian detection. The pedestrian has center of gr avity and his hands are moving concerning that center. 
Pedestrian hands are moving opposite sides, so we have two mathematical pendulums with opposite phases 
but with the same frequencies. This means that we have Doppler shift to different sides. Namely by  firs t 
approximation we have a mplitude modulation: pedestrian gravity center is m oving with velocity ଵܸand has 
߱ଵ Doppler shif t, hands are moving to op posite sides with velocit y ଶܸ  and have ߱ଶ Doppler shift  but with  
opposite phases. In this case we have a carrier frequenc y and side frequencies with opposit e phases like in 
amplitude modulation. T he pedestrian detection example is modeled by  using a bove described 
approximation.  
In case of mixer output signal detection bispectral a nalysis was used for showing the m ain advantages of 
HOS. 
 
Bispectrum processing. 
Cumulants have the same meaning as moments.  The moments of a random process are derived from the 
characteristic functionߔ௫ሺ߱ሻ, and the cumulant generating function ܥ௫ሺ߱ሻ is defined as the logarithm of the 
characteristic function as 
 

௫ሺ߱ሻܥ ൌ ௫ሺ߱ሻߔ݈݊ ൌ ሾexpܧ݈݊ ሺ݆߱ݔሻሿ 
 

(1) 

It is very simple to show Gaussian noise suppression using higher order statistics.  
 

߰௫ሺ߱ሻ ൌ ݆߱ܽ െ
ଶ߱ଶߪ

2
 

 

(2) 

Equation (2) is Gaussian noise cumulant function. Now using a Taylor series  we have 
 

߰௫ሺ߱ሻ ൌ ଵܥ݆߱ ൅
ሺ݆߱ሻଶ

2!
ଶܥ ൅

ሺ݆߱ሻଷ

3!
.ଷ൅ܥ .. 

 

(3) 

 
Comparing equation (2) and (3) we have the following results:ܥଵ ൌ ଶܥ ;ܽ ൌ ݊ ; ଶߪ ൐ 3, ௡ܥ ൌ 0 . 
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Fig. 2. Mixer output signal with Gaussian noise 

 
On the last graph of figur e 2 we have only input signals without useful co mponents. But we have all signal 
components on bispectru m indicator as it is shown  on fi gure 2 . As it is sho wn from the exam ple we can 
suppress  Gaussian noise using HOS. 
 
Pedestrian detection using higher order statistics. 
In this example the pedestrian movement is modeling. We compare pedestrian movement with mathe matical 
pendulumoscillation. It is means that we have gra ph like am plitude modulation in power spectru m. So 
pedestrian is moving with velocity  V, his hands are m oving forward and backward li ke mathematical 
pendulum with velocity ଵܸ i.e. we have three frequencies picks in power spectrum 

 moving pedestrian ߱ଵ 
 forward moving hand  ߱ଶ 
 backward moving hand െ߱ଶ 

 
On figure 3 is illustrated pedestrian detection without Gaussian noise. 
 

 
Fig. 3. Pedestrian detection without Gaussian noise 

 
We have amplitude m odulation o n p ower spectru m i.e.  useful  picks and we have the sa me picks  on 
bispectrum graph as it is shown on figure 3.  
 

 
fig. 4.  Pedestrian detection in case of Gaussian noise 
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As it is shown on fi gure 4 we have signal like a noise on power spectrum graph without useful picks. But on 
bispectrum graph we have useful picks again as on fi gure 3. Figure 4 shows that we can su ppress Gaussian 
noise and find useful picks using higher order statistics. The result is shown on figure 5. 
 

 

 
Fig.5. Gaussian noise suppression 

 
Figure 5 sho ws the main point of usin g higher orde r statistics. We have more than four times higher picks 
from noise level.  
 
Conclusions. 
In this paper mixer output signal detection has been used in order to simulate Gaussian noise suppression. In 
particular, pedestrian detection using higher order statistics has been examined. The most important points of 
HOS are given and it has been shown that they  can provide information which second order statistics cannot. 
Finally, a new detection method was presented which early results are very promising.  
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Experimental investigation of “plasmonic black hole” 
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A plasm onic structure c onsisted of touchi ng sp herical a nd plane m etallic surfaces have bee n 
experimentally investigated. B ecause of the sphe rical sha pe a circularly symmetric radially 
decreasing effective refractive index is produced, which is a necessary requirement for imitating a 
black hole. The trapping and steering features of such structure have been demonstrated which had 
been theoretically predicted. Experimental investigations have been realized by using experimental 
setup based on simultaneously usage of two scanning near-field optical microscope (SNOM) probe 
measurements; first one was used to land a gold microsphere (the diameter of sphere was 50 μm) on 
plane m etallic  sur face, and th e secon d one t o ob tain t he field distribution an d scan ned r egion 
image. To estimate the contact region the roughness of both surfaces has been also measured. 

1. Introduction 
Numerousoptical black hole models have been devised to enable investigation of blackhole phenomena 

within laborat ory conditions. A l ot of  att empts to repl icate t he behavior of  bl ack hol es b y implementing 
optical analog ues ha ve been  t aken b y sci entists.Narimanov and  Kildishev [1, 2] consi dered an  
inhomogeneousmedium that result ed to a Ham iltonian guiding el ectromagnetic radiation towards ahighly 
absorptive central core. Functional designs of this model was later proposedand implemented by Cheng et al. 
[3] a nd Lu et al. [4] f or transver se e lectric (TE) andtransverse magnetic (TM ) el ectromagnetic wa ves 
respectively. Sim ilarly, Jiang et  al .[5] presented a design t hat operat es f or pr opagating surf ace 
plasmon-polaritons (SPP) along a graphene sheet . Numerical sim ulations showe d t hat a grade d i ndex 
photoniccrystals can also be used to realize this black hole model [6]. In 2009, Genov etal. [7] came up with a 
photonic black hole model that exploits the invariance ofMaxwell's equation with coordinate transformation 
to design a medium that satisfiesthe Schwarzschild metric. Numerical simulations have shown that Genov's 
model doesindeed  be have l ike a bl ack hole an d can p ossibly be  im plemented usi ng metamaterials[7]. 
Nerkararyan et al. developed another unique approach where they utilizechange in the effective refractive 
index by bringing a m etal sphere in contac t witha second metallic surface [8].  Surface plasmon-polaritons 
(SPPs) propagating alongthe gap between metallic surfaces encounter a spatially varying refractive index in 
thevicinity of the contact point. SPPs are then trapped or deflected by this refractiveindex distribution. 

This work is focused on the plasmonic black hole model proposed by Nerkararyan etal. Compared to other 
models, this plasmonic black hole model has the advantage ofonly requiring homogeneous materials. We aim 
to implement this model experimentallyand demonstrate the predicted SPPs trapping and path deflection. An 
experimentalsetup is based on a scan ning near-feld optical microscope (SNOM), which holds (insteadof a 
sharp tip) a gold coated microsphere, and approaches it on a planar metallicsurface.  

 

2. Theory 
The plasmonic black hole model proposed by Nerkararyan et al. consists of a metalsphere in contact with 

a second metallic surface: planar or spherical (Fig. 1). 

 
Fig.1. Schematic view of plasmonic black hole based on spherical metallic surface placed above the planar metallic 

layer. 
A circularly  symmetric ra dially decreasing effec tive ref ractive index i s pro duced b y bri nging a metal 

z

x

y
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sphere in contact with a second metallic surface. Surface plasmon-polaritons (SPPs) propagating along the 
gap between metallic surfaces encount er a spat ially varying refractive index in the vicinity of the contact 
point. SPPs are then trapped or deflected due to refractive index distribution.  

In t he imm ediate vi cinity of  t he point of  co ntact (except  at  t he cont act poi nt it self),the o nly al lowed 
plasmonic modes are those with a transverse elec tric field component along z axis (Fig. 1) [8]. Due to the 
cylindrical sy mmetry th is p lasmonic black ho le, it is more co nvenient to  so lve th ese modes using th e 
cylindrical form of Helmholtz equation 

     
ݖܧ2߲

2ߩ߲
൅

1

ߩ

ݖܧ߲

ߩ߲
൅

1

2ߩ
ݖܧ2߲

2ݖ߲
൅ 0݇݉,݀ߝ

ݖܧ2 ൌ 0,            (1)

        
where k0 is the wave number, and ߝ௠ and ߝௗare the permittivities of the metal anddielectric, respectively. 
By employing the effective index methodsome key parameters such as cri tical launch distance br can be 

calculatednecessary for experimental investigations [8]. 
 

ܾ௖௥ ൌ ට
ସ௥ோ

௞బඥఌ೏
,                                                         (2) 

where            ݎ ൌ ට
ఌ೏ሺఌ೏ିఌ೘ሻ

ିఌ೘
                                               (3) 

 
R is the radius of the metal sphere. 
 

3. Experiment 
 
To realize experiment should be taken into account following features and consideration. It should be kept 

in mind tha t the e ffective per mittivityis directl y dependent on the spacing between the tw o surfaces  
significant scrat ches oruneven ness wil l surel y af fect the resu lting p ermittivity distribution. Not to  
mentionthat such r oughness on t he s urface may cause t he pl asmons t o scatt er or coupl edout i nto f ree 
space.Furthermore, the sphere must be held in  position as stead ily aspossible since in stability w ill su rely 
influence the  observation of black  hole behaviorand possibl y da maging the surfaces. For these reasons,  
simply placing a  metal sphereo n t op of metallic pl ane woul d n ot serve. In  our m easurements, we us ed 

scanningnear-fieldoptical m icroscope 
(SNOM) pr obes t o l and a gold 
microsphere on a  pl anemetallic 
surface.Experimental investigations 
have been performed by  t he set up 
schematically sho wn i n Fi g.2. The f ree 
space beam mildly focused on a grating 
via low NA objective placed below the 
sample. Manipulations of the plasmonic 
black hole and mapping of the SPP have 
been performed i n do uble scanni ng 
near-field opti cal microscope (S NOM) 
setup [9,  10]. One of  t he t uning-fork 
curried the gold sphere and secon d one 
the metal-coated aperture based fiber tip. 
The tip scanned the sa mple surface to 
map the SPP. 

 
 
 
 

 
 
The SPP excitation on the metallic planar layer has been realized by a grating, milled in the metal layer 

(Fig.3).The free space beam mildly focused on a grating via low NA objective placed below the sample. One 

Fig.2. Schematic view of the experimental setup. 
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of the tuning-fork curried the gold sphere and second one the metal-coated aperture based f iber tip. The tip 
scanned the sample surface to map the SPP. In Fig.3.the scanned SPP map of flat silver surface without gold 
sphere is presented. 

 
 
 
 
 
 
 
 
 
 
 
The focusing and steering features  of  bl ack hol e st ructure have been  d emonstrated b y S NOM 

measurements (see Fig.4). The gold sphere has been landed by using first one of the tuning-forkat the most 
collimated region of SPP (in the center of  the left side of  the red f rame in Fig.3).The width of collimated 
branch is about 3.5μm. After this, by using second tuning fork the scanning of the sample surface to map the 
SPP has been real ized. The scanned r egion represented in Fig.4 i s corresponding to the f ramed region in 
Fig.3. 

 
 

 
 
 

 
 
 
 
 
 
 
As it can be seen from Fig.4(b), if the beam distance b from contact region is smaller than critical distance 

(|ܾ| ൑ ܾ௖௥, see eq. (2)), the GSP waves are trapped. Otherwise (|ܾ| ൐ ܾ௖௥) the system steering features prevail 
(see Fig.4(c,d)).   

To estimate the contact region the roughness of gold sphere a nd silver substrate surfaces has been also 
measured by using atomic-force microscope (AFM). Measurements show t hat the contact region is about 
1μm (see. Fig.5). 

 
 
 
 

     

       

 

Fig.3. Quasi-collimated plasmonic beam propagation in both directions from excitation grating 

b) d) f

a) c) 
e) 

 

  

  

 

steering angle 
5.8 

steering angle 
-5.3 

Fig.4. a ) SNOM i mage of  pl asmonic b eam wi thout metal 
sphere; b) S NOM i mage of  pl asmonic beam  t rapped by 
plasmonic black hole (the output intensity of plasmonic beam 
decreased about 32 times); c) and d) steering of plasmonic beam 
for different rel ative positions presented i n e)  an d f) 
correspondingly. 

Fig.5. Measurement of gold sphere and flat 
silver surfaces roughnesses and contact region 
estimation. 



75 
 

3. Conclusion 
A plasmonic structure c onsisted of touching spherica l and plane metallic surfaces  have been 

experimentally i nvestigated. Because  of the spherical shape a c ircularly s ymmetric radia lly decreasing 
effective refr active index is produced, which is a  necessary re quirement for im itating a black hole. The 
trapping and  st eering f eatures of  such st ructure have been de monstrated which ha d b een t heoretically 
predicted. Experim ental i nvestigations have been real ized b y using e xperimental set up based on 
simultaneously usage of two scanning near-field optical microscope (SNOM) probe measurements; first one 
was used to land a gold microsphere (the radius of sphere equal to 25 μm) on plane metallic  surface, and the 
second one to obtain the field di stribution and scanned region image. To est imate the contact region the 
roughness of both surfaces has been also measured.  
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We st udy t he nature of t he changes o f t he m orpho-functional i ndicators o f l eukopoiesis i n   

hypokinesia dynamics o n th e b ackground of m ultiple i mpact o f t he m illimeter 

electromagnetic wav es. It  is sh own th at th e preli minary rad iation in creases th e po tential 

capacity of the regulatory systems of leukopoiesis, activates the proliferative and maturation 

processes of the ste m cells, and boosts the a daptive compensatory mechanisms thus resulting 

in p reventing of the negative impact of  hypokinesis.The obtained data al low us to assume 

that the millimeter waves are means of non-medicational treatment under stress rectifying the 

changes of the morpho-functional indicators. 

 

                                                             1.Introduction                                                                                                         

At the present time, a dramatic change in the human life style has led to restriction of motive activity and 

to a sedentary lifestyle. Today, the computer technology is evolving into different fields of human activity 

and i s beco ming i ndispensable for wor k and t he l earning process. Rel ative non- motile st ages create a 

stress r eaction, the tens ion of re gulatory mechanisms, the m ovements in the immune system and the 

reduction of the reserve capacity of the organisms. These processes are r esponsible for the development 

of pathologic processes in the organisms. The results of experimental investigations show that in the case 

of hy pokinesia, the concent ration o f l ysozyme, the amount  of co mplimentary l ymphocytes and  

immunoglobulins are decreased. In addition, it was observed that the functional activity of neutrophils is 

decreased as well. As a consequence of this the resistance of the  organism against various infections and 

diseases decreases. Therefore, it is important to find means that under the hypomotile conditions will help 

either to prevent and correct such devia tions. Th e cli nical and experim ental dat a of  nu merous 

investigations have shown  t hat the e lectromagnetic w aves are co nsidered to be a new , highly effic ient 

method for the treatment of various diseases. They have anti-stress effect on neuroendocrine and immune 

systems, as well as on th e peripheral regulatory structures [1-7].  The an ti-stress effect of the millimeter 

wave electromagnetic radiation (EMR) has been s tudied in [8-9] by  Temuryants et al.It has been shown 

that t he m illimeter waves increase t he f unctional acti vity of  leucocytes, particul arly neut rophils and  

lymphocytes. Thus t hey can i ncrease t he ph ysiological protecti on and t he l evel o f resi stance o f an 



77 
 

organism. There is hi gh int erest t o st udy t he chang es i n morphological indicators o f t he blood un der 

hypomotile condi tions, because the blood s ystem is connect ed t o t he all  working s ystems o f t he 

body.Therefore, the aim of the presen t work is to study  the changes of morphological indicators in the 

blood of animals that have been pretreated by the millimeter waves under the condition of hypokinesia.  

                                                            2.Materials and methods  
     Experiments were carried out on rabbits of the same weight (2.5-3 k g) and under t he same  care and 

nutrition survey conditions. 10 rabbi ts have been t aken and t wo experimental setups have been used t o 

achieve our goals. In the first setup, the changes in morphological indicators of eucopoiesis were studied 

under dynamics of hypokinesia. In the second setup, before hypokinesia the animals were treated during 

20 days by EMR. In order to restrict the movements of the animals, they were placed in a special wooden 

box for 20 days, 22 hours for each day. 2 hours were used to take blood samples and for the feed. For the 

irradiation treatments, the G4-141 generator (Russian made) was used with the  frequency 42.2 GHz. The  

exposure time was 30 minutes per day  d uring  20  days. A whole-body EM R exposure of  rabbit s was 

conducted in the far-field zone of  antenna (50 cm). The intensity of the power of the influence was  l ess 

than 10 µW/cm2.  

                                                             3.Results and discussion  

      The investigations have shown that in the initial period (5-10 days),the hypomotility causes 

distributional leukocytosis. The number of leukocytes was increased by about 28% (p <0,001) compared 

to the initial stage. In the l eukocytes formula lymphocytosis, neutrophilis, basophilia, monocytosis and 

eosinophilia were observed (Table 1). These changes are results of the activation of  b lood distributional 

_eucopoie mechanisms. The i ncrease of the  nu mbers of granulocytes and lymphocyte is apparently due 

to their quick export to the peripheral blood, by the stressor mobilization of granulocytes of bone marrow 

reserve and spleen, and of lymphocytes of  thymus gland.Under the st ress the latter provide t he cell 

composition of the peripheral blood. During  t he mentioned period, in myelogram we have observed  a 

moderate reduction of  the number of  young neutrophils and t he increase i n the number of  lymphocyte. 

The maturation i ndex of  neutrophils was 0,6. On t he 15 th da y under h ypomotile conditi ons, t he total 

amount of leucocytes droped by 15% as compared to the data for 10th day, but it was higher by 123 % (p 

<0,001) from the initial level. The absolute number of lymphocytes was 97%. The high level of matured 

neutrophilis, eosi nophilis, basophi lis and monocytosis were maintained. On t he 20 th da y of  t he 

investigation, the number of leucocytes returned to the initial level (102%). In the leucocy te formula a 

reduction of  the abso lute number o f ly mphocytes was observed (86%  (p < 0,001)). The  nu mbers o f 

eosinophilis and monocytosis dropped compared to the results of previous days and have been maintained 

on normal level. The number of mature neutrophilis and basophilis was maintained at high level, 127% (p 

<0,001), 204% (p <0,001), respectively. 

Table 1: The changes of peripheral white blood indicators under hypomotile dynamics  

Indicators 
Initial 
data 

The days of investigation 

5 10  15 20 25 30 

Numbers of 
leukocytes 

8400±
270 

10800±
245 

11600±
381 

10400±
305 

8600±
221 

7600±1
99 

7425±1
89 
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in  
1mm3 blood 

p<0.001 p<0. 001 p<0.001 p<0,05 p<0,01 

Band 
neutrophil 

42±6 
54±1.8 

p<0.001 
29±2 

p<0.001 
26±1.9 

p<0.001 

22±1.6 
p<0.00

1 

38±2.1 
p<0,01 

38±2.1 
p<0,01 

Segmented 
neutrophils 

2772±
121 

4698 
±146 

p<0.001 

4147±1
23 

p<0.001 

4550±1
42 

p<0.001 

3526±
136 

2622±1
29 

2450±1
26 

p<0.01 

Eosinophilis 168±7  162±10 
232±14 

 
p<0,001 

208±11 
p<0.001 

172±1
0 

152±9 
p<0.01 

148±9 
p<0.01 

Basophilis 84±5 
162±9 

 
p<0.001 

203±14 
p<0.001 

208±13 
p<0.001 

172±9 
p<0.00

1 

152±7 
p<0,001 

148±7 
p<0,001 

Monocytes 
546±1

0 
756±17 
p<0.001 

725±16 
p<0.001 

728±16 
p<0.01 

580±1
2 

456 ±10 
p<0.001 

481±11 
p<0.001 

Lymphocyte
s 

4788±
156 

4968 
±112 

6264±2
05 

p<0.001 

4680 
±114 

 

4128±
111 

p<0.00
1 

4180±1
13 

p<0.001 

4158±1
12 

p<0.001 

 

According t o t he literature dat a, the hypomotility, as a stress fact or, reduces t he organi sm 

resistance, the a mount of l ysozyme, co mpliments and i nduces  movements i n the immune s ystem. 

Analyzing the literature data and the data obtained in our work we conclude that under the initial stage of 

the hypomotility influence the body mobilizes its recovery and def ense mechanisms, which provide the 

vital activities at  the expense of  the us of  the functional reserves, but  the long-term impact induces the 

strain in regulatory mechanisms and the reduction of reserve capacities  of the organism.Therefore, in the 

next series of experim ents, for the rectification of  the negative effects of  hypokinesia the animals have 

been pretreated by  the  millimeter waves duri ng 20 days. From the  anal yzis of   t he ob tained results it 

follows that after the 20 days i rradiation the standards of the morphological indicators of _eucopoiesis 

have  been i ncreased and, on that background, the significant changes i n the  indi cators of _eucopoiesis 

have not been observed (Table 2).  

Table 2: The changes of peri pheral white b lood i ndicators in i rradiated anim als under hy pomotile 

dynamics  

Indicators Initial data 
On 20th 
day of 

irradiation 

The days of investigation  

5 10  15 20 

Numbers of 
leukocytes in  
1mm3 blood  

7800±210 9200± 222 
10200±262 

p<0.05 
10000±338 9160± 236 9200±235 

Band 
neutrophil 

78±3 115±6  
127±6 
p<0.02 

100±4 114±4  115±4 

Segmented 
neutrophils 

2574±150 3036± 148 
4080±165 
p<0.001 

3300 ±139 
p<0.05 

3114±141 2898± 125 

0.Eosinophilis 156±10 161±6  
178±7 

 p<0,02 
175±7 
p<0.02 

160±6 
184±8 
p<0.02 

Basophilis 78±6 92±4 
152±5 

p<0.001 
150±5 

p<0.001 
138±6 

p<0.001 
161±8 

p<0,001 

Monocytes 546±9  644±13 663±15 
700±16 
p<0.001 

595±16 
p<0.05 

690±17 
p<0.05 

Lymphocytes 4368± 180 5152±260 4998±221 5600±224 
5038±220 

p<0.01 
5152±222 

 
 

According to our data, the EMR pre-treatments of animals elevate the potential of regulatory systems and 

prevent the negative effect of hypomotility on blood system, resulting in the disappearance of the changes 
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in indicators of  leukopoiesis. Thus, under st ress condition t he millimeter waves ar e ab le t o alter the 

function of immune system, which is one of  the main mechanisms for the  correction of the state of  the 

organism. It  was shown t hat under h ypomotile condit ion t he functional acti vity of  t he neut rophils and 

lymphocyte is decreased, and on t he cont rary, i n neut roohils the acti vity of  hy drophilic enzymes is 

elevated, which can promote the development of the processes of cytolysis, and, consequently, the tissue 

damages. Such diff erent by directed recoveries suppress the natural defense forces in body's cells.Under 

the i nfluence of t he m illimeter waves in t he neutrophils and ly mphocytes t he acti vity of succi nate 

dehydrogenase is increased, which is an evidence of the energetic level of these cells. It is known that the 

fertile cells p articipate to the regulation of the adaptive processes at cellular level and ha ve a significant 

influence on the propert ies of the neutrophils. Under hypomotile condition, the degranulation level of the 

fertile cells is i ncreased. Under t he  co mbined effect  of  the millimeter waves and hy pokinesia, the 

degranulation level of the fertile cells is  decreased, that is why they are considered as regulators.  

       Thus, on the base of our results and the literature data we conclude that the millimeter waves elevate 

the functional state of the blood cells, the functional potential of the leukocytes, preparing the cells to 

resist against other agents.  
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Исследование характеристик радиотелескопа РТ-13 ИПА РАН 

 

Р. М. Мартиросян, А. Г. Гулян, Г. А. Пирумян, С. А. Саркисян, Г. С. Аветисян 

Институт Радиофизики и Электроники НАН РА. 

 

В статье приведены результаты фокусировки и измерений характеристик  радиотелескопа 
РТ-13 ИПА РАН на пункте назначения, в диапазонах S, X, Ka. по эталонному космическому 
радиоисточнику “Кассиопея - А”, по разработанной в ИРФЭ программой/методикой. для 
высокоточного и оперативного обеспечения системы ГЛОНАСС данными о координатах 
полюса и Всемирном времени и для связи с международной РСДБ-сетью и другими 
международными службами. 

 

1.Введение.  
 
Глобальная навигационная спутниковая система (ГЛОНАСС) разработана по заказу Министерства 
обороны СССР/РФ, в рамках федеральной целевой программы «Поддержание,  развитие и 
использование системы ГЛОНАСС на 2012-2020 годы» и является одной из двух функционирующих 
на сегодня систем глобальной спутниковой навигации. ГЛОНАСС предназначена для оперативного 
навигационно-временного обеспечения неограниченного числа пользователей наземного, морского, 
воздушного и космического базирования. Доступ к гражданским сигналам ГЛОНАСС в любой точке 
земного шара, предоставляется российским и иностранным потребителям на безвозмездной основе и 
без ограничений. 
      Основой системы должны являться 24 спутника, движущихся над поверхностью Земли в 
трёх орбитальных плоскостях с наклоном орбитальных плоскостей 64,8° и высотой 191 00 км. 
Принцип измерения аналогичен американской системе навигации NAVSTAR GPS. Основное 
отличие от системы GPS в том, что спутники ГЛОНАСС в своём орбитальном движении не имеют 
резонанса (синхронности) с вращением Земли, что обеспечивает им большую стабильность. Таким 
образом, группировка КА ГЛОНАСС не требует дополнительных корректировок в течение всего 
срока активного существования. Целью выполнения работы  является разработка 
программы/методики для фокусировки и исследования характеристик радиотелескопа РТ-13 ИПА 
РАН а так же проведение измерений на пунктах назначений. 
      Объектом исследования является построенный по двухзеркальной схеме с кольцевым первичным 
фокусом трехдиапазонный радиотелескоп РТ-13 ИПА РАН, на котором установлена 
радиоастрономическая приемная система (РПС) с криостатируемым трехдиапазонным облучателем и 
малошумящими усилителями (МШУ). Рабочие диапазоны частот радиотелескопов: S – (2,2 – 2,6) 
ГГц, X – (7,0 – 9,5) ГГц и Ka – (28 – 34)ГГц. 
 
1. Программа и методика определения оптимального положения контррефлектора 
(фокусировка) 

 
       Оптимальное положение контррефлектора радиотелескопа (фокусировка) и  величины смещения 
фазовых центров облучателя в S, X  и Ka -диапазонах волн относительно оптимального положения 
контррефлектора (∆x=∆y=∆z=0) определялись на программе слежения космического радиоисточника, 
путем выбора положения контррефлектора, обеспечивающего соответствие формы ДН расчетной 
(достижением максимального приращения выходного сигнала). Фокусировка проводилась при угле 
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места 45о. Исследование характеристик радиотелескопа проводились после его фокусировки. В таб.1 
приведены поправки от отсчетного (∆x=∆y=∆z=0) положения контррефлектора.  
 
                                                                                                                                      Таб.1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
2.Программа исследования характеристик радиотелескопа РТ-13 ИПА РАН 
            
Измерения проводились в обсерватории ИПА РАН «Бадары» при слабой облачности и средней 
температуре -20 0C, в период с 26.11. 2014 по 06. 12.2014 г.г. по эталонному радиоисточнику 
“Кассиопея - А” со следующими характеристиками: 
- прямое восхождение                                  ߙଵଽହ଴,଴ ൌ 23௛ 21௠ 10′

௦ 2  

- склонение                                                      ߜଵଽହ଴,଴ ൌ 58଴ 32′ 40,
′′ 5                                                                (1) 

Значения экваториальных  координат для данной эпохи  М вычисляются по формулам [1]: 
ଶ଴ଵସߙ  ൌ ଵଽହ଴,଴ߙ ൅  ሺ2014 െ 1950ሻ ൈ 2,

௦ 70 

ଶ଴ଵସߜ                                                           ൌ ଵଽହ଴,଴ߜ ൅  ሺ2014 െ 1950ሻ ൈ 19,
′′  761                                         (2) 

значения плотности потока для данной эпохи вычисляются по формулам[2]: 
                                                                  log ଵଽ଼଴,଴ܨ ൌ 5,745 െ 0,770 log ݂                                                           (3)                      
                                            

ଶ଴ଵସܨ ൌ ଵଽ଼଴,଴ሾ1ܨ െ ሺ0,0097 െ 0,0003 log ݂ሻሿଶ଴ଵସିଵଽ଼଴   
где f-частота в гигагерцах.В таб.2 представлены значения плотностей потоков на работчих частотных 
диапазонов. 
                                                                                                                                    Таб.2. 

Диапазон S X1 X2 X3 Ka 1 Ka 2 Ka 3 
ГГц 2,4  7,0 8,25 9,5 28,0 31,0 34,0 

F201410-26 вт/м2
 950 430  380 340 150 141 128 

 
3. Определение шумовой температуры антенны по всему угловому разрезу с шагом Δh=10º. 
3.1. Записываем выходной уровень при отключенном приемнике (РПС). 
3.2 Включаем РПС и записываем выходной уровень Т ША. 

№ Название характеристик Ед. изм. Величина 
 

1. 
Смещение от отсчетного (∆x=∆y=∆z=0) 

положения контррефлектора 
 

мм 
 

2. ∆xs мм 3 
3. ∆ys мм -2 
4. ∆zs мм 2 
5. ∆xx мм -1 
6. ∆yx мм 3 
7. ∆zx мм 2 
8. ∆xk мм 0 
9. ∆yk мм 2 

10. ∆zk мм 1 
11. x  мм 0,7  

12. y  мм 1 

13. z  мм 1,7  
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3.3. Включаем ГШ, и записываем выходной уровень ТША+ ТГШ. 
3.4. По показанием 3.1, 3.2 и 3.3 определяем ТША. 
3.5. П.п. 3.1-3.4 выполняем в S, X, Ka-диапазонах (Таб. 3). 

                                                                               Таб. 3 

Диапазон S 
h(грд) 80o 70o 60 o 50 o 40 o 30 o 20 o 10 o 

ТША(Ko) 67 79 92 107 122 137 147 157 

 

Диапазон X 
h(грд) 80o 70o 60 o 50 o 40 o 30 o 20 o 10o 

ТША(Ko) 63 78 98 123 143 163 173 183 

 

Диапазон Ка 
h(грд) 80o 70o 60 o 50 o 40 o 30 o 20 o 10o 

ТША(Ko) 196 204 216 218 231 241 256 273 

 
 

 
 

Рис.1. Разрез атмосферы в диапазоне X 
 
 

 
 

Рис.2. Разрез атмосферы в диапазоне Ka. 
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4. Измерение смещений электрической оси антенны от геометрической по всему угловому 
разрезу с шагом Δh=10º. 

4.1.Выставляем антенну на программу слежения  источника “Кассиопея А” с нулевыми поправками 
по углу и по азимуту.   
4.2. С изменением программных величин азимута и угла места добиваемся максимального 
приращения выходного сигнала источника. 
4.3. П.п. 4.1-4.2. выполняем в S, X, Ka-диапазонах (Таб. 4). 
                                                                                                                           Таб.4 

диапазон  S диапазон  X диапазон  Ka 
∆hS= 30' 

 
∆hX= 26'

 
∆hKa= 20'

 
∆AS= -14' ∆AX= -10' ∆AKa= -15' 

 
 
5. Измерений ширин диаграмм направленности антенны, их зависимость от угла места (∆h=10o) 
в S, X, Ka диапазонах. 
5.1. Радиотелескоп установить на программу слежения траектории источника “Кассиопея А” и с 
учетом поправок ΔА, Δh и рефракции, достичь максимального уровня выходного сигнала. 
5.2. Остановить движение антенны по азимуту и определить временной отрезок между значениями 
выходных сигналов Тист.макс. и 0,5 Тист.макс  в единицах времени ሺ∆ݐ଴,ହሻ и найти половину ширины 

кривой прохождения по формуле: 
߮଴,ହ изм  ൌ 15 כ ଴,ହݐ∆ כ cos  .௠ߜ

 
Ширину диаграммы направленности в азимутальной плоскости вычислить по формуле  

 

               ߮଴,ହ  ൌ 2ට߮଴,ହ изм 
ଶ  െ 2ሺln 2ሻܴଶ 

 
 5.3. С учетом п.4.1., остановить движение антенны по угломестной координате и определить 
временной отрезок между значениями выходных сигналов Тист.макс. и 0,5Тист.макс  в единицах времени 
ሺ∆ݐ଴,ହሻ и найти половину ширины кривой прохождения по формуле: 

 
଴,ହ измߠ  ൌ   ∆ݐ଴,ହ 15cos  .௠ߜ

 
Ширину диаграммы направленности в угломестной плоскости вычислить по формуле: 
 

଴,ହ  ൌߠ      2ට߮଴,ହ изм 
ଶ  െ 2ሺln 2ሻܴଶ ,   где 

 
௠ߜ  ൌ ଵଽହ଴,଴ߜ ൅  ሺМെ 1950ሻ ൈ 19,

′′  761 ൌ  580 53′  40′′                                        

ܴ ൌ 2 
′15′′  - радиус диска радиоисточника “ Кассиопея - А”. 

5.4. П.п. 5.1-5.3. выполняем в  S, X, Ka-диапазонах (Таб. 5). 
                                                                                                                                                         Таб.5 

Диапазон S 
h 80 o 70 o 60  o 50 o 40 o 30 o 20  o 10  o 
θ0,5 31' 50'' 32'  00'' 32'  05'' 32' 15'' 32' 20'' 32' 25'' 32'  25'' 32'  30'' 
φ0,5 31' 20'' 31'  25'' 31'  32'' 31' 36'' 31' 40'' 31' 50'' 31'  55'' 32'  00'' 
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Диапазон Ka 
h 80 o 70 o 60  o 50 o 40 o 30 o 20  o 10  o 
θ0,5 2' 17'' 

2' 0 3'' 
1' 52'' 

2' 19'' 
2' 0 5'' 
1' 53'' 

2' 20'' 
2' 08'' 
1' 55'' 

2' 23'' 
2' 11'' 
1' 58'' 

2' 25'' 
2' 14'' 
2' 00'' 

2' 28'' 
2' 17'' 
2' 03'' 

2' 30'' 
2' 0 3'' 
2' 05'' 

2' 30'' 
2' 20'' 
2' 08'' 

φ0,5 2' 16'' 
2' 03'' 
1' 45'' 

2' 18'' 
2' 05'' 
1' 46'' 

2' 19'' 
2' 08'' 
1' 47'' 

2' 22'' 
2' 11'' 
1' 50'' 

2' 24'' 
2' 14'' 
1' 52'' 

2' 25'' 
2' 16'' 
1' 54'' 

2' 27'' 
2' 17'' 
1' 56'' 

2' 28'' 
2' 18'' 
1' 58'' 

 
6. Измерение эффективной площади антенны.  
6.1. Включить РПС, выбрать требуемый частотный диапазон  и направить на “холодное” небо, близ 
возможно высокой угломестной координаты траектории радиоисточника. 
6.2. Включить ГШК и измерять величину выходного сигнала АС (ТГШК.). 
6.3.  Выйти на программу радиоисточника с учетом  поправок контррефлектора,  ΔА, Δh  и  измерить 
величину выходного сигнала АС (Тист.). 

6.5.  Эффективная площадь вводится следующей формулой[3]: 

Aэфф.= g 
ଶ௄ и்ст.

ி
 ,    где 

Aэфф.- эффективная площадь антенны, 

 К=1,38.10-23 Дж/град –постоянная Больцмана, 

 F - спектральная плотность потока излучения радиоисточника  (Вт/м2 Гц). 

݃ -безразмерная величина, которая учитывает соизмеримость угловых размеров источника и ширины 
диаграммы направленности антенны и вычисляется из выражения. 
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6.6. Выполнить п.п. 6.1.-6.5. для убывающей угломестной координаты с шагом ∆h=10o. 
6.7. Произвести операции по п.п. 5.1.-5.6. на диапазонах “X” и ”Ka”:  
По результатам измерений параметров указанных в п.п. 5.1.-5.7.  по формулам 

КИП=Аэфф./Агеом. ,         SEFD= 2КТсист/Аэфф 
определить зависимость коэффициента использования поверхности (КИП) и эквивалентной 
плотности потока приемной системы (SEFD) от угла места (Таб. 6).  
                                                                                                                              

Диапазон X 
h 80 o 70 o 60  o 50 o 40 o 30 o 20  o 10  o 
θ0,5 9'04'' 

7' 42'' 
6' 41'' 

9'08'' 
7' 44'' 
6' 47'' 

9'10'' 
7' 50'' 
6' 52'' 

9'12'' 
7' 54'' 
6' 55'' 

9'15'' 
7' 58'' 
7' 00'' 

9'25'' 
8' 00'' 
7' 05'' 

9'26'' 
8'0 4'' 
7' 10'' 

9'28'' 
8' 10'' 
7' 15'' 

φ0,5 9' 03'' 
7' 35'' 
6' 37'' 

9' 08'' 
7' 39'' 
6' 40'' 

9' 12'' 
7' 43'' 
6' 43'' 

9' 15'' 
7' 48'' 
6' 47'' 

9' 20'' 
7' 51'' 
6' 50'' 

9' 24'' 
7' 55'' 
6' 55'' 

9' 28'' 
7' 58'' 
6' 58'' 

9' 30'' 
8' 00'' 
7' 00'' 
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                                                                                                                              Таб.6 
Диапазон S 

h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 
Аэфф. 90 89 87  87 86  85  84  84  
КИП 0,68 0,67 0,65  0,65 0,65  0,64  0,63  0,63 
SEFD 1983 2371 2844 3305  3767 4294 4680 4998 

 
Диапазон X 

h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 
Аэфф. 86 85 85  84 83  82  81  80 
КИП 0,70 0,69 0,69  0,67 0,67  0,66  0,66  0,65 
SEFD 1940 2262 2842 3673  4270 4941 5244 5632 

 
Диапазон Ka 

h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 
Аэфф. 68 67 66  66 65  63  61 60 
КИП 0,51 0,5 0,5  0,5 0,49  0,47 0,46 0,45 
SEFD 7686 8160 8640 8720  9429 10255 11130 12044 

 
7. Измерения уровней ближних боковых лепестков 
7.1. Радиотелескоп с учетом всеми поправками установить на программу слежения траектории 
радиoисточника с временным  опережением не менее шестикратной ширины главного лепестка, 
обеспечивающий прохождение источника через главный и ближайшие боковые лепестки диаграммы 
направленности. 
7.2. Остановить АС по обеим координатам и измерять величину выходного сигнала АС (Тш.сист.). 
7.3. Для калибровки АС, включить ГШК и измерять величину выходного сигнала АС (Тгкш.). 
7.4. При прохождении радиоисточника через боковые лепестки диаграммы направленности, при 
необходимости, с учетом динамического диапазона АС выбираем необходимое усиление и измерять 
величины выходных сигналов АС (Тбок. макс.л ,Тбок. макс.п.). 
7.5. По выходным значениям  Тбок. макс.л. ,Тбок. макс.п. и Тист. макс. (Рис.3) определяем уровни боковых 
лепестков. 
7.6. Произвести операции по п.п 7.1.- 7.6. для частотных диапазонов “X” и “Ka” (Таб. 7). 
                                                                                                                                   Таб.7 

Диапазон S 
h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 

Бок.л. 25 24  23,5 23 22,5 22 22  21 
Бок.п. 19 18,8 18,5 18 17,4 17 16,5  16 

 
 
 
 
 
 
 
 
 
 

Диапазон X 
h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 

Бок.л. 24 23  22,5  22 21,5 21 20 19  
Бок.п. 17,5  17,3 17 16,5 16,1 15,7 15,2 15 

Диапазон Ka 
h 80 o 70 o 60 o 50 o 40 o 30 o 20 o 10  o 

Бок.л. 21 20,5 20 20 19 18,5  18 17  
Бок.п. 16 16,7 16,2 16 15,5 15  14,5 14  
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Рис.3. Сканирование источника   “Кассиопея-А” 
 
9. Выводы 
- Значения измеренных характеристик РТ-13 в основном соответствуют ожидаемым. 
- Параметры РТ-13  измерялись в дневное время суток и  при температурах окружающей среды -200С 
и ниже. С целью уменьшения воздействия солнечного излучения, желательно измерения повторить 
при умеренных температурах и в ночное время суток. 
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Microwave photonic t echniques are at tractive fo r p rocessing high ba ndwidth si gnals, ove rcoming 
inherent electro nic lim itations. Th ese processors pro vide n ew cap abilities for realisi ng h igh tim e-
bandwidth operation an d h igh-resolution pe rformance. I n-fibre si gnal pr ocessors are i nherently 
compatible with  fi bre optic micro wave sy stems th at can integrate with wireless antennas, a nd ca n 
provide conn ectivity with  i n-built sig nal co nditioning. Recent new m ethods in wideba nd si gnal 
processors i ncluding ultra-wideband p hase shi fters f or p hased ar ray b eamforming; wi dely t unable 
single passband filters; swit chable m icrowave photonic filters; wid eband photonic mixers; h igh-
resolution multiple frequ ency microwave photonic measurement systems; an d ph otonic RF m emory 
structures; are presented. 

1.    Introduction 
Photonic signal processing, using photonic approach es to condition m icrowave signals, is at tractive due 

to the inherent advantages of high time-bandwidth product and i mmunity to electromagnetic interferen ce 
(EMI) [1-3]. It opens up new possibilities for overcoming the inherent bottlenecks caused b y limitations in 
conventional electrical signal processors [ 1]. In-fibr e si gnal proc essors are di rectly com patible with fibre 
optic m icrowave sy stems, and can provide connec tivity with in-built signal conditioning. These new 
techniques transcend the limitations of existing electronic methods, and enable new structures to be realised, 
which not only can process high-speed signals but which can also realise adaptive operation. 

A key benefit of using optical techniques for wideband electromagnetic systems is that the entire RF/mm-
wave spectrum  constitutes onl y a s mall fraction of t he carrier optical f requency, thus offering the 
fundamental advantage of very little frequency-dependent loss and dispersion across entire microwave bands 
of interest. Photonic signal processing leverages the advantages of the optical domain, which can then benefit 
from the wid e bandwidth, low loss, and natural imm unity to electro magnetic interference that photon ics 
offers. Photonic signal processing also enables dynamic rec onfiguration of the processor char acteristics over 
multi-GHz bandwidths, which is a diffi cult task for electrical microwave approaches. This offers the abilit y 
to realise functions in m icrowave systems that are either very complex or, perhaps not eve n possible in the 
RF domain. 
 Recent new methods in wideband signa l processors are presented including ultra-wideband phase shifters 
for phased array  beam forming; widely tunable singl e passband filters; switchable microwave photoni c 
filters; wideb and photonic mixers; high-resolution multiple freq uency m icrowave photonic measurement 
systems; and photonic RF memory structures that can r ealise a long reconfig urable storage tim e with wide 
instantaneous bandwidth.  

2.    Wideband phase shifters for phased array beamforming 
Optically controlled bea mforming techniques for phased array antennas ar e of significant interest due  to 

the advantages that photonics can offer. These include a wide operating bandwidth, remote antenna feeding, 
and immunity to electromagnetic interf erence. Programmable phase shifters are required for beam forming; 
however it is difficult to realize phase shifters that can operate over a very wide microwave frequency range. 

 Techniques based on m icrowave photonics can offer a solution to this li mitation. A phase shifter 
structure based on the us e of spatial light m odulators is shown in Fig . 1 [4]. The use of spatial light  
modulators is attractive for this purpose because of  th eir versatile and powerful optical signal processing  
capabilities. Phase shifting is achieved by  adjusting the relative optical phase of the carrier and the sideband 
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within the full 0  to 360  range by  means of a t wo-dimensional (2D) diffraction-based Fourier-dom ain 
optical processor (FD-OP) comprising an array of liquid cr ystal on silicon (LCoS) pixels [5 ], and this phase 
shift is directly translated to the RF signal after de tection. Multiple wideband phase shifters are reali sed 
within the single structure by  processi ng the WDM wa velengths si multaneously. The LCoS pixels enable  
dynamic wavelength routing to the out put ports, and optical to RF signal co nversion with direct phase and 
amplitude translation control. The diffraction grating disperses and images different spectral components of 
the input modulated light onto a different portion of the LCoS horizontally while overlapping a large number 
of vertical pi xels. Then specially  calculated phase modulation patterns are applied to im press optical pha se 
differences b etween the r espective optical carri er and the sideband for each WDM channel, which are  
directly trans lated to the RF signal af ter detecti on. This beam forming networ k is highl y flexi ble an d 
reconfigurable since it i s software programmable. Also, since the microwave phase shifter s in the array  are 
independent and have quasi-con tinuous phase control from  0 to 2 , arbitrary scanning beam angles can be 
realised.  
 

o

1N1N

00

11

 
 

Fig. 1. Topology of the photonic controlled beamforming network and its operation. 
 

The measured response for a single m icrowave photonic ph ase shifter is shown in Fi g. 2 [ 6].  Differ ent 
RF phase shifts are obtained by  software programming of the spatial light m odulators to control the relative  
phase of the carrier and the sideband. F ig. 2 de monstrates that  the phase shift achieved for t he microwave 
signal covers the full 180 to +180 range, and that the phase shift is frequency independent over the range 
of 14 GHz to 20 GHz. 
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Fig. 2.  Measured RF phase shift response of the optical RF phase shifter. 
 

Multiple pha se shifters can be realized  within a single structure by  processing the WDM wavelengths 
simultaneously. Experimental results are shown in Fi g. 3, which demonstrate four independent microwave 
phase shifters that operate si multaneously over a 10-20 GHz frequency range. Fig. 3( a) shows a set of four 
phase shifters to obtain a scanning angle of 20 o (with half wavelength radiatin g element spacing). Fig. 3(b)-
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(d) shows the flexibility of the structure  for tuning the beam direction for scanning angles of -20o, 40o and -
40o, which was achieved by programming the RF phase sh ifters. This approach can enable scalability  to 
larger phased arrays due to the parallel processing capability of the concept. 

 
 

Fig. 3. Measured phase shifts corresponding to the scanning angle of  (a) 20 o, (b) -20 o, (c) 40 o, (d) -40 o 
(phase shifter 1         , 2        , 3         , 4       ). 

 
Fig. 4 shows the array  factors for a linear 4-ele ment phased array antenna optical beamforming feeder at  

18 GHz, with measured phase controllers set for scanning angle (a) 20 (b) 40 (c) -20 (d) -40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Beamsteering for 4-element phased array antenna at 18 GHz 
 

A different structure for a microwave photonic phase shifter that c an achieve a full 360  phase shift with 
very little RF signal am plitude variation, and which can opera te over a very  wide frequency range is shown  
in Fig. 5. It is based on controlling the am plitude and phase of the optical carrier and the two RF modulation 
sidebands via the DC bias voltages to a dual-paralle l Mach-Zehnder modulator (DPMZM) [ 7]. The two RF 
modulation sidebands, which have diff erent am plitudes and phases, beat with the optical carrier at the 
photodetector to generate the output pha se shifted RF signal. The amplitude and RF phase of this output RF 
signal depends on the amplitude and phase of the o ptical carri er as well as t he differing am plitudes and 
phases of the two RF m odulation sidebands. The two RF m odulation sidebands that have different  
amplitudes and phase are set through the use of a DP MZM for the m odulator unit. The D C bias voltages 
control the amplitude of the optical carrier and the si debands. The structure is simple, only requiring a single 

0.2

0.4

0.6

0.8

1

30

210

60

240

90

270

120

300

150

330

180 0

0.2

0.4

0.6

0.8

1

30

210

60

240

90

270

120

300

150

330

180 0

0.2

0.4

0.6

0.8

1

30

210

60

240

90

270

120

300

150

330

180 0

0.2

0.4

0.6

0.8

1

30

210

60

240

90

270

120

300

150

330

180 0

Calculated from measurements

(a) (b)

(d)(c)

Ideal



 

90 

 

laser, a single DPMZM modulator unit that is commercially available, and a single phot odetector. It has the 
advantage of having a very convenient control of the RF phase shift which is set by adjusting DC voltages. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Microwave  photonic RF phase shifter showing the optical and RF spectrums. 

Fig. 5  shows the dissim ilar sidebands g enerated by the DPMZM when driven by a sing le frequency RF  
signal, and the output RF signal with a phase shift of RF after photodetection. The idea is based on designing 
the amplitudes (Ac, ALSB and AUSB) and the phases ( c, LSB and USB) of the optical carrier and the two RF 
modulation sidebands by controlling the modulator bias voltages ( Vb1, Vb2 and Vb3), so tha t the output  RF 
signal phase RF can be shifted between 0  and 36 0 while the output RF s ignal am plitude ARF remai ns 
unchanged. 

The measured phase and amplitude response of the phase shifter over a wide frequency range from  2 GHz 
to 16 GHz for different modulator bias voltages, are shown in Fig. 6. This demonstrates a flat phase response 
performance over a wideband 8:1 frequency range. The phase ripple standard deviation is less than 2 for all 
the measured phase responses in Fig. 6(a). Furthermore, Fig. 6(b) shows that there are less than 3 dB changes 
in the RF si gnal am plitude over the entire broadb and frequency range dur ing the 0 to 360 phase shift  
operation, which is one of the flattest responses reported for a wideband RF phase shifter.  
 

 
 
 
 
 
 
 
 
           
          (a) 

 
       

 
 
 
 

 
 
 
 
 
 
 
 
 
          (b) 
 
 
 

 
Fig. 6. Measured (a) phase and (b) amplitude responses of the photonic RF phase shifter. 
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3. Ultra-wide continuously tunable single passband  filters  
Microwave filters having high passband selectivity  and wide continuous tunabilit y are required in many 

applications. The use of the sti mulated Brillouin scatte ring principle (SBS) is  an attractive  approach for 
implementing high-resolut ion, high Q-factor microwave photonic filters. A tunable single-passband  
microwave photonic fil ter structure using the SBS principle is shown in Fi g. 7 [8]. The Brillouin  gain a nd 
loss spectra are shown in Fig. 7(b). 

 

Fig. 7. Tunable single-passband microwave photonic filter structure using the SBS principle 

Fig. 8(a) shows the measured response of the SB S-based microwave photonic filter operating at a centre 
frequency of 10 GHz. The filter exhibit s an extrem ely high resolution: -3 dB bandwidth of 21.25 MHz, an  
excellent shape factor: -20  dB bandwidth of 170 MHz, and a high out-of-band rejection of 35 dB. Fig. 8(b) 
shows the measured results showing the continuous tuning range of the single-passband bandpass filter tuned 
from 1-20 GHz together, which exhibit s. The filter exhi bits an extremely high Q of around 1000 and a hi gh 
resolution with a -3 dB bandwidth of o nly 16 MHz, and a -20 d B bandwidth of 130 MHz, together with a 
high out-of-band rejection of 35 dB. The filter realises single passband shape-invariant tuning over the entire 
1-20 GHz tuning range. 

            

(a)                                                                                             (b)                      
 

Fig. 8. (a) Measured frequency response of the microwave photonic filter operating at a centre frequency of 10 GHz. 
(b) Measured frequency response for the continuously tunable single-passband  microwave photonic filter. 
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4. Programmable switchable microwave photonic filters 
Multi-function applications require the abilit y t o s witch the dif ferent filtering functions e.g. between a 

bandpass filter and a notch filter to pr ovide both channel select ion and chan nel rejection. A structure that 
enables the realisation of a switchable microwave photonic filter that can be switched between a band pass 
filter and a stopband notch filter response,  using simple and rapid control is shown in F ig. 9 [9]. It is based 
on a SBS technique in conjunction with a dual drive Mach-Zehnder modulator (DDMZM) that processes the 
sidebands of the RF modulated signal. Switching of the filter function is sim ply and convenientl y obtained 
by changing the DC bias t o the DDMZ M. In addition,  the centre frequency of the switchable filter can be 
tuned over a wide frequency range.  

The pump light is m odulated at RF frequency fp by a low-biased intensit y modulator (IM) in t he lower  
branch which generates a double-sideband suppressed-carrier  signal, and whi ch is used to tune the filt er 
frequency by changing the  positions of the SBS gain and loss. The filter swit ching function is achieved by 
changing the  DC bias voltage VDC of t he DDMZM  to control the relative p hase differ ences b etween the 
carrier and the sidebands. The SBS pr ocess occurs in the fibre between the RF m odulated signal and the 
pump signal. Each sideband of the pump signal intro duces both SBS gain and SBS loss spe ctra at frequency 
fB away from the sideband, where fB is the Brillouin frequency shift. 

In order to realise bandpass filtering, the bias is  selected so that the DDMZM operates as a phase 
modulator. Only the RF signal with the frequency of fRF =fp-fB undergoes the SBS effect which consequently 
breaks the amplitude equality between the sidebands since the lower sideband of the RF m odulated signal is 
significantly attenuated while the upper sideband is amplified, as shown in the right-hand side of Fig.  9(b), 
and this creates a bandpass response. In order to rea lise notch filtering, we select the bias so that the p hase 
difference between the up per sideband and the carrier is π/4 while the phase differe nce between the lower  
sideband and carrier is 3 π/4, and in addition there is a large ampl itude imbalance between the sidebands, as 
shown in Fig . 9(b). Hence, an RF signal is obtaine d at the photodetector output at all frequencies except 
when the input RF frequency  is fRF =fp-fB, and the amplitudes of the two sidebands are equalised by properly 
choosing the SBS pump power, as shown in the right-hand side of Fig. 10(b), when the beatings between the 
carrier and the two sidebands are out-of-phase and fu lly cancel, thus creating a notch. Consequently , a 
switchable microwave photonic filter at the centre frequency  of fp-fB is real ised, in which the switchi ng 
function is easily accomplished by changing the DC bias of the DDMZM. The frequency where the switched 
filtering occurs can also be tuned by changing the drive frequency fp. 

 

Fig. 9. Operational principle of the switchable filter (a) structure; (b) spectra. 
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Experimental results are shown in Figs . 10(a) and 10(b ) which demonstrate the ability of this structure to 
switch between a high-resolution bandp ass filter and a high-resolution notch filter at each frequenc y, with Q 
values around 400 to 500, and the abili ty to operate over a wide frequency  range from 2-20 GHz. Tuning of 
the filter was obtained by changing the pump frequency fp. Switching between high-resolution bandpass and 
notch filtering with 3-dB widths of 30-40 MHz, at  all frequencies fro m 2-20 GHz with shape-invariant 
response is demonstrated.  

 
Fig. 10.  Measured normalised frequency response of the switched tunable filter between (a) bandpass response; and (b) 

notch response. 

5.   Photonic mixers 
 Microwave frequency  co nversion is a key  function that is essential in many optical-wireless sy stem 
applications. Advanced co mmunication and rada r sy stems need to operate over multiple passbands 
simultaneously. Phot onic microwave mixers bring adva ntages of extrem ely wide bandwidth of operation, 
near infinite isolation between the RF and the LO ports, and EMI imm unity, which are unique and  
fundamental features of photonics. They are also attractive for enabling the processing of microwave and RF 
signals directly within the optical fibre transport system. 

Fig. 11 shows an exa mple of a fibre optic ante nna rem oting configuratio n using o ptical frequency 
downconversion for the receive mode operation. 

 
Fig. 11. Fibre optic antenna remoting configuration using microwave photonic frequency downconversion for the 

receive mode operation. 

Note that the rem ote antenna sub system, which m ay need to operate in unfavourable  environm ents, 
comprises a minimum of hardware. It simply uses a modulator to impress the RF signal onto an optical 
carrier and transports it t o the central station from  the remote location using optical fibre. The central 
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station, which operates in a well-regulated controlle d environm ent, co mprises most of the sy stem 
including the laser source, the LO modulator, the photodetector, and the processing e lectronics. This  
ability to transport signals to and from  re mote locations and t o minimize t he hardware needed at t he 
remote location is a key advantage of microwave photonic mixing. It eliminates the principal limitations 
of conventional electronic microwave receiver approaches that require m ultiple-stage down-converting 
mixers which require the generation of m ultiple associated LO oscillators that have problems with size,  
weight, po wer requirem ents, reduced  dynam ic range due to multiple stage downco nversion, and  the 
important deficiency of limited mixer port-to-port isolation. These issues exacerbate as wider bandwidth 
systems are needed. Microwave ph otonic mixing offers a  unique solution for som e of the most 
demanding, wideband  antenna rec eiver applications. It e nables a single-stage d irect freque ncy 
conversion t o IF frequencies with ex cellent port-to-port isolation. Achievin g high L O-RF isolation  is 
difficult in conventional electronic mixers, though it is extremely  important in surveillance, radar, a nd 
defence systems. The important advantage of microwave photonic mixers is that the LO-RF isolation  is 
inherently nearly infinite because there is no leakage path from  the optical carrier to the RF electrodes  
on the m odulator. In a ddition, m icrowave photonic downc onversion al so enables l ow frequenc y 
photodetectors to be used, which have enhanced efficiency and higher power handling capabilities. 

Several defence applicati ons require the ability  to  process m icrowave signals in sy stems tha t ar e 
spatially distributed. For instance, electronic supp ort systems require a spatial distribution of antenn as 
for direction finding [10]. These need to process m icrowave signals extending to milli meter wa ve 
frequencies, with high dy namic range capabilities, while also being low noise, robust , and spatially 
distributed. A long basel ine technique is necessary  for high accuracy, which requires the antennas to be 
placed at locations that are far apart. On aircraft platform s, typical configurations have antenna sensors 
located at the extrem ities of the airfram e to provide good lon g-baseline antenna coverage for great er 
accuracy in direction finding over broader bandwidths. 

Fig. 12 shows a simple photonic m ixer comprising a se ries of optical pha se modulators and a  fibre 
Bragg grating FBG. The  FBG blocks the optical carrier frequency , whic h then enabl es the IF to be 
produced by the beating b etween the RF sidebands and LO sidebands onl y at  the ph otodetector following 
amplification by the erbiu m doped opti cal amplifier EDFA. This has advantages of the abi lity to operate 
over a very wide frequency range, and also enables the RF and LO to be at separate ports which enables 
antenna remoting.  

 

 

Fig. 12. Dual series photonic mixer structure. 

The problem of processing m ultiple rem ote sensors /antennas si multaneously can be solved using 
microwave photonic m ixers by  invoki ng WDM techni ques. Fig. 13 presents the concept for achieving 
multiple channel m icrowave photonic m ixing using a single L O. The rem ote an tennas are at disparate 
locations, and WDM is used to combine the m ultiple channels and appl y frequency   downconversion 
simultaneously to all the channels by passing the multiplexed signals to a modulator driven by the LO signal, 
before being dem ultiplexed a nd detected. This produces N downconverted I F outputs for  each of the  N 
channels. Microwave photonic frequenc y conversio n can exploit the wavelen gth dom ain which enables a 
reduction in t he component count (with advantageous si ze, weight complexity and reliability implications), 
as well as allowing the use of a common local oscillator to be applied to all channels. An important feature of 
this approach is that it enables m inimal and sim ple hardware to be used at th e remote antenna locations, 
i.e. just an optical modulator and an RF am plifier, whereas the rest of the system is located and 
distributed from the central station. 
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Fig. 13. Multiple channel microwave photonic frequency downconversion for N remote antennas in different locations, 
using a single LO at the central station.  

6.  Microwave frequency measurement 
The abilit y t o perform  frequency m easurement (F M) on an unknown m icrowave signal over several 

decades of R F bandwidth with high resolution is an important requirement for defence and radar warning 
system applications. This is essential in order identify the frequency  of the inter cepted microwave signal so 
that it can th en be used t o cue a nd reduce the se arch parameters of other sp ecialised receivers [11]. With 
future defence sy stems being dri ven to higher frequencies and larger bandwidths, the challenge has been to  
realise a frequency measurement technique that can operate over an ultra-wide  frequency  range from  sub-
gigahertz to millimeter-wave frequencies, together with high resolution, and near real-time response.  

Conventional electronic FM techniques are lim ited in their bandwidth of operation, and can suffer fro m 
electromagnetic interference (EMI). Microwave photoni c systems can provide exceptionally high bandwidth 
of operation as well as EMI i mmunity to enable a solution to these problem s. FM  sy stems utilising 
microwave photonic tech nique can generally  be divide d int o three categories i.e. frequenc y-to-power 
mapping, frequency-to-space mapping, and frequency-to-time mapping.  

A new FM structure that can realise multiple-frequency measurement, while sim ultaneously achieving a 
high resolution and a wide measurement range is shown in Fig. 14 [12].  

 

Fig. 14. Structure of the frequency measurement technique based on the FS-RDL structure. 
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The concept is based on successively frequency -shifting (using a recirculating loop) a modulation 
sideband of the optical signal until it is brought close to the reference carrier frequency, and then combining 
and detecting them  through a narrowband filter. Thi s approach requires only  simple pulse detection and 
simple counting of the number of recirculations until an output signal is detected, from which the frequencies 
inherent in the unknown input microwave signal can be measured over a wide frequency range and with high 
resolution. 

Light from a laser is split into two branches by  an optical coupler. In the upper branch it is modulated by 
the unknown microwave signal through a null-biased electro-optic modulator (EOM). The carrier suppressed 
double sideb and (CSDSB) m odulated optical sign al is then ti me-gated by an optical switch which is 
controlled by an ele ctrical square pulse  and injected  into a frequ ency shifting recirculating delay  line (FS-
RDL) loop. The loop comprises an optical frequency shifter and an optical am plifier. The opt ical frequency 
shifter imposes a frequency shift Δf on the light after each circulat ion, while the optical amplifier is used to  
compensate for the s ystem loss to obtai n a large nu mber of circulations. The output of the loop is combined 
with the unmodulated laser light that is  carried in th e lower branch, and is then detected by  a l ow-speed 
photodetector (PD). The photo-detected current is then observed using a low-bandwidth oscilloscope. 

The operation principle of the photonic FM technique based on a FS-RDL structure is explained in Fig. 15.  
 

 

Fig. 15. Principle of operation of the frequency measurement technique based on FS-RDL structure. 
 
At the upper branch, after the optical switch, there are two sinc-shape spectra corresponding to the tim e-

gated CSDSB optical signal. This signal is launched int o the FS-RDL loop, in which, after each circulation,  
the lower sideband will be frequency shifted toward the carrier wavelength while the upper sideband will be 
shifted away from the carr ier wavelength. At the  output optical coupler, t hese frequency-shifted replicas of 
the CSDSB optical signal are combined with the unshifted carrier from the lower branch. The sidebands and 
the carrier will beat at the PD to  produce beatings at the frequenci es corresponding to the differences 
between the frequency-shifted modulated sidebands and the unshifted optical carrier. These beatings result in 
RF pulses at different c arrier frequencies, determined  by  the difference  between the original ca rrier 
frequency an d the frequency -shifted modulated sidebands frequencies. If the PD is designed to ha ve a 
narrow bandwidth of less than half of the frequency shift i.e. Δf/2 so that all beatings with high frequency RF 
pulses will be filtered out, this leaves only  one beati ng with a low frequency  RF pulse to pass when the 
sideband is shifted close enough t o the carrier, an d there will be onl y one RF pulse display ed on the 
oscilloscope. Since the loop unit del ay tim e is k nown, we can determ ine how ma ny circulations have 
occurred in o rder for the f requency-shifted modulated sideband to produce such beating,  by observing the 



 

97 

 

time position of the RF pulse on the oscilloscope. The num ber of circulations, in turn, c an be used t o 
calculate ho w much freq uency shift the sideband has e xperienced in order to m ove close to the unsh ifted 
carrier. Thus, the total amount of frequency shift required for the sideband to m ove close to the carrier gives 
an estimation of the relative position of the sideband to the carrier, or in other words, the RF frequency of the 
modulating microwave signal. The estimated microwave frequency is given by 
 

    fnfRF  0
    (1) 

 
where n0 is the num ber of circulations it takes for th e modulation sideband to be frequency  shifted close to 
the carrier so that the condition (n0Δf – fRF) < Δf/2 is satisfied.  

Thanks to its frequency -to-time mapping nature, this photonic F M system has the capability  to m easure 
multiple freq uencies. Also  it can be noted that sin ce the resolution and error performance of the FS-RDL 
based FM sy stem only depends on the  frequency shift va lue introduced by  the optical freq uency shifter, it 
remains constant over the entire wide frequency range. 

Fig. 16 show s the measured output results on the oscilloscope  for a single input microwave signal as its 
frequency was changed between 10 MHz to 20 GHz.  By meas uring the time delay  of the RF pulse, t he 
estimation of the microwave frequency can be work ed out using (1).  As expected, the tim e position of th e 
observed RF pulse changes as the fre quency of the microwave signal changed. It can be seen that t he 
estimation error stay ed within 250 MH z, which was  the frequency shift amount. Fig. 16(a) summarises the 
signal frequency to time mapping from inputs ranging from 0.1 to 20 GHz. Excellent agreement between the 
measurement and the simulation resu lt can be seen . The measurement error as a function of the input 
frequency is shown in Fig . 16(b). It can be noted t hat the errors stay ed withi n ±  125 MHz, and did n ot 
change when the RF frequency was increased. In other words, the frequency measurement resolution was the 
same for the whole measurement range. 
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Fig. 16. (a) Measured and simulated RF frequencies versus the time delay of the RF pulse observed on the oscilloscope. 
(b) Measurement errors for the microwave signals at different RF frequencies. 

 

Fig. 17 shows the measured output results on the oscilloscope  for a two simultaneous input microwave 
signals injected into the EOM. It can be observed on the oscilloscope that there were two RF pulses and their 
time positions were d ependent on th e input frequen cy of the two microwave signals. Fig. 17 shows th e 
display of t he oscilloscope with different sets of input frequencies. Again, usi ng (1), the fr equencies of the 
input signals can be worked out and the estimation errors were less than 250 MHz. 
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Fig. 17. Measured photocurrent waveform on the oscilloscope after the PD when two RF tones are applied to the EOM. 
 

Measurements have shown that m ore than 400 circula tions can be achieved. This is equivalent to a 
measurement range of more than 100 GHz when u sing a 250 MHz optical frequency  shifter, while also 
providing the capability to detect multiple-frequency signals. 

7.  Photonic RF memory 
The realisation of hi gh-fidelity RF mem ory struct ures has been a difficult and long-standi ng pro blem. 

Many applications in radar and defe nce require reconfigurable high-fidelity storage of received radar pulses. 
An RF m emory is an essential com ponent for electronic countermea sure (ECM) applications such as range 
gate pull-off/pull-in. In such applications, an RF memory is used to store and retransmit one or more replicas 
of the threat radar RF pulse. However,  the storage of complex-waveform microwave radar pulses with th e 
required high fidelity is pa rticularly difficult using electronic approaches due to A/D conversion resoluti on 
limitations at microwave frequencies. Electronic digital RF  memory (DRFM) is currently  the only  effective 
solution for c oherent RF signal storage. However, this  suffers fro m the im portant limitations that it cannot 
simultaneously achieve both a wide instantaneous bandwidth (IBW) and a high dynamic range performance. 
This is because of the inherent use of the quantisa tion process, which generates unwanted spurious terms.  
Moreover, wide IBW operation capability is required for RF memory jammers.  

Photonic approaches can provide a solution to these problems. This is because optical waveguides are one 
of the best delay  line media for microwave and millimetre wav e modulated signals, and the unique, hi gh 
time-bandwidth product capabilities of photonic signal  processing offer the possibility  of overco ming the 
inherent bottlenecks caused by limited sampling speeds in conventional electrical signal processors [13]. 

Photonic RF memory (PRFM) structures can be desi gned to have a wide dynamic range so that time-
coincident multiple signals, each at different RF freque ncies, can be stored and retransm itted. However to 
date, their storage time capabilities have been severely  limited by  the potent ial onset of l asing. The lasing  
problem occurs because t he conventional single-wavelength recirculating structure [ 14] is equivalent to a 
ring laser structure, and to realise multiple recirculations the operating loop gain must be close to unity. This 
corresponds to the onset of lasing, causing potential i nstability and limiting the number of recirculations and 
the delay time attainable in practice.  

Fig. 1 8 sh ows the structur e of a new P RFM that can realise a long storage ti me, wide IBW and high 
dynamic range [15]. The concept is based on the use of  an optical frequency  shifter inside a recir culating 
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delay line loop to overcome the lasing problem and to enable multiple recirculations and long storage time to 
be realised. Modulated li ght from a laser is injected into a frequency  shifting recirculating delay  line (FS-
RDL). The loop contains an optical frequency shifter and an optical am plifier. Each recirculation imposes a 
frequency shift Δf on the light. Consequently it prevents the significant problem of oscillation or lasing in the 
cavity of conventional single-wavelength loops that operate with a closed-loop gain close to unit y, because 
here all the spectral co mponents are continuously shif ted and they  cannot re sonate. This permits a large 
number of recirculations to be o btained without  pulse power degradation. The  optical am plifier is used to  
compensate f or the s ystem loss to obtain a large number of circulations for  long storage  tim e. Optic al 
switches are used at the input to switch the pulse into the loop, and at the output to switch out the selected RF 
pulse after the desired storage time for subsequent detection by a photodetector.  

 
 

Fig. 18. Structure of the PRFM utilising the frequency shifting loop. 
 

Fig. 19 shows the measured input RF pulse after the input optical switch as injected into the loop. 
 

 

 

 

 

Fig. 19. Measured waveform of the input RF pulse injected into the FS-RDL loop. (a) Time scale = 0.1 µs/div, and (b) 
time scale = 5 ns/div. The RF pulse width was 200 ns and the RF pulse repetition interval was 500 µs. 

After 150 µ s, which was equivalent t o 100 circulations, the RF pulse was switched out  from the FS-RDL 
loop an d pas sed to the p hotodetector. Fig. 20 sh ows the waveform  of the RF pulse measured using  the 
oscilloscope after the storage. It can be seen that the stored RF signal waveform is similar to the one that was 
injected into the FS-RDL loop, which shows high signal fidelity even after 100 circulations. 
 

 
 
 
 
 

 
 

Fig. 20. Measured waveform of the stored RF pulse after 100 circulations in the FS-RDL loop. (a) Time scale = 0.1 
µs/div, and (b) time scale = 5 ns/div. 
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Fig. 21 shows the measured results for a 5 GHz input RF pulse. A frequency shift of 750 MHz was used in 
the FS-RDL.  The output was  displayed on a spectr um analyser whose centre frequency  was set to the  RF 
pulse signal frequency  and the frequency span was s et to 0 Hz. Fi g. 21 displays the time domain display  on 
the spectrum analyser before and after the output optical  switch. It can be seen from  Fig. 21(a) that the FS-
RDL can store an RF puls e carrying a 5 GHz RF signal with less than 10 dB change in the pulse a mplitude 
for 320 µ s, corresponding to 215 circulations. Fig. 21(b) and 2 1(c) shows the output RF p ulse after being  
stored for 150 µs and 280 µs, which correspond to 100 and 186 circulations respectively.  

To the best of our knowledge, this is the first st ructure that realises a photonic RF memory with long 
measured storage time. 

0 50 100 150

-60

-50

-40

-30

-20

-10

(b)

Time (µs)

A
m

pl
itu

de
 (

dB
m

)

0 50 100 150 200 250 300

-60

-50

-40

-30

-20

-10

(a)

Time (µs)

A
m

pl
itu

de
 (

dB
m

)

0 100 200 300

-60

-50

-40

-30

-20

-10

(c)

Time (µs)

A
m

pl
itu

de
 (

dB
m

)

 

Fig. 21. Measured results for a 5 GHz RF input pulse (a) the output of the FS-RDL loop before the output optical 
switch, and (b) the selected RF pulse at 150 µs and (c) 280 µs.  

 

8.   Conclusion 
Photonic signal processing offers the advantages of high time-bandwidth product capabilities to overcome 

inherent electronic limitations. A key benefit for wideband s ystems is that the e ntire RF/mm-wave spectrum 
constitutes onl y a sm all fraction of the carrier opti cal frequency . Microwave photonic structures provide 
attractive f eatures for RF  pre-processi ng with EMI i mmunity in fibre-fed s ystems, and enable in-fibre  
processors with connectivity and i n-built signal c onditioning.  Recent new methods in wideband signal  
processors in cluding ultra -wideband phase shifter s for phased array bea mforming; widely  tunable single 
passband filters; switchable microwave photonic filters; wideband photonic mixers; high-resolution multiple 
frequency microwave photonic measurement systems; and photonic RF memory structures that can realise a 
long reconfigurable storage time with wide instantaneous bandwidth, have been presented. These processors 
provide new capabilities for the realisation of high-performance and high-resolution signal processing. 
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The paper analyzes various modifications of spherical harmonic methods as applied to the theory of 
definition antenna far-field characteristics using near fi eld measurement. The most common method 
is based on t he measured dat a of ant enna radi ation fi eld el ectrical co mponent. It  i s also possi ble 
simultaneous use of t he el ectric and magnetic one s. The first case requires half the n umber of  
measurements compared with the last one, but distort the reconstructed far field in the presence of 
external source of th e radiation. Last method avoids exposure to external radiation on the probe, 
however, in  ad dition to tw ice th e a mount of necessary i nput data, it  requi res a m utual agree 
calibration of electric and magnetic probes. This paper shows that the combination of above recovery 
algorithms eliminates the effect of external stray fields on the measuring probe, allowing, at the same 
time, limited to measuring only the electric field on a spherical surface surrounding the antenna. 

1. Introduction 
Vector spherical harmonics [1] method is a method of determining the far-field antenna char acteristics 

[2,3]. Its f eature - the measure ment of antenna near field on a spherical scanning surface e mbracing 
antenna, followed by restoring the far fields using mathematical processing of the measured data.  

Here we propose a modified algorithm for the mathematical processing of the measured antenna electric 
field com ponents allows to exclude the im pact of stray  f ield e xternal so urces which is fixed m easuring 
probe, on the final result of mathematical processing of the measured data. 

2. Vector spherical harmonics. Scope 
Electric and  magnetic vector spheri cal harm onics of the four k inds are the solut ions of t he 

homogeneous Maxwell equations in fre e space in a spherical coordinate s ystem ,,r . Harmonics of each 
of the f our genera to gether form  a countable set  of  solutions  and form  a com plete set of ort hogonal 
functions. Arbitrary fi eld, which distribute d in the part of a s pace in w hich there are no c harges a nd 
radiation sources may be represented by one of the kind or their superposition. In particular, if the cu rrents 

1I


 occup y a limited volum e of t he sp ace, their field outside a sphere 0S  0rr   is represented as  an 
expansion i n a co mplex vector sph erical harm onics of the  third kind  rEN


,  rH N


 (with t ime 

dependence tje  ): 
 

   
N

NN rEdrE


,    
N

NN rHdrH


.        (1) 

The 3 rd and 4th ki nds of harmonics diverge at the origin (at 0r ) but vanish  at infinity (at r ), 
satisfying the radiation co ndition. The harm onics of the 1 st kind    rEr NN


Re ,    rHr NN


Re  are real 

functions an d finite at th e origin. The y are used i n the reconstruction of t he field of source 2I


 (located 
outside the sphere 0S ) in the inner part of the sphere 0S , not containing the charges and currents: 
 
    

N
NN rcrE


,     
N

NN rcrH


.        (2) 

In (1) and (2) N is a generalized su mmation index:   imnN ,, ; ,3,2,1n , nm ,2,1,0 , ,3,2,1i . 

Radius-vector r
 , characterizing the observation point, proceeds from  the cente r of the sphe re 0S  and is 

determined b y the radial r , polar   and azi muthal   coordinates of a spherical coordinate sy stem 
associated with the center of the sphere 0S . 

 



103 
 

3. Vector spherical harmonics. Explicit expressions 
Tangential com ponents of the electric    rrE NN


,  and m agnetic    rrH NN


,  vector spherical  

harmonics of the third and first kind can be represent ed as the product of scalar  radial    rZrZ inin ,,

~
,  (electric 

and magnetic) and vector angular     ,
~

,, NN YY


  (electric and magnetic) functions: 
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, tNinN YrZjrH


 ,       (3) 
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Here k  the wave number,    xHxxh nn 212    the spherical Bessel functions [4] of the third kind associated 

with the cy lindrical Hankel function o f the first kind and half-integer order. Tangential com ponents of the 
angular functions are expressed through the associat ed Legendre functions  cosm

nP  [4] and trigonometric 
functions: 

           2,12143,2,143,21,

~
,

~
NYYMYY nmnmtnmtnm


 ,       (4) 

      2,1,,,sincoscos2,1  lrreeNMmmPrN rrll

m

n


 .     (5) 

4. Vector spherical harmonics. Conditions of orthogonality 
We introduce the notation:  

   
rS rSdBABArW


][,, .          (6) 

The integration in (6) is over the surface of a sphere rS  with radius r , concentric to sphere 0S ; A


, B


 
arbitrary vector functions. Using (6) we can write the orthogonality relations for vector spherical harmonics: 

  iMNnmininMN lkJZjErW ,
1

,,

~
,,  


,   iMNnmininMN lkJJjrW ,
1

,,

~
,,  


 ,    (7a) 

    MNnmMNMN kkHrWErW ,
122,,,,  


,       (7b) 

    NNnmNNNN kkErWHrW 


  ,
122,,,, 


,       (7c)  

14321  llll , MNMNNN  ,0;1 ,,  ;      !1!12 mnnnmnnknm  . 

5. Determination of the weighting coefficients 
The expansion coefficients Nd  in (1)  for th e fields outside of the scanning  sphere 0S  can be defin ed in 

two different way s: on the basis of the tangential electr ic components of the antenna radiation field (8) an d 
on the basis of tangential electric and magnetic component of the radiation field of the antenna (9): 

   NNNN ErWErWd 


,,,, 00 ,         (8) 

         NNNNNNN HrWErWHrWErWd 


,,,,,,,, 0000 .     (9) 
In the absen ce of r adiation sources o utside of the sc anning sphere 0S algorithms (8)  and (9) are 

equivalent. Equality of expansion coefficients (8) and (9) one can show, based on the Gauss theorem, on the 
well-known identity of vector analysis (10) [5] and from the homogeneous Maxwell equations (11): 

  BrotAArotBBAdiv


 ,         (10) 

HjkErot


 , EjkHrot


 , NN jkrot 


, NN jkrot 


.      (11) 
Omitting the intermediate calculations, we obtain identical expressions for the algorithms (8) and (9): 

      
0000 }{}{,,,, V NNNNV NNNNNN dVEEHdVEHErWErWd


    (12) 

The integration in (12) is produced over the infinite volume, external to the sphere 0S . 

The field of source 2I


 in the inner region of the sphere 0S  can also be restored in two different ways: using 
only the electrical components (13) and by using both the electric and magnetic components (14): 
 

   NNNN HrWHErWc


,,,, 00  ,         (13) 
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         NNNNNNN rWHrWEHrWHErWc 


,,,,,,,, 0000 .     (14) 
The algorithm (8) i s co mmonly used. The algorithm (9 ) has th e property  of  auto matically exclude of  

external (relative to the scanning sphere 0S ) impact on the measuring probe [6]. To use it, however, there is a 
need to harm onize the calibrations of electri c and m agnetic probes and  dou bling t he num ber of 
measurements. Proposed in [3] approximate method used Huygens element as a probe, equally responsive to 
electric and magnetic fiel ds, im poses a lower li mit on the radius of the scanning sphere, based on the 
requirements of the locally plane nature of the wave arriving at the opening of the probe. Meanwhile, as will 
be shown below, it is possible to exclude the distor ting effects  on the final results of th e mathematical 
processing of the m easured data, to use only m easured electric field. For this purpose we represent the total  
field of the sources 1I


 and 2I


 in the form of an expansion in vector spherical harmonics. 

6. The total field of the antenna and an external radiation source 
The total field of source 1I


 and external radiation source 2I


 in the part of space, limited by two spherical 

surfaces, concentric to the sphere of me asurements, immediately adjacent to the sources of radiation, may be 
represented in form of superposition of expansions in spherical harmonics of each of two sources: 

              
N
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, .     (15) 

The spherica l scanning surface is bet ween of thes e two surfac es: 201 rrr  , ( 1r , 2r  are the radii of the 

spherical surfaces 1S  and 2S ). The weighting factors Nd  , Nc  are determined by algorithms (7b) and (7c): 
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where    11 , HE


 and    22 , HE


 are the field of sources 1I


 and 2I


 on surfaces 1S  and 2S  respectively. 
Substituting (15) into (9) based on the orthogonality relations (7), gives: NN dd  . Thus, in accordance 

with [6] the effect of impact of external radiation sources on the final result is eliminated. 
If we use the algorithm  (8), then in obt ained weight coefficients (17) and in restored fields (18) contain 

an additional term, showing the distorting effect of external radiation: 
   0,0, rZrJcdd ininNNN

 ,         (17) 
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0,0,0,0, , .   (18)  

At 0rr   expression (18) coincides with (15) only when 0N , i.e. in the absence of an external source  

2I


. However, when 0rr  , there is a coincidence for the arbitrary value of N : 
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


.     (19) 

Thus, the correct restorati on of the m agnetic field, even in the presence of a n external source 2I


, can be  
achieved on the scanning surface 0S , based on the m easured on the same surface electric field components. 
The resulting inform ation is sufficient f or the applica tion of algo rithm (9), which is properly  recover t he 
antenna radiation field outside of 0S . The impact of external radiation to the final result is excluded. 

 The similar result is obtained by applying (14) to distribution (19) for recovering the field of source 2I


 in 

the inner regi on of  the sp here 0S . The impact on the probe and on the final results from  the source 1I


 is 
eliminated. Proved assertions are illustrated by the examples. 

7 Examples 
7.1. Example 1. Electrical dipoles 

Consider the si mplest rad iating s ystems: two point electrical dipoles, placed at the points  2,1r
  12 rr  . 

Their tangential electric and magnetic field components in the observation point r


 may be presented as [7]: 
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Symbol 2,1s  takes the values 2,12,12,1 ,, r  and indicates the orientation of dipole p
   1p

  along the direction 

of the unit v ector 
2,12,12,1

,,  eeer

  of the  spherical coordinate s ystem at the point of di poles location 2,1r


. 

Measured on 0S  electric components and recovered on the same surface magnetic one are equal t   
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Using (8) for electrical field distributions (21), one obtains for electrical and magnetic fields for 0rr  : 
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At 0rr   expressions (22) are identical to expressions (21). Application of the algorithm (9) to the mea sured 
electric and recovered magnetic components of (22) gives for 0rr  : 

     
 









2011

1

202
2

1
1

0 ,

,,,

rrrforrrE

rrforrrErrE
rE

S

S





,      

 









2011

1

202
2

1
1

0 ,

,,,

rrrforrrH

rrforrrHrrH
rH

S

S





. (23)  

Thus, if spherical surf ace 0S  includes both the source s )( 20 rr  , the result is the recovered total field. If on e 
of sources is outside of a scanning surface )( 201 rrr  , its effect vanishes. 
7.2. Example 2. Dipole-sphere system 
This example is related to stimulated emission: point electric dipole (20) irradiates ideally  conducting sphere 
of radius a . The electric field of the system is represented by the vector spherical harmonics in the form of a 
superposition of a dipole (placed at 1r


) field (20), and induced field of a sphere (centered at 0r ) [7]: 
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Applying algorithm (8) to the (24) yields at 0rr   the following expressions for the coefficients (25) and  

for distribution of the tangential component of the magnetic field on the surface 0S  (26): 
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Coefficients (9) obtained by the help of expansions (24) and (26) can be written as follows: 
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In the first ca se )( 10 rr  , when the scanning surface covers the whole system, expansion for the fields of the  
system obtained by (27) and (9) describes a full field of the sy stem. In the second case )( 10 rr   the dipole is  
outside of the scanning sphere and the expansion describes only the stimulated emission from the sphere.  

8. Conclusion 
The paper shows the possibility of r ecovery of  t he antenna field by  near-fieldmethod of spherical 

harmonics in the presence of external radiation by measuring the tangential electric field components of  the 
antenna. The proposed method does not affect the measurement process: the result is achieved by  converting 
the measurement data processing algorithm. 
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In t his pa per sel f-action of pl ane el ectromagnetic wave i n n onlinear m edium is anal ysed. 
Consideration is performed on the model of ionizable type cubic nonlinearity without specification 
of physical m echanism of n onlinearity. Th e anal ysis i s carri ed out by  t he p hase plane method, 
which permits to describe qualitatively all possible solutions of Helmholtz’s nonlinear differential 
equation without performing numerical integration. Phenomenon of self-limitation of tran smitted 
wave power in  th e m edium is sh own related to  th e fact  th at at th e g rowth of field  amplitude 
permittivity of a medium changes its sign from positive to negative.  

 
1. Introduction 

High intensity  electromagnetic (EM) wave changes el ectromagnetic parameters of any  materi al. This 
nonlinear phenomenon is referred to as wave self-action when no new frequencies are created at strong field-
matter interaction. One of physical mechanisms of self-action is the ionization of a gas under high power EM 
wave radiation. At high enough intensities of incide nt wave a gas having initially posit ive perm ittivity 
changes the sign of perm ittivity to negative one. The last is a clear indication on free charge s (electrons and 
positive ions) generation in the material that is called ionization. Sign change of permittivity means a strong 
nonlinear process which  needs speci fic approach for correct electro magnetic description of EM wa ve 
interaction with matter. In the following, the relevant method of analysis is presented. 
     An important example of high intensity  EM wave interaction with gases is an electro magnetic discharge. 
Gas discharg e devices ar e used in c ommunications equipment to protect from high power disruptive 
electromagnetic pulses.  Gas discharg e (low t emperature plas ma) operate s a s a  li miter in the w aveguide 
transmission lines. Once the high powe r microwave reaches the plas ma limiter, a discharge occurs and the 
incident microwave radiation is reflected [1-3 ].  Speci al interest is directed to enhancement of EM pow er 
penetration in an io nizable medium [4]. Another n onlinear problem concerns to the io nization of air un der 
high intensity EM wave beam which influences on radio communication systems [5,6]. 
     For correct analy sis of above listed strong nonlinear problems of high power electromagnetic wave 
interaction with ionizable medium  well kn own tra ditional ap proach of Helm holtz’s equation soluti on 
presentation as a sum of counter-propagating waves is useless. Superposition principle is not valid for strong 
nonlinear problems solution. To overco me this p roblem it  w as suggested  to use spe cific expres sion 
describing electro magnetic wave behaviour i n i ntensity-dependent nonl inear medium  [7-9]. Based on thi s 
expression, method of single expression has been devel oped and many  linear and non-linear problems have 
been solved [10-15].  

 
2. Method of single expression 
 

Plane wave propagation  in a m edium of perm ittivity   in a frequency-domain is described b y 
Helmholtz’s equation, which in 1D case is:  

                                         0)(
)( 2

02

2

 zEk
dz

zEd
x

x 
  ,                                                           (1) 

where ck 0  is free spac e wa ve num ber,  com plex va lue )(zEx
  is a com ponent of electric field 

propagating along z  axis,   is a permittivity of material. At wave self-action the permittivity of material is a 

function of field’s intensity as )(
2

xE  . In this case, widely accepted general solution of Helmholtz’s 

equation in the form of counter-propagating waves is no longer valid approach, as the superposition principle 
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failed in a st rong non-linear medium. As an alt ernative approach for solution presentation, the method of 
single expression (MSE) is proposed, where general solu tion of equation (1) is presented i n the followi ng 
form: 

                                        )](exp[)()( ziSzUzEx  .                                                          (2)   

This expressi on describing am plitude )(zU and phase )(zS  of wave in a medium satisfies Hel mholtz’s 
equation [ 10-15]. Substitution (2) i nto (1) brings to t he s ystem of differential equations equivalent  to 
Helmholtz’s equation:  
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Where 
zdk

zdS
zUP

0

2 )(
)( is the value proportional to the power flow density in a medium [7,8]. 

This set of e quations describes ele ctric field distribution in a lossless medium i.e. when power flow densi ty 
constP  . The system (3) gives opportunity to observe wave’s amplitude behaviour in a mediu m by using 

phase-plane analysis avoiding integration procedure [16-23].  
To obtain phase traje ctories ( )(UY ), it is  necess ary to get rid of explicit dependence on the  z  

coordinate. Dividing the second equation of the system by the first one gives the following expression: 

                    
YU

UUP

dU

dY





3

422 )(
.                                                                (4) 

The expression (4) represents the equation of isoclines [24] and defines the direction of tangents to the phas e 
trajectories i n the plane UY . Integration o f the equation (4) b y taki ng into account the non- linearity of  

permittivity as 2Unllin    gives the following equation for phase trajectories: 

                                            C
U

U
U

P
Y nllin 

2

4
2

2

2
2  .                                                       (5) 

Here lin  is an initial value of perm ittivity, nl  is a non-lin earity coefficient, that is negative for ionizable 

medium, C is an integratio n constant th at is propor tional to t he average energy densit y of electromagnetic 
wave in a medium (in the case of 0 ) [19].  

To get the spatial distribution of field amplitude in a medium, the first equation of the system (3) should 
be integrated along the pha se trajectory (5). In th is case, an im plicit dependence of the am plitude U  on the 
coordinate z  is presented as: 

                                                                    
)(

00

0

)(

zU

U
UY

dU
kzz .                                                               (6) 

As phas e tra jectories )(UY  are determ ined by (5), the com plexity of further anal ytical investigation is 
evident. Ther e are specific singular points, where t he direction of isoclines becomes indefinite [ 24]. The 
coordinates of specific points are defined from (4) as: 

                                        







.0

,0642

s

nlslin

Y

UUP 
                                                            (7) 

Positions and type of singular points for ionizable medium at 0lin  and 0nl , at different values of 

power flow P  are presented  in Table 1, where nllin  / , nllin  3/2 , 23 3/ nllin   , 

A and B are positive solutions of equation (7). At the fix ed power flo w density  P  the values sU  and sY  
correspond to the wave of constant amplitude at any z  coordinate, thus the y describe travelling plane wave 
in a medium. 
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                                                                                                              Table 1. 

№ 
Power 
flow 

Singular points ( )SU  
coordinates num ber type 

1 0   
0SU         0SY     

SU       0SY   

1  

2  
centre 
saddle 

lin   

0   

2    
… AUs  .   0SY   

BUs       0SY   

 
2  

centre 
saddle 

lin 0

lin 0  

3    SU       0SY   2  cusp 3/lin   

4    --------        -------- 0 -------- -------- 

 
Expressions (5) and (7) give the co mplete analy tic description of phase traject ories of the considered 

problem. Singular points and various phase traj ectories (at different values of C) describe the behaviour of 
electric field amplitude in a medium at the given power flow density  P . Definite type of phase portraits 
obtained from (5) corresponds to each case indicated in Table 1. The phase p ortraits for different values  of 
power flow P  are presented in Figure 1 and Figures 2a,b,c. 

( )Y U

0
U

0  0 
0 0  0 0 

 
Figure 1. Phase portrait at 0P   

 
At 0P  phase trajectories correspond to standing waves. Circles, at  small amplitudes of wave,  are 

similar to those of the linear case. The phase trajectories’ interpretation in the case of linear medium has been 
presented previously in [16,19,22,23] . Separatrices enclose the circles and meet each others in “saddle”  
points. Any  part of “separatrix”, including singular poi nt, is relevant to sy nchronous vi bration of wave 
amplitude in space with finite amplitude of wave on infinity (at z ).  

At modest values of power flow (  P0 ) there are either periodical distributions of field am plitude 
in space or non-periodic a mplitude distributions (Fig.2a). The periodical distributions (circles) correspond to 
partially standing waves and can be realised in all space. Non-periodic trajectories can be realised only  on 
part of space except for parts of “sepa ratrix”. Traje ctories including singular point of “saddle” ty pe are 
relevant to infinite distance in a space. The singular point of “centre” type corresponds to a plane travelling 
wave. The “saddle” type singular point corresponds to an asymptotical travelling wave of finite amplitude on 
infinity.  
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0 0

      

U

( )Y U

0

0 0 
0 

 
                                a)                                                    b)                                                         c) 

Figure 2. Phase portraits at:  a) at  P0 , b) at    , c) at  
 

 
At P  there are aperiodic field am plitude distribution s (Fig.2b), and onl y o ne singular poin t of  

“cusp” type is observed. All trajectories can be realised only on part of space except for parts of “separatrix” 
including singular point of “cusp” ty pe that is relev ant to infinite distance in  a spac e. This value of flux 

P  in sing ular point is m aximal for realization of  pla ne wave penetrating in a non-linear medium  of  
ionizable type.   

At P there are no singular points (Fig. 2c) what is indication, that there ar e no phase traj ectories 
which can be realised in infinite space.  

The result is: at the incidence of plane wave on ionizable medium self-limitation of wave takes place in a 
medium with maximal value of transmitted power flow is P . This phenomenon has been analy sed also 
by direct integration of the sy stem of differential equations (3) and agreement with qualitative analy sis is 
obtained [17].         

In conclusion, the phase-plane analy sis indicated its  usefulness for observation and interpretation of all 
possible plane electromagnetic wave propagation modes in a nonlinear (wave’s intensity dependent) media.  
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This paper pr esents t he performance o f 2x2 A lamouti Sp ace-Time Blo ck Cod e (STBC) [1 ]  i n 
multiple-input multiple-output (M IMO) syste ms, in  wh ich th e in dividual channels of 
transmitter/receiver are not pha se coherent but phase locked t o the s ame referenc e signal, or 
pseudo-coherent. A sim ple math ematical m odel for pse udo-coherent Alamouti transceiver is 
derived, that represents phase noise as t he main distortion contributor in pseudo-coherent MIMO 
systems. Next, the impact of phase noise on the immunity of Alamouti coded signal is presented. It 
is shown, that MIMO signal immunity depends not only on the intensity of phase noise, but also 
on the duration of the data frames. Finally the lower limit of the phase noise is defined, over which 
the pseudo-coherent MIMO system behaves like a coherent one. 
Key words: pseudo-coherent, MIMO, Alamouti, phase noise, BER vs Eb/N0, burst duration, 
MIMO-SDR. 
Introduction. Software Defined Ra dio (SDR) system s are widely used in prototyping, 

test and benchm ark of wireless standa rds IEE E 802.11 a/b/g, 3GPP LTE, LTE Advanced.  
Now, they gain popularity in next generation ce llular (5G) and W LAN standards. Therefore, 
as the next generation wire less communication tends to use MIMO technology, MIMO-SDR 
systems started to gain high de mand. Moreove r, as MIMO communication system s have 
many advantages over conventiona l Single-Input Single-Output (S ISO) systems, in term s of 
spectrum efficiency and data redundancy, it has becom e reasonable to use MIMO-SDR 
systems in development of wireless communication systems.  

The most of nowadays RF transceivers, that can be used in MIMO-SDR communication 
systems can be divided into two groups. The first ones are the high-end devices for high 
accuracy measurements, that are perfectly calibrated for their entire frequency range, and, as a 
matter of fact, are large in size. This devices ha ve ability to  share a sin gle Local O scillator 
(LO) and Sam ple Cloc k a mong many units. Th at ensures the coherency am ong all the 
transmit/receive channels. The trans ceivers of the second group, corresp ondingly, are middle 
price range and m iddle accuracy devices with sm aller footprint [2] [3]. Those devices don' t 
have the ability  to sh are LO and Sample clock am ong m any units  and m ay only share the 
external Reference Clock, which is then used in PLL circuits of LO and Sample Clock (Fig. 1  
and Fig. 2). In this cas e, transmit/receive channels are not coherent, b ut phase loc ked. The 
MIMO system s based on the second group of tran sceivers will be called pseudo-coherent 
further in this paper. 

Though in the wireless research area it m ight be reasonable to us e high accuracy, large 
footprint and expensive RF transceivers, that can  ensure true coherency, f or wireless research 
area those are just not acceptabl e, as a comm unication unit should be sm all, portable an d 
affordable. Moreover, a s the MIMO system s require m ultiple channels b oth for transmit and 
receive, the overall system cost and size dramatically increases with the count of channels. 

In this paper we analyze the difference be tween coherent and ps eudo-coherent systems 
in term s of perform ance of MIMO communica tion, and define the lim its, over which the 
pseudo-coherent systems may be used without significant impact on wireless comm unication 
immunity compared to the coherent systems. 

 MIMO pseudo-coherency impact on Alamouti coded signal. Let's consider  the 
MIMO system , that ha s two trans mitter chan nels and  two receiv er channe ls, and both  
transmitter and receiv er are pseu do-coherent (Fig. 1 and Fig. 2). The differ ence of 
instantaneous frequencies of the signals, genera ted by two independent oscillators, that are 
locked to the same reference source can be expressed as: 
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where k is the num ber of antenna in the receiver,  than the decoded symbols can be expressed 
as follows: 
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(8)

where ∆߮௠௞ሺݐሻ is th e difference of phase noises be tween m-th transmitter and k-th re ceiver 
LOs. 

In case there is no phase noise, and the phase  differences in the above expressions are 
equal to zero, the decoded sym bols will b e e qual to th e sent  ones. In case of coherent 
transmission and coherent recep tion, all the ph ase differen ces will be equal, therefore the 
symbol error will be less.  

The symbol error can be estimated by Error Vector Magnitude (EVM) calculation using 
the following equation: 
 

ܯܸܧ ൌ ඨ
ሺܴ݁ሺܿ̂௡ሻ െ ܴ݁ሺܿ௡ሻሻଶ ൅ ሺ݉ܫሺܿ̂௡ሻ െ ሺܿ௡ሻሻଶ݉ܫ

ሺܴ݁ሺܿ௡ሻሻଶ ൅ ሺ݉ܫሺܿ௡ሻሻଶ  (9)

Simulation results and conclusion. Let's validate QPSK modulated signal immunity in 
pseudo-coherent MIMO  communication system  us ing equations 8 and 9.  Fig. 4 and Fig. 5 
show the dependency of bit error rate (BER) of  the rec eived signal f rom Eb/N0 (energy per 
bit to noise power spectral dens ity ratio). The simulation curves has been calculated for three 
different frame sizes: one thousand sym bols per frame, hundred thousand sym bols per frame 
and two hundred thousand symbols per frame.  

The Fig. 4 s hows BER vs. Eb/N0 c urves when the phase noise of all the oscillators is -
120 dBc at 100 kHz offset and th e Flicker noise PSD incline ( α) is equal to 2. As we can see 
there is a slight dif ference between the cu rves. The m ore symbols are transm itted in a f rame 
the worse is the BER on a particular signal to noise ratio.  
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Fig. 4. BER vs. Eb/N0 graph when phase noise is  
-120 dBc@100kHz (α=2) 

 
Fig. 5. BER vs. Eb/N0 graph when phase noise is  

-110 dBc@100kHz (α=2) 
 
The Fig. 5 shows the same BER vs. Eb/N0 relationship when the phase noise is equal to 

-110 dBc. In this case we see, that the curves are much worse than in the previous one. 
In both Fig. 4 and Fig. 5 the perform ance of Alamouti codes when the fram e size is  1 

kSym/fr. is the sam e. For low f rame lengths pha se noise impact is neg ligible and the overa ll 
system performance of pseudo-coherent system  is close to the perform ance in coherent ones. 
On the other hand, this relationship shows that for larger fram e sizes, th ere is a phase nois e 
limit, below which its impact can also be ne gligible. For 100kSyb/fr. and 200kSym /fr. frame 
sizes that lim it is equal to -120 dBc/Hz@100kHz, as to get 10^-6 B ER the Eb/N0 values 
difference is less than 1 dB. 

This relationship shows that in the pseudo- coherent systems that use reference clocks 
precise enough to provide Local Oscillators with phase noise close to -110 dBc@100kHz than 
their perf ormance will be close to the perf ormance of  coherent sys tem f or broad range of  
frame sizes. 

Understanding of how pseudo-coherenc y affects the MI MO communication 
performance is essential in order to choose th e best system architecture in terms of both 
hardware and software. From hardware perspect ive it will h elp to chos e RF transceiver and  
the reference clo ck sou rce to p rovide MIMO-S DR system  with the  best com bination of  
accuracy, price and size. From the software perspective, it will help to choose the modulation  
type and the fram e length to get the best data  rate and signal immunity that the chosen 
hardware can provide. 
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In [1] there is suggested a generalized dual-reflector axisimmetric antenna and simple formulae for 
designing and calculation of concrete antennas, in particular, a formula for amplitude distribution 
of the field in the antenna aperture in transmit mode which makes easier calculation of the pattern. 
In the present article there is suggested a simple formula for Kirchhoff current distribution on the 
main refl ector of t he m entioned generalized ant enna i n t he t ransmit mode which m akes easi er 
analysis of cross-polarization component of a field of radiation  of concrete antennas. 

 
 1. In [1] the concept of the generalized dual-reflector axisimmetric antenna based on idea of the generalized 
main reflecto r(GMR) set by the polar equation genera trix is suggested. By a choice of a polar corner(ψ) 
generatrix as the runnin g parameter and introduction of two ope rated constants (f,n) of the optical scheme 
securing focusing, the syste m of si mple for mulas of  universal chara cter significantly sim plifying radio  
physical design of concrete antennas is received.  

Fig.1 makes clear the use of the symbols given below. 

 
Fig.1 

 
R – a running point of generatrix GMR, V – an apex of GMR at the symmetry axis OV, S – a runnin g point 
of generatrix subreflector(SR), F – an antenna focus(OF=f), L– an initial point(ψ=0) of a curve of generatrixs 
subreflectors(OL=n), FSRA – is beam path in the transmit mode and all lengths normalized on OV(ρ(ψ=0)). 
  The system of the formulas given in [1], includes in it self, in particular, the polar parametrical equations of 
the generatrixs subreflectors in shape  
                                                    

                                       ρ1= ρ1(ψ,ρ(ψ), χ, f,n) ,                                                   (1) 
                                       ψ1= ψ1(ψ,ρ(ψ), χ, f,n),                                                                                                     (2) 
 

formula for a corner  χ, 
 
                                        χ= 2 ψ – 2arctg(ρ′/ ρ) ,                                                             (3) 
 
where the sign ′ means a derivative on  ψ, 
 formula for a transfer-function q which by  multiplication by the scalar  pattern a of the f eed, transfers it t o 
amplitude distribution of a field in an antenna aperture, 
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                                    q(ψ)= {(ψ1´ sin ψ1)/(rr´) }

1/2,                                                                                         (4) 

where  r=ρ(ψ)sinψ. 

   The  formula (4) allows by simple integration to c ount in aperture approach the main and cross-polarizing  
patterns of concrete antennas and results of such calculations are given in  [1].   
 Meanwhile, the designer of reflector antennas is i nterested way s suppression of cross-p olarization that  
demands a sim ple formula for  the Kirchhoff current  density  (2 ሬ݊Ԧ ൈ ሬሬԦinc) on GMR in the transmܪ it mode at 
rather general task of a field of radiation of the feed, and cal culation of cross-polarizat ion in current 
approach.                       
 This formula is given below and the way which allowed to receive it is specified.   
  
2. We will connect with focus F the right Cartesian rectangular system coordinates (x,y,z), as shown in Fig.2                      

 
Fig.2 

 
   In spherical sy stem of coordinates, a usual image connected with Cartesian, a runni ng p oint of a 
subreflector (S1) is defined by radius-vector  ߩԦ1(ρ1(ψ), ψ1(ψ), ξ), and a running  point (S)  GMR  – the radius-
vector  ߩԦ2(ρ2(ψm), ψ1(ψm), ξm ), where the corner ψm  is counted as well as  a corner ψ, and a meridional corner  
ξm – the same as  a meridional corner ξ. 
   Simple ratios 

 
                         ψ = ψm  ,    ξm – ξ = 0, π,                                                           (5) 

 
where the ch oise of one of two values of meridional corner depends on  subreflector type (Cassegr en, 
Gregory), define a running stationary point S1 of phase function    

 
                        Ф(ߩԦ1 , ߩԦ2 ) = ρ1(ψ) + |ߩԦ2 – ߩԦ1|,                                                   (6) 

 
for a running point S of s upervision on GMR. The reby possibility to receive by  stationary phaze method 
expression for magnetic component (ܪሬሬԦinc) of field near S, free from integrals, which is created by Kirchhoff 
current on a subreflector in transm it mode, with  the subsequent allocation tangential co mponent ܪሬሬԦinc, 
collinear to current  ܬԦ в S.  
   We will present final for Kirchhoff density of currents on GMR in the transmit mode in the form    
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 Ԧ ~ q(ψ) ПሬሬԦ(ψ, ξ),                                                        (7)ܬ                                             

where  
 
ПሬሬԦ(ψ, ξ) = ݔԦ{– [ h1(ψ1, ξ)sin ξm + h2(ψ1, ξ)cos ξm ] cos(χ/2) } 

 Ԧ { [h1(ψ1, ξ)cos ξm –  h2(ψ1, ξ)sin ξm] cos(χ/2) }                         (8)ݕ +                     
 ,Ԧ {  h2mely(ψ1, ξ) sin(χ/2) }ݖ ט                         
 

 Ԧ  – unit vectors of rectangular system of coordinates, in a double sign –top for Cassegrain type, lowerݖ ,Ԧݕ  ,Ԧݔ  
for Gregory type, by functions h1 and h2 set angular part magnetic component (ܪሬሬԦf) a field of radation of th e 
feed, namely,  
              
 ሬሬԦf(ψ1, ξ) = ψሬሬԦ1h1(ψ1, ξ) + ξԦ h2(ψ1, ξ),                                (9)ܪ   
 

where ψሬሬԦ1, ξԦ –unit vectors of spherical system of coordinates. 
  For the practiced feeds of functions h1 and h2, as a rule, allow model representation 

 
                      h1= – L1(ψ1, ξ)sinξ ,         h2= –L2(ψ1, ξ)cosξ ,                          (10) 

 
at  which (8)  it is led to a characteristic form [2] 
 
      ПሬሬԦ(ψ, ξ) = ݔԦ{ А (ψ, ξm) + B(ψ, ξm) cos2ξm }  + ݕԦ { B(ψ, ξm) sin2ξm } 
                         േ ݖԦ {  D(ψ, ξm) cos ξm } ,                                                             (11) 
 
where 
 
     А (ψ, ξm) = 0,5{L1 + L2} cos(χ/2) ,   B(ψ, ξm) = 0,5{ L2 – L1} cos(χ/2) ,                (12) 

 
                                  D(ψ, ξm) = L2 sin(χ/2) .            

 
 We will note that for linary polarized feed from (7) with evidenсe follow conditions on  h1  and  h2, at 
whom currents on GMR  parallel to this or  that coordinate plane. 
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The Modeling of the Detection of Electromagnetic Radiation in Ferromagnet 
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Computer modeling of t he detection of am plitude-modulated laser rad iation i n a fer romagnetic 
crystal YIG, based on the nonlinearity of the magnetization curve of a fe rromagnetic medium was 
performed. Simulation was shown that detected signal absent when the ferromagnetic material is not 
magnetized, has maxima at certain val ues o f t he external  magnetic fi eld and changes si gn when 
magnetic field is reversed.  
The sim ulation resul ts are in good agreem ent wit h ex perimental data. Thi s suggest s that the 
mechanism of the nonlinear interaction of elect romagnetic radiation with a transparent ferromagnet 
well describes the process of optical detection. 

1. Introduction 
Ferromagnets are widely  used in different areas of  science and technolog y such as signal detection, 

amplification, frequency conversion, etc. [1-3]. They are one of the basic ma terials for recording and storing 
of the inf ormation. However in the l ast y ears, th e traditional methods of t he inform ation recordin g and 
transformation don’t satisfy growing requirements of the information speed. It is n ecessary to look for other 
methods to control of the magnetization of magnetic materials, advantageously differs from traditional. 

The control of magnetization of the medium by laser radiation is one of the promising method for solution 
of this problem [4]. Under the im pact of t he chan ging m agnetic field in  the  m agnetized ferro magnet, a 
changing of the magnetic moment can occur, which generally has a nonlinear dependence from the magnetic 
field. Thus t he ferromagnet behaves as a nonlinear  medium, whereby the c omposition o f the frequen cy 
spectrum of the magnetic moment, except co mponents with the frequency  of the alternating magnetic field, 
may also be present DC component and harmonics of the magnetic field [5-6]. 

In low frequency, RF and microwave bands such interactions are well known and studied. The possibility 
of generation, detection, frequency conversion and amplification of microwave radiation it was shown [2-3]. 
However, in studies of the  microwave domain, represented in com pilations [2-3], the nonlinear interactions 
have resonance character, and practically are not manifested in the infrared and visible bands. For this reason 
the nonlinearity  of the ferromagnets i n the listed regions (infrared and visible) has not been active ly 
investigated. It is considered that in the se regions magnetic permeability equals to one [7], and therefore the 
magnetic nonlinearity can't be manifested. 

However, there ar e many works devot ed to the int eraction of optical radiati on with a ferromagnetic 
medium, wh ereby a rotation of the plane of polari zation of th e radiation o ccurs, and electro magnetic 
radiation with circular po larization ca n cause  the appearance of the magnetic field (direct and inverse 
Faraday effect), the scatte ring of light, and so on [ 8-14]. About of reorientation of the magnetic moment in 
ferromagnetic materials when exposed to optical radiation [ 4], and about obtaining of optical rectification as 
a result of the nonlinear interaction of laser radiation with the tra nsparent ferromagnet it was also reported  
[5]. The experimental results of this interaction occurs is quite effective, even in a low power. Consequently, 
these interactions cannot  be explained by  a resona nce m echanism, because in this case will require 
enormous, practically inaccessible magnetic fields.  

In all experiments, the manifestation of nonlinearity in the ferromagnet essentially depends on the relative 
orientation of the m agnetic field of the laser radiati on and an external magne tic field. The refore, we ca n 
assumed, that the appear ance of the  optical nonlin earity is due to the nonlinearity of the m agnetic 
susceptibility (magnetization curve) of the ferromagnet.  

In [ 5] the detection of plane-polarized am plitude-modulated infrared laser radiation in a transparent  
yttrium–iron garnet (YIG) ferromagnet at room temperature is performed experimentally. It is shown that the 
magnitude and sign of the detected signal depend significantly on the magnetizing external magnetic field. A 
mechanism of the nonlinear interaction of electromagnetic radiation with the ferromagnet is suggested. 

For verification of t he su ggested mechanism , the modeling of the detection of am plitude-modulated 
electromagnetic radiation in a magnetized ferromagnetic medium was done in present work.  
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2. Modeling of the detection of amplitude-modulated electromagnetic radiation  
The modeling was based on the nonlinearity  of magnetization curve of the ferromagnet, presented in the  

work [5], and was made according to the experimental data of this work.  
The orientation of t he magnetic field  H of m odulated laser ra diation relatively to the ferro magnetic 

crystal in external magnetic field H0 is shown in Fig. 1. 

 
 
 

Fig. 1. The orientation of the magnetic field H of modulated laser beam relatively to the magnetization of the 
ferromagnet (H0-external magnetic field). 

  
Magnetic sensor, representing a horseshoe ferrite body 1 with a coil inductor 2 c oiled around it, was used 

to record changes in the average magnetic moment of the ma gnetized YI G sa mple 3.  The sensor was 
attached to th e sample as shown in Fig. 1. A change  in the magnetic moment of the YIG cry stal caused by  
the laser radiation 4 leads to a change in the magnetic  flux in the magnetic sensor, and this induces a voltage 
in the inductor coil. The voltage across the inductor, which represents the detected signal U det, was recorded 
by an oscilloscope. 

Computer modeling of the detection p rocess of th e amplitude-modulated electromagnetic r adiation was 
done thanks to Simulink (MatLab) program , when applied external magnetic field H0 is a slowly  vary ing 
linearly signal.  

The block-diagram of Simulink model of ferromagnetic detector is shown in Fig. 2. 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Block-diagram of Simulink model of ferromagnetic detector. 

 
The magnetization curve o f YIG ferro magnet crystal, experimentally determined in [5], is sh own in Fig . 

3a. In modeling the magnetization curve was approximated by function  
f(u)=C· atan (α· u+ β·u3+γ·u5), 

or 
4πM(H) = 4πM0·(2/π)·atan (α1·H+ β1·H

3+γ1·H
5), 

 
where u = η·H, η =1 Oe-1, C = 4πM0 ·(2/π) ,  4πM0 ≈1750 Gs - is the saturation magnetization of YIG,  α, β, γ 
- are constant coefficients (α = 0.02, β = 2.64·10-3, γ = 3.2·10-9,  α1= η · α, β1= η · β, γ1= η · γ), and H = H 0+ 
H . 

To obtain the magnetization curve shape by Simulink model, ) to entrance of the unit  Fcn1 was given the 
slowly varying linearly  signal (magnetic field) (see Fig. 2). The unit Fcn1 in the modeling corresponds to  
ferromagnetic detector (YIG ferromagnet). The unit Fcn2 is absolutely identical to the Fcn1. 

H 

H0 

H

Udet 

1

2

3

4 

f(u)=C·arctg(α· u+ β·u3+γ·u5) 
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Fig. 3. a. Magnetization curve shape of YIG ferromagnet crystal, experimentally determined in [5], 
b. Magnetization curve shape by Simulink model. 

 
The output signal of t he unit Fcn1 corresponds to m agnetization curve, which is reflected in the Scope1  

screen (Fig. 3b). The com parison shows that simulated curve coincides with the experimental curve with the 
10% accuracy.  

Simulation of the detection process is performed as follows: to the input of the block Fcn1 the signal from 
the modulated signal generator was filed sim ultaneously with slo wly varying linearly signal (bias magnetic 
field). The c hange of DC  component of the m agnetization un der the infl uence of an alternating m agnetic 
field of modulated signal is the detected signal. 

The modeling result of the dependence of detected si gnal on the external magnetic field re corded on the  
oscilloscope Scope3 is show n in Fig. 4a. These dependence was obtained by subtraction of output signal of 
the detector Fcn2  slowl y changing part of magnetization (output Fcn1) and filt ration of the resulting signal 
by a lowpass filter (See Fig. 2). On Fig. 4b the depend ence of the detected signal from the external magnetic 
field, obtained experimentally in [2] is shown to compare with the simulation results. 

 

 
 
Fig. 4. Dependence of the detected signal from the external magnetic field a. modeling result, b. measured result 

by [5]. 

3. Discussion of results and conclusions 
We perfor med co mputer si mulations of the detection of amplitude-m odulated laser  r adiation in a 

ferromagnetic crystal YIG based on the nonlinearit y of the magnetization curve of a ferromagnetic medium. 
Comparison of experimental and sim ulation results show that they are in good agree ment: the change of the  
magnetic moment occurs under the infl uence of an altern ating magnetic field of the laser  radiation, and t he 
proposed model qualitatively explains the interaction mechanism. 

The dependence of the changes of detected signal, its sign on the external magnetic field and the presence 
of its maximum values (see Fig. 4) well agreed with the YIG crystal magnetic curve (Fig. 3). 

The maximum detected signal is recorded near the sat uration threshold of the magnetization, but at deep 
saturation the probabilit y of the magnetic moment reorientation decreases, whi ch leads to a decrease of t he 

a. b. 

a. b. 

a.u. 

4πM,Gs 

H,Oe
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amplitude of the detected signal. When the ferro magnetic material is not magnetized, the av erage value o f 
the magnetic moment do es not change by  influence of  la ser r adiation, because the r eorientation occurs  
equally (symmetrically) in both directions. 

Finally it should be noted that the nonlinear inte ractions between laser ra diation and  ferro magnetic 
material c an have divers e practic al a pplications for laser r adiation frequency  conversion, inform ation 
recording, storing, etc. 
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In article the proposed new on-site measurement method of radiation pattern and gain of the 
VHF big nea r-surface phased-array antenna with the help of helicopter is desc ribed briefly. As  
radiating m easurement ant enna t he hal f-wave vi brator wa s mounted o n t he hel icopter whi ch 
coordinates during the flight was fixed by GPS navigator. The evaluations of measurement errors of 
phased array radiation pattern and array gain depending on the following factors are discussed: 

- error in the determination of the altitude of measuring half-wave vibrator; 
-error in t he determination of the horizontal coordinate of  half-wave vibrator during the 
flight; 

-extremity of distance between half-wave vibrator and VHF antenna under test (AUT); 
- error in the  azimuth angle of targeting of half-wave vibrator on the AUT; 

 

As It known, to determine the parameters of antenna array (AA), the on-site method is frequently used 
when the aircraft   performs flying around AA. But this method is a rather long and expensive process. 
An on-site method  for measuring AA, is proposed in the mentioned  work,   where the aircraft    is a 
helicopter, and the radiating antenna is a ha lf-wave vibrator, mounted underneath the helicopter. The 
measurements are pe rformed in two stages. The first is the measurement of AA vertical ra diation 

pattern (RP) in the most important sector of angles up to  025     in a plane perpendicular to the canvas 

of A A.(Fig. 1).  This is produce d  in ver tical desce nt of the he licopter at a distance fzR . The 

registration o f th e signal at the outpu t of the re ceiver AA carried continuou sly during the vertical 
descent of the helicopter and synchronized in time with the GPS navigator.  Taking full vertical RP  in 
the upper half is performed by the  horizontal flights of helicopter on several levels  of the  flight.(Fig. 
2). [1,2]   

 

Fig. 1 
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Fig. 2 

The following nota tions  are used in the  figures : 1 – the a ntenna under test (AUT)  in the receiving  

mode; 2 –the helicopter; 3 – the receiver AUT; 4 - a circle with a radius fzR   centered at the location 

AUT;  0H  AUT h eight abov e th e ground; 
IVI HH ...  he ights of  the le vels of horizontal f lights; 

min
fzR  minimal di stance of AUT far zon e; fzR  selec ted dis tance of the far zone of AUT during the 

measurements; maxH  the m aximum heig ht of the h elicopter; C   - th e cu rrent point of finding  the 

helicopter; C    - a co rresponding po int on th e circle along the direction OC ; 

15131197531 ,,,,,,, NNNNNNNN  po ints with  odd indices, indicated th e start of th e horizontal 

segments of the flights; 161412108642 ,,,,,,, NNNNNNNN  points with even indices, denoting the end  

of the horizontal segments of flights; 0  the sector of angles DP from the horizon  to 10 ,  which does 

not overlap wit h measu rements of h orizontal f light; 421 ,..,   the sector of a ngles, whic h ove rlap 

with m easurements of horizontal flight;  161... gg RR projections of inc lined dista nces of points  

161...NN . 

The determination   of the  vertical DP is  carried with the later  recalculation of data array of received 
power levels as a res ult of the m ovement of t he helicopter o n t he  horizontal l evels on the 

corresponding poin t on the circle with  radiu s fzR    selecte d distance of the  AA far zone . The 

recalculation is pe rformed by the simple relation  kPP CC   whe re  
CC PP   and   is   the power at 

points  C  and C,    and k  is the  attenuation coefficient of  the  signal propagating in free space over 
a distance segment CC  . The described method can also duplicate measurements made with  vertical 
descent. 

After determining t he  a ngles o f t he vertical DP m aximal pe tals, az imuthal DP  i n the direction of 
maximum o f con crete petal is carried  out by hanging helicop ter at a height o f t he mentioned   

maximum. Whereas  AA  is rotated on 
0360   around its vertical axis. 

The values of the angular sectors 410 ,..,   at the  horizontal flight are determined by following way. 

Based on the minimum distance of the far zone min
fzR   of the  antenna  under test  (AUT) the  removal  

min
1 fzfzg RRR   of point 1N   start  of th e horizontal flights is chosen, so that the correlation would 

be satisfied at  mH I )3025(    
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The Angular sector 1  is  
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Subsequent sectors  М  at max2 MМ  of vertical DP are  
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The va lues define d angular sectors, starting from  the sector 2  must als o satis fy the follow ing 
condition. For each vertical half-plane, the projection of the inclined  distance of the helicopter at the 
starting point of the  ho rizontal fl ight on a particular lev el  should be less than th e projection of th e 
inclined  d istance of the helicopter at the starting point of the horizontal flight of the previous level. 

Concretely for the right half-plane Fig.2 we  have 11359810 0 gggggg RRRRRR   and for 

the left half-plane - 153117810 0 gggggg RRRRRR  .  

The Evaluation of Measurement Errors of Radiation Pattern and Gain 

Error max  in the determ ination  the a ngle   h aving th e erro r  H  i n the  hi gh(the erro r in 

determination of the altitude of half-wave vibrator by navigator GPS )  

 cos
00

max r

H

r

ОD
                                                           (4) 

At 090 0    and    will be maximum 0  

0

0

0
max 3.57)()(

r

H                                                           (5) 

At mH 5 mr 5000   
00

max 57,03.57)
300

5
()(   
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Fig.3 

1. Error max  in the dete rmination  the a ngle   hav ing the  

error in the  horizontal coordinate gR  of the helicopter  

  maximum at 90  
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
 sin
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000

'

max r
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R
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DО





                                                (6) 

At 00 0  

At  mRГ 5  and мr 5000  0
max 57.0  

 

Fig.4 
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2. Error L  in th e d etermination  of the level DP  of AUT  
depending from the error in distance  R ,due to attenuation in free space. 

At kmRkmmR ДЗ 5.0025.025   

дБдБL 42.05.0lg20525.0lg20)(                                     (7) 

3. Errors 
 maxmaxminmin iiiiii   in th e 

determination of the angular directions of min. and max.  DP at infinite and finite far zones. 

At mMHzf 875.1;160    

 

 

 

 

 

 
 

Fig.5 

From the conditions of min. and max.  
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Fig. 6    

 

From the conditions of min. and max. we get  
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0
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0
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0
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0
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0
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0
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 Errors in the determination   of the angular  directions of  min. and max. DP  at infinite and finite far 
zones are the   following:  

0
max5

0
max4

0
max3

0
max2

0
max1

0
min5

0
min4

0
min3

0
min2

0
min1

1,9.0,851.0,819.0,799.0

94.0,872.0,829.0,81.0,8.0
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4. Error in determining the gain  according to the error in the 
angle of targeting of half-wave vibrator on the AUT 
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From the theory of AA for half-wave vibrator DP by power we have 

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5. Error in the determination   of the gain  depending on the 
instability of the generator power is equal to a  long-term instability in power of the generator 

DBP 5.00   
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The problem of synthesis of an antenna phased array(PhA), forming the directional 
pattern (DP)  by single beam in transmission mode and directional pattern consisting 
four beams along the line in receive mode is investigated in the given work. In case 
of different angles by synchronous scanning  of beams the numerical simulation was 
carried out b y M ATLAB program t o det ermine DP array, number of i ts m×n 
elements an d necessary di stribution of am plitude an d phase by  t he a rray curt ain. 
Several variants of ar ray elements grouping by amplitude have been considered for 
the purpose of its simplifying in RF path. 

Introduction   
In the radiolocation the directional pattern (DP) in the aperture changes by  individual radiating ele ments 
parameters management. This is achieved by electronic scanning.Within the aperture of PhA there are many 
radiating elements (antennas), which are excited by separate signals with controlled a mplitude and phase. In 
phased array, beam handling is carried out in two planes with slope angles α and β in the spherical coordinate 
system, wher e α is the a ngle of  displ acement from  the normal Yk plane  of array and βis the an gle 
displacement from the X axis in the array plane (Fig. 1).  
During simulation of the a rray elements are arranged  in form multiple of m  × n  matrix (where m and n are 
equal to 1,2,3, ...). In this case, using the direction cosine can determine the phase of each element during the 
displacement of the beam, and expression will be: 
 

Ψmn=mTxs + nTys, 

 
where T xs = (2 π/λ)dxcosαxs  -phase sh ift between elements by  x axis, T ys = (2 π/λ)dycosαys- phase shift 
between elements by y axis,and dxиdy- stepsbetween matrix elements by x and y axis accordingly[1,2].  
 

 
Fig.1. Geometrical view of radiation elements arrangement in the array  

 
The factor of two-dimensional array can be calculated by summing of vector components of the signals from 
the elements of the array  in each point of space. For an array  consisting of m  × n radiating ele ments and 
scans in the direction defined by cosαxsand cosαys, the array factor is given by 
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whereAmn- signal’s amplitude in m×n element,  andТx =(2π/λ)dxcosαx,   Тy=(2π/λ)dycosαy, accordingly [1,2]. 
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The amplitude distribution determination for multi PhA. In the PhA sim ulation in MATLAB,  

theTaylor amplitude distribution was used and sever al optionswere consid ered for grouping array elements 
by am plitude for making the RF path of the array  more economical and sim ple. There 2 solutions were 
considered. Grouped elements by steps of 1,3, are show on fig Figure. 5 and 6 accordingly. 

 
a)                                                             b) 
Fig.5. Grouping of array elements by step1 : a) amplitude distribution in 3D, b)array directional pattern in two planes 
 

 
 
a)                                                     b) 

 
Fig.6. Grouping of array elements by step3 : a) amplitude distribution in 3D,  

b)array directional pattern in two planes  
 
Thus, according to research results we can conclude: 
The beam in the direction of coinciding with the m iddle of the 2nd and 3rd beams is formed in t he array at  
the transmission mode. 
The width of the trans mission bea m must be equal to 4 * (reception beam width). In this case, t he 
transmission of one probing signal is carried out reception by  4th channels. This allows  al most 4 ti mes 
reducing the scan time, hence, increases the possibility of coherent accumulation. Increasing of the receiving 
channels give more reserve time, but will lead to ri sing cost of the sy stem connected with the need of  
additional phase shifters. 
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Algorithm of Calculation of Interfering Sources Influence at Semi 
Open and Closed Tracks for Electromagnetic Compatibility Estimation 
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In current work, at estim ation of electromagnetic compatibility (EMC) of rad io relay 
communication line, the cal culation of interaction between the recipient and t he interference 
sources i n cas e of sem i open an d cl osed tracks i s di scussed. A de veloped al gorithm for 
calculation of that interaction type and following estimation of EMC is describ ed. Unlike the 
established principal of merging of obstacles at estimation of EMC for these cases, the process 
of accounting of contributions from sequential obstacles on each of interfering station track is 
offered. F or t he p urpose o f opt imization of t he cal culation am ount i n suc h p rocess, t he 
calculation algorithm consists of inserted criteri a for reas onable cutoff in process of obstacle 
accounting in each track. 

 
The estim ation of EMC i s one of ke y tasks in pro jecting of ne w radio electronic equipm ents 

(REE) or inf o comm unication s ystems and their i mplementation in  already existing ele ctromagnetic 
environment (EME). The estimation gives opportun ity for new sy stems to operate in already existing  
EME with given qualit y without making uninten ded interference to other REE. For estimation of EMC 
International Telecommunication Union (ITU) has developed diff erent reco mmendations depending o n 
REE assignment, on frequency  cov erage, on type  of wave propagation track. Based on ITU 
recommendations for diffe rent purpose REE and for  di fferent frequenc y cover age there are developed  
methods for calculation of EMC [1].    

In current work the esti mation of E MC for ra dio-relay comm unications line (RRL) c ase is 
considered. Here taking i nto consideration previous works dedic ated to estimation of  EMC of RRL [ 2]-
[4], the calculation of interaction betwee n recipient and sources of i nterference for closed and se mi open 
tracks is  dis cussed. Algo rithm for cal culation of precisely  this type of interaction and its following 
estimation of EMC is developed. Realization of the algorithm imply for satisfying following criteria.  

Satisfaction of wanted signal to fade margin 

                                                        FРP threshwant * ,                                                                (1) 

wantP -is the power of wanted signal, threshP -is threshold sensitivity which is conditioned to reduce 

intrinsic noise on input of receiver, it is defined from product of Boltzmann coefficient BK , antenna noise 

temperature nT  and frequency band of receiver nB  in which noise power is measured.     

                                                   nnBownnthresh BTKPP ⋅⋅== . ,                                                    (2) 

where F- is a fade margin table1.  

 
Table1. Dependency of fade margin from bandwidth [1] 

 
 
 
 

Bandwidth, GHz 5.670-8.400 10.7-15.35 17.3-19.7 

F, dB 37 40 25 
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Satisfaction to protection ratio to relation of wanted signal power to total power of 
interfering REE with open tracks    
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.int -is the total power of interfering REE with open tracks. 0A -is protection ratio that is 

minimal admissible power ratio of want ed signal to power of interfering signal on receiver's input which 
permits in its output given quality of replayed signal. 

                                                              
..int

0

out

want

P

P
A ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= ,                                                           (4) 

Satisfaction to protection ratio to relation of wanted signal power to total power of 
interfering REE with open and semi open tracks. 
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1
.int -is the total power of interfering REE with semi open tracks. 

The developed algorithm is final for EMC calculati on. It takes into account capabilit y of modern 
computational tools and unlike the acc epted principle of as sociation of obstacles in EMC estimation in 
case of closed tracks it is proposed to c alculate contribution of each successive obstacle. The algorithm 
consists of eight parts with following functionality. 

First block supposes to define the type of obstacle for interfering REE with closed tracks (shading 
or semi shading obstacle) and approxim ation of  obta ined obstacle type (wedged,  cylindrical, in the form 
of spheres). 

Second bloc k supposes the power calculation of  each interacting REE from set of interf ering 
stations with closed tracks. In every following cycle, the contribution from subsequent obstacle (if any) is 
taken into account.   

Third block supposes the power summation of interfering REE for closed tracks. 
Forth bl ock supposes EMC check, taking int o account total power fro m interfering REE with  

open and semi open and closed tracks. 
In case of sat isfaction to protection ratio to rela tion of power of wanted signa l to total power of 

interfering REE with open, semi open and closed tracks is realizing fifth block otherwise sixth block. 
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1
.int -is total power of interfering REE with closed tracks, taking i nto account t he 

subsequent obstacle of the track. 
Fifth block supposes the end of EMC calcul ation establishing that viewed REE are 

electromagnetic compatible in given EME. 
Sixth block supposes ejection from calculation of those REE with closed tracks that are satisfying 

reasonable cutoff criteria. Reasonable cutoff is determined by following formula 
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m -is num ber of in terfering REE with  closed track. closedeР .int  -is power of interfering  signal 

from e-one  REE with closed track taking into account contribution from subsequent obstacle. 
Seventh bloc k supposes checking the rest of th e tracks with closed drift for presence of  

subsequent o bstacle. If none of the tra cks have sub sequent obstacle block eig ht is realized, otherwise 
block two is realized.  

Eighth block supposes the end of calculation for EMC estimation establishing that viewed REE 
are electromagnetic not compatible in given EME.  

Block scheme of the algorithm is shown bellow (see Fig. 1) 
 

 

Fig.1 Final algorithm for EMC calculation 

+-

2) Power calculation of each interacting REE from set of interfering 
stations with closed tracks. In every following cycle, taking into account the 
contribution from subsequent obstacle (if any). 

4) EMC check, taking into account total 
power from interfering REE with open and 

semi open and closed tracks. 

Start.

End. 

5) Viewed REE are 
electromagnetic 

compatible in given 
EME.

3) Power summation of interfering REE for closed tracks. 

6) Ejection from calculation of those REE 
with closed tracks that are satisfying 

reasonable cutoff criteria. 

7) Checking rest tracks with closed drift for 
presence of subsequent obstacle. 

+

-

8) Viewed REE are electromagnetic not 
compatible in given EME.

1) Definition of obstacle type for interfering REE with closed tracks.
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Thus the realization of thi s algorithm solves the question of detection of EM C fact for viewed  
pair of RRL REE in give n EME. For optimization of computation process in final algorithm  for EMC  
calculation contains inserted criteria for reasonable cutoff in process of accounting obstacles in interfering 
REE with closed tracks. 
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Noninvasive diagnosis and m onitoring of blood gly cemia in particular is individual and 
economic importance because of the large popula tion of diabetics who require regular and 
accurate information regarding their blood glucose concentration. Microwave instrum ents have 
been used to analy ze the dielectric propert y variations and have the ability  to m ake 
nondestructive measurement of param eters insi de a volum e where direct contact with the 
sample cannot be achieved. This ability  of microwave biosensors (MBS) provides the prospect 
for suitable noninvasive measurements of biological samples. The aim of this study is to outline 
the design of various MBS that could be applie d for noninvasive detection and in vitro or in 
vivo monitoring of glycemia in animals, such as pig, goat, and m ouse. The results show the 
sensitivity and the usefulness of MBS for sensing a nd monitoring of glycemia in animals. It can 
be useful for the real-tim e m easurements of gl ucose concentration, and potentially  it is an 
interesting approach for in vivo measurement of human glycemia. 

 
1. Introduction 

Diabetes affects about 6% of the adult population in the world [ 1]. It is an autoim mune disease or 
metabolic disorder, which results from  the body’s improper regulation of insulin. Insulin is secreted into the 
blood stream to manage the blood concentration of glucose, also called blood sugar or gly cemia. Recently, a 
few research groups have focused on the quantitative m onitoring of gly cemia [2-4]. There are several ty pes 
of blood glucose m onitoring sensors, based on invasive [ 5], less-invasive [6], and non-invasive 
measurements [7] . The first two ty pes of sensors have  appeared in the com mercial m arket for gly cemia 
measurement. They have to use a sm all amount of blood directly pricked from  the finger, so it is a painful 
and expensive m ethod because invasive glucom eters have  to use an electrochemical strip to analy ze the 
blood. Noninvasive glucose sensors are not com mercially available but research indicates prom ising 
approach. The operational principles of the develope d noninvasive glucose biosensors are based on near-
infrared spectroscopy , Ram an spectroscopy , photo-acous tic spectroscopy , scattering changes, polarization 
changes, and m id-infrared spectroscopy  [ 8-10]. These m ethods for noninvasive m onitoring are still being 
developed but there are lim itations that exist for each of these m ethods. Another approach is to use 
techniques of im pedance spectroscopy  and electro magnetic coupling, which are based on im pedance 
measurement of the dielectric parameters of blood [11]. Hayashi et al suggest that cell membrane capacitance 
of ery throcytes change as the glucose concentration in the blood changes [ 12]. In this proposed m odel, 
variations of glucose concentration and movement of glucose through the cell membrane of erythrocytes lead 
to a change in the electroly te concentrations and hence to an alternation in the interfacial polarization of the 
cell membrane causing com plex permittivity variations. These effects cause chang es in the electromagnetic 
properties of the hum an skin and underly ing tissue. The permittivity and conductivity decrease as the 
frequency grows. The study of glucose-induced variations of blood dielectric properties is a possible way for 
bloodless m onitoring of blood gly cemia. The real-tim e detection and m onitoring of glycemia with high 
precision, sensitivity, selectivity, and speed is required for biomedical applications and clinical monitoring. 

Microwave biosensors (MBS) are prom ising approach for the analysis of the glucose-induced dielectric 
property variations by using electromagnetic sensors thus avoiding any direct contact with the m edium to be 
investigated. The aim of this study  is to outline the MBS that could be applied for noninvasive detection of 
glycemia and can be used for real-tim e monitoring. Using microwave signal analysis, it is possible to detect 
the glucose concentration in blood in vitro and in vivo due to indirect measurement of the dielectric 
permittivity or direct m easurement of the m icrowave reflection coefficient S11. The estim ated parameter is 
the complex dielectric permittivity ε, which is one of the main material characteristics of the medium. 
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2. Materials and methods 

2.1. In vitro measurement of glucose in pig-blood and goat-blood by microwave cavity sensor 

The microwave cavity  sensor (MCS) was used to determine the gly cemia in pig blood. The m easured 
quantities are the microwave reflection coefficient S11 and the change at the resonant frequency. The resonant 
frequency f0 and reflection coefficient, S11 of the microwave cavity sensor shifted due to substitution of the 
sample as a load. 

           
Fig. 1. The (A) photo and (B) schematic view of the MCS. 
 

We fabricated the MCS based on the design of a wa veguide cavity resonator (Fig. 1). The sam ple was 
placed in the cavity  of sensor. Th e entire sy stem was on a m echanical vibration isolation table and 
measurements were perform ed inside an electromagnetically shielded environm ent with autom ated 
temperature and hum idity control. To determ ine th e glucose concentration changes, we m easured the 
reflection coefficient S11 of the m icrowave resonator. Subsequent changes in electromagnetic coupling 
between the probe and the sample cause changes in the magnitude of S11, and this forms the basis for sample 
characterization. At resonance, the mode we used was TE011, which is the dominant mode, and the sensitivity 
of the device is highest with operating this m ode. The unloaded resonan ce frequency  and m icrowave 
reflection coefficient minima were f = 4.75 GHz and S11 = -9.175 dB, respectively. 

Frequency (GHz)

S 1
1 

(d
B

)

V=0.8 ml

(a)

(b)

(c)

(d)
(e)

4.7 4.75 4.8 4.85 4.9 4.95 5

-20

-16

-12

-8

-4

Frequency (GHz)

S 1
1 

(d
B

)

V=0.8 ml

(b)
(c)

(d)
(e)

(a)

3.95 4 4.05 4.1 4.15
-18

-15

-12

-9

-6

-3

 

S 1
1 

(d
B

)

Concentration (mg/dl) 

 Measured
 Calculated

f   
/f

Δ
0

150 200 250 300 350 400 450 500 550

-24

-22

-20

-18

-16

-14

0

0.003

0.006

0.009

0.012

0.015

0.018

 Time (sec)

(a)

(b)

(c)

(d)
(e)

Air level

S 1
1 

(d
B

)

 Pig blood
 D-glucose

0 20 40 60 80 100

-20

-18

-16

-14

-12

-10

-8

 
Fig. 2. (A) Measured microwave reflection coefficient S11 profile for pig blood samples. The inset shows the calculated 

microwave reflection coefficient S11 profile of the D-glucose aqueous solution for the same concentrations. The 
volume of the samples was taken to be 0.8 ml for both cases. (B) (a) Measured (circle) and calculated (triangles) 
microwave reflection coefficient S11 (l eft axi s) and rel ative resonant  frequency  shi ft Δf / f0 (right axis) vs. 
glucose concentration. (C) The real -time diagram of the microwave reflection coefficient for pig blood sample 
(circles) and for D-gl ucose aqueous sol ution (triangles) with two signal levels: for ai r (about -9 dB, i.e. empty 
tube) and for filled samples (pig blood or D-glucose) at an operating frequency of about 4.75 GHz. 

 
The initial test samples based on pig blood have the gly cemia of 150 m g/dl in the blood of the anim al. 

By adding D-glucose to the initial sam ple, 5 samples were prepared with glycemia of 150 mg/dl, 250 mg/dl, 
350 mg/dl, 450 m g/dl, and 550 m g/dl. The pig blood was mixed with sodium citrate (C6H5Na3O7) to avoid 
fast coagulation and then stored in a refrigerator w ith storage limitation of about 3 day s. All sam ples were 
analyzed by the veterinary services. 

Figure 2 (A) shows m easured microwave reflection coefficient S11 profiles for pig blood sam ples with 
glycemia of (a) 150 m g/dl, (b) 250 mg/dl, (c) 350 mg/dl, (d) 450 mg/dl, and (e) 550 mg/dl. The inset shows 
calculated microwave reflection coefficient S11 profiles for D-glucose aqueous solution samples with glucose 
concentration of (a) 150 m g/dl, (b) 250 mg/dl, (c) 350 mg/dl, (d) 450 mg/dl, and (e) 550 m g/dl. The change 
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of the S11 minimum and the frequency shift of the 150 mg/dl to 550 m g/dl pig blood sam ples were 6.26 dB 
and 11.25 MHz respectively, while the calculated changes for D-glucose aqueous solution were 5.05 dB and 
35 MHz. Both measured and calculated results were obt ained for the same sample volume (0.8 ml). Figure 2 
(B) shows m easured (circles) and sim ulated (triangles) m icrowave reflection coefficient S11 (left axis) and 
relative frequency shift Δf / f0 (right axis) dependence on D-glucose con centration at the resonant frequency . 
It was found that the S11 decreased and Δf / f0 increased as the glucose c oncentration increased. The S11 trend 
in the linear approximation varies with slope of ΔS11/Δc = -0.0154 dB/(mg/dl) for blood sam ples, while the 
calculated data after linear approximation shows ΔS11/Δc = -0.0122 dB/(mg/dl). 

For an analogue of blood circulation in a vein we used a blood filled silicon tube inserted into the cavity  
circulating with a speed of 150 m m/sec. Figure 2 (C) shows the real-tim e diagram  of the m icrowave 
reflection coefficient for the pig blood sam ple (circles) and for D-glucose aqueous solution (triangles) with 
two signal levels: for air (about -9 dB), that is the empty tube inserted in the cavity and for samples (the tube 
filled with pig blood or D-glucose aqueous solution) w ith D-glucose concentration of (a) 150 m g/dl, (b) 250 
mg/dl, (c) 350 m g/dl, (d) 450 mg/dl, and (e) 550 mg/dl at an operating frequency  of about 4.75 GHz. The 
real-time changes of the microwave signal during monitoring were clearly observed. 

The initial test samples based on goat blood have the glycemia of 140 mg/dl, 92 mg/dl, and 110 mg/dl in 
the blood for the three different anim als. These samples will be defined as samples group A, samples group 
B, and samples group C, respectively . By adding D-glucose to the initial sam ples, 5 samples were prepared 
with 100 m g/dl gly cemia difference for each case. The goat blood was mixed with sodium citrate 
(C6H5Na3O7) to avoid fast coagulation and then stored in a refrigerator with storage limitation of 3 days. 
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Fig. 3. (A) Measured m icrowave reflection coefficient m inima S11 (left axis) and resonant  frequency shift Δf /f0 (right 

axis) dependence on gl ucose concent ration for goat blood sam ples. (B ) M easured m icrowave refl ection 
coefficient S11 plotted as a function of the sample temperature for goat blood samples at the resonant frequency 
of about 4.76 GHz. 

 
As the D-glucose concentration increased, the diel ectric permittivity of sample increased and both the 

reflection coefficient S11 (left axis) and the resonant frequency  shift Δf/f0
 (right axis) decreased as shown in 

Fig. 3 (A). Note that the m icrowave reflection coefficient S11 (and the resonant frequency  shift Δf/f0 also) is 
directly related to the sam ple electromagnetic parameters (dielectric perm ittivity, electric conductivity , 
magnetic permeability, etc.). Here, this relation thus the electric and m agnetic field distribution behaviour 
shows the reverse dependence on glucose concentration due to the “two cham bers” construction and m ode 
structure of the resonant cavity. From the linear relationship as a function of glucose concentration, ΔS11/Δc = 

0.44 dB/(mg/dl) or ΔS11/Δc = 0.13 1/(mg/dl) (0.0013 1/(mg/ml)) in the linear scale. The m easured signal-to-
noise (SNR) was about 42 dB. The smallest detectable change in concentration based on a criterion of SNR of 
42 dB was about 10 mg/dl. 

Figure 3 (B) shows the m easured microwave reflection coefficient m inima S11 plotted as a function of 
the goat blood temperatures with biggest difference of the glycemia concentrations for (a) group A, (b) group 
B, and (c) group C at the resonant frequency  near 4.76 GHz. The tem perature influence of S11 of the 
microwave cavity sensor is stronger in goat blood sample with low glycemia (140 mg/dl, 92 mg/dl, and 110 
mg/dl); while for the high gly cemia sample (540 m g/dl, 492 m g/dl, and 510 m g/dl) S11 is alm ost stable at 
temperatures bigger than 26 oC. This effect can be caused by  the visco sity of the liquid, i.e. for the higher 
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viscosity material (like a solid) the fluctuations of el ectromagnetic parameters due to tem perature variations 
is smaller. On other hands, the temperature effect were weaker for samples with low glycemia (-0.046 dB/oC) 
compared to samples with high glycemia (-0.052 dB/oC). Note again that both temperature and humidity had 
significant effects on the reliability  of blood glucose m onitoring. The effect of tem perature was greater than 
the effect of humidity. 
 
2.2. In vitro and in vivo sensing of glucose in pig-blood and mouse-blood by spiral sensor 

The microwave spiral sensor (MSS) was fabricated by  preparing a microstrip board as shown in Fig. 4. 
The sensor is etched into double-sided gold-clad project board with a Teflon substrate. Teflon has a relative 
dielectric constant of approxim ately 2.2 and loss ta ngent of 0.0009 in the m icrowave frequency range. The 
center conductor is soldered to the stripline and the outer conductor is soldered to the ground plane. We 
placed the samples with various electromagnetic characteristics on the MSS and the response was m easured. 
The MSS is connected through the 2 ports of the vector network analyzer (VNA, Agilent E5071B) for fully  
analyzing transmission and reflection. The resonator was calibrated with de-ionized (DI) water (for the 1 st 
group of sam ples) giving an S11 minimum of -41.5 dB and with 100 m g/dl glycemia in blood (for the 2 nd 
group of sam ples) giving an S11 minimum of -18 dB which were the re ference levels for our experim ents. 
Note that the reference level of blood was higher than the reference level of DI water (-18 dB > -41.5 dB) 
due to the highly conducting properties of blood (it contains minerals, hemoglobin, sodium chloride etc). 

 
Fig. 4. The top and bottom view of MSS. 
 

The 2 nd group of samples, based on pig’ s blood concentration of natural glucose in the blood of the 
animal, is 72 m g/dl (concentration without addition of  D-glucose). The pig blood glucose was balanced to 
100 mg/dl for the reference level of the 2nd group of the samples and then by adding D-glucose in the blood, 
samples of glucose in the range 100 m g/dl to 600 mg/dl were prepared. Before m aking samples, the fresh 
blood was mixed with sodium citrate (C6H5Na3O7) in order to avoid fast coagulation (0.4% ) The blood was 
then stored in refrigerator and the storage was limited to 3 days. 

The data acquisition time for glucose real-time monitoring was 0.5 second and the ambient temperature 
was 25 oC. After each test, the Petri dish was washed a nd dried for the next m easurement. The Petri dish 
diameter was chosen to be 8 mm for full interaction of the MSS with the sample. 

The effect of the sample is observed by measuring S11 in the plane where the microwaves are input. The 
operational principle of MSS is based on the sh ift in the m icrowave reflection coefficient, S11 and resonant 
frequency shift, Δf/f0 due to changes of the electromagnetic characteristics of the sam ple that vary  with 
frequency. The resonant frequency  f0 and reflection coefficient, S11 of the MSS shifted due to substitution of 
the sample as a load. Note that, these shifts are the result of standing wa ves that form  between the spiral 
input and output. These parameters are mainly defined by the three components of blood: H2O, NaCl, and D-
glucose due to its relatively  high concentration in blood (NaCl and D-glucose have about 0.9 % and 1-1.4 % 
concentration, respectively). The concentration of NaCl in blood is very stable and even sm all variation of 
NaCl concentration is quite dangerous for organism  wh ile the variation of glucose concentration is in the 
range 0.4÷3.5 % and controllable. Thus, we monitored the changes in glucose concentration despite the fact 
that pig blood contains other components (NaCl, vitamins, proteins etc. in pig blood). 

Figure 5 (A) shows the microwave reflection coefficient S11 profile for (a) DI water (i.e. no glucose) and 
for D-glucose aqueous solution with glucose concentra tion of (b) 50 mg/dl, (c) 100 mg/dl, (d) 150 mg/dl, (e) 
200 mg/dl, (f) 250 mg/dl, (g) 300 mg/dl, (h) 400 mg/dl, (i) 500 mg/dl, and (j) 600 mg/dl at 7.65 GHz. Figure 
5 (B) shows the m icrowave reflection coefficient S11 profile for blood sam ples with gly cemia of (a) 100 
mg/dl, (b) 200 m g/dl, (c) 300 m g/dl, (d) 400 m g/dl, (e) 500 m g/dl, and (f) 600 mg/dl at 7.77 GHz. It was 
found that the S11 decreased and Δf/f0 increased as the glucose concentra tion increased as shown in the insets 
of Fig. 5. 
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The S11 minimum variation trend with glucose concentration was linear with slope of ΔS11/Δc = -0.022 
dB/(mg/dl), while the frequency  shift Δf/f0 has saturation behaviour with slopes of ( Δf/f0)/Δc = 0.653×10-4 
(mg/dl)-1 and ( Δf/f0)/Δc = 0.0094×10-4 (mg/dl)-1 in the low (0 ÷400 mg/dl) and in the high (400 ÷600 mg/dl) 
concentration ranges, for the 1 st group sam ples. The S11 trend varies with slope of ΔS11/Δc = -0.0121 
dB/(mg/dl), while the frequency shift varies with slopes of (Δf/f0)/Δc = 0.0112×10-4 (mg/dl)-1 and (Δf/f0)/Δc = 

0.0005×10-4 (mg/dl)-1 in the low (100÷300 mg/dl) and in the high (300÷600 mg/dl) concentration ranges, for 
the 2nd group samples. The relationship of S11 as a function of glucose concentration is 2×10-4 (mg/dl)-1 in the 
linear scale. The measured SNR was about 34 dB. The smallest detectable change in concentration based on a 
criterion of SNR = 34 dB was about 5 mg/dl. 
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Fig. 5. (A) The microwave reflection coefficient S11 profile for DI wat er and for D-gl ucose aqueous sol ution at about 

7.65 GHz. The i nset shows (l eft axi s) the m icrowave reflection coefficient S11 an d (rig ht ax is) th e relativ e 
frequency shi ft Δf/f0 dependence on gl ucose concent ration at  t he resonant  frequency . (B ) The m icrowave 
reflection coefficient S11 profi le for pi g bl ood sam ples at  about  7.77 GHz. The i nset shows (left axis) the 
microwave reflection coefficient S11 an d (rig ht ax is) th e relative frequency shift Δf/f0 dependence on gl ucose 
concentration at the resonant frequency. 

 
The experimental subjects were 8 alive mice with normal glycemia level. These anim al patients were 

divided in 4 groups with 2 anim als in each group: gr oup A (mice with numbers 6 and 7) was the control 
group without any  further intervention; group B (mice with numbers 1 and 8) where 0.2 m l DI water was 
orally injected into the m ice; group C (mice with numbers 2 and 3) where the 0.2 m l 3% D-glucose solution 
was orally injected into the m ice, and group D (m ice with numbers 4 and 5) where the 0.2 ml 6% D-glucose 
solution was orally  injected into the m ice. The initial and finally  test results of glucose level m easured by 
glucometer Accuk Check One Touch Ultra. Both MSS and glucom eter m easurements were m ade before 
(initial) and 20 m in after (final) intervention. The gl ycemia level almost linearly the increased with increase 
of injected glucose concentration. 

Figure 6 shows m easured m icrowave reflection coefficient S11 profiles for 8 anim als at the resonant 
frequency of about (A) 4.14 GHz and (B) 4.89 GHz. The matched resonance curve for the DI water has a 
minimum level of -47.43 dB at 4.14 GHz and -12.79 at  4.89 GHz which are the reference levels for the 
microwave reflection coefficient S11 in our measurements in the low and high frequency  range, respectively. 
As the injected glucose concentr ation increased, the dielectric perm ittivity of the sam ple increased and both 
the reflection coefficient S11 (left axis) and the resonant frequency  shift Δf/f0

 (right axis) decreased for the 
low frequency resonance (4.14 GHz) as shown in the inset of Fig. 6 (A). On the other hand, with increase of 
injected glucose concentration, both the reflection coefficient S11 (left axis) and the resonant frequency  shift 
Δf/f0

 (right axis) increased for the high frequency  resonance (4.89 GHz) as shown in the inset of Fig. 6 (B). It 
is also notable that the behaviours of S11 and Δf/f0 (i.e. measurements sensitivity) were different for different 
animals even for the sim ilar glycemia level. We think that this effect (i.e. sensitivity  of measurements) may 
be caused by  the Cholesterol, Phosphorus, and urea Nitrogen level in blood. We suppose that the change in 
Nitrogen concentration (due to its high intrinsic conductance) is the m ain reason for the variation of the 
measured microwave slopes. The problem is the structure (i.e. other com ponents) of blood for different 
animals. It is simpler to make a calibration for any animal before starting the glycemia measurement. 
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Fig. 6. (A) The microwave reflection coefficient S11 profiles for UL resonance and 8 mice at about 4.14 GHz. The inset 

shows (left axis) the m icrowave reflection coefficient S11 and (right ax is) th e relativ e freq uency sh ift Δf/f0 
dependence on i njected gl ucose concent ration at  t he resonant  frequency . (B ) The m icrowave refl ection 
coefficient S11 profi les for UL resonance and 8 m ice at  about  4.89 GHz. The i nset shows (l eft axi s) t he 
microwave reflection coefficient S11 and (right ax is) the relative frequency sh ift Δf/f0 dependence on i njected 
glucose concentration at the resonant frequency. 

 
From the linear relationship as a function of glucose concentration, ΔS11/Δc ≅ -0.11 dB/(mg/dl) at 4.14 

GHz (0.01 dB/(mg/dl) at 4.89 GHz) or ΔS11/Δc ≅ -3×10-4 at 4.14 GHz (3×10-4 at 4.89 GHz) in the linear scale. 
The root-m ean-square statistical noise in reflection coefficient S11 was about 10 -5 in the linear scale. The 
measured SNR was 30 dB. The smallest detectable change in concentration based on a criterion of SNR of 30 
dB was about 10 mg/dl. 
 
3. Conclusions 

Microwave biosensors have been developed for noni nvasive determination of gly cemia in anim als-
blood in vitro and in vivo. The MBS is a novel noninvasive glucom eters with a m inimum 10 m g/dl 
detectable change in blood. The results show the sensitivity and the usefulness of the MBS for in vitro and 
also in vivo sensing and m onitoring of glycemia in animals. It can be useful for the real-tim e measurements 
of glucose concentration, and potentially  it is an in teresting approach for in vivo m easurement of hum an 
glycemia. 
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Abstract — This article presents 1000 W att Gallium Nitride (GaN) based pallet power amplifier operating in 

2.7-2.9GHz frequency band with Class AB bias. The RF performance of the am plifier under pulse conditions 
with 300us pulse width and 10% dut y cycle is characterized. The am plifier is designed for S-band Ai r Traffic 
Control Radar applications and can operat e both under short pulse/low duty cycle and medium pulse/duty cycle 
conditions. The am plifier is based on 500 W att, internally pre-matched, GaN high el ectron mobility transistor 
(HEMT). The pallet operates from +50V power supply, contains bias sequencing and RF-activated gate biasing 
circuitry to reduce output noise and simplify system integration. 

 
 Index Terms—Power amplifier, GaN, power transistors, power gain. 

 
1. Introduction 
 

As always, demand for high power S-band amplifiers for radar applications, such as Air Traffic 
Control, is strong and high power output and high efficiency are key requirements for these amplifiers. 
GaN transistors provide excellent power density and efficiency and as such are excellent choice for S-band 
high power applications. High efficient power amplifiers (PA) make the system level thermal aspects more 
manageable, reduce operational cost, and provide an opportunity to reduce the overall transmitter size by 
reducing the cooling element size.  

A high power S-band Class AB power amplifier (PA) is designed, implemented and characterized 
based on 500 Watt, Gallium Nitride (GaN) high electron-mobility transistor (HEMT). A power gain of 
11.5dB and drain efficiency of 51% was achieved at 1000 Watt power output level across the operating 
2.7-2.9GHz band.  

2-way high power Gysel combiner [1] is developed for up to 1.8 kilowatt power combining. Integra 
Technologies IGN2729M500 [2] transistor is used for amplifier design. Figure 1 below shows a picture of 
the amplifier. Rogers RO4350 circuit board material with a dielectric constant of 3.48 is utilized in order 
to minimize the size and loss from the transmission line matching networks while providing sufficient 
power handling capability for 1000 Watt operation. 

 

 
 

Figure 1.  2.7-2.9GHz, 1000 Watt pallet photo. Dimensions: 72.1mm x 69.6mm 
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To the best of our knowledge this is the highest power pallet amplifier based on two single ended 
transistors operating in the specified frequency range. 

 
 
2. Pallet Amplifier Design 
 
2.1. IGN2729M500 transistor 

 
IGN2729M500 is an internally  pre-m atched, GaN HEMT. It is designed for S-band radar 

applications operating over 2.7-2.9GHz instantaneous frequency band. Under 300us pulse width and 10% 
duty cycle conditions it supplies a minimum of 500 Watts of peak output power with 11.4dB of minimum 
gain. Transistor operates with 50V drain bias with  100mA bias current. It is specified for Class AB 
operation. Rated minimum drain efficiency is 55%, which is calculated as  

 
Nd= Pout/ (VD x ID pk) 
 

where Nd is drain efficiency ,  P out is peak output power,  V D is drain bias voltage and I D p k is peak drain        
current. 
Thermal impedance is rated at 0.15ºC/W at Pout =500W and Tcase=30ºC.  
Device input and output impedances are given in the table below: 
 

 Table 1.  IGN2729M500 IMPEDANCE CHARACTERISTICS 

Frequency (GHz) ZIF (Ω) ZOF (Ω) 
2.70 2.5 – j1.8 2.5 – 2.0 

2.80 2.5 – j1.7 2.4 – j1.8 

2.90 2.4 – j1.8 2.5 – j1.7 

Impedance Definition 

 
 
  
2.2. 2-way Gysel High Power Combiner 
 

One of the major advantages of the Gy sel power combiner is its ability  to handle high power efficiently . 
It provides low loss com bining, good isolation between  the ports and good phase and am plitude balancing. 
Our Gysel combiner designed for this application, has been successfully tested for power handling capability 
for up to 1.8kW level. 

 
 Table 2 below sum marizes m easured S-param eters for power com biner, including port to port 

isolation: 
 
 
 
 
   
 

Table 2. S-parameters for 2-Way Power Combiner 
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  F (GHz) S11(dB) S12(dB) S13(dB) S23(dB) 

P
o

w
er

 
C

o
m

b
in

er
 

2.70 -28.68 -3.26 -3.29 -34.50 

2.80 -29.90 -3.23 -3.28 -25.36 

2.90 -22.26 -3.25 -3.30 -20.88 
 
 

2.3. 1000 Watt Amplifier 
 

Two IGN2729M500 transistors were com bined in parallel to achieve 1000 Watt operating power across 
the 2.7-2.9GHz operating frequency range. Wilkinson power divider was employed for input power split and 
Gysel power combiner for output power combining. Amplifier is specified with 74 Watt input drive level and 
minimum gain of 11.3dB [3]. Recorded worst case efficiency was 51.0% and power gain was 11.50dB. Pulse 
droop, which was m easured from  30us to 270us interval  was -0.17dB recorded at 2.9GHz frequency. 
Recorded worst case Return Loss was 14.0dB across the band. Overall, am plifier dem onstrates excellent 
stability against the load mismatch and is rugged to 5:1VSWR. Amplifier’s power transfer curves are given 
in the figure below. 

 
 

 
Fig.2: Measured Power Output vs. Power Input Characteristics 

 
 

As can be seen from  the graphs, at 74 Watt input drive level am plifier produces m ore than 1050 Watt 
output power across the operating 2.7- 2.9GHz frequency range.  
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Fig.3: Power Gain vs. Power Output 

 
Figure 3 above shows amplifier gain performance versus output power. 
 
 
 Figure 4 below shows power gain versus frequency  at Pin=74 Watt. As can be seen from  the graph, gain 

flatness is better than 0.75dB in 2.7-2.9GHz range. 
 

 
Fig.4: Power Gain vs. Operating Frequency at Pin=74 Watt 
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Fig.5: Drain Efficiency vs. Power Output 

 
 

Figure 5 above shows am plifier drain efficiency  versus Power Output and as expected it reaches 
maximum efficiency  at saturated power levels. About 51%  minimum drain efficiency was recorded across 
the entire frequency band. 
 
 
Conclusions 
 

S-band GaN-based 1000 W att pallet am plifier was designed and im plemented. Am plifier 
operates from  single +50Volt power supply and cont ains RF-activated gate biasing circuitry to 
reduce output noise and bias sequencing to si mplify system  integration. Minim um of 1000 W att 
operating power was obtained with  11.5dB power gain and 51% drain efficiency. Recorded worst 
case pulse droop was -0.2dB at 2.9GHz at power output level of 1059 Watt.  
 
 
 
3. References 

 
[1] Tri T. Ha, Solid State Microwave Amplifier Design, John Wiley & Sons 
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2D Imaging System for Alternating Magnetic Field Flux 
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The aim of this work is to develop and investigate the system for two-dimensional monitoring the RMS value of 
the altern ating magnetic field  in  th e horizontal p lane of plasma proces sing cha mber. To inc rease the  
measurement sp eed p arallel m ethod is im plemented. All d esigned sensors are unique an d h ave sen sitivity 
approx. 1.8 · 10ି଼ܶ. Measurem ents in the etching cham ber allow t o m onitor t he uniformity o f th e 
electromagnetic field and allow to adjust it by changing the characteristics of RF transmitter. 
Keywords: plasma processing of materials, the magnetic induction 

  
1. Introduction 
 Plasma processing of semiconductor materials is  relatively  new technique used for etching and 
deposition of various mat erials on a s ubstrate, as well as cleaning and m odifying their surface. Plas ma 
processing is used for manufacturing of microelectronic devices, MEMS devices, and for other applications 
in nan otechnology [ 1]. Plasma etching has several  advantages over other m ethods of etching (e. g., 
photolithography). However, in practice, this technique  can’ t be used in all cases. Plasma and phenom ena 
associated with it have greatly  com plicated nature a nd are not fully explained yet in terms of existing 
models. 
 To generate a plasm a for processing the semiconductor products it is required to appl y an RF signal 
to plasma processing chamber filled  with an inert  gas.  The frequencies of r equired RF signals are ranging 
from several to tens of M Hz. There are two m ajor methods for plasma generation: inductive and capacitive. 
Two basic problems are n ecessary to s olve while de veloping plasma proces sing systems, i.e . RF generator 
and plasma chamber impedance matching to ensure maximum energy transfer from the generator to plasma 
chamber, and, the generation of uniform magnetic field in the p lasma processing chamber. In order to create 
a most homogeneous magnetic field in the plasm a processing cha mbers, variety  of excitation s ystems are 
applied.  
 The aim of this work is to develop and inves tigate the sy stem for two-dimensional monitoring the 
RMS value of the alternating magnetic field in the horizontal plane of plasma processing chamber. 
 
2. Measurement method 
 To measur e the magnetic flux of AC magnetic fi eld in the whole plane of plas ma processing  
chamber it is required to  measure magnetic flux i n va rious p oints of p lane under test. It  is possible to  
measure magnetic flux in appropriate points in the pl ate by applying only a single sensor. T he sensor can be 
fixed to the movable mechanism allowing to move the sensor in the plane. Measuring the magnetic flux in all 
appropriate points and the n applying specific digita l processing tools, the whole picture of magnetic field 
flux distribution is construc ted. It is obvious that there is a po ssibility to inc rease the magnetic field flux 
distribution measurement resolution by  decreasing the step siz e of the movable mechanism. Theref ore 
measuring systems based on this method doesn’t offer high performance in terms of measurement speed. 
To increase the measurement speed parallel method can be used [2,3]. The spatial resolution of such sy stem 
depends on the number of sensors fixed in appropriate positions in the plane under test. Then sensors array is 
connected to the multichannel DAQ system, and finally, DAQ system collects data on each clock c ycle from 
all sensors allocated in the plate. 

3. System Description 
 Considering t he features, advantages and disadvanta ges of m ethods for m onitoring t he alternatin g 
magnetic field in t he plasma processing cham ber, pa rallel measurement method is im plemented in the 
developed system. The sy stem consists of magnetic field sensors array, DAQ s ystem and unit for control, 
processing and visualization. Fig.1 demonstrates the structure of the designed system. 
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Fig. 1.Block diagram of 2D monitoring system 

 
4. Magnetic field sensors array 
To use plasma processing technique in various applica tions (for example in semiconductor production) it  is 
important to develop tools  for inves tigation of plasma para meters. The most va luable parameters for suc h 
systems are te mperature, pressure and the uniform ity of m agnetic field distribution. There are different AC  
magnetic field measurement methods. One of the most simple and efficient methods uses single loop coil as 
an AC magnetic field sensor. The principle of operati on is based  on Faraday ’s law, stating that the induced  
electromotive force (EMF) in any  closed circuit is pr oportional to the tim e derivative of the magnetic flow, 
limiting by that circuit, 
 
 

V ൌ െܰ
dΦB

dt
, (1)

 
where ΦB  is the magnetic flow through the circuit, and N  is the number of coils.  
 
The magnetic field sensors array is implemented on a platform of a round shape with 500 mm in a diam eter. 
The sensors array is realized on a 4-lay er PCB and consists of 64 single coils. The structure and location of 
the sensors is  shown on Fig. 2. The ide ntity of senso rs, the uniform ity of the insulator and the PCB zer o 
inclined plane contours relative to the plane of the PCB ensures  that measurements are i dentical for a ll 
sensors. The accuracy of performance of the PCB is about few micrometers. 

 
Fig. 2.The structure of magnetic sensors array 

  
5. Data acquisition 
Detected signals are transmitted to the data acquisit ion unit by l ow loss cabl es.  Dat a acquisition s ystem 
consists of 8 data acquisition sub units. One of them is master unit, which provides the whole sy stem with 
reference sig nal. Other seven units are slave ones. Each channel has eight an alog inputs. The numbers of  
units is limited only by load capacity of the reference generator. It is possible to connect in parallel additional 
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data acquisition blocks inc reasing this way  the number of sensors. Each subsyste m admits up to eight point 
sensors connection (see Fi g.1). Data acquisition unit  consists of analog-to-digital converter, reference clock, 
and microprocessor which implements simultaneous amplification and low pass filtering algorithm.  
 
6. Data processing and visualization 
Signals from all data acquisition units  flow to processing and visualization software. The num ber of sensors 
on plane under test is 64. Under such conditi ons it is possible to get information onl y on appropriate points, 
where coil s ensors are pl aced. It is p ossible to increas e the vi rtual resolution of the s ystem by  special 
mathematical approxim ation algorit hms in sim ilar sy stems, e.g. cubic i nterpolation m ethod. Software 
performs statistical processing of measured data for estimating the homogeneity of a magnetic field (Fig. 3).  

 
 
 

 

Fig. 3.Locations of sections on the plane under test and normalized histogram of the measurement data 
 

Designed software generates cross-section for any arbitrary angle. Fig.4 demonstrates such cross-sections for 
0, 90 and 180 degrees respectively. 
 

Fig. 4.Cross-sections for different angels 
And finally, exponential averaging is performed before visualization.  

7. Evaluation of sensitivity of the sensors and the measurement results. 
 As already  noted, sensor array  consists of 64 single-sensors, real ized on a multilayer PCB using a 
photolithography technol ogy that provi des the identity  of all sensors. According to ( 1), the alternatin g 
magnetic fields inducts an EMF at the free ends of each sensor equal to 

ߝ ൌ െܰ
݀Φ஻

ݐ݀
,                                                                                   ሺ2ሻ 

 
where ΦB  is the magnetic flow, through the circuit, and N  is the number of coils.  
The magnetic field flow through the sensors contour is equal to  

Φ஻ሺݐሻ ൌ ܣܤ cos ݐ߱                                                                             ሺ3ሻ 
where B  is the magnetic induction, А  is the area of the sensor, and   is the angular frequency. 
Output signal  of each sensor is applied to the respect ive detector and is propor tional to RMS value of the 
input signal 

εୖMS ൌ
1

√2
 ω.                                                                              ሺ4ሻܣܤ

 
Then the signal is applied to analog-to-digital converter with 12 bit resolution having dynamic range of 
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εୖMSౣ౗౮

ൌ FSRADC ൌ 3V,                                                                  ሺ5ሻ 
 
where FSRADC is the full scale range of analog-to-digital converter 
 

BୖMSౣ౗౮
ൌ

εୖMSౣ౗౮

2πAf
,                                                                     ሺ6ሻ 

where f  is the frequency of RF generator. 
 

Fig. 5.Geometry of the magnetic field single sensor 
A ൎ 4.7 · 10ିସm ଶ 

 
The sensitivity  of the measuring channel to RMS v alue of the magnetic fi eld for 12 bit analog-to-digital  
converter is equal to 

BୖMSబ
ൌ

BୖMSౣ౗౮

2ଵଶ െ 1
ൎ 1.8 · 10ି଼Т 

 
The RF signa l feds the transm itter antenna located in  plasma processing chamber. Antenna consists of two  
antennas fed  through a power splitter, the division factor  (C.R.) varies fro m 0.3 to 3. T ypical results of 
measurements at differ ent current ratio  of antennas are shown in  Fig. 6. This way  it is possible to achieve 
maximum u niformity of  the electro magnetic field in the plas ma proces sing cha mber by  geom etric 
displacement of transducer, and changing its shapes. 
 

 
Fig. 6.Typical measurement results at different current ratios. 
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BixY1-xFe5O12, (x=2) thin f ilms with a thickness of about 0.8 μm were prepared on glass and garnet  
substrates by  using a metal-organic deco mposition method (MOD).The magnetization data indicate  
that the films have in plane easy  axis. Films were used as indicators in the magneto-optical  
visualization sy stem.We i maged the magnetic doma ins of m agnetic m aterials and m agnetic fields 
created by electromagnet. 
 

1. Introduction 
Bismuth substituted yttrium iron garnet  (BixY1-xFe5O12) is a material of choice for the magneto-optical 

and microwave applications because of  its high Farada y rotation angle,high transmittance in the visible and 
infrared light regions, smallest ferromagnetic resonanceline width and controllable magnetic properties[1]. 

One of the main applications of garnet materials is in magneto-optical imaging s ystem. By  using 
Faraday rotat ion p henomena garnet materials for ex ample imaging of m agnetic vortex in  sem iconductor 
materials and magnetic domains of general magnetic cards become possible[2, 3]. 

To use Bi xY3-xFe5O12materials in magneto-optical imaging sy stem as indicat ors one need to deposit 
them on substrates to prepare garnet thin films.Finally we deposited Al mirrors on garnet layer[3]. 

There are several preparation techniques of garnet thin films, such as liquid phase epitaxy (LPE) [ 4], 
radio-frequency magnetron sputtering method [5], pulsed laser deposition (PLD) [6], the sol-gel method [7], 
and the metal-organic decomposition method (MOD) [8]. For the preparatio n of garnet film s we used the 
MOD method because it is inexpensive, si mple, and allo ws precise control of t he composition of t he MOD 
solution and the formation over the large area. Furthermore, in comparison with the melting point of Bi-YIG 
the MOD method requires relatively low temperature, so this property gives us the possibility to make thick 
and multilayer structures on a glass substrate [9]. 

In this paper we present the details of preparation of (Bi xY3-xFe5O12)films by the MOD method on glass 
and garnet substrates. Sa mples used as indicator film s for the m agneto-optical imaging s ystem. We discus s 
the magnetic, optical and magneto-optical properties of the samples. 
 
2. Experiment 

Figure 1 (a) shows the schem atic of the MOD process. All thermal treat ments were done in air. We  
prepared garnet films by spin coating of a met al-organic solution which chem ical composition is 
Bi2Y1Fe5O12 on a Corning XG glass (B i-YIG/GLASS) and on Ga dolinium Gallium Garnet (Bi-YIG/GGG) 
substrate at 3000 rpm for 30 seconds. The deposited solution was dried at 70 °C for 30 minutes. After drying, 
we pre-annealed the samples at 450 °C for 30 m inutes in order to decompose carboxylates into metal oxides 
and bring them to the amorphous phase. These processes ha ve been repeated 20 times to achieve the thicker 
films with thicknesses  of 0.8 μm. Fina lly, sa mples prepared on glass substrat e w ere post- annealed in a 
furnace at 620 °C for 3 ho urs for the fi nal crystallization process. Samples prepared on GGG substrate were 
post-annealedat 750 °C for 3 hours[8, 10]. 

Figure 2 sho ws schematic diagram  of magneto-optical imaging setup. As a li ght source we used LED 
which has a dominant wavelength of 530 nm. Light passes through the polarizer , beam splitter and indicator 
film. Film is placed in front of the surface of a mag netic field source. Becaus e of the parallel magnetic field 
along the light propagation direction in garnet medium, rotation of the plane of polarization: Faraday rotation 
occurs [11]. 
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The magnetic and optical properties of Bi-YIG fi lms were investigated by  vibrating sa mple 
magnetometer (VSM) and by a UV-vis spectrometer. Magneto-optical images of magnetic field created by 
electromagnet and magnetic domains of general magnetic card have been detected using indicator thin films. 
 

 
Fig. 3.Magnetization loops for the prepared films under in-plane (solid lines) and out-of-plane (dashed lines) 

magnetic fields. 
 

 
 

 
Fig. 4.Magneto-optical images of magnetic field distri bution created (a) by electro magnet and (b) the  

recordingpatterns on credit card. 
 
3. Results and discussion 

Figure 3 sh ows magnetic loops of prepared samples which were measured under in- plane and out-of-
plane magnetic field. Resu lts indicate that garnet th in films prepar ed by MOD method on gl ass and garnet  
substrate have in-plane m agnetic anisotropy. We ca me to this conclusion because films satura ted at weaker  
magnetic fields when it applied parallel to the surface of the film [12]. Due to t he substrate sample prepared 
on garnet substrate has paramagnetic component. 
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Samples prepared on garnet substrate ha ve higher optical absorption co mparing to samples prepared on 
glass substrate. We assigned these results to the preparation conditions of the films. There is a need of further 
research to find appropriate heat tre atment schedule of MOD process for Bi-YIG/GGG samples. After th e 
measurement of Faraday rotation angles of the samples we observed that sample Bi-YIG/GLASS has higher 
magneto-optical figure of merit co mparing to the sampleBi-YIG/GGG. That’ s why  we used sa mple Bi-
YIG/GLASS for m agneto-optical imaging experim ents. Faraday  rotation angl e measurements have don e 
using method discussed in ref. 13. 

Figure 4(a) shows magneto-optical images of magnetic field distribution created by  electromagnet. We 
used magnetic field source  which has circular shape. It can be noticed in i mages detected by CCD camera. 
Presented image is the result of averaged 1000 images with 1024x768 resolutions. Fig. 4 (b) shows magnetic 
domains of general magnetic card. The detailed explanation of the imaging of magnetic domains is presented 
in Ref [3]. 
 
4. Conclusion 

We succeed in preparation of garnet thin films by  the MOD method for m agneto-optical applications.  
Heat treatment schedule and prepara tion conditions have been discussed. Magnetic properties of the films  
indicate that all samples have in-plane magnetic anis otropy. Detection of magnetic fields and magnetic 
domains become possible using prepared garnet films as indicators in magneto-optical imaging system. 
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Efficient exploitation of carbon nanotubes in the electronics requires knowledge of their noise parameters. 
We studied the d ependence of these parameters for single walled carbon nanotube (SWNT) thin film in 
the r ange of  0-130V and  0-160kHz. We distinct tw o 1 /f and  shot type no ise ch aracters in  t he low -
frequency up to 20 kHz and  i n th e fr equency range up to 160 kH z, r espectively. Based on no ise 
dispersion dependence on t he ap plied voltage we at tribute i ts ori gin t o t he cha rge carrier t unneling 
through the tube-tube contacts. The results can be useful for the applications of thin film nanotubes with 
disordered networks in sensorics and communication systems. 

 

1. Introduction 
SWNTshold potential for applications in electronics and photonics. Some of the most promising ones are 

chemical[1] and biological[2] sensors , transparent electrodes[3,4], ultrafast t ransistors[5], opto-electronic  
devices[6], connectors[7]. Nanotubes can be applied al so for th e generation[8,9] and detection[ 10] of THz 
radiation thanks to nonlinear current-voltage characteri stics. Various manifestations of electronic noise can 
however significantly  im pede the developm ent of p ractical applications of SWNTs. Alongside with the 
ubiquitous thermal and shot noises, the flicker (or 1/f) noise has also a la rge impact in nano tubes especial ly 
in the low-frequency range.[11-13] This noise is observed in other C-based systems including grapheme[14]. 
By getting use of stochastic resonance, it is possibl e to achieve noise-enhanced signal detection in t he 
subthreshold region in single[15] and multiple nanotubes[16] as well as bi-layer grapheme[17]. This task is 
however m ore challenging in disordered SWNT thin  film s be cause of the lack of s ystem sy mmetry. 
Moreover, the order of 1/ f noise can b e especially  higher in  SWNT networks due to  the charge tunneli ng 
between the chaotically distributed nanotubes.[18]It is nevertheless d esirable t o achieve low-noise devices  
based on SWNT disordered films owing to their relativ ely easy synthesis possibility directly on transparent 
dielectric substrates. 

The dependency of the1/f noise and resistivity of SWNT thin films on temperature is correlated with the  
fluctuation-induced tunne ling.[19]Furthermore, th e am plitude of the noise is scaled with the 
geometry/thickness of the film  and device. [20,21]For th e efficient application of SWN T thin film s in 
ultrafast elec tronics it is  necessary  to understand th e com bination of I-V, te mperature and nois e 
characteristics. 

In this contribution , the current-voltag e and noise char acteristics of a SWNT thin film was investigated.  
The heat-induced effect on nonlinearity of I-V ch aracteristics was reveal ed. The dependence of noise  
dispersion on applied voltage is obtained. The 1/f noise arises in a wide bandwidth (up to 20 kHz) due to the 
two-dimensional nature and com plex mechanism of conductivity. The knowledge of these characteri stics is 
essential for the efficient application of SWNT thin films in fast electronics. 

 

2. Experimental Methods 
A 95.9%  transparent SWNT film  is grown o n 1  cm 2 quartz substrate via cataly tic che mical vapor 

deposition method using iron nano particles as a cataly st. Fig. 1 i llustrates the scheme of the experim ental 
set-up used for measure ments of the SWNT thin film cu rrent-voltage characteristics and noise, in time- and 
frequency-domains. 
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Fig. 1. Schematic cartoon of the designed sy stem for noise/current measurements. In the inset the samp le is 
depicted schematically. 

 

To minimize the impact of external noise on the measurement results, the voltage of the DC power supply 
to the sam ple is fed through the sm oothing filter R1C1(Fig. 1). Ballast r esistor R B acts a s a load of noise 
voltage which arose in the  nano tu bes. The sample is connected by conducting rubb er stripes atta ched onto 
the surface o f SWNT fil m by conductive glue (inset of Fig. 1). T he noise volt age after filt ering of the DC 
component by the high-pass filter C2R2is fed to an oscilloscope and a spectrum analyzer. The entire system is 
electromagnetically screened in order to avoid the influence of external noise. 

 

3. Results and Discussion  

The results o f the measurements on the SWNT fil m ar e su mmarized in Fig. 2. For I-V characteri stics 
determination, we carry out measurements (Fig. 2a) in two ways: fast (triangles) and slow (diamonds). In the 
fast case, we avoid giving enough time for the SWNT fil m to warm up considerably by the heat induced by 
the external voltage. In contrary , sample resistance starts to increase during t he slow measurements initially 
due to the increa se in te mperature. After so me ti me (~1 min.), the tem perature of the sample begins to 
stabilize. At complete temperature stabi lization the sa mple resistance seizes fluctuating. The fast and slow 
measurements (Fig. 2a) appear to be considerably di fferent in the 20-1 20 V ra nge. Hence, the tem perature 
effect in this range plays an important role. In cont rary, the ind uced temperature is not high  enough t o be 
critical in th e ≤ 20 V  ra nge, where t he induced-heat eff ect causes only  ~2 % current variation. The  
differential resistances of the sample calculated for fast (slow) measurements at lowest and highest voltages  
are ~27 (20) and ~9 (18) kΩ, respectively. Thus, the initial and final resistances differ only by ~10 % in slow 
measurements case, whereas this differe nce reaches 3 times for fas t ones. Hence , the increase d temperature 
hinders the nonlinearity  of the I-V char acteristics of the SWNT film . This effect could be applied for T Hz 
generation from such a SWNT thin film by optical rectification with ultra-short laser pulse pumping.[22,23] 

Smoothing 
filterPower 

supply
RBR1

C1

High-pass
filter

SWNT film

Quartz

Spectrum
analyzer

Oscilloscope
C2

R2

A

V

Holder

Rubber 
stripe



Materials and Electronics 

157 
 

 

Fig. 2. (a) Current-voltage dependence of 95.9%  transparent SWNT thin film  on quartz substrate measured 
(slow measurements as tri angles, and fast measurements as diamonds) by the set-up described in Fig. 1. (b) 
Noise dispersion dependen ce on voltage in the range up to 9 V. Noise am plitude in time-domain collect ed 
for 1 s at 0.3 (c) and 9 (e) V applied bias voltage, a nd  their corresponding power spectra (d and f) collected 
in the frequency range up to 160 kHz.  

To assess the dependence of the SWNT thin film noise characteristics on the applied bias voltage (Fig. 1), 
for each value of the bias voltage the temporal behavior and noise spectrum are simultaneously recorded by 
an oscilloscope and a spec trum analyzer (Fig. 1). Then, based on these data we calculate the corresponding 
variance of the noise (Fig. 2b). The analysis of Fig. 2a and b reveals that the dispersion is proportional to the 
current in the low voltage regime (≤ 10 V), which indicates its shot character. 

Variation of noise in tim e at the bias voltages 0.3 a nd 9 V are presented in Fig. 2c and e, respectively, 
with their corresponding spectra in Fig. 2d and f. The emergence of low-frequency noise component at a bias 
voltage of 9 V is cl early seen in Fig. 2e. This add itional noise, whose power is increased by  increasing th e 
bias voltage, has 1 / f character in the low frequency range (20 kHz), as evident in Fig. 2f.  The increasing  of 
the bias voltage does not alter the high-frequency part (20-160 kHz) of the noise spectrum. 

4. Conclusion 
It was determined that if bi as voltage is applied, ther e is considerable noise that has 1/f chara cteristics up 

to the 20 kHz range in a carbon nano tube horizontal thin films deposited on quartz substrate. In low voltage 
regime the dispersion of noise is proportional to the current, which indicates its shot character. 

It was also experimentally investigated the current-voltage dependence of this SWNT film in the range of 
0 to  120 V.  The nonlinear nature of  I-V characteri stics was de monstrated. We argue that t his nonlinearity 
could be due to the tunneling of charge carriers between neighboring nano tubes. The film shows increase of 
non-linear characteristics during instantaneous measurement which suggests its possible application for puls-
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pumped THz generation, frequency conversion, etc. These findings can be useful for controlling the noise for 
the efficient vertical downscaling of the conventional electronics systems. 
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The technology of obtaining of CuInSe films on molybdenum coated perlite 
substrates by one-step electrodepositi on from  an aqueous acidic solution 
containing CuCl 2, InCl 3, H 2SeO3 and Na-citrate (as com plexing agent) is 
reported. O ptical studies and energy-d ispersive X-ray  m icroanalysis w ere 
performed for as-deposited CuInSe layers.  

 

Problem statement and current status 

Despite the fact that the de velopment of solar energy invo lves intensive study m aterials 
and technologies throu gh which will b e im plemented effective dem and for photovoltaic 
modules, at the present stage is attractive as portable application and integration of solar modules 
in the architecture of buildings. Using of thin-film technology and expediency for the 
manufacture of sem iconductor sola r cells is we ll-described in [ 1-3].  For exam ple, thin -film 
silicon tech nology compares favorably to th e classical silicon technolo gy because am orphous 
hydrogenated silicon can be deposit ed on a glass substrate with la rge size and alm ost any form. 
This makes it possible to produce thin-film  solar modules on glass panels used for the facing of 
buildings of various purposes. However in our view, as substrates for solving of many 
applications may be more appropriate glass ceramics. Modern types of ceramics (including glass 
ceramics) are sometimes divided into two groups - structural and functional.  With respect to the 
glass perlite, which belongs to the structural gr oup of ceramics, has certain advantages: allows 
the use of higher temperature for film deposition; perlite substrate thickness can be decreased to 
300 microns, using standard silicon processing methods of grinding an d polishing technology;  
integration in building elements (e.g. solar roof shingles).  

Background and Experiment 

Earlier we made  solar cell on the p erlite substrate by application of polycrystalline CIGS 
film with thickness of about 1.7 m icrons by using of vacuum co-evaporation of copper, gallium, 
indium and selenium [4, 5]. Solar cell efficiency  was more than 10% with 48.4% fill factor and  
open circuit voltage 518 m V. This  result can be c onsidered as an i mportant step towards the 
development of semiconductor solar cells, integrated into building elements. However, despite of 
the flexibility, vacuum technologies are costly. In this work for production of CIS absorber layer 
electrodeposition technology was used, which is the part of overall technological way of creation 
solar cells (see fig.1). 
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CIS samples were single bath electrodeposited us ing a Potentiostat/Galvanostat IPC system (see 
fig.2) in a simple two-electrode cell configuration with Mo coated perlite substrates as a working 
electrode (area 10 mm × 10 mm ), and a palatine sheet as the c ounter electrode. Deposition was 
carried out at a room temperature, without stirring the solution in a galvanostat mode. For optical 
analyses, CIS samples were grown on transparent conducting fluorine tin oxide (FTO) substrates 
also. The deposition bath was acidic (pH   2) chlorine-based solution containing 10 m M CuCl2, 
20 mM InCl3, 20 mM H2SeO3 and Na-citrate as a supporting salt, dissolved in de-ionized water. 

The thickn ess of  deposited f ilms was m easured with  prof ilometer AMBIOS XP-
2.Independent measurements of  transmittance (T) and ref lection (R) of  f ilms were m ade at the 
room temperature by using a Film etrics F20 sp ectrometer (spectral range 400-1000 nm ) in the 
mode of nor mal incidence of light. Studies of elemental composition were perform ed with the 
scanning electron microscope VEGA TS 5130MM. Crystalline struct ure of films was studied by 
the high-energy electron diffraction method in a reflection regime (accelerating voltage 75 kV).  

 

 

 

Results and Discussion 

From measurements of thickness by profilometer it was found that the film growth rate is 3 
nm/min. Nanoscale (<100nm ) films of CuInSe 2 were  in vestigated in this  wor k. Electron-
diffraction investigations shows that obtained films have a polyc rystalline structure independent 
of their thickness. Energy-dispersive X-ray m icroanalysis of as-deposited film s shows the  
presence of close to s toichiometric CuInSe2 and non-stoichiometric Cu2-xSe phases (x~0.2). The 
obtained films have high-absorption in the investigated wavelength range (A/d ~ 2×10 5 cm -1). 
Fig. 3 show s the dependence of absorption A (A = 1-R-T) from energy of incident light (film 
thickness is 50 nm ). Such absorption dependence in the range of 2.0-2.8 eV is associated with 
the presence of Cu2-xSe phases.  

Fig.1 Fig.2 
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Conclusion 

The result o f research shows that for obtaini ng CIS absorption layer on  Mo coated perlite 
substrate it is possible to subs titute costly va cuum technologies by lo w-cost electrodeposition 
technique.  

 

References 

1. Yoshihiro Ham akawa. Thin-Film  Solar Cell s: Next Generation Photovoltaics and Its 
Applications. Springer, 2004. 

2. Jef Poortmans, Vladimir Arkhipov. Thin Film  Solar Cells: F abrication, Characterization 
and Applications. John Wiley & Sons, 2006. 

3. Гременок В.Ф., Тиванов М.С., Залеcский В.Б. Солнечные элементы на основе 
полупроводниковых материалов. Минск: Изд. Центр БГУ, 2007. 

4. В.Б.Залесский, В.М.Кравченко, Т.Р.Леонова, А.М.Поликанин, Е.П.Зарецкая, 
С.Г.Петросян, А.М.Кечиянц. CIGS- солнечные элементы с эффективностью 10,1% 
на перлитных стеклокерамических подложках. Проблемы физики, математики и 
техники, 2013.  

5. S.G.Petrosyan, V.H.Babayan, A.S.Musayelyan, L.A.Harutyunyan, V.B.Zalesski, 
V.M.Kravchenko, T.R.Leonova, A.M.Polikanin, A.A.Khodin. Thin-film solar cells on 
perlite glass-ceramic substrates.The European Physical Journal Applied Physics, 2013.  

 

Fig.3 



 
IRPhE’2014, October 2-3, 2014, Aghveran, Armenia 

162 
 

Characterization of F16CuPc field-effect transistors fabricated at various 
heat-treatment conditions 

 
A. Babajanyan1, N. Yoo2, S. Lee2, O. Galstyan2, J. Park2,  

Y. Lee2, K. Lee2, B. Friedman3, G. Berthiau4 
 

1 Department of Radiophysics, Yerevan State University, A. Manoogian 1, Yerevan 0025, Armenia 
2 Department of Physics & Basic Science Institute for Cell Damage Control, Sogang University, Seoul 121-742, 

Korea 
3 Department of Physics, Sam Houston State University, Huntsville, Texas 77341, USA 
4 IREENA, 37 Boulevard de L’iniversite, BP-406, 44602 Saint-Nazaire Cedex, France 

 
We analyzed the perform ance of F 16CuPc field-effect transistor (F ET) prepared at the different 
substrate heating temperatures where the active layer was grown by  thermal evaporation method. 
A FET with F 16CuPc active layer was fabricated at 25 oC (RT), 65 oC, 150 oC, and 200 oC in situ 
substrate temperatures. As the heating temperatures increased from RT to 200 oC, the FET electric 
properties were improved while the grain sizes, the traps and the lattice constants were decreased. 
In order to study the effect of substrate heating treatment on the crystal structure, we observed the 
fabricated F 16CuPc t hin fi lms by  fi eld em ission scanni ng el ectron microscope, atomic force 
microscope, and X-ray diffraction method. 

 
1. Introduction 

In the display  industry, technologies with clear purposes and good functions can survive, but design of 
equipment has also becom e important. Not only  the wi de view and clear resolution, but design as well is 
required to fulfil custom ers' want. These day s, we ar e paying our attention to organic light-em itting diode 
(OLED) and organic field-effect transistor (FET) because organic devices can be flexible and em it light by  
itself. They have a good luminescence properties and large view angle. It could work at low bias voltage and 
make it thin [1-3]. Most of all, it can deal with a design limit. Organic molecules are attached to each other 
by van der Waals bond (normally molecules have a covalent bond which is much stronger), and it is possible 
that polymer (a large m olecule) can be printable or  coated. This property makes the m anufacturing process 
easier and has driving voltage. However, if the sam ple is left in the air or hum idity, the connection that van 
der Waals makes in the sample will be broken and lose its property. The shorter life and less safety it has, the 
more expense will be needed for production. In add ition, organic FET has poor param eters such as m obility 
and sub-threshold to be com pared with low temperature poly -silicon and oxide FET which is used in the 
present industries [4,5]. 

To use organic m aterials in transistors, usag e span quality and fundam ental im provements in 
technologies is needed. Organic lay er is easily  cha nged by  external condition such as tem perature or 
thickness, because it weak to bond them together and low height growth varies the lay er characteristics. The 
conditions during the deposition have caused the different surface of organic lay er and it has the device 
(work in) with different properties. This characteristic is used for improving organic functions. Weak epitaxy 
growth (W EG) m ethod is control the interaction force between m olecular and substrate. Thus, it is effect on 
growing nucleation and layers. 

In this paper, we study  different tem perature WEG effect on FET with n-type Copper 
hexadecafluorophthalocyanine (F 16CuPc). We observe the morphology and cry stallinity of F 16CuPc thin film s 
fabricated at various substrate tem peratures by  fiel d-emission scanning electron m icroscope (FE-SEM), atom ic 
force microscope (AFM), and X-ray diffraction (XRD) method. 

 
2. Experiment 

Figure 1 (a) shows the structure of F16CuPc and Phthalocyanine. The bottom gate organization was used 
as the fundamental structure with Au drain and source electrodes (Fig. 1 (b)). The channel length and width 
of fabricated FET were 50 μm and 1 m m, respectively. The F 16CuPc (purchased from  Sigma-Aldrich) with 
35 nm thickness was fabricated on 200 nm silicon dioxide substrate. It was cleaned by  5 processes (acetone-
TFD-NEUT-IPA-DI-water) using SH-2100. The each lay er made by thermal evaporator fewer than 10 6 Torr 
pressure and 0.1 ~0.2Հ/s fixed rate. The rate variation can change  the properties of layers and even pressure 
can affect the sublim ation point. Thus, except substrat e tem perature, it is the im portant to m aintain the 
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conditions. Before deposition, the subs trate temperature was kept at 25 oC (RT), 65 oC, 150 oC, and 200 oC 
for 1 hour. After, F16CuPc active layer has been made. 

 

 
Fig. 1. (a) Molecular structure of F 16CuPc and Phthalocyanine. (b) The structure of the top-bottom gate type FET with 

F16CuPc active layer. 
 

 
Fig. 2. Optical absorption of F 16CuPc thin films grown at  substrate heating temperatures of (a) RT, (b) 65 °C, (c) 150 

°C, and (d) 200 °C for 1 hour. 
 
3. Results and discussion 

Figure 2 shows the optical absorption spectra of fabricated F 16CuPc thin film s obtained by  UV-visible 
Spectrophotometer (S-3100). The calculated band-gap energy , Eg, is used to idealize the potential difference 
between the Fermi energy of the source and drain and the majority carrier reside of the band edge which is 
LUMO for n-type materials or HOMO for p-type materials. If the energy band structures of organic layer are 
mismatched in m ultilayers, they  can cause resistant m aterials (barrier), which makes it im portant to know 
energy band structures. The three different m aximum values from  Fig. 2 represent the electrons transfer 
valence band to conduction band in π-π* orbital. These values have two Q-bands in visible region and B-
band in UV region. The Eg is arranged by using one electron theory as [4] 
 

.)(0
n

gEh −= υαα            (1) 

 
The m echanisms of electron' s m oving from  valence band to conduction band n and thus, the optical 
absorption coefficient α has two values (2 or 1/2) [ 6,7]. If electron is direct allowed transitions n has value 
1/2. For indirect allowed transitions of electron n has value 2. The values of band-gap energy  obtained from 
experiments for the all fabricated F16CuPc thin films are summarized in Table 1. 
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Table 1. The band-gap energy of F16CuPc thin films grown at different substrate heating temperatures. 

Substrate temperature (°C) 
Band-gap energy (eV) 

n =1/2 n =2 n =1/2 
RT 2.99 1.39 1.25 
65 3.04 1.37 1.28 

150 2.98 1.41 1.33 
200 2.98 1.39 1.33 

 
F16CuPc layers were deposited by  Ostwald ripening growth [8]. The islands relatively bigger have been 

combined with the neighborhood islands. The m olecules accelerated by  therm al energy are diffused in 
substrate to make the free energy  low. Thus, the su rface condition is dependent of temperature and exposing 
time. The higher therm al energy was given, the bigger grain size which has a re-cry stallization to get lower 
surface energy we can get. 
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Fig. 3. (a) XRD pattern and (b) crystal size of F16CuPc thin films grown on substrate at different heating temperatures. 
 

Figure 3 shows the cry stallinity of the F 16CuPc gotten from Debye-Scherer equation. Both FWHM and 
Bragg angle increased with increasing of the substrate heating tem perature: 2.23 Հ and 4.85 Հ for 30 °C and 
200 °C, respectively  [ 5]. The XRD patterns with the di ffraction peak at (100) gives full width at half 
maximum (FWHM) and the Bragg angle as shown in inset of Fig. 3. 
 
Table 2. Summary of performance parameters of F16CuPc FET. 

Heating temp. (°C) Mobility 
(cm2/Vs)×10-4 on/off ratio 

Sub-threshold 
swing (V/oC) 

Threshold 
voltage (V) 

RT 5.61 22 39 - 
65 6.14 104 26.4 - 

150 11.3 153 15.3 4 
200 20.6 791 14.6 17 

 
We same results are confirmed by FE-SEM and AFM m easurements. Figure 4 and 5 shows the surface 

morphology and topology of F16CuPc layers fabricated at substrate heating temperatures at (a) RT, (b) 65 °C, 
(c) 150 °C, and (d) 200 °C for 1 hour. The different therm al energy effectiveness to the surface morphology 
is clearly  visible in FE-SEM im ages. The sam ple growth at 65 °C (Fig. 5 (b)) has elongated hillock shape 
while the sample growth at 200 °C has enlarged grain size and agglomerated forms. 
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The molecules stocking structures are obtained by  using the Bragg equation (with the XRD pattern) and 
shown in Fig. 6. The space value is 1.51 nm 1.46 nm, 1.44 nm , and 1.42 nm  for the substrate heating 
temperatures of RT, 65 °C, 150 °C, and 200 °C, respectively. Through this result it is shown that the angle 
between F16 molecule and surface is shrieked with perpendi cular height reduced as well and the distributions 
are more overlapped each other [9]. 
 

 
Fig. 6. Structures of F 16CuPc molecular stacking grown at substrate heating tem peratures of (a) RT, (b) 65 

°C, (c) 150 °C, (d) 200 °C for 1 h. 
 

The electronic properties of FET are m ainly caused by  organic lay er and studied by  I-V transfer 
characteristics. Figures 7 and 8 com pare the transfer  and I-V characteristics of F 16CuPc FET with SiO 2 as a 
gate insulator with substrate heating tem perature at (a) RT, (b) 65 °C, (c) 150 °C, and (d) 200 °C. The 
electronic properties such as mobility, threshold voltage, on/off ratio and inverse sub-threshold swing can be 
obtained from transfer characteristics graph and shown in Table 2. The FET fabricated at 200 °C has good 
capacities compared with other sam ples. The FET fabricated at 200 °C has good properties com pared with 
other samples. An organic lay er surface has low free energy  that causes decreasing dangling bond effect. 
Dangling bond on the surfaces traps electron m oving from drain into active lay er and from active layer into 
source. Next, the num ber of m olecules composed critical  nucleus has been changed by  external condition. 
The higher tem perature, the bigger size grain is m ade. This means that many F16CuPc m olecules are 
connected by π-π*. It causes mobility getting faster. Figure 7 gives us intuition of the relationship grain size 
with mobility. The resistors have less effect on moving electrons by hopping into another nucleus. Thus, the 
FET electric perform ance is better for the high substrat e heating tem peratures [10,11]. On the other hands, 
the FET with RT substrate heating temperature showed not fully saturated behavior (Fig. 8) that will cause in 
quality degradation. 

Fig. 4. FE-SEM  m icrographs for F16CuPc th in film  
grown at subst rate heat ing t emperature of (a) 
RT, (b) 65 °C, (c) 150 °C, (d) 200 °C for 1 h. 

Fig. 5. AFM topographies for F 16CuPc thin film grown 
at substrate heating temperature of (a) RT, (b) 65 
°C, (c) 150 °C, (d) 200 °C for 1 h. 
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Fig. 7. Transfer characteristics of F 16CuPc FET fabricated at substrate h eating temperatures of (a) R T, (b) 65 °C, (c) 

150 °C, (d) 200 °C for 1 h. 
 

 
Fig. 8. I-V characteristics of F16CuPc FET fabricated at substrate heating temperatures of (a) RT, (b) 65 °C, (c) 150 °C, 

(d) 200 °C for 1 h. 
4. Conclusions 

We analy zed the variation of the electrical characteristics of F 16CuPc FET due to different substrate 
heating tem peratures during fabrication process. The different heating tem peratures lead to changing 
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molecular structure and surface roughness. When exposed  with higher annealing tem perature, the bigger 
grain size was form ed and larger roughness coefficient.  At the sam e time, the decreasing of lattice constant 
tells that molecular angle with surface decreased and the different phase of active layer was formed. This has 
less electrons trapped affect in boundary  surface. By  this alteration, m obility improves about 3.7 tim es and 
on/off ratio increased about 36 times. The additional substrate heating gives enhanced electric characteristics 
to F16CuPc FET related to device performance. 
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A pentacene organic thin film  transistor (OTFT) was fabricated at 25 oC (RT), 90 oC, 120 oC, and 
150 oC in situ substrate temperatures [1]. In order to study the effect of pre-annealing treatment on 
the crystal structure, we observed the fabricated pentacene thin film s by scanning electron 
microscope, atomic force microscope, and X-ra y diffraction method. The pentacene film  remains 
in the bulk phase and the carrier’s m obility decreases only after 150 oC substrate tem perature 
compared with RT preparation. A pentacene OTFT fabricated at 90 oC in situ  su bstrate 
temperature ex hibited en hanced electric ch aracteristics, in cluding h ole mobility o f 0 .13 cm 2/Vs, 
current on/off ratio on order of 102, and a threshold voltage less than -4 V. 

 
1. Introduction 

Organic thin-film transistors (OTFT) have attracted much attention due to their attractive features such as low 
cost, low temperature processing, and mechanical flexibility [1,2]. Currently, because of these excellent properties 
there are many applications such as flexible organic light emitting diodes, radio frequency identification tags, smart 
cards, plastic logic circuits, etc. [ 3,4]. The three fundamental components of such devices are the contacts (source, 
drain, and gate), the semiconductor thin film, and the gate  insulator layer. To improve the performance of organic 
transistors, the condition of the organic sem iconductor/gate insulator layer interface is very  important. Various 
materials with high dielectric constant have been  investigated for gate insulator such as high- k inorganics, 
polymers, and self-assem bled small molecules. Organic tran sistors with a poly mer gate insulator lay er exhibited 
OTFT performance comparable to inorganic dielectrics. Polymers such as poly (vinyl phenol), poly (styrene), 
poly(methyl methacrylate), and poly(vinyl alcohol) have been used as OTFT gate insulators [5,6]. 

Among the m ost popular organic sem iconductors, pent acene is widely  studied for p-channel organic 
transistors due both to its stability and its high field effect mobility [7]. Pentacene consists of a linear chain of five 
benzene rings. With X-ray diffraction techniques, the four different polymorphs can be classified according to their 
d (001) spacing perpendicular to the substrate surfaces: 14. 1, 14.4, 15, and 15.4 Å . Two polymorphs of 14.4 and 
15.4 Å have been found in the pentacene films grown on SiO2 substrate; so called “thin film” and “bulk” phases [8-
10]. The phase transition between the two poly morphs depends on the substrate deposition tem perature and the 
film thickness. In organic sem iconductors, m olecular ordering has influence on the electrical perform ance of 
devices since charge transport is dominated by hopping [11,12]. Thus, the phase transition in pentacene induced by 
the post annealing process correlates with electric transport [13]. 

In this paper, we study  the pre-annealing effect on the pentacene OTFT. First, we focus on the electrical 
characteristics of pentacene based OTFT f abricated at 25 oC (RT), 90 oC, 120 oC, and 150 oC in situ substrate 
temperatures. Second, we observe the morphology and crystallinity of pentacene thin films pre-annealed at various 
substrate temperatures by  scanning electron m icroscope (SEM), atom ic force m icroscope (AFM), and X-ray  
diffraction (XRD). 

 
2. Experiment 

The pentacene OTFT was fabricated on highly  doped p-type silicon substrates. The pentacene thin films 
were deposited on the SiO 2 substrates at 25 oC (RT), 90 oC, 120 oC, and 150 oC by  the therm al vacuum  
evaporation m ethod. The resulting film s were about 50 nm  thick with deposition rate of approxim ately 
0.1 /s and base pressure of about 5×10-6 Torr. After depositing the pentacene thin film , a 100 nm thick Au 
layer was deposited through a m etal mask, using a thermal evaporator. The channel length and width of 
fabricated OTFT were 50 μm and 1.1 mm, respectively. 
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The electrical m easurements of the device characteristics were perform ed using a Keithley  2400-SCS 
source-meter in the dark condition at RT. The structure, m orphology, and crystallinity of pentacene thin films 
were investigated using SEM, AFM, and XRD. 
 

 
Fig. 1. (a) Molecular structure of F 16CuPc and Phthalocyanine. (b) The structure of the top-bottom gate type FET with 

F16CuPc active lay SEM micrographs of pentacene thin films pre-annealed at (a) RT, (b) 90 °C, (c) 120 °C, and 
(d) 150 °C grown on SiO2 substrate. 

 
3. Results and discussion 

In order to study pre-annealing on the morphology of pentacene thin films, we investigated its effect by  
using SEM and AFM. Figure 1 shows the SEM m icrographs of pentacene thin film s pre-annealed at (a) RT, 
(b) 90 °C, (c) 120 °C, and (d) 150 °C on SiO2 substrate. The grain size of pentacene grown on the SiO2 layer 
was 1-1.5 μm. Although the average grain size of the pentacene thin film pre-annealed at RT was bigger in 
compression to 90 °C, the average grain size of pentacen e thin film  increased with further increase of the 
pre-annealing tem perature. The pentacene thin film  pre-annealed at 150  °C did not fully  cover the SiO2 
surface due to re-evaporation of pentacene which has been previously  observed for substrate tem perature 
above 100 °C [ 14]. Since transport properties is depend on the m olecular ordering of the pentacene film  at 
the grain boundary, the larger grain size and better ordering of pentacene grown on the SiO 2 interface should 
improve the electrical properties of the pentacene OTFT [15]. 
 

 
Fig. 2. AFM im ages obtained for pentacene thin film s pre-annealed at (a) RT, (b) 90 °C, (c) 120 °C, and (d) 150 °C 

grown on SiO2 substrate. 
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Figure 2 shows the AFM im ages of pentacene thin film s pre-annealed at (a) RT, (b) 90 °C, (c) 120 °C, 
and (d) 150 °C on the SiO2 substrate. The pentacene thin film before annealing (RT) and after pre-annealing 
at 90 °C shows typical dendritic grains with the average grain size of 1-1.5 μm. However, the surface of the 
pentacene thin film pre-annealed at 90 °C display s “inclined grains” which are sim ilar but more asymmetric 
than the py ramidal grains [16] . It can be seen that the lamellar structure appears when the pre-annealing 
temperature is higher than 90 °C. Figure 5(d) shows a large lam ellar grain structure with the average grain 
size of 2-2.5  and a terrace-like structure. The lam ellar st ructure was also called the bulk phase [17]. 
Thus, the bright part observed in Fig. 2 (c) is probably a grain of the bulk phase pentacene. 
 

 
Fig. 3. I-V characteristics of pentacene OTFT with SiO 2 as a g ate insulator layer pre-annealed at (a) RT, (b) 90 °C, (c) 

120 °C, and (d) 150 °C. 
 

Figures 3 and 4 com pare the I-V and transfer characteristics of pentacene OTFTs with SiO2 as a gate 
insulator layer pre-annealed at (a) RT, (b) 90 °C, (c) 120  °C, and (d) 150  °C. As the annealing tem perature 
increases up to 120 °C, the m agnitude of drain current IDS gradually increases but decreases to a low value 
again at the annealing temperature 150 °C. We alread y observed that the pentacene grain size increases with 
the temperature (Fig. 5). The m aximum drain current -62 μA was obtained for the OTFT with the pentacene 
layer pre-annealed at 120 °C. Note that the drain current is not saturated due to the channel length 
modulation effect [18]. A hole m obility μ = 0.1 cm2/Vs, a threshold voltage VT = -17 V, and a current  on/off 
ratio ≥103 were obtained for the pentacene OTFT with SiO2 as a gate insulator lay er pre-annealed at RT. 
According to the m easured data, the drain curre nt increases but the carrier m obility and current on/off ratio 
decrease with increasing of annealing tem perature up to 120 °C. In addition, pre-annealing reduces the 
threshold voltage; the VT moved toward a positive bias with increasing annealing tem perature. All 
performance parameters of the fabricated OTFTs are summarized in Table 1. 

 
 
 
 
 

 
Table 1. Summary of performance parameters of pentacene OTFT. 
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Substrate pre-annealing 
temperature (oC) 

Mobility, 
μsat (cm2/Vs) 

Threshold voltage, 
VT (V) 

On/off ratio 

25 0.1 -17 ≥103 
90 0.13 -4 ≥102 

120 0.06 -2 ≥20 
150 0.04 -2 ≥102 

 
Fig. 4. Transfer characteristics of  pentacene OTFT with SiO 2 as a g ate insulator pre-annealed at (a) RT, (b) 90 °C, (c) 

120 °C, and (d) 150 °C. 
 
 

The cry stallinity of pentacene thin films deposited on SiO2 substrate at various pre-annealing 
temperatures was examined with XRD and is shown in Fig. 5. The mobility seems inconsistent with the grain 
size and XRD intensity for pentacene thin films evaporated at pre-annealing temperature 90 °C. Various defects 
such as chemical impurities and dislocation m ay exist in  the vacuum deposited films. D. Guo et al. reported 
that the number of defects such as dislocation and crystallite boundary inside the grains m ay be decreased 
and the degree of order and the grain size of the m ain charge transport lay ers near the interface m ay be 
increased, although annealing decreased the apparent grain size in the horizontal direction [ 19]. This occurs 
because of the high mobility and free energy  of the def ects, especially when a large num ber of defects and 
traps appear. The poly morph of the pentacene film  deposited on the SiO 2 substrate (Fig. 5) transform s from 
the thin film phase to the bulk phase when the substrate tem perature increased up to 150 °C. T he pentacene 
growth mode transition occurs due to the interfacial surface energy mismatches, related to the difference between 
the pentacene surface energy and the bulk energies of the two different phases [20,21]. Therefore, pentacene grains 
on S iO2 substrate pre-annealing at 90 ° C is highly  interc onnected with one another which can lead to more 
efficient charge transport. 
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Fig. 5. XRD profiles of pentacene thin film s pre-annealed at (a) RT, (b) 90 °C , (c) 120 °C, and (d) 150 °C grown on 

SiO2 substrate. 
 
 
4. Conclusions 

We fabricated pentacene-based OTFTs on SiO 2 as an insulator lay er using different pre-annealing 
temperature conditions. Pentacene OTFT with substrate pre-annealing temperature of  90 °C exhibited enhance 
electric properties; including hole m obility of 0.13 cm 2/Vs, current  on/off ratio of >10 2, and the threshold 
voltage of less than -4 V. For pentacene thin film s deposited on SiO2 substrate poly morphism not observed 
and there was no phase transform ation which from the thin film phase to the bulk phase. On the other hand, 
pentacene thin films deposited on SiO 2 substrate com pletely transforms to the bulk phase at pre-annealing 
temperature of 150 °C. The additional substrate p re-annealing gives enhanced electric characteristics to 
pentacene OTFT related to device performance. 
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Abstract – Circular distributed multi beam patch array antenna in order to use in X and Ka band has 
been proposed and realized. To illuminate the amount of losses we have used a reactive radial power 
divider    combiner and also sixteen microstrip patch antennas have been designed and investigated.    

Introduction 

X and Ka bands frequencies as the segments of microwave radio region of electromagnetic spectrum are widely 
used in various applications such as cellular communication and radar,etc.In some radar and cellular 
communication systems the high gain omnidirectional antennas are needed. Various types of omnidirectional 
antennas exist and monopole antenna is one common and basic type of these antennas. Monopole antenna due to 
their simple structures and easy manufacture and also low cost and wide band properties are widely used in 
much application such as cell phone, Walkie- talkie and vehicles. The gain of a quarter wave monopole antenna 
is approximately 5.16 dbi and radiation resistance is about 36 ohms. Large magnitude of its input reactance and 
also reducing radiation efficiency of antenna because of introducing Ohmic loss into the antenna circuit are main 
disadvantages of monopole antennas. Another type of omnidirectional antenna is biconical broad-band antenna 
which made of two roughly conductive objects touching at their points.Biconical antennas have dipole 
characteristics with an enormous wideband compare to monopole antenna. The gain of Biconical antenna is 
about 6 db that is also better than monopole. The main disadvantage of this antenna to use in X and Ka band 
frequencies is various difficulties to design and making it and because of this problem it is not a good choice for 
these bands. In this paper we have tried to investigate circular multi beam distribute base on patch array antenna 

1. Single patch antenna design 

Microstrip patch antennas (MSA) as a common type of low profile and easy manufacturing antenna with ability 
to use in various application such as aircraft, military and satellite are widely used. Patch antennas because of 
high gain more than 6 db and its appropriate properties for both vertical and perpendicular polarization is a good 
choice to use in X-band region. In this project a circular array consist of sixteen rectangular microstrip patch 

antenna is design and tested. For a rectangular patch, the length L of patch is usually 0.3 λo<L< .5 λo,where λo 
is free space wavelength. A practical width that leads to good radiation efficiencies is calculated by 

                                                 W=c/2fr[2/(εr+1)]1/2                                                                                        (1) 

 where c is the free-space speed of light and fr is resonance frequency. 

Actual  length of patch is presented by 
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                                        L=1/[2fr(εreff)
1/2· (μ0ε0)

1/2] – 2∆L                                             (2) 

Where  μ0 and ε0 are permeability and permittivity of free space and εreff  is effective dielectric constant that 
is determined by 

                                εreff = (εr+1)/2+ (εr-1)/2·[1+12·h/w]-1/2 
                                      (3) 

The high of the substrate is usually .003< λo<.05 λo[5,6].In the first step, sixteen rectangular patches of 

dimension  W= 8 mm, L= 9.5 mm and H=0.15mm was designed and printed on dielectric surfaces with εr=2.2 
dielectric constant which The length, height and width of dielectric surfaces are 23mm, 1.25mm and 15.5 mm 
respectively. These dielectrics are positioned as circular form on a sixteen port radial divider/combiner and 
sixteen thin metal surfaces fill the space between them. All patches were tested in 9.316MHz frequency and 
value of VSWR was about 1.22.the shape and radiation pattern of  patch antenna are shown in figure (1). 

                

  

                                                Fig1: single patch(left),patch radiation pattern(right) 

2. RADIAL POWER/COMBINER STRUCTURE 

In this study in order to split RF signal into sixteen ports with roughly same amplitude it was necessary to use a 
divider/combiner. Distributed system base on Wilkinson divider was common choice. Unfortunately if the 
number of ports increases the amount of losses also increase rapidly. In this study we have N=16 ports that 
means more losses. To solve this problem we used another type of divider called reactive divider/combiner that 
was suitable for this application. This power divider/combiner consist of 16 identical micro strip PA which via 
micro strip-to-coax 50Ω adapter directly connected to receiving coaxial line main port as a load fig 2. 
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                                                    Fig2: divider/combiner structure 

The corresponding impedances and dimensions of coaxial lines can be determined from[4], 

                         ZN=60
ଵ

√ε
ln

ௗ଴

ௗ௜
   ,  Zm=60

ଵ

√ε
ln

஽଴

஽௜
 ,  ZM=

௓௡

ே
                                                    (4) 

                          D0൐
ଵ

గ
Nd0  , Di൐

ଵ

గ  Ndi                                                                                                                         (5) 

As it follow from equation, ZM=3.1Ω and (ZN=50 Ω, N=16) Di,D0ൎNd0 therefore Combiner  design meet the 
serious  problem to match receiving coaxial line, having  extra impedance  and big inner and outer 

diameters, with the Standard 50Ω output coaxial line (fig.3).in order to match circuits with high ratio of own 
impedance both conventional methods using 2/ߣ  coaxial lines transformers and continuously changing inner 
and outer diameters of coaxial lines  provide to unavailable lengths of matching . Matching can be done by 
connecting lines with appropriate impedance 

(Z1,Z2……Zn) and lengths(L1,L2……….Ln).length of matching lines are about 12/ߣ). 

Fig:3                                         
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Discontinuity admittance Yd can be calculated for a (Sudden Change in diameter of Inner Cylinder) and b 
(Sudden Change in diameter of Outer Cylinder) as follow: 

Yd=
௝ଶగఠఌ

୪୬ ௥ଷ/௥ଶ
 ∑  0ଶܣ2

ே ሺܭ௡  ,ݎଶሻ/Kn  kn{[kn r3 A1(Knr3)]
2-[kn r1 A1(Kn r1)]

2}                                  (6) 

Yd=
௝ଶగఠఌ

୪୬ ௥ଶ/௥ଵ
 ∑  0ଶܣ2

ே ሺܭ௡  ,ݎଶሻ/Kn  kn{[kn r3 A1(Knr3)]
2-[kn r1 A1(Kn r1)]

2}                                  (7) 

The A0(Kn r) and A1(Knr) (r=r1,r2,r3) can be calculated from 

            A0(Knr)=J0(Knr)+GnN0(kNr) .A1(Knr)=J1(Knr)+GnN1(kNR)                                     (8) 

Where Jp and Np are p-th order Bessel functions of the first and second kinds accordingly and 

             Gn= J0(Knr1)/ N0(kNr1)=- J0(Knr3)/ N0(knr3)                                                           (9) 

Where number Kn  calculated from transcendental equations 

              J0(Knr1) N0(kNr3)- J0(Knr3) N0(kNr1)=0                                                               (10) 

And Kn from 

               Kn=√1 െ ሺ
ଶగ

ఒ௞೙
)2                                                                                                                                   (11) 

                                            

                                            Fig 4: equivalent circuits of coaxial line discontinuity 

step all sixteen patches were installed on radial power divider N=16 input ports. On base of coaxial combiner 

before the high power amplifier(HPA) with 140 W operating I frequency 8.5 – 9.5 GHz was used and the length 

of designed matching section is L=3 cm or l=ߣ  which three times smaller compared same condition 
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conventional quarter waves transformer. Insertion loss of this combiner is less than 0.5 dB. The shape and 

radiation pattern of multi beam array patch antenna in four different frequencies is shown below in  

fig (5). It was necessary to use power divider/combiner which presents Low loss, reasonable amplitude and 

phase balance. Also radial divider permits to place a large number of ports very close to central feed port. 

3. Circularly distributed multi beam patch array antenna 

In this section distributed multi beam patch array antenna is designed and investigated.this multi beam patch 

array consist of one radial divider with 16 ports which 16 identical microstrip patches via microstrip-to-coax 

50Ω adapter directly connected to receiving coaxial line main port of radial power as it is shown below. 

This antenna is designed to use in ka band and because of that we have tested the multi beam patch array antenna 

in frequency 9.2 GHz .the radiation pattern and VSWR of antenna in four various frequencies is presented in 

figure (5).  

 

                                                            

                      

                                                       f=9.319GHz , vswr=1.22                          F=8.909 ,vswr=5.0 
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                                            f‐9.550GHz ,vswr=2.2                                             f= 9.760GHz , vswr=1.4 

 

                                    Fig5: The shape and radiation pattern of multi beam patch array antenna 
                                                                         in various frequencies         

. 

4.Conclusion 

An X-Band micro strip patch array antenna and radial type 16-way coaxial power divider/combiner has been 
investigated and realized. The antenna in different frequencies was tested and radiation pattern of single patch 
and array of circular patches was plotted. The length of the used matching section is three times smaller than 
those of conventional quarter wave transformers. Results from radiation pattern show good performance and 
efficient directivity in all direction compare to other common Biconical broad bandwidth antennas. 
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