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Preface

The International Conference “Microwave and THz Technologies, Photonics and Wireless
Communications” (IRPhE’2016) was held in Yerevan, Armenia, from May 4 to May 6, 2014. The
IRPhE’ 2016 Conference was an open forum for the presentation and discussion of current research
achievements in Microwave and THz technologies, wireless communications, photonics and its
applications.

This year IRPhE’ 2016 Conference was dedicated to the 80th anniversary of Academician Radik M.
Martirosyan, the current President of National Academy of Sciences of RA.
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Conditions of single-frequency radiation from fiber
laser with FBG mirrors: numerical analysis by the
method of single expression

H.V. Baghdasaryan?, T.M. Knyazyan!, T.T. Hovhannisyan!, M. Marciniak?

! National Polytechnic University of Armenia, 105 Terian str., 0009 Yerevan, Armenia
2 National Institute of Telecommunications, 1 Szachowa Street, 04-894 Warsaw, Poland
Z Kielce University of Technology, al. Tysiaclecia Painstwa Polskiego 7, 25-314 Kielce, Poland

In the current paper DBR (distributed Bragg reflector) fiber laser consisting of a piece of an
amplifying fiber terminated by two fiber Bragg gratings (FBGS) serving as resonant mirrors is
considered. The method of single expression (MSE) is used for self-consisting numerical
simulation of plane wave interaction with the DBR fiber laser structure to determine correctly the
length of the amplifying fiber for single longitudinal-mode lasing. In the modelling, initially,
transmission spectra of DBR fiber laser have been analysed at different lengths of the fiber
between FBGs at absence of loss or gain. Full transmission at the Bragg wavelength of FBGs is
obtained for the row of increasing lengths of the fiber between FBGs. By inclusion of gain in the
amplifying fiber of these resonant lengths a stable single longitudinal-mode radiation at the
resonant Bragg wavelength is obtained.

. INTRODUCTION

Single longitudinal-mode (SLM) lasers are under high demand in optical communication, interferometric
sensing, coherent light detection and ranging, laser spectroscopy, etc. [1]. While relevant semiconductor
SLM lasers are long time in use, an advanced fiber SLM lasers are still at the stage of investigation as
prospective devices. They have an advantage to be inherently in-fiber devices permitting realization of all-
fiber construction. Though contemporary fiber lasers are successfully substituting bulky semiconductor and
solid-state lasers in different applications, however there is still strong requirement in robust and cheep SLM
fiber lasers [1].

SLM fiber lasers operate with only one longitudinal-mode permitting emission of quasi-monochromatic
radiation of a very narrow linewidth and low noise. Appropriate structures are distributed feedback (DFB)
fiber lasers and distributed Bragg reflector (DBR) fiber lasers.

DFB fiber lasers are structures where periodical modulation of permittivity is imprinted within a piece of
fiber (called fiber Bragg grating (FBG)) while possessing a gain [2]. These lasers possess a robust single
longitudinal-mode operation, but they are complex in preparation since require high doping concentration in
active fiber to achieve enough gain for overcoming losses in the cavity and maintaining the lasing action.
Inherent restrictions of FBG lengths bring to the output power limitation as well.

Their counterparts are DBR fiber lasers which are free from the length restriction of an amplifying fiber,
that permit to use active fibers with modest and low dopant concentration [1, 3]. DBR fiber lasers consist of
an amplifying fiber between two FBGs at it ends, serving as resonant mirrors (Fig.1).
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Fig. 1. Schematic of DBR fiber laser.

DBR fiber laser is comparatively easy to build, but there is a disadvantage of non-stable single
longitudinal-mode operation, that is observed as a mode hopping. Mode hopping is the phenomenon of
sudden jumps of radiating frequency. To reach the single-frequency lasing, the length of an active medium
(amplifying fiber) should be determined correctly by taking into account field penetration in FBG mirrors,
which are inseparable parts of the lasing structure. Previously relevant analytical analysis has been done in



[3]. However, there no well-defined conditions of single-frequency radiation have been presented. In this
connection precise wavelength-scale electromagnetic analysis is pertinent.

In the presented work the conditions of single longitudinal-mode radiation from DBR fiber laser are
obtained via correct numerical simulation by the method of single expression (MSE) [4 - 6]. Here the
backbone of the MSE for wave normal incidence on a modulated structure is presented. From Maxwell’s
equations in 1D case the following Helmholtz equation can be obtained for linearly polarized complex

electric field component E, (z):
d?E (z e
BB e o-o. ®
where k,=w/c is the free space propagation constant, £(z)=¢'(2)+ je"(z) 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 E, (z) in the special form of a single expression:

E,(2) =U(2)-exp(- jS(z)) 2)

instead of the traditional presentation as a sum of counter-propagating waves. Here U(z) and S(z) are real
guantities describing the resulting electric field amplitude and phase, respectively. Time dependence
exp(ja)t) is assumed but suppressed throughout the analysis. Solution in the form (2) prevails upon the

traditional approach of counter-propagating waves and is more general because it is not relied on the
superposition principle. This form of solution describes all possible distributions in space of electric field
amplitude, corresponding to standing, propagating or evanescent waves in a medium of negative permittivity.
It means that no preliminary assumptions concerning the Helmholtz equation’s solution in different 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.

I1. NUMERICAL SIMULATIONS OF OPTICAL CHARACTERISTICS OF DBR FIBER LASER

In the current work the structure of DBR fiber laser consisting of two uniform sinusoidally modulated
FBGs with the length of Lrec separated by an amplifying fiber of the length Lspacer is considered (Fig. 2a).
A permittivity profile of each uniform FBG is represented in Fig. 2b.
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Fig. 2. Typical permittivity profile of DBR fiber laser a), permittivity profile of a uniform FBG with modulation period
A and modulation amplitude M -g; b).

The permittivity variation in FBG is assumed above the permittivity of fiber &y on the value M -&;. In
this case modulation of permittivity in FBG is described as:

el (D)= el A+ M+M -cos(ZﬂAi)) , @3)

ﬂOBr

where A = ———=—— s the period of permittivity modulation, A,g, is the central wavelength,
2\/5+M &

called Bragg wavelength, where the maximal reflectance of FBG is observed. For certainty we considered



the FBG with modulation coefficient M =0.1, ¢5=2.25, ¢5=0, number of periods in FBG N =30,
Bragg wavelength Agg, =1300 nm. At this value of Bragg wavelength the modulation period is
A =433.33nm and the length of FBG is Lggg =12395.01nm.

Consideration of spectral characteristics of DBR fiber laser’s structure is pertinent to start from the
analysis of its transmittance dependence on the distance between FBGs (so called spacer) at the Bragg
wavelength Agg, =1300 nm at the absence of loss or gain in the structure (for “cold” resonator) (Fig. 3).
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Fig. 3. Transmittance of FBG-spacer-FBG structure on the length of the spacer at g = ggy =1300 nm.

As it follows from the numerical analysis by the MSE resonant full transmissions are observed at the
specific lengths of the spacer L, :

Lspacer = Poer + Aoer -m, m=0,1,23... 4)
39\/ gSpacer 2\/ ESpacer

These lengths of the spacer are resonant meaning, that at these lengths the single-frequency radiation is
possible since full transmission of the structure is favourable for light amplification. This assertion is
confirmed by the numerical simulations presented below.

Numerical modelling has been done for different resonant lengths of the spacer (4), initially for the “cold”
resonator (without amplification in the spacer). For certainty at the resonant spacer length
Legs < Lpacer <2Lggg three narrow transmission peaks within the low transmission band are observed (Fig.

4a).
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Fig. 4. Transmission spectra of FBG-spacer-FBG structure of the resonant spacer length Lggg < Lspacer <2LFBG
without amplification in the spacer ( e3pacer =0) @), and at amplification in the spacer (gpacer = 0.001) b).
LFBG =12395 nm, Lspacer =15389 nm .

It is worth to note, that the low transmission band of FBG-spacer-FBG structure coincides with the

5



relevant width of forbidden band-gap of single FBG. By inclusion of amplification in the spacer an essential
increase of the transmittance above unity takes place only for the central peak at the Bragg wavelength
Ay = Aog, =1300 nm (Fig. 4b).

By further increase of the spacer’s length additional peaks are observed within the same low transmission
band and at some value of amplification again only one peak is observed at the resonant length of the spacer
satisfying the condition (4) at 4, = 4,5, =1300 nm. At this wavelength high value, essentially greater than
unity for the reflectance and transmittance are obtained at the modest value of amplification that is a clear
indication of laser radiation from the structure [7].

I11. CONCLUSIONS

For single longitudinal-mode lasing of DBR fiber laser the length of an amplifying fiber is determined
correctly via wavelength-scale electromagnetic modelling by the MSE. As it follows from numerical
simulation, at the increase of the length of the spacer an increase of the number of peaks in low transmission
band is observed. By inclusion of amplification in the spacer only one radiating peak is survived at
Ao = Aogr Tor the resonant lengths of the spacer by satisfying the condition (4).

Thus, by the proper choice of the length of the amplifying fiber spacer it is possible to have a stable single
longitudinal-mode radiation from the structure of DBR fiber laser.
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Slot Nano-Antenna Integrated with Plasmonic
Waveguide

H. Haroyan
Yerevan State University, Yerevan, Armenia

Plasmonic slot nano-antenna coupled with plasmonic waveguide is considered. Different types
(monopole, C-shape) of plasmonic slot-nanoantenas are investigated, as well as numerical
investigations of 3D structures based on finite element method (FEM) are realized. The conditions
of maximal efficiency coupling between antenna and waveguide are clarified. In order to obtain
maximal radiation the optimal sizes of slot antennas have been estimated. The radiation patterns of
different antennas configurations are obtained based on numerical calculations. The possibility of
slot antenna far-field pattern radiation shape tuning by varying orientation of slot relative to
SPP propagation direction in waveguide is demonstrated.

l. INTRODUCTION

Optical antennas, analogues of microwave antennas, are a new concept in physical optics which enable
technology for manipulating optical radiation at subwavelength scales [1,2]. Traditionally, in the field of
optics and photonics light is commonly controlled by using elements such as mirrors, lenses, fibers and
diffractive elements. Such type of manipulation relies on the wave nature of electromagnetic field and does
not provide an ability to control the light on the subwavelength scales. On the other hand, in the radiowave
and microwave regime, using antennas of various designs to control electromagnetic fields on the
subwavelength dimensions is a well-established technique. From this point of view, the optical analogues of
radiofrequency (RF) antennas can overcome the challenges of light subwavelength control and help surpass
the diffraction limit, making it possible to manipulate, control, and visualize optical fields on nanometer scale.

Good approach to confine electromagnetic energy has been to take advantage of surface Plasmon polaritons
(SPP). The SPP is quasi-two-dimensional electromagnetic excitations, propagating along a dielectric—metal
interface and having the field components decaying exponentially into both neighboring media [3,4] offering
the possibility of realizing subwavelength confinement.

The objective of optical antenna design is equivalent to that of classical antenna design: to optimize the
energy transfer between a localized source or receiver and the free-radiation field [5]. So the optical antenna
could be defined as a device to efficiently convert free-propagating optical radiation to localized energy, and
vice versa [6]. Theory of optical antennas is generally developed in the analogy of their RF counterparts. But
it should be noted that it is not the directly extension of RF antenna theory on the optical counterparts, due to
the crucial differences in their physical properties and scaling behavior. Most of these dissimilarities appear
because metals are not perfect conductors at optical frequencies.

As the slot-type antenna can be combined with any plasmonic components made on a metallic plane easily,
we expect that the slot nano-antenna will be integrated further with other plasmonic devices and play an
important role in plasmonic integrated nano-circuits in the future. Various types of optical antennas (gap
antennas, Yagi-Uda antenna, bowtie, etc.) have been designed, and their scattering and directivity features
are investigated [7,8]. Recently the theory for optical wired antennas was developed in [9], according it an
additional electrical field is appears in the wire due to imperfect conductivity of metal. Based on Babinet’s
principle by applying E<~H, Z—-1/Z interchanges (see ref. [10]) radiated field distributions we can find a
solution for slot antenna as well.

By summarizing above mentioned features of considered structure the main advantages of plasmonic slot
nano-antennas can be stated as follows:

e Slot antenna has high potential for integration and combination with other plasmonic components.

 High signal to noise ratio due to metal layer blocking of incident light.

e Vertical radiation of lateral SPP modes.

e Slot antenna can act as “plasmonic via” in nanophotonic circuits composed of several layers.
In this paper different types (monopole, dipole, C-shape) of plasmonic slot-nanoantenas integrated with
plasmonic waveguides are investigated, as well as numerical investigation of 3D structures based on finite
element method (FEM) is realized.



1. STRUCTURE OF PLASMONIC SLOT NANO-ANTENNA INTEGRATED WITH PLASMONIC WAVEGUIDE AND
SPP EXCITATION

Let’s consider the structure of plasmonic slot antenna integrated with waveguide (see Figure 1). To realize
the plasmonic waveguide the metal-dielectric-metal triple layer structure is taken. As a dielectric sandwiched
between two metal layers the air is considered with dielectric permittivity: e.=1. As the metal material silver
is used with ez=-23.06+0.394i dielectric permittivity at the wavelength A=700 nm. For SPP excitation
method the well-known Kretschmann method is applied.

Air

Figure 1. Schematic view of slot nano- antenna Figure 2. Shematic view of strucuture
radiation coupled with plasmonic waveguide. layers.

For effective SPP excitation a quartz substrate is used with dielectric permittivity: e4=2.5. It is worth to
mention that SPP excitation and further propagation in metal-dielectric-metal plane waveguide is quite
sensitive to the incident angle o of electromagnetic field onto the bottom metal layer (see Figure 2). To find
the optimal incident angle from point of view SPP excitation the 3D simulation model has been built. As the
measure of SPP excitation the reflectance from metal layer has been chosen. The smaller reflectance, the
higher penetration rate into the metal layer and hence the more effective SPP excitation. To achieve the
effective SPP excitation the thicknesses of bottom metal layer has been taken about 2/10.
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Figure 3. a) Electric field pattern at the optimal incident angle then SPP is excited between
two metal layers. b) Reflectance vs. incident angle o.

As we can see from Figure 3.b) the optimal incident angle is a=54.4° which brings to the effective SPP
excitation and propagation mode formation in planar SPP waveguide (see Figure 3.a).

1I. SIMULATION RESULTS AND DISCUSSIONS

After SPP excitation in waveguide the monopole slot antenna has been milled in the second- upper metal
layer. In order to clarify the orientation of slot relative to SPP propagation direction in waveguide the second
stage of modeling has been carried out.



The results of simulations are presented in Figure 4. From Figure 4 follows that maximal coupling between
slot antenna and waveguide is realized then 6=90°, which means that for effective coupling slot should be
milled in perpendicular direction of SPP propagation.

SPP propagation direction

a) 6=0°

b) 6=45°

'
s

c) 6=90°

Figure 4. Electric field view for different slot orientation a) 6=0°, b)
0=45°, ¢) 6=90°, and schematic top view of structure.

From RF antenna theory, it is well
known the relation between working
wavelengths and antenna sizes. One
example is the half-wave dipole
antenna which length is equal to a
half-wavelength at the frequency of
operation. The half-wave dipole
antenna has a resonance at the
wavelength equal to double length
of dipole, hence the impedance
matching condition is the best at this
wavelength. Keeping in mind this
fact, by the same way we investigate
the radiation efficiency dependence
on slot length for slot nano-antenna.
The simulation results for different
wavelengths (A=700,800 and 1000
nm) show that radiation efficiency

has a resonant like behavior regarding to gap length (see Figure 5.a)). It is important to mention that
maximum of radiation efficiency corresponds to the gap size equal to the quarter of working wavelength: dy=
M4, This result is in good agreement with conventional RF antenna theory. The same results have been
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Figure 5. a) Radiation efficiency vs. slot size. b) Schematic top view
of slot monopole antenna.

obtained for dipole slot antenna, but
here dx= A/4 is only one length of
dipole hence the overall size of
dipole slot is equal to half of the
operating wavelength.

Finally, far-field radiation patterns
for plasmonic slot antennas have
been obtained. The obtained results
for far-field pattern again well
corresponds to their RF
counterparts. It should be noted that
far-field pattern shape depends on
slot orientation. In the non
perpendicular case of slot and SPP
propagation direction we can see
pronounced side lobe, moreover this

side lobe arises in direction strictly corresponding to the angle between slot and SPP propagation direction
(see Figure 6). This fact opens up possibility of radiation pattern shape tuning by varying orientation of slot
relative to SPP propagation direction in waveguide.
From the point of view of obtaining the circular polarization it is interesting to consider C-shape slot
antenna. The numerical investigations show that the far-field radiation pattern strongly depends on the size d
of the gap between edges of C-shape (see Figure 7). Here the internal r and external R radii of C-shape have

been chosen according to the following relation:

L=2n(R+r)/2=~\. This condition is also well known from

RF antenna theory, which corresponds to the maximum radiation efficiency. In our case R=120 nm,
r=100nm at A=700 nm.
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Figure 6. Electric field distribution near the Figure 7. Electric field distribution near the C
monopole slot antenna and far-field pattern for shape slot antenna and far-field pattern for slot’s
slot’s different orientations a) 6=90°, b) 6=+45°, different shapes a) d=0 nm, b) d=50 nm, c)
c) 6=45°, d=150 nm.

From Figure 7 follows that the larger the gap size d between C-shape edges the smother the top of the far-
field radiation pattern. As it is expected in the case of annual slot (d=0), the radiation in perpendicular
direction is minimal (see Figure 7. a)).

V. CONCLUSION

By summarizing, we can conclude what in this work different types of plasmonic slot nano-antennas have
been investigated. The advantages of slot type plasmonic antennas have been pointed out. Optimal
conditions for efficiently coupling of antenna and waveguide have been clarified. In order to obtain maximal
radiation efficiency the optimal sizes of slot antennas have been estimated. Far-field radiation patterns of
various types (monopole and C-shape) of plasmonic slot nano-antennas have been presented. The possibility
of slot antenna far-field pattern radiation shape tuning by varying orientation of slot relative to SPP
propagation direction in waveguide has been shown.
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Detecting of complex modulated optical signals
and optical modulation analysis
for gigabit and terabit transmission lines

V. Morarenko
Keysight Technologies, Moscow, Russia

In on/off keying (OOK), we are able to detect the signal simply with a photodiode, which converts the optical
power into an electrical current Ipnoto. However, the result only contains the amplitude (Fig. 1). lpnoto dOes not
provide any information on the angular frequency ws and the phase ¢s. Thus, the QPSK signal in the time
domain on the right side cannot be directly mapped to the 1Q diagram on the left without ambiguity.

S Photodiode — lphoto (o

Phase

|photo S5 @‘e'“s‘ As e -i%s e i®gt —

N

Fig. 1. In direct detection, the photo current lpneto ONly provides information on the light amplitude.

Amplitude

The key to solve both problems lies in measuring not the absolute phase but the phase relative to a known
reference signal. The ideally monochromatic laser that produces the reference signal R is often referred to as the
“local oscillator”. Also we can suppress all other phase-independent terms with a balanced receiver. Here, the
signal to be detected S and the reference signal R are summed on one branch and subtracted on the second branch
of a 2x2 optical combiner (which could be a fiber optical or free-space optical coupler). Each of the resulting
signals is detected by one photodiode. The difference between the two photocurrents is then used.

To recover both amplitude and phase, a coherent receiver should provide the in-phase (I) component and the
quadrature (Q) component as two separate output signals. For this purpose, we need a second balanced detector.
A single local oscillator provides the reference signal for both of them but the phase must be shifted by /2 to
obtain the Q part. Figure 2 gives, for the case of a QPSK signal, an idea of the whole setup, which is called an
“1Q demodulator”.

Q (Quadrature or

10 demodulator imaginary part)

Ph.
r
Ph
o

Photodiode 2
. y 3{ . E_’ I {In-phase or
Local oscillator Phaseshifter 90° Photodiode

real part)

Amplitude Phase

I~ 12004 + @)+ Ax « cos (G G - D)
01— 0:0¢4 @)+ An- sin () Ew - D)

Phase

Amplitude

Fig. 2. 1Q demodulator providing two independent measurements that both contain information
on amplitude and phase.
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For dual polarization, we have to further develop the demodulator concept. The basic principle stays the same:
after a polarization splitter, we now have two 1Q demodulators, one for the x-polarization and the other one
for the y-polarization. Only one local oscillator provides the reference signals for all branches.

Then, with real-time sampling, we can reconstruct the complete signal in all domains and without limita-
tions regarding the modulation format. Neither do we face any limitations regarding signal length in hetero-
dyne time-domain detection. PMD and CD can be compensated during signal processing. In this case, only
the signal processing is the throughput limiting factor. At the same time, we have to be aware that we need
four-channel high-speed equipment for this approach, such as a high-performance real-time digitizer with
very low jitter and noise and a high effective number of bits (ENOB) over the whole frequency range.

SOLUTION

Unlike the high-speed optical networks of the past, where modulating an optical wave’s amplitude on and off
at high-rates was sufficient, today’s optical links are following the wireless industry’s lead to high order mod-
ulation formats. Complex modulation formats extend beyond on-off keying by encoding communication sym-
bols with both amplitude and phase information. The Keysight’s N4391A optical modulation analyzer (Fig. 3)
is optimized for analysis of these kinds of new optical modulation formats. It supports transmission rates of
40/100 G and beyond. The N4391A is the ideal instrument for advanced research on higher than 112 Gbit/s
transmission speeds. For example, if two N4391A are combined together, it will be possible to achieve a 126
GHz frequency span and analyze terabit signals.

Characterization of the signal quality of a vector modulated signal right at the transmitter output or along the
link is the core application of this kind of instrument. Most important analysis and measurement tools are:

Optical constellation diagram —  Frequency offset
—  Error vector magnitude (EVM) — Symbol rate detection and tracking
— Phase error — Laser line width
— BER, BER(EVM) — Polarization of analyzed symbols
CD, 1st order PMD compensation and —  Support of more than 30 modulation
measurement formats
— Quadrature error — Adaptive equalization
IQ imbalance — Custom OFDM and APSK demodulator
— 1Q offset available

ololiol!

0 O0DO

O O 0O oo

.Qn—

o e & @

s & 5

Fig. 3. The N4391A and its default screen layout
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Defining a Channel Sounding Measurement System
for Characterization of 5G Air Interfaces

Maksim Sokovishin
Keysight Technologies, Moscow, Russia

With its aggressive performance goals, the emerging 5G standard will almost certainly incorporate a com-
bination of millimeter-wave (mmWave) frequencies, ultra-broad bandwidths and massive multi-
ple-input/multiple-output (MIMO) methods. Although each of these adds difficulty to the design of trans-
mitters and receivers, the most significant unknowns are in the over-the-air radio channels between user
equipment (UE) and base station (BS). To fully characterize the channel (see figure 1), it is necessary to create
mathematical models of channel performance and use them to define new air interface standards for 5G.

> Channel —
x(t) y(t)

y(t) = hit) & x(t)
TX er(t E[x*(t (t-1)]
=h(t-T) @ R (1)
=h(t-t) ® &(t) =h(t)

Fig. 1. Approximate mathematical model of the RF radio channel

Drawing from the preceding comparisons, Keysight’s preferred approach uses wideband correlation as the
baseband sounding technique and switched-transmit/parallel-receive for assessing MIMO data capture. could
increase the total measurement speed with minimal cross-channel interference. Figure 2 illustrates the basic
architecture. On the left, the transmitter side includes a single-channel wideband signal generator and mmWave
switch. On the right, the receiver side provides parallel signal acquisition with a wideband multi-channel re-
ceiver that can be implemented using high-performance digitizers or wideband vector signal analyzers.

\i Receiver
Wideband multi-

channel receiver

Transmitter

Wideband signal | | mmWave —
generator switch :

’—<

Fig. 2. The basic implementation of the switched-transmit/parallel-receive architecture

To achieve precise results, system synchronization and calibration are required. The channel sounding system
must be capable of measuring and characterizing its own phase and amplitude impairments and compensating
for the following issues: inter-channel phase errors, antenna errors in amplitude and phase, 1/Q mismatch er-
rors, spectral flatness errors.

The various channel parameter estimation algorithms can be categorized to 3 types: beamforming based,
subspace based, maximum likelihood (ML) based algorithms. The beamforming based algorithms are simple
with poor estimation performance. The subspace-based algorithms have good performance, but the maximum
number of paths the algorithm can estimate is less than the number of receiving antennas, thus these algorithms
cannot work well for more complex channel scenarios. The ML based algorithm (e.g. SAGE) is well accepted
and widely used due to its high estimation precision and its capability of joint parameter estimator for multiple
channel parameters, what’s more, the maximum estimating path number is not limited by the number of an-
tenna array elements. In general the setup based on the metrology grade equipment is shown on figure 3.
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Fig. 3. Keysight 5G channel sounding reference solution
(the transmitter subsystem is on the left and the receiver subsystem is on the right)

By implementing real-time correlation processing in the digitizer’s (M9703A) embedded FPGA, the resulting
data compression enables storage into onboard memory. The captured CIR signals can be transferred in real
time through the PCle bus. Figure 4 shows an example screen from the SystemVue 5G verification library that
is used to specify instrument configuration for CIR data capture and post processing of channel parameter
estimations. Using those tools and the pictured system produced the channel parameter estimation results could
be extracted and then processed with the SystemVue or separately.
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Fig. 4. Extraction of path loss, path delay profile, AoD, and AoA in SystemVue

Keysight’s reference solution uses wideband correlation as the baseband sounding technique and
switched-transmit/parallel-receive for MIMO data capture. This provides three important advantages: fast
measurement speed, MIMO sounding capability and fully characterized high-level measurement performance.
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National Instruments technologies in 5G research and
prototyping

Suren Eyramjyan

National Instruments AM LLC., Hovsep Emin 123, 0051, Yerevan, Armenia

National Instruments (NI) is collaborating with top researchers focused on wireless research,
specifically 5G wireless communications. The graphical system design approach combines
LabVIEW Communications System Design software with the software defined radio (SDR)
platform to help researchers innovate faster. Using this approach, engineers can reduce the time
from theory to results by testing their designs in a real-world environment. The company provides
appropriate platform solutions for all modern vectors for 5G research, including Massive MIMO
systems, mmWave band utilization, Physical Layer Enhancement (or New Waveforms) and Dense
Wireless Networks.

. INTRODUCTION

At NI we’ve identified 4 key vectors for 5G research — candidate technologies in need of prototyping to
evaluate their viability in future wireless standards:

Massive MIMO and beamforming, mmWave, Phisical Layer (PHY) Enhancements (or New Waveforms),
and Dense Wireless Networks (fig. 1.). At the original paper, we are going to introduce the research and
prototyping works where NI technologies’ used as main platform in each vector separately.

mmWave

Fig. 1. The 5G research vectors

Il. NI TECHNOLOGIES FOR 5G RESEARCH IN EACH VECTOR

a) Massive MIMO

Massive MIMO is an exciting area of 5G wireless research. For next-generation wireless data networks, it
promises significant gains that offer the ability to accommodate more users at higher data rates with better
reliability while consuming less power. Using the NI Massive MIMO Software Architecture, researchers can
build Massive MIMO testbeds to rapidly prototype large-scale antenna systems using award-winning LabVIEW
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system design software and state-of-the-art NI USRP™ RIO software defined radios (SDRs). With a simplified
design flow for creating FPGA-based logic and streamlined deployment for high-performance processing,
researchers in this field can meet the demands of prototyping these highly complex systems with a unified
hardware and software design flow [1].

Outlined below is a complete Massive MIMO prototyping system. It includes the hardware and software needed to
build the world’s most versatile, flexible, and scalable Massive MIMO testbed capable of real-time, two-way
communication over bands and bandwidths of interest to the research community. With NI software defined radios
(SDRs) and LabVIEW system design software, the modular nature of the MIMO system allows for scaling from only a
few antennas to a 128-antenna Massive MIMO system (fig. 2.). With the flexible hardware, it can be redeployed in
other configurations as wireless research needs evolve over time, such as as distributed nodes in an ad-hoc network, or
as multi-cell coordinated networks [1].

-
e

Fig. 2. One of the World's First Real-Time Massive MIMO Testbeds - Created at Lund University Using the Massive
MIMO prototyping system [2]

b) Physical Layers Enhancement

The proliferation of smart devices has led to a wireless spectrum shortage, which means researchers are
seeking new ways to alleviate the bandwidth crunch and increase network data capacity. Market analysts predict
that spectrum demand in the U.S. will outstrip capacity by 2017 [3].

Through the RF/Communications Lead User program, NI works with leading research institutions around the
world to address network capacity concerns [3].

One of these institutions was a TU Dresden. TU Dresden joined the RF/Communications Lead User program
in 2011 and demonstrated a fully functional generalized frequency division multiplexing (GFDM) [4, 5] prototype
at NIWeek 2013 in Austin, Texas. Many of their ideas are rapidly prototyped on the USRP platform, such as
GFDM as a upgrade to OFDM and postdistortion techniques to mitigate the effects of dirty power amplifiers, as a
first proof of concept and then moved to PXI for higher performance real-time processing that is needed for live
demonstration and algorithm validation (fig. 3).

™
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=
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Intel Quad Core Sxast

aktime oparating system

Fig. 3. GFDM Testhed and Software interface with GFDMand OFDM Waveforms
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c) mmWave

Service operators around the world have paid billions of dollars for spectrum to service their customers. The
exorbitant auction prices for spectrum below 6 GHz highlights the strength of the competitive market forces but also the
scarcity of this precious resource. As stated above, enhanced data rates and increased capacity are constrained by
spectrum according to Shannon. More spectrum yields higher data rates, which enable service operators to
accommodate more users while also delivering a consistent mobile broadband data experience. In contrast, mmWave
spectrum is plentiful and lightly licensed, meaning it is accessible to service operators around the world. The
challenges impacting mmWave adoption lie primarily in the unanswered technical questions regarding this unexplored
and largely uninvestigated spectrum [6].

The mmWave Transceiver System is an SDR platform for building mmWave applications including system
prototyping. It gives users access to a flexible hardware platform and application software that enables real-time over
the air mmWave communications research. The software is open to the user and can be modified as research needs
change so designed can be iterated and optimized to meet specific goals or objectives [6].

The NI mmWave platform were used by researchers and scientists to do mmWave band channel sounding [7] as
well as achieve data rates up to 14Gbps [8]. In fig. 4 demonstrated the baseband prototype system for mmWave
investigation.

Fig. 4. Baseband prototype system for mmWave investigation with 1GHz real-time bandwidth

d) Dense Wireless Networks

Next-generation wireless networks (5G) cope with significant traffic increase because of high-quality video
transmission and cloud-based applications. This creates the need for a revolutionary change in architecture rather than a
series of local and incremental technology updates. A dense heterogeneous deployment of small cells such as
pico/femto cells in addition to high-power macro cells is a potential solution. In this area, a significant amount of
research relies on simulations at PHY, MAC, and higher layers, but it is still necessary to validate the algorithms for
next-generation systems in a real-time testbed. The ever-increasing complexity in all layers of current and future
generations of cellular wireless systems, however, has made an end-to-end demonstration of the network limited to
industrial research labs or large academic institutions. As a solution to tame the dense deployment of wireless networks,
we propose an NI PXI platform based on NI LabVIEW software in which an LTE-like SISO OFDM PHY layer is
integrated with an open-source protocol stack to prototype PHY/MAC cross layer algorithms within a CROWD
(Connectivity management for eneRgy Optimised Wireless Dense networks) software-defined networking (SDN)
framework [9].

Figure 5 shows the general overview of the testbed architecture. The functions of the MAC and higher layer
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protocols (including CROWD Local Controller) run on a Linux computer. The protocol stack communicates with the
PHY layer running on the NI PXI system over Ethernet using an L1-L2 API that is based on a small cell forum API
[11]. We have implemented the complex high-throughput baseband signal processing for an “LTE-like” OFDM
transceiver for the eNB and UE in LabVIEW FPGA using several NI FlexRIO FPGA modules because of the high-
throughput requirements. We use the NI 5791 adapter module for NI FlexRIO as the RF transceiver. This module has
continuous frequency coverage from 200 MHz to 4.4 GHz and 100 MHz of instantaneous bandwidth on both TX and
RX chains. It features a single-stage, direct conversion architecture, which povides high bandwidth in the small form
factor of an NI FlexRIO adapter module.
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Fig. 5. General overview of the testbed architecture
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Spectral Efficiency Improvement in Nonlinear
Wireless Systems

H. Haroyan!, G. Harutyunyan?, T. Harutyunyan?, S. Sargsyan®?

LYerevan State University, Yerevan, Armenia
2 “Antel Design” LLC, Yerevan, Armenia

The improvement possibility of spectral efficiency (SE) in nonlinear wireless systems using time-
frequency packing (TF-packing) technique is demonstrated. The new, not so much complicated
calculation method of achievable spectral efficiency (ASE) based on bit error rate (BER)
estimation is proposed. Calculation accuracy and working bounds of proposed method are
clarified. It is shown that the ASE reaches its maximum value then time packing factor (TPF) is
about 0.7. The calculated ASE for 16APSK modulation is about 5.5, which surpasses the
maximum achievable value for orthogonal signaling by 1.5. For 32APSK modulation, the ASE at
TPF~0.7 exceeds the orthogonal signaling at least by 0.5.

l. INTRODUCTION

Nowadays the improvement of spectral efficiency (SE) in wireless systems is one of the most important
problems. Traditional method, allowing to improve SE, is the increasing of modulation order. On the other
hand, the higher the modulation order, the sensitive the modulated signal against nonlinearities. Another
approach to increase the system effectiveness are techniques, allowing to improve the SE. Different methods
to improve the system SE exist, examples of these methods are Faster-than-Nyquist (FTN) technique [1-3],
Time-Frequency (TF) packing technique and so on. The improvement of SE can be also reached by using
simpler methods such as reducing the roll-off factor of transmitter shaping filter and/or increasing the signal
baud rate [4]. However, the using of above-mentioned simpler techniques increases the inter-symbol
interference (I1SI). To moderate the impacts of increased ISI, the more complicated receiver systems shall be
used, including sophisticated equalizers. TF packing techniques promise to provide increased SEs lower-
order modulation formats applied to broadband forward link and broadcasting of satellite systems. Improving
the SE without increasing the constellation order can be considerably convenient since it is well known that
low-order constellations are more robust to channel impairments such as time-varying phase noise and non-
linearity.

The improved SE in transmitter side does not yet means the overall improvement of system performance,
the receiver side should also be considered. Hence the new parameter of spectrum efficiency should be used-
the achievable spectral efficiency (ASE) where the receiver side is also involved. The special interest of this
study is to estimate the ASE level for considered techniques (e.g. TF packing) in comparison with the ASE
level that is achieved by using high order modulations for the stipulated satellite channel conditions. The
common method of calculating ASE as achievable information rate (AIR) per bandwidth is complicated
from the engineering point of view, since the AIR shall include a complex Gaussian probability density
function. Instead, a new less complicated calculation method of ASE based on bit error rate (BER)
estimation is proposed. In addition, the ASE working bounds and calculation accuracy are clarified. To
achieve the enhancement of SE, the equalizer is designed and applied on the receiver side. Based on
numerical calculations of proposed method, ASE improvement is demonstrated for different nonlinearity
scenarios of wireless systems, particularly in the DVS-S2(X) satellite systems, using time-frequency packing
(TF-packing) technique.

. TF PACKING FOR LINEAR MODULATIONS

Let’s consider the forward link of a satellite system, where synchronous users employ the same linear
modulation (such as MPSK, MQAM), shaping pulse p(t), which is regularly shifted in the time and
frequency domains, of multiples of T seconds and F Hz respectively. A perfect synchronization among the
data streams (downlink assumption) is assumed, and that the transmitted symbols {x,,} belong to a given
zero-mean M-th order complex constellation and are independent and uniformly distributed (i.u.d.). Under
these assumptions, the transmitted baseband signal will have the following form [5]-[6]:
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(1) =ETF 3 3 x,,p(t—nT)el2™, (1)
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In (1) Eg is the symbol energy, X, is the symbol transmitted by |-th user during k -th symbol interval.

Pulse shapes can have different forms (root-raised cosine (RRC), rectangular (REC) or Gaussian). In DVB-

S2(X) standard, the base pulse is an RRC-shaped pulse with roll-off factor o .

The received signal is corrupted by the additive white Gaussian noise (AWGN) channel and can be expressed as

r(t) = x(t) + w(t), )

where w(t) is a circularly symmetric 0-mean white Gaussian noise process with power spectral density N, .
At the receiver, it is assumed that a filter matched to the time-frequency shifted replicas of the base pulse is
employed, together with symbol-by-symbol detection algorithm. This is the optimal choice in the maximum
a posteriori (MAP) detection algorithm only if the signals {p(t — nT)eJZ“kFt}n'k are mutually orthogonal.

As it is shown in [6], the detected symbols can be represented as a sum of three terms, one of which will
represent the transmitted symbol and the other two - the background noise and the interference due to the
adjacent signals as a zero-mean Gaussian process with power spectral density (PSD) equal to N, (so-called
auxiliary channel) correspondingly. Hence, two different impairments experienced by the receiver can be
pointed out.

It should be noted that such approximation is valid only when symbol-by-symbol detector is used in the
receiver side. However, if advanced detector (including equalizer) is considered in the receiver side, the use
of the auxiliary channel model is not justified, therefore in this work ISI importation has been carried out
directly in time-packing block which is described in section IV more detailed.

Il. ASE CALCULATION METHOD BASED ON BER ESTIMATION

This section is dedicated to analyzing and description of a new method of ASE improvement, based on BER
estimation. As the main evaluation criteria, ASE has been chosen [5]-[6].

As it is well known, a common method to calculate ASE is by defining achievable information rate (AIR).
According to [5], ASE can be defined as

nar =@/ FT)1(X,0: Yo,0) [bit/(s-H2)], 3)

where | is the AIR. First, it is worth to mention that in equation (3) the auxiliary channel model is used
which is not expedient in the case of advanced detector with using equalizers. On the other hand, the
expression (3) is rather complicated and, from engineering point of view, a simple expression for ASE that is
defined in terms of provided link quality is more practical. As a link quality parameter, the BER can be used.
Below are the rationales of using BER for ASE bounds estimation.

The average mutual information represents the average uncertainty that leads to the thought that both AIR
and BER are interrelated quantities since BER also directly depends on the outcome uncertainty.
Furthermore, in the presence of nonlinear HPA working in near to saturation mode (quasi-pure and only pure
nonlinear regions) the changing of the input power level for fixed modulation type brings not only to
changing of the BER performance, but also influences the information spectra due to nonlinearity. This
spectral spreading (in the case of increasing input power level) brings to the ASE reduction, at the same time
resulting to BER performance decreasing. Hence, a relation exists between ASE and BER.

Based on analyzing of boundary values of ASE, it can be obtained a relationship between ASE and BER. It
is obvious that the maximum value of ASE can be obtained if BER tends to zero and vice versa, if BER
tends to its maximum value, ASE gets its minimum value. In (3) AIR can be substituted by BER obtaining a
relationship between them, which can be done by analyzing AIR vs. signal-to-noise ratio (SNR) (or Eg / Ny)
and BER vs. SNR (or Eg/Ng) and then solving this parametric equation. Based on assumptions given
above, the following expression for ASE was obtained:

NBER :F_l'l'l()Q{M '(1—MT_1- BERH [bit/(s-Hz)]. (4)
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To derive (4) also in a graphical way, the following steps have been realized: First of all, AIR vs. Eg /N,
and BER vs. Eg / N for a given scenario have been obtained. Then, solving a parametric equation, AIR vs.
BER can be received, which will allow to get a relationship between ASE vs. AIR and ASE vs. BER equations.

To find out the working range of the proposed equation, a comparative analysis was performed between ASE
vs. AIR and ASE vs. BER equations for different scenarios. The graphical representation of these
comparisons is presented in Figure 1 for 16APSK modulation.

These analysis show that using (3) and (4) the values of ASE coincide quite well for larger Eg / N, values
(for example Eg /Ny >14dB for 16APSK and Eg / Ny >7dB for QPSK). This result is predictable as for
smaller Eg /N, values calculation accuracy of BER abruptly decreases, which in its order brings to
reduction of ASE vs. BER accuracy.
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Fig. 1. ASE vs. Eg /N, for 16APSK Modulation.
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Thus, given analysis allows clarifying the working range of proposed equation (4) from Eg /N, point of
view. It is worth to mention that the range of Eg / N, starting which ASE vs. BER expression returns results
near to the ones of ASE vs. AIR, commonly used in the literature, is not out of range of Eg /N, of DVB-
S2(X) standard, especially taking into account that in this work coding is not considered which is available in
DVB-S2(X) standard.

V. NUMERIC CALCULATION, MODELING AND DISCUSSION

Based on the obtained results numerical calculations were performed using MATLAB/Simulink model. The
model consists of the transmitter, which includes also the time-packing block, uplink and downlink channels,
non-linear power amplifier and a receiver, which can involve also an equalizer. The role of the equalizer is to
minimize the noise, caused by time-packing block. It can be noticed (see Figure 2) that the best BER
performance can be received when time-packing factor (TPF) is equal to 0.7 and begins to deteriorate either
increasing or decreasing the TPF. This means that when TPF tends to 1, ISl is absent and equalizer can’t
largely improve BER and moreover, slightly deteriorates it. For the TPF values smaller than 0.7, ISI begins
to increase and equalizer is not able to entirely compensate IS, which affects the BER performance.

It is worth to compare BER values in the presence of detectors, which include equalizer as well as symbol-
by-symbol detectors. Figure 2 represents BER vs. TPF for 16APSK modulation in the case of IBO, equal to -
7 dB. The dependence is shown for two fixed Eg / Ny values (Eg / Ny =10 dB and Eg / Ny =15dB).

As it can be seen from Figure 2, symbol-by-symbol detector cannot cope with ISI, arisen from time-packing
and BER abruptly deteriorates in the transition region from TPF=0.7 to TPF=0.8. This transition is as abrupt
as Eg / Ng is larger. Unlike symbol-by-symbol detector, the designed equalizer algorithm of which is not
very complex struggles pretty well against 1SI, which brings to hope of receiving improved ASE.

Given dependence allows also to determine better TPF region from the BER point of view. As it can be seen
from Figure 2, the best BER lies within the range of TPF=0.6 and TPF=0.8. This analysis allows specify the
TPF region during the process of receiving further results.

It can be seen that ASE can be improved for particular values of TPF. For comparison, 16 APSK modulation
was selected and time-packing was applied. Besides, the controlled ISI was applied, which was
compensated by the equalizer to give a possibility to control ASE. Obtained in such way values of ASE were
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then compared with the ASE values received by 32APSK modulation and for the same IBO values of power
amplifier when time-packing was not applied. From Figure 3 follows that the ASE for 16APSK modulation
is about 5.5 that exceeds the level, maximum achievable for orthogonal signaling even if 32APSK is used by
1.5. This result shows that the ASE of nonlinear system can be improved without increasing the order of
modulation by applying TF packing technique, of course by using more complicated receiver.

It is worth to mention that as it can be seen from Figure 4 when the time-packing is applied without the use
of equalizer then it is not possible to receive any ASE improvement.
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Fig. 3. ASE vs. Eg /N, for 16APSK Fig. 4. ASE vs. Eg / N, for 16APSK and 32
modulation with equalizer and 32 APSK APSK modulations with symbol by symbol
modulation with symbol by symbol receiver., receivers., TPF = 0.7, IBO = -3dB.

TPF=0.7, IBO = -3dB.

V. CONCLUSION

By summarizing, we can conclude what in this work the possibility of using TF packing for improving SE in
nonlinear satellite systems was discussed. The common method of calculating ASE as AIR per bandwidth is
complicated from the engineering point of view, since the AIR shall include a complex Gaussian probability
density function. Instead, a new less complicated calculation method of ASE based on BER estimation was
proposed. In addition, the ASE working bounds and calculation accuracy were clarified. The results allow
concluding that SE improvement using time-packing is achievable in expense of complicating the receiver
scheme, adding equalizer to it. It is interesting that this improvement is available also in the nonlinear
working regions of power amplifier. The obtained results show that the ASE reaches its maximum value at
TPF=0.7. As example, the ASE for 16 APSK modulation is about 5.5 that exceeds the level, maximum
achievable for orthogonal signaling by 1.5. For 32APSK modulation, the ASE at TPF~0.7 exceeds the
orthogonal signaling at least by 0.5. It is also worth to mention that SE improvement is harder to achieve
with increase of nonlinearity of the system, which is predictable, since the nonlinearity negatively affects the
behavior of the overall system and, particularly, the operation of equalizer.
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Green Communication for GSM Network

K. Nikoghosyan, G. Yeghoyan

Redinet CJSC , Azatutyan str. 24/7-24/8, 0014 Yerevan, Armenia

Power consumption is currently one of the major challenges faced by mobile operators.
Recent explosive growth of smartphones market adoption and the consequent mobile internet traffic
requirements have prompted waves of research and standard development activities to meet the expected
future demands in an energy-efficient manner. Wireless access networks will be a major component of the
communication infrastructure required by other "green” solutions for the efficient management of energy
including remote monitoring, control and smart administration. In this paper we present the important issue
to enhance the energy consumption efficiency of cellular network without compromising coverage and users
perceived Quality of Service (QoS). The reason is twofold. First, mobile operators need to reduce their
operational energy bill due to recent dramatic increase in energy costs. Second, there is a request of
environmental protection to reduce CO2 emissions. Today’s mobile network have a strong potential for
power saving. Most of consumed energy on the mobile networks (about 70%) is related to Radio Access
Network (RAN) defining relation among power consumption, carried traffic and the coverage area.
Therefore, power consumption in the RAN (BTS sites) is an important factor in the cellular network. Today’s
running cellular networks have been designed to maximize coverage area, traffic while energy consumption
efficiency has not yet played a prime goal.

Mobile operator 1 in country 1 (M1) is based on traditional solution: one core network and separate
RANSs for 2G and 3G, Mobile operator 2 in country 2 (M2) operates a significantly smaller network built
on modern technologies like Software Defined Radio Base Stations (SDR BTS).

Daily traffic in operators M1&M2
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Fig. 1 — Comparing traffic of M1 and M2 network
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Fig. 3 — Modeled Load and Power Consumption profile for M2, generated by BCD

The investigation shows correlation between the type of equipment used by an operator (old vs modern)

and the energy consumption level, as the base stations deployed by M2 network consume 40% less
energy.

Since about 65% of energy of cellular network is consumed by the BTS macrocells sites we consider
three following components for power reduction:

BTSs includes scheduler which operate according to the traffic load dynamically. BTS may
turned on and off (soft sleep mode) according to the dynamic of traffic

load.
Low traffic Cell
cell 3 23 8 3 shutdo ‘QH 3 3
e—
H H H Traffic H H H H
Q H moved H Q

]

Fig. 4 — Soft Sleep Mode
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e Cell zooming scalability as a function of traffic load, channel condition and required data rate.
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Fig. 5 - Cell zooming operations in cellular networks:
a) Cells with original size; b) Central cell zooms in
when load increases; ¢) Central cell zooms out when
load decreases; d) Central cell sleeps and neighboring
cells zoom out; e) Central cell sleeps and neighboring
cells transmit cooperatively.

e About half of energy in the Remote Radio Unit (RRU) consumes in the Power Amplifier (PA)
while power consumption in 3G CDMA networks changes linearly as a function of bandwidth
and signal quality which requires a high quality PA.

A significant amount of energy today is wasted by not having appropriate BTS site soft sleep mechanism
in place. Regular approach, i.e. maximum load scenario is a rather rare case in typical network
deployment. Most of the time the network infrastructure is operated with semi load efficiency leading to
a significant waste of energy. It is essential to have optimal loads sizing, accurate data on BTS load
pattern as well as potential renewable energy sources (basically PV solar and Wind) especially in rural
area. We study these relations and algorithms to approach green communications in this paper. This
study is based on the number of BTS, their configuration and topologies have been deployed in Orange
Armenia GSM Network.
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Renewable Hybrid Off-Grid Power Solution for GSM Network
G. Yeghoyan, K. Nikoghosyan

Redinet CJSC , Azatutyan str. 24/7-24/8, 0014 Yerevan, Armenia

This paper gives an overview of existing power network of BTS sites of Orange Armenia and
present technical and economical assessment for proper selection of technologies on Hybrid efficient power
system as a backup DC power supply in the urban and rural areas. Using renewable sources to power GSM
base station sites is far better than the conventional diesel system especially in rural areas where there is no
utility power. The proposed system reduces both the cost and the amount of CO2 emitted from the entire
setup. Renewable energy is derived from resources such as wind, rain, sunlight, tides, waves and geothermal
heat.

Typical GSM network can be viewed as composed by three different sections:
* Mobile Switching Center (MSC)
* Base Transceiver Station (BTS)
* Mobile Terminals, normally limited to the hand-held devices.

The key elements are the BTSs because their contribution is the most relevant for the total energy
consumption. The power consumption per function within the BTS site can be differentiated as follows:
more than 60% of the power is consumed by the radio equipment and amplifiers, 11% is consumed by the
DC power system and 25% by the cooling equipment (air conditioning unit). Therefore it is very important
to consider BTS energy savings strategies applied both to the radio equipment, i.e. radio “standby” mode and
to the cooling, i.e. passive cooling (free cooling) and advanced climate control. Hybrid Off-Grid systems are
particularly well-suited for applications in rural remote areas, where electric utility service does not exist or
unstable grid power supply. In comparison with the costs of High Voltage Line (HVL) extension or the high
costs of fuel delivery to remote locations and site maintenance costs, hybrids can offer several benefits to
telecommunication operators particularly: Decreased fuel consumption by 30-90%, decreased grid energy
consumption by 30%, Save massive BTS outages (around 70%) due to Genset failures, environment
friendly, extended maintenance and replacement intervals (diesel Genset typically accounts for 30% of the
total OPEX of a BTS site). The Renewable Hybrid BTS site consist of Solar Photovoltaic Panels which
converts the Sun light into electrical energy and charge the 48V Battery bank during the day time. An
efficient MPPT solar charge controller is used to maximize the power output from the PV modules to charge
the battery bank. Control logic developed to utilize the different energy resources in efficient techniques and
keep the battery fully charged by providing priority to solar charging and using Utility power or Diesel
Generator power in the absence of solar power.
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photovoltaic input and mains or power generator

This system does not depend on a single power source. Multiple power sources are used. This study is based

on the Eltek’s high efficiency Hybrid Solution have been deployed in Orange Armenia GSM Network. The
Benefits of Eltek’s Hybrid Power Solution are as follows:

e Upto 75% OPEX reduction

e More than 96% rectifiers/solar chargers efficiency
e Reduced CO2 emissions

e Reduced service maintenance

e Fully integrated of all energy sources: Grid, Solar, Wind, Diesel Genset
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The terahertz time-domain spectroscopy (THz-TDS) has recently been carried out with a wide
expansion of intrinsic measurements valid for quality control of industrial products of dielectric
functional materials, bio-molecules, and crystalline morphology of pharmaceutical reagents. After
describing an overview of the newly developed advanced sampling technologies of the biomedical
THz-TDS applications, we will describe some details of the latest results of non-invasive
evaluation of bio-medical tissues. The bound water ratio obtained through THz-TDS analysis that
elucidates extracellular matrix (ECM)-water interactions could potentially be a valid parameter
for evaluating the degree of cartilage tissue formation.

I. INTRODUCTION

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 far-infrared spectrometric
technique of the terahertz time-domain spectroscopy (THz-TDS)[1-4]. The THz-TDS technique has the
advantage of higher signal-to-noise-ratio, and makes it possible to measure not only the transmission
intensities T(w) but also the intrinsic phase shifts Ag(w), which makes direct estimation of the complex
dielectric constant ¢*(w)[2]. The intrinsic phase shifts Ap(w) also provide analytical estimations of the
dispersion relations for various elementary excitations[3]. The THz-TDS technique has recently been carried
out with a wide expansion of intrinsic measurements valid for quality control of industrial products of
dielectric functional materials, bio-molecules, and crystalline morphology of pharmaceutical reagents[2-4].
Here, after the description of an overview of the newly developed advanced sampling technologies of the
biomedical THz-TDS applications, we describe some details of the latest results of non-invasive evaluation
of bio-medical tissues expected critical contribution in the regenerative medicine to be one of the promising
clinical therapies. The bound water ratio obtained through THz-TDS analysis that elucidates extracellular
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Fig.1 Schematics for organizational structure of the articular cartilage
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matrix (ECM) water interactions could potentially be a valid parameter for evaluating the degree of cartilage
tissue formation in the process of synthesizing processing an artificial human cartilage

I1. WIDEBAND THz-TDS INSTRUMENTS

Compact THz-TDS instrument has been newly developed with the advantages of high SNR in
Far-infrared region below 170cm *and applied for versatile measurements (transmission, reflection, liquid,
gas, ATR, mapping, temperature dependence and etc.) [2]. For the THz-TDS FTIR. An absorption spectrum
on air was measuredandcompared with the water vapour absorption spectra offered from the Jet Propulsion
Laboratory (JPL). As shown already in the profceedings of the Internaitonal Conference on «Microwave and
THz Technologies and Wireless Communications»(2014) at Yerevan [5], the wavenumbers of the absorption
lines agree with the absorption data of JPL and also the spectral resolution is less than 0.02[cm™] which was
confirmed by the water vapor absorption line at 57.22 [cm™] measured at less than 60 Pa. The spectral
converage depends on the femtosecondlaser. The THz raidation source spectra measred by the laser
(Femtolasers Productions GmbH: Integral Pro) which pulse duration is less than 10 femtosecond. The THz
radiation is observed from about 1 [cm™] to 230 [cm™]. Almost all compact type femtosecond lasers are
possible to set on the instrument.

Between 230 and 340[cm™], 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 become higher
than 440 [cm™] by avoiding the absorption of the GaAs substrates. The recent progress in the research
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 (Martin-Puplett configuration) interferometer. A photographic view of the
optical fconfiguration is shown in Fig.2. The instrument is for use in the qualitative analyses of optelectric
constants of materials in which the spectrum wavenumber coverage is expanded to the NIR reigon.
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Fig. 2 Advanced optics of the composite THz-TDS combined with a high throughput Michelson (Martin- Puplett
configuration) interferometer (FTIR) (upper) and expansion of the spectrum wavenumber coverage to the NIR
region (lower). [2,3]
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II. MEASUREMENT RESULTS AND DISCUSSION

The regenerative medicine is thought to be one of the promising clinical therapies. Many basic and
clinical researches are undergoing for realizing the regenerative medicine. In vitro regenerated tissues should
be quantitatively evaluated before their implantation. However, we could adopt neither destructive nor
invasive methods for that purpose, because the tissues are regenerated in vitro not in a mass-production
manner but a tailor-made manner. Therefore, it is indispensable to develop non-invasive methods for
evaluating the in propose to adopt terahertz time domain spectroscopy (THz-TDS) for evaluating regenerated
cartilages.

Acrticular cartilage composed of 70% water and almost 30% extracellular matrix ECM, which contain
biopolymers such as collagen and proteoglycan. Mow et al. (1988)[7] reported that some water hydrated to
ECM (called bound water) which is contribute to almost 50% stiffness of cartilage tissue. Hence, we
assumed that the change in bound water (which is strongly attracted to ECM) ratio within tissue reflected
change in mechanical properties of tissue.

We added gelatin powder (Gelatin from porcine skin, SIGMA-ALDRICH) without further purification to
90°C water, prepared 0-32.5% gelatin gel samples, and pressed each sample while hot to 90um thickness.
For cartilage tissue samples, we took samples from bovine knee joints, sliced into 60um thickness with a
microtome, and then sorted them into three groups along depth: superficial (20%), middle (50%) and deep
(39%) layers. We measured each sample with THz-TDS [6] (IRS-2700Npro, Aispec) under dry air purge and
obtained the complex dielectric constant ¢*(w) for a range of 0.5-2.5 THz.

The complex dielectric constant can be decomposed into four peak components as written in Eq. (1)[8],

i Ag Ag, A;
fw)=s——t——+—5———+¢, (1)
L+int, l+iet, of -w?+iwy,

where slow relaxation strength Ag, is proportional to the amount of free water molecules.

For gelatin gel, we calculated bound water ratio fyouna Dy considering relaxation strength of the sample,
Ag; as the contribution of free water. Sample, relaxation strength of waterAe: waer and water content in
volume Gwater @S Written in Eq. (2).

f =1 Agl,Sample (2)
Bound = 4 7 “
Owaterd€1 water

Fig. 3 [A] shows that the relationship between gelatin content and slow dielectric relaxation strength Ag 1.
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Gelatin gel with higher concentration showed lower relaxation strength. Fig.3 [B] shows the relationship
between gelatin content and bound water ratio. Gelatin gel with higher concentration showed higher bound
water ratio, which accords with former studies. Fig.4 shows the result of THz measurement and protein
assay. The deeper layer contained more proteoglycan, which accords with former studies, and showed
weaker dielectric relaxation. Fig.5 shows the result of mechanical test that the deeper layer showed more
viscosity, which also accords with former studies. It also indicates that dielectric relaxation decrease in
accordance with higher viscosity. The decrease of dielectric relaxation can be regarded as the increase of
bound water. Hence, it is suggested that THz-TDS can detect water status and cartilage chemical and
mechanical properties.
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IV. CONCLUSION

The bound water ratio obtained through THz-TDS analysis which may elucidate ECM-water interactions
could potentially be a valid parameter when evaluating the degree of cartilage tissue formation, and therefore
could be useful for the development of non-invasive evaluation methods of tissue-engineered cartilage.
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Waveguide Transitions With Various Crossections

for the Terahertz Range
M.Ts Ayvazyan
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Abstract - It is proposed that, in the terahertz wavelength range, waveguides of the class “hollow dielectric
channel” be used as a guiding system. When constructing circuits for various purposes it is necessary to
use various waveguide junctions with the cross-sectional dimensions of the inlet and outlet. In this
wave of higher types emerge in the case of multi-wavelength waveguides. In such devices, the
working mode conversion to the higher wave types should be minimal. Application of Velden Zakson
method allows to calculate the level of transformation of the operating mode to higher wave types and
basic dimensions of the proposed conversions.

Keywords - terahertz range, a waveguides of a class “hollow dielectric channel”, losses, self-filtration,
working mode, higher types of waves, crossection.

I INTRODUCTION

In the terahertz range it is most actual challenge to choosing waveguide system from which you can
create functional elements for various purposes. In a review article [1] refers performed the work of the
individual devices based on open quasi-optical lines. Due of the number of features (an open line,
dimensions, weight) the use of quasi-lines is limited, as a rule, for the measuring circuits. The main technical
specifications of complete sets of waveguide functional elements 120-180 GHz band prepared on the basis
of wave guides by class "the hollow dielectric channel" given in [2,3 and 4]. In this paper, it is proposed to
use the method of cross-sections and the method Pheld- Zakson for the calculation the losses in the
transitions between the waveguides with different cross-sections [5,6]. We consider the waveguide transition
metal-dielectric waveguides (MDW) with round and square cross-sections, as well as the excitation of these
waveguides.

Il. EXCITATION METAL DIELECTRIC WAVEGUIDE WITH A SQUARECROSS-SECTION

The general principle of constructing high performance waveguide exciters is as follows: need to
smoothly change the shape and dimensions of the waveguide of the primary so, as to have a certain sectional
amplitude and phase distribution of the field component needed to the distribution of the working wave field.
For elimination the additional conversion to parasitic modes horn is performed symmetrical to the axis and
sufficiently long (> 50wavelength), or with a complex shape forming, which is determined by known
methods [5].

If in this section butt the excited waveguide and continue it, the losses of excitation will be minimal. When
both direct docking the waveguides the field of metallic waveguide excites the amount of waves of DC-wave
waveguide. If we neglect the damping of these waves, the power P, of i —th wave is calculated by a formula

obtained by Pheld - Zakson [5,6].

N ﬂzompds | .

ﬂa Hﬁpds

S
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where S, —the effective sectional area of the excitation waveguide, the S — cross-section of the DC-
— -
waveguide | — a unit vector directed along the axis 0Z , E, and H,—the fields components of the exciting

— -
wave, E; and H,— the field components of the excited wave.

The power of the falling wave is calculated as the real part of the flow of the Poynting vector through S, :

(e i @
P, =Re E.H,|IdS,
0 Sl 0 0
The efficiency of excitation 7 is equal:
P.
=y 3)

The dependence of the field components of the coordinates of « y » - for working type of waves in the metal
waveguide and DC-waveguides is the same, the maximum excitation efficiency is obtained dimensions
b Db, (see Figure 1.). As for the coordinate " x ", the corresponding dependence of the field component
abutting waveguides are different and the maximum efficiency of the LM,; wave excitation is possible
when o # a; [6].

In this case, the joint between the waveguides should realize the optimal jump and then a rectangular
distribution of the wave field TE,, how would fit in cosine distribution of the LM ;; wave.

Having done the necessary changes we can get the final excitation efficiency

_ma, |
g |5 5g
1)

= , 4
77 7z2m2 ﬁ mn ( )
a
where o6, =1 when n=1, m - odd,
0., = 0 when n=1l, or m-anewen.
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Fig. 1. The distribution of the fields a) rectangular WDM, b) rectangular metal waveguide,
¢) the principle of excitation.
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As follows from (4), the efficiency of excitation does not depend on the frequency, and, LM _, wave excited

(m — odd). The resulting expression allows haw to calculate the efficiency of excitation the i —th wave.
Note, that to obtain higher efficiency, it is necessary to increase the number of channels at the exit of the
horn.

.  EXCITATION OF METAL DIELECTRIC WAVEGUIDE OF CIRCULAR CROSS SECTION

Along with rectangular waveguides widely applied DC-waveguides of circular cross section [2]. In
microwave circuits based on these waveguides as the working mode is chosen the least damped hybrid wave

EH,, which have in a cross-section linearly polarized field. The transverse component of the field of the

wave (in leading order of 1/ka) is written in the form

E, =BJ,(a, r)cospe ™
E, =-BJy(a,r)singe ™
H,=E, H, =E,

()

where Jo(a,r)— the zero-order Bessel, B —amplitude coefficient, r,¢ and z —cylindrical coordinates,
a — cross wave number which determined from the dispersion equation. The simplest way to is excited
EH,, wave to use the TE,, wave with using the optimal jumps. The analytical expression for the

calculation of the efficiency of excitation of circular metal dielectric waveguide is obtained from (2) and has
the following form:

=< , 6
nbl (6)

where

a® a b,
a, 0
ay by 2 2
v4 y
I, = J Hoy[ 2 T2 Cos_ydldy’
’ !-([ OL "V a? a} 2b,

(")

through the a designated radius of the excited waveguide.
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IV.  THE TRANSITION FROM THE METAL DIELECTRIC WAVEGUIDE WITH SQUARE
CROSS-SECTION TO CIRCULAR WAVEGUIDE

The rotary joints usually are prepared on the basis of circular waveguides. Other functional elements of
waveguide paths, to preserve the stability of the polarization are performed based on the metal-dielectric
waveguide of square cross section [2]. Numerical investigations by Pheld — Zakson method (Formula 1)
showed that the lowest conversion loss provides the best jump. Conditions of optimal jump can be written as

2a=0.9D, (8)
where 2ais the transverse dimension of the square metal-dielectric waveguide, D — the diameter of the
circular metal-dielectric waveguide. Estimated value of the loss on the conversion for the jump with the
metal-dielectric waveguide cross-sectional 10x10 mm dimensions of 10x10 mm to a circular metal-dielectric
waveguide was 0.05 dB, the measured loss at a frequency 150 GHz do not exceed 0.1 dB.

V. SMOOTH TRANSITIONS

When designing a waveguide transitions main task is to choose the length and form of transition. In [5]
theoretically justified the possibility of creating a smooth transition at length with small level of losses on the
transformation on the working wavelength in the higher types of waves. In this article, calculated transition
length and its form for the MDW at a wavelength 1 mm. Dimensions are jointed waveguides in the narrow
part of 10 mm, and a wide portion - 20 mm. Following the notation of [5], we obtain aa(0) = 5 mm, and

a(L) =10 mm. The length of the smoothed, optimal transition L calculated by the formula (17.22) given in

[5]. In this case, the transition length is 186 mm.
Profile of transition is calculated by a parametric formula

1 *,
a(()=ya@a(e ", ©
where ¢£=z/L, g=a(L)/a(0), z—is the longitudinal coordinate of the transition that takes values from 0to L.
Calculated values of the transition profile listed in the table.
Table
a(), mm| 5 | 501|527 569|628 699|779 859|928 |985| 10
L,wm | O | 186 |37.2|558| 744 |93.0|111.6]130.2|148.8|167.4| 186

Profile of optimal transition built on the calculation results of table is shown in Fig. 2. As can be seen from
the figure, the dimensions of the smooth transition from the entrance and exit with the same size input and
output portions of the wave guides. This makes possible to realize the transitions between waveguides of
different cross sections without discontinuities, which in turn minimizes the conversion losses of the working
mode to higher wave types. Thus, the calculated losses in conversion is 0.15 dB.

a(¢)
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Fig. 2. Profile of optimal transition A=1mm, a(0)=5mm, a(L)=10mm Ami = 1 mm,
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VI.  CONCLUSION

The results obtained allow to realize transitions for metal dielectric waveguide with different cross
sections. This provides a low level of losses on the conversion.The proposed transition can be widely used in
devices for various applications, working in the terahertz range.
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It has been experimentally shown that the low-intensity millimeter waves (MMWSs) do not act

directly on DNA  molecules, and the influence takes place through a mediated influence of
the MMWs on the water, stimulating structural change of the water shell surrounding the
DNA. Thereby, it may conclude that the primary targets of the influence of the low
intensity (non-thermal) nonionizing millimeter waves on the DNA water solutions are the
water molecules.

. INTRODUCTION

The assumption that changes in the DNA melting parameters under the influence of low intensity non-
ionizing millimeter waves (MMWs) stipulated by the structure of water, is based on the fact that the resonant
absorption frequencies of DNA are in the region of 2 to 9 GHz [1]. Hence, we assume that at a frequency of
64.5 GHz the changes in the values of temperature melting Trm and melting interval AT can not be due to the
resonance absorption of DNA, i.e. the radiation not directly influences on the DNA. Consequently, the
increase in the thermostability of DNA during the irradiation by MMWs with a frequency 64.5 GHz can be
caused by their mediated influence through the water.

Il. EXPERIMENTAL RESULTS AND DISCUSSION

DNA-samples were prepared in the irradiated only water-salt solution (buffer) for the confirmation of the
mentioned fact. As a source of millimeter wave radiation the generators of coherent Extremely High
Frequency oscillations G4-141 and G4-142 (Russian made) were used, operating in a range of frequencies of
38.5+78.8 GHz. The exposure to millimeter waves was conducted in the far-field zone of cone-shaped
antenna at a distance of 400 mm from the radiating plane of the antenna in the mode of continuous
generation with incident power density (IPD) at the location of the object about 10 uW/cm?. The calculated
value for the specific absorption rate (SAR) is approximately equal to 0.2 W/kg. Melting curves obtained for
them do not practically differ from the curves obtained by irradiation of DNA solutions within the
experimental error. Therefore, it can be assumed that the observed changes in the parameters of DNA-
denaturation are caused just by changes in the structure of water arising due to exposure. This is also
indicated by the results on the measurement of the density of aqueous salt solutions of DNA in the case of
irradiating by MM-waves. For a control the densities of bidistilled water and water-salt solution were also
measured before and after irradiation. The studies have shown that in the case of irradiation by pure water
with a frequency of 64.5 GHz, its density does not practically change, while the density of the buffer and the
DNA-solution increases. This indicates that the structural state of pure water does not change due to
irradiation, since under these medium conditions the water molecules form a most stable, from a
thermodynamic point of view, structure, and an increase in ordering after exposure becomes
thermodynamically non-profit. Therefore, the density of water under these conditions should not be changed.
In contrast, in the case of irradiation of the buffer and the DNA-solution by non-ionizing millimeter
electromagnetic waves the dehydration of DNA and being present in solution ions of Na* occurs. Moreover,

38


https://www.bioem.org/user/405
https://www.bioem.org/user/3001
https://www.bioem.org/user/7061
https://www.bioem.org/user/7072
mailto:vkalantaryan@ysu.am

most probably, the water molecules are involved in the formation of additional bonds with the salt ions or
with functional and atomic groups of macromolecules, which leads to an increase in size of the ions or
macromolecules, and the latter is the cause of density increase.The results of measurements of the density
buffer and the DNA-solution are summarized in Table 1.

Table 1. Magnitude of solution density (g/cm®) before and after exposure of MM-radiation at 64.5 GHz.

Time of irradiation, min Buffer Buffer + DNA
0 0.999201 + 0.000005 0.999232 + 0.000004
30 0.999220 + 0.000005 0.999242 + 0.000005
60 0.999241 + 0.000004 0.999269 = 0.000004
90 0.999253 + 0.000004 0.999291 = 0.000005

As it can be seen from the table, there is almost the same dynamics of changing of the buffer and the DNA-
solution densities. And the obtained data are in a good agreement with the results of DNA-melting. The
dependence of the density of the DNA-solution on the temperature has been also studied, in the case of
irradiation by duration of 90 and 120 min, to detect changes in the structure of water by irradiation,
depending on temperature. It is found that with increasing temperature the density of the irradiated and non-
irradiated DNA is reduced, but there is a significant difference between the solution of the irradiated and
non-irradiated DNA.

As it can be seen from the Figure 1, the dependence of p on T (p is the difference between the solution
densities for irradiated and non-irradiated DNA) increases slightly in the range of temperature 20<T<40°C,
and in the range of 40<T<70°C it is observed a sharp decrease in p. With further increase of temperature
(T>70°C) p sharply increases and as a result a minimum at a temperature of about 70°C on the curve is
observed, that corresponds to the melting point of DNA. As it follows from the spectrophotometric melting
curves, denaturation of DNA occurs in the interval of temperature changes 60<T<85°C. Therefore, this
dependence may be caused by the fact that the dehydration of the irradiated DNA with increasing
temperature inecreases to a greater extent than in the case of non-irradiated DNA, and at T=70°C, when a
half of DNA is in a melted state, the increasing of dehydration degree of the irradiated DNA is the maximal.
The further increase in temperature leads to a sharp increase of p. It is assumed that during irradiation some
part of the "free" water molecules,

Difference of densities Ap x10* (g/em®)

20 30 40 50 60 70 80 90

Temperature (°C)
Fig. 1. Curve of dependence of Ap difference of density of solutions irradiated for 90 min and non-irradiated DNA on
temperature
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which were involved in the hydrate structure of DNA, is released after exposure, leading to a sharp decrease
in the density of the water-DNA system, while an analogous phenomenon does not occur in the case of non-
irradiated DNA, and the density of the latter undergoes minor changes. Further, with an increase in
temperature there is an increase of the lability both of macromolecule and hexagonal structures of water, so
that in all likelihood these structures are involved in the hydration shell of macromolecule, and the density of
this system increases.

I1l. CONCLUSION
It is experimentally shown that millimeter range low intensity electromagnetic fields do not directly act on DNA
molecules, and the influence takes place through a mediated influence of the EMFs on the water, bringing to a structure
change of the water cover surrounding the DNA. We have also studied the change in the degree of dehydration of the
irradiated and non-irradiated DNA on temperature in the range from 20 to 90°C. It is shown that the increasing of

dehydration degree of the irradiated DNA is the maximal at 70°C when a half of DNA is in a melted state
(melting point of DNA).
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Terahertz time domain spectroscopy (THz-TDS) was applied to study anisotropic properties of a
human jawbone in transmission geometry. The fiber femtosecond laser (Fx-100, IMRA) with a
pulse width of 113 fs, a central wavelength of 800 nm and an average power of 120 mW was used
as a laser source for pumping and detecting terahertz pulses. The polarization of the THz pulse is
linear. The experimental results indicate that the refractive indices n(w) and the absorption
coefficients o(w) of a human jawbone change with the alteration of the direction of the linear
polarization vector of the electric field of THz pulse relative to the axis of the plate of the human
jawbone.

. INTRODUCTION

A bone material is composed of an organic matrix of collagen fibers and mineral hydroxyapatite
(Cas(PO4)30H), nanoparticles. An average tooth dentin contains 70% hydroxyapatite crystals, 20% collagen
(e.g., proteins), and 10% water. The organic constituents provide flexibility, whereas the mineral provides
strength. Due to the specific arrangement of mineral platelets and collagen fibrils with respect to the main
axis in case of a long bone, signals relative to vibrational units of both mineral and collagen can result
highly anisotropic. Up to now, very few studies have been conducted concerning the study of the human
bones [1, 2] and its anisotropy by THz radiation [3].

Many biological tissues are structurally anisotropic. Tissue birefringence results from the linear
anisotropy of fibrous structures, which forms the extracellular media. The refractive index of a medium is
higher along the length of fibres than along their cross section [3]. A tissue structure is a system composed
of parallel cylinders that create a uniaxial birefringent medium with the optic c- axis parallel to the fibrils
(ciliders) axes (Fig.1a). A structure of parallel dielectric cylinders immersed in isotropic homogeneous
ground substance behaves as a positive uniaxial birefringent medium. The hidroxyapatite can be found in space
between cylinders - collagen fibrils periodically separated by a tiny gap from 1 nm to 40 nm (Fig.1b).

In this paper we report the results obtained from a study of dielectric anisotropic properties of a human
jawbone in transmission geometry using THz time-domain spectroscopy (THz -TDS).

Collagen
molecule

A

i;: i

A = (M) > 0 n, Bone
nNoe = (Ne—No) (@) < Crystals (b)

B
p— -

= 1nm & 40 nm gaps

Fig.1. System of long dielectric cylinders with diameters ranging from 20 to 400 nm (a).
The hidroxyapatite can be found in space between cylinders - collagen fibrils periodically
separated by a tiny gap from 1 nm to 40 nm (b).
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Il. EXPERIMENTAL TECHNIQUE

A schematic arrangement of the THz-TDS system, demonstrating the principal configuration used to
obtain THz spectral data, is shown in Fig.2. The fiber femtosecond laser (Fx-100, IMRA) with a pulse
duration of 112 fs, a central wavelength of 800 nm and an average power of 120 mW was used as a laser
source for pumping and detecting terahertz pulses. The laser output, in the form of high repetition frequency
- 75 MHz, is divided into two optical paths - the pump and probe beams. The pump beam is focused into a
gap between biased electrodes deposited upon the surface of gallium arsenide. The pumping pulses have
photon energy (1.43 eV) above the direct band-gap of the GaAs thas inducing conductivity changes.
Electron—hole pairs are created by each laser pulse in a semiconductor, which, when accelerated by the bias
field, act as a transient current source. The transient current radiates a sub-picosecond, single-cycle coherent
THz electric pulse, Fig.3a. The THz pulse from photoconductive antenna (PCA) is emitted in a dipole like
pattern. The resulting radiation is polarized along the direction of the bias field. The polarization ratio is
usually better than 10:1.
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!;E Hé L= le} 000

Detector P4 i1 i PcA L1
Fig.2. Schematic diagram demonstrating the principles of a THz-TDS experiment

The THz pulse after PCA is collected and directed to the object using parabolic mirrors (PM). The THz
radiation transmitted through the object is then directed by two PM towards a detector. A small fraction of
the pump optical beam - probe beam, was used for coherent detection of transmitted radiation from the object
(jawbone) using a dynamic free-space electro-optic cell. This consists of electro-optic crystal — ZnTe with a
(110) crystal orientation, a quarter-wave plate providing optical bias, and the Wollaston prism (WP) as the
analyzer. Thus, the whole system represents a version of a coherent pump-probe spectroscopic setup [4].

The electro-optic sampling method is widely applied for the coherent detection of THz pulse due to its
short response time, high sensitivity and wide bandwidth. For the EO sampling, the phase-matching
condition (Fig.3a,b) requires the group velocity of probe pulse equal to the phase velocity of THz pulse.
The phase mismatch is defined as [5]

Ak = %{”rﬂ: (S — n, ':f.m’!f:l}

The amplitude of detection response is proportional to the thickness of crystal ZnTe at the phase-
matching condition, but a thicker crystal results in the reduction of bandwidth of THz pulse. The
compromise should be made between the detection response and bandwidth. We used a ZnTe crystal of 1
mm thickness, ipso facto to provide the coherent detection of THz pulse in spectral range from 0.2 THz to
2.7 THz.

Using interferometric control over the optical delay between the pump and probe pulses, the time domain
dependence of THz electric field is recorded. The balanced electro-optic detection method provides an
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excellent signal to noise ratio >1500 (to a noise-limited frequency of 3 THz) by the use of phase sensitive
amplification with a lock-in amplifier. Two spectra, THz field and phase, are processed via a fast Fourier
transform from originally obtained time-domain dependence. Although the spectrum of bone [2] in THz
region was reported, the response of the jawbone tissue to polarized light is still unknown.

THz time-domain transmission spectro
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Fig.3. Temporal waveforms of THz pulses transmitted through (a) the air and (b) jawbone, THz amplitude
spectra of the fields after a FFT (c); phase-frequency response (d); refractive index (e) and absorption
coefficient human jawbone (f). The THz pulse polarization is parallel to the bone axis.

Temporary forms of the reference pulse Ei(t) (Fig. 3a), transmitted through free space - the air, and then
the pulse E(t) passed through the jawbone of thicknesses d = 0.44 mm (Fig. 3b) were measured. To
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demonstrate the reproducibility of the experiment on Fig. 3 (b, c, e, f) the curves of three consecutive
measurements are given.

The index of refraction n(w) and absorption coefficient a(w) for different directions of the laser
polarization are depicted in Fig.4c and Fig.4d.
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Fig.4. The index of refraction n(®w) and absorption coefficient o) for different directions of the laser polarization
(vertical, 45°, and parallel to the bone axis), in the spectral range of 0.2-2.5 THz.

I11. CONCLUSIONS

Dielectric anisotropy of a human jawbone has been studied using THz time-domain transmission
spectroscopy in the wide frequency range 0.2-2.5 THz. The refractive index n(w) and absorption
coefficient a(w) for different directions of the THz pulse polarization were measured. The difference
n(w) and o(w) in different directions at any frequency can be associated with the structural anisotropy of
a bone that is, both with different dimensions of the bone particles and a specific tissue structure. This is the
first representation of the frequency-dependent refractive index n(w) and absorption coefficient a(w) of
jawbone.
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Terahertz Pulses Generation via Optical Rectification
in LINbOs 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, Alex Manoogian 1, 0025 Yerevan,
Armenia.

Generation of the broadband terahertz (THz) radiation via optical rectification of femtosecond laser
pulses in the single-domain lithium niobate crystal equipped with the step-wise mask (SWM) was
investigated. It was shown that by using SWM is possible to achieve phase matching for the spectral
components of the terahertz pulse in the wide frequency range, thus ensuring efficient conversion of
laser radiation in the terahertz range.

The efficiency of the THz radiation, depending on the parameters of SWM was investigated. The
radiation pattern of THz generation and the temporal characteristics of THz pulses for different numbers
of the step of SWM were analyzed. It was shown that with increasing number of SWM steps, the
magnitude of THz field strongly grows and shrinking at the same time the radiation pattern.

I. INTRODUCTION

The electromagnetic waves of terahertz range (~ 0.1 =10 THz) occupy an intermediate region between
the microwave and infrared frequency ranges and are of considerable interest for various applications in the
fields of the high-speed communications, molecular spectroscopy, medical diagnostics, in the security
systems, for visualization of objects, and etc. [, 2]. Despite the big breakthrough of the last decades in the
field of terahertz radiation sources, this area remains one of the technically poorly secured part of spectrum.
This encourages many researchers to seek new methods to create the highly effective and affordable
terahertz sources with the necessary parameters for the variety of applications. For many applications there
is a need for the broadband THz pulses. In particular, the ultrabroadband terahertz video pulses are ideal for
the time-domain spectroscopy technique [3, 4].

The difference frequency generation and the optical rectification of femtosecond laser pulses are the
widely used methods for generating the terahertz radiation [4, 5]. It was shown in [6-8] that using the wide-
aperture beams in the transverse direction of periodically polarized lithium niobate crystal one may obtain
the quasi-monochromatic generation of terahertz radiation with the center frequency determined by the
spatial period 4 of periodically polarized lithium niobate crystal (PPLN). The periodically inverted domain
structure of the PPLN crystal is used to produce the constructive interference of terahertz waves radiated
from the separate regions of the PPLN. However, the oscillation frequency in this case is predetermined by
the spatial period of the PPLN domain structure and therefore it cannot be changed after the sample
preparation.

To overcome this disadvantage in the generation of narrow-band terahertz radiation, the single-domain
lithium niobate crystal with the variety of the phase masks (PM) recently has been used. With the shadow
or binary PM located in front of the single-domain nonlinear LiNbOj3 crystal, the virtual quasi-periodic
structure is formed that provides the phase matching for the specific frequency of terahertz radiation. The
frequency of the radiation can be tuned by change of the spatial period 4 of PM.

However shadow or binary PM cannot be used for generation broadband THz pulses. To overcome this
problem in [8] was presented a new method for efficient THz-pulses generation by OR in the single-domain
lithium niobate crystal. It's based on using the step-wise mask (SWM) (Fig. 1), which provide quasi-linear
time delay of femtosecond laser pulses along cross-section of the optical beam, thus forming a tilted
amplitude front of beam.

Il. BROADBAND PHASE MATCHING BY USING SWM

In the case of SWM, in contrast to the diffraction grating, the formed laser beam until the nonlinear
crystal extend not in the air, but in mask, wherein wavelength of the radiation is less than in the air.
This reduces the beam distortion associated with diffraction scattering.
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Every crystal layer (along direction of the laser beam propagation) radiates THz-pulses at the Cherenkov
angle. Due to using of step-wise mask it is possible to have a structure where these THz-pulses reach exit
surface of the crystal simultaneously [8].

Femtosecond .:?'fﬂﬂii}imr
Laser Beam SM LiNbO; Crystal
\ r
R \\. \ TH;
. | Radiation
! l I m
| |
d |
Z X

Fig.1. The schematic representation of the LiNbOj3 crystal with the SWM for the efficient generation of broadband
terahertz pulses.

Taking into account the losses of terahertz radiation in the nonlinear crystal, there is no sense to use the
laser beams with the transverse dimensions greater than 1/5 (3 is the absorption coefficient). Therefore, it is
reasonable to restrict also the lateral dimension d of the nonlinear crystal (dmax = I/ ). Using as the SWM
material the crystalline quartz with d = | mm size, we obtain for the mask length | = 8 mm. To avoid the
diffraction distortions caused by the exciting laser pulses, the mask layers may be separated from each other
by the thin mirror coatings.

In present work the dependence of angular distribution of the spectral components and the temporal
form of THz pulses on the step size of SWM were investigated.

I1l. THE SPECTRAL AND TEMPORAL PARAMETERS OF THZ PULSES GENERATED BY USING SWM

The spectral composition and angular distribution of the THz radiation are strongly dependent on
the size of SWM steps and on the dimensions of nonlinear crystal.

The expressions for the angular distribution of spectral components and a temporary form of
terahertz radiation have the following form [9]:

S(a, f,m) = So(f)(z . cos[kgo(f a)]+ Z (m k)cos[ ke(f, a)]] (1)
E(a,t,m) = jSO(f){ —cos[k(p(f a)]+ (m k)cos[ke(f, a)]Jcos(znf t)df
)
where
[ 27d -sin(a)
gp(f’a)_Lc.m.cosechjf ’ ®)
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O, = arccos(nop / nTHZ) - is the Cherenkov angle for THz radiation, Sy(f)-is the spectrum of the THz pulse

emitted from the elementary cell of nonlinear crystal and Af - is the THz band, for which the phase
matching condition performed ( f,,[ THz |= 3m/100d[ mm ).

From (1) and (2) follows that the main part of terahertz wave is emitted perpendicular to the output
surface of the nonlinear crystal (= 0).

The SWM parameters should be chosen based on the following considerations. To ensure the propagation
of laser beam in the SWM without diffraction, the size of mask step should be essentially larger than the
wavelength of laser radiation. However, to ensure the constructive interference for all radiated terahertz
pulses from the different layers of the crystal, the step size of the SWM cannot be chosen greater than the
half-wavelength of terahertz radiation [7].

The angular dependence of the magnitude of THz radiation for different values of the number of SWM
step m in the wave zone when the transverse dimension of the phase mask is d =1 mm is shown in Fig. 2a.
Here is assumed that the spectrum Sy(f) has a Gaussian shape centered at 0.5 THz

(S(f) =S, -exp(f —0.5)).
In Fig. 2b the dependence of the temporal shape of THz pulse emitted perpendicular to the output
surface of the nonlinear crystal (« = 0) on the value m is presented.

E(c,m), arb.units E(t,m), arb.units

Fig. 2. (a) Angular dependence of the magnitude of THz radiation for different values of m. (b) Dependence of the
temporal shape of THz pulse on m at a.= 0.

Fig. 2 shows that with the increase in the number of steps of SWM, the magnitude of THz field strongly
grows and shrinking at the same time the radiation pattern. This is due to the fact that with the increase in the
number of steps at a constant transverse dimension of SWM d the steps dimensions decrease, thereby
providing the phase matching in a wide band of THz spectrum. This also leads to shortening of the pulse
duration.

The increase of the peak value of the THz field depending on the steps number, at the transverse

dimension of SWM d =1 mm, is given in Fig. 3a.
Increasing of the transverse dimension of SWM d at a constant number m of steps leads to the increase in the
size of a single step, which reduces the maximum frequency f,.... for which the phase matching can be
provided. For example, for SWM with size d =1 mm with different numbers of steps m = 20, 30, 40. 50,
phase matching can be provided respectively till the frequencies 0.6 THz, 0.9 THz, 1.2THz and 1.5 THz.
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Fig. 3. Dependence of the peak value of the THz field (a) on the number m of SWM step, (b) on the size of the input
face of the nonlinear crystal, for different values of m.

For d =2 mm the maximum phase matching frequency reduced accordingly twice 0.3 THz, 0.45 THz,
0.6THz and 0.75 THz. Thus at the increasing of the transverse dimension of SWM the spectrum of THz
pulse is depleted, and despite the fact that the power of the laser pulse is increased by increasing the size of
the beam, THz radiation decreases still (Fig. 3b).

IV. CONCLUSION

The generation of broadband terahertz radiation via optical rectification of femtosecond laser pulses in
the single-domain lithium niobate crystal equipped with the SWM is investigated. It is shown that by using
SWM is possible to achieve phase matching for the spectral components of the terahertz pulse in the wide
frequency range, thus ensuring efficient conversion of laser radiation to the terahertz range.

The angular distribution of THz field and the temporal form of THz pulses in the far-field region were
investigated. It is shown that the different temporal forms of THz pulses can be obtained by changing
number of steps of the SWM.
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The refractive indices n(w) and absorption coefficients a(w) of the human jawbone and bone
substitute Cerabone® were determined in vitro by the terahertz time-domain spectroscopy in a wide
frequency range from 0.2 to 2.5 THz. It is shown that the refractive index of the human jawbone
changes between the values of 2.24 and 2.36, and Cerabone® between 2.4 and 2. 65. Depending on
frequency the absorption coefficient of the human jawbone increases from 1.7 cm to 178.5 cm™,
showing several resonance absorption lines after 1.6 THz. The absorption coefficient of Cerabone®
increases from zero to 80 cm™, and the resonance absorption occurs at 1.7 THz. The obtained results
allowed us to determine the proximity of the physical properties of the Cerabone® with the natural
bone matrix.

I. INTRODUCTION

Recent advances in medical research are aimed at solving the problems associated with increasing the
duration and quality of human life. The developed technologies contribute to the creation of materials for
artificial organs and tissues. Currently, the treatment, repair and replacement of various parts of the human
body including skin, muscle, blood vessels, nerves, bone apply a variety of materials — metals, polymers,
ceramics.

In action on the human body implants are classified as: 1) toxic (when the surrounding tissues mortify at
the contact), these are most metals; 2) bio-inert (hontoxic but biologically inactive) - based ceramics Al,Os,
ZrO,; 3) bioactive (nontoxic, biologically active, fused with the bone tissue) - the type of biopolymer
composites based on calcium phosphate. The widely applied bioactive materials are bio-glass and materials
based on hydroxyapatite (HAP) [1]. The chemical formula for dense and porous ceramic hydroxyapatite is
HAP- Caio(PO.)s(OH). (Fig.1a). Bio-ceramic hydroxyapatite is completely absorbed by a living organism.
A few years after implantation of hydroxyapatite, it should be completely dissolved and be replaced by a
new bone, that is, the prosthesis should be replaced by the newly formed bone tissue. This is the case of the
ideal type of artificial implant, since the problems of strength and biocompatibility do not arise at all.
However, the negative effect of the implant is that the "resorption” - in the blood, lymph and tissue fluids
pass large amounts of calcium (Ca) and phosphorus (P), and it is unknown how the Ca and P may affect the
human body as a whole.

Cerabone® natural bovine bone grafting material (Fig.1b) of the German production is produced from
bovine bone mineral phase, which has maximum similarity to human bone (chemical composition, porosity,
and surface morphology). During the manufacturing process based on the high-temperature heating, all the
organic components, proteins are removed, eliminating the potential for immunological reactions. Basic
properties of Cerabone® are as follows: (a) slowly dissolves and quickly integrates with the bone; (b) shows
a three-dimensional long-term stability of the implant; (c) does not lead to inflammatory reactions; (g)
exhibits the optimal cell adhesion and the absorption of blood; (b) safe and sterile; (b) easy to handle.

The improvement of artificial materials will lead to the emergence of new alternatives and thus will
contribute to the improvement of existing methods for treating many diseases. Artificial bone should
correspond as precisely as possible the replaced part of the skeleton with the chemical and physical
properties. Unfortunately, the level of modern technology does not allow to create a material that is entirely
consistent with the natural bone matrix.

The most widespread practical use of terahertz (THz) waves (frequency range from 0.1 to 30 THz) is
found in THz time-domain spectroscopy and in the THz imaging [2, 3]. It is known that the time of
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vibrational motion of biological molecules have the order of picoseconds, and therefore, the frequency of
vibrations is in the terahertz frequency range. Intermolecular interactions are usually weaker than the
intramolecular and only THz spectroscopy in the time domain is sensitive to resolve their spectrum in the
THz range. THz wave is of non-invasive (since the photon energy of terahertz waves at several orders of
magnitude is smaller than the photon energy of the X-ray wavelength) and non-contacting nature, which can
penetrate into the non-conductive materials and to provide additional spectroscopic data for the accurate
diagnosis and analysis of the material.

In the present work we used the method of the THz time domain spectroscopy (TDS), to research the
proximity of the physical properties of the Cerabone® (bone transplantation material) with the natural bone
matrix - the human jawbone - in the frequency range 0.2-2.5 THz.

o € " (b)
j Ca \w \'7)’:
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Fig.1. Detail of the crystal lattice the bioactive material — hydroxyapatite Caio(PO.)s(OH)2 (), and photo Cerabone®(b).

Il. EXPERIMENTAL RESEARCH OF CERABONE® AND HUMAN JAWBONE BY THz
SPECTROSCOPY METHOD

THz spectroscopy method in the time domain allows to register the temporary form of the THz pulse after
its interaction with the sample, and to determine the complex spectrum of the material using the fast Fourier
transform. However, to determine the physical properties of the sample, the absorption coefficient o () and
the refractive index n(w) over the entire spectral THz frequency range, it is necessary to conduct two
measurements. Temporary forms of the reference pulse Ei(t), transmitted through free space - the air, and
then the pulse Ex(t) passed through the test materials (Fig. 2, Fig.3) were measured.

To measure optical properties of Cerabone® and human jawbone a THz time-domain spectrometer was
applied. The fiber femtosecond laser (Fx-100, IMRA) with a pulse width of 113 fs, with a central wavelength
of 800 nm and a repetition rate of 75 MHz and a power of 120 mW was used as a laser source for pumping
and detecting terahertz pulses. Radiation from the fiber femtosecond laser was divided into two parts by a
polarizing beam splitter: the pump and probe beams. The pump beam after the delay line was focused on
GaAs photoconductive antenna. Antenna was used as a source of subpicosecond pulses of THz radiation.
THz radiation, using parabolic mirrors, was collected and focused on the test material. THz radiation passed
through the test material was directed to the ZnTe crystal. The coherent detection of temporal shape of the
electric field of THz pulses was performed using cell, which consisted of electro-optical ZnTe crystal

orientation (110), 1 mm thick, % plate and a polarizer, a Wollaston prism, separating the s- and p-

polarization. The detector was controlled with a probing beam, the response of which was proportional to the

£, (@) and phase ® (o) =
)

amplitude and sign of the electric field of the THz pulse. Amplitude ‘T(a), h)‘ =

1

Dy(w) — Di(w) of complex transfer function of the sample T (w) obtained experimentally from the
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relationship of Fourier transform of the measured terahertz fields E1(t) and Ex(t) and ®2(w), ®1(w) [4]. The
refractive index and the absolute absorption coefficient of the substance in a frequency range from 0.2 to 2.5
THz are obtained from the expressions

L+ n]®

~ +L a(w :__
() = 1+ — (o), () | [T ()| === )

The temporal waveforms of THz pulses are shown in Fig. 2 (a) as the references. The Fig. 2 (b) and Fig.
3 (a) are the THz pulses passing through the jawbone and Cerebone, respectively. The THz waveform in
frequency is shown in Fig. 2(c) and Fig. 3(b). The absolute absorption and the refractive index of the

jawbone and the Cerebone are obtained and shown in Fig. 2(d,e) and 3(c.d), respectinvely.
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Fig.2. Temporal waveforms of THz pulses transmitted Fig.3. Temporal waveform of the THz pulse transmitted
through (a) the air and (b) jawbone, and its amplitude through Cerabone® (a), and its spectrum after a Fast
spectra after a FFT (c); absorption coefficient (d) and Fourier Transform (b), the absorption coefficient (c )
refractive index human jawbone (g). and refractive index Cerabone® (d).
I1l. CONCLUSION

It is shown that the refractive index of the human jawbone changes in a wide frequency range from 0.2 to
2.5 THz between the values of 2.24 and 2.36, and Cerabone® between 2.4 and 2.65. The absorption

coefficient of the human jawbone depending on frequency increases from 1.7 cm™ to 210 cmt showing
several resonance absorption lines after 1.6 THz. The absorption coefficient of Cerabone® increases to 80
cm?, and the resonance absorption occurs at 1.7 THz. This is the first representation of the frequency-
dependent refractive index and absorption coefficient of jawbone and Cerabone®.
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The terahertz (THZz) wave propagation in LiNbOs; wedge crystal was investigated. In order to study the
THz wave propagation in the crystal, located within a free space, a simulation by the finite-element
method was performed. The THz pulses were generated via optical rectification of femtosecond pulses of
a Ti: Sapphire laser in the nonlinear optical wedge crystal. In order to analyze experimental results - the
propagation of the most intense spectral lines of the THz pulse (in the range of 270 GHz - 1016 GHz)
was modeled by means of COMSOL Multiphysics software.

. INTRODUCTION

Terahertz waves have been found in a wide range of applications in science and engineering such as in
the fields of time domain spectroscopy, medical diagnosis, imaging of concealed items, security, biological
sensing, defense, space science, space instrumentation, etc. Terahertz waves offer a lot of benefits for radar
applications, such as line-of-sight propagation and a higher imaging resolution. It is known that by reducing
the cross-section of the dielectric antenna, a high resolution image can be obtained without changing the
frequency of operation.

Recently, in most near-field microwave-imaging systems sharp metallic tips [1] or rectangular
waveguides (aperture based method) are used as probes. The spatial resolution of the images is inversely
proportional to the waveguide’s cross-section area and the size of the tip. A probe using a metallic aperture
was demonstrated in the Ref [2] for obtaining a resolution of 7 um (A/86). In Ref [3] the waveguide (made
out of a low loss dielectric material) with pyramidal sharpened tip has been proposed to reach a resolution of
about 20 um (A/200). The dielectric antenna is a promising technique which unlike the tip method,
demonstrates a greater power efficiency. Another similar tip method with a resolution of 150 nm (A/1000) is
presented in Ref [4, 5], and a resolution of 10 nm is presented in [6]. In all these works, the THz radiation
was supplied to the probes. A substantial part of the THz radiation was lost as a result of its coupling with
the input surface of the probe. In order to avoid this kind of losses of the THz radiation in Ref [6-10]
generation of THz radiation has been experimentally investigated in nonlinear wedge crystal. The wedge
shape allows to concentrate the THz field in a nonlinear crystal, reduce the undesirable effects of the
diffraction, as well as to get most part of the energy at the exit of the crystal. In the case of a laser-driven
THz rectangular LiNbOs nonlinear crystal antenna, about 46% of the THz radiation reflects from the exit
surface of the crystal due to the crystal’s high reflection factor [11].

The finite-element method was employed to model and simulate the THz wave propagation (of the most
intense spectral lines of THz pulse) in a LiNbO3; wedge antenna in order to analyze experimental results [9];
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.

Il. THZ WAVES PROPAGATION IN A LINBO; WEDGE ANTENNA

The THz pulses were generated via optical rectification of femtosecond pulses of a Ti: Sapphire laser,
a central wavelength A=800 nm, in a wedge crystal, Fig.1. A schematic diagram of the experimental
setup, demonstrating the principles of THz pulse generation and detection, to obtain THz spectral data is
shown in Fig.2. The linear tapered broad band dielectric antenna, has been fabricated from LiNbO3
nonlinear crystal. The optical field strength E and nonlinear polarization P vectors, as well as the optical
axis of the crystal, were parallel to the height of the wedge crystal. In this case, the linearly polarized
THz radiation is generated due to the largest second-order nonlinear tensor element dss (P,= ds3sEzE;").
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Fig.2. Schematic diagram demonstrating the principles of THz pulse generation and detection

The propagation of THz waves in LiNbOj3 crystal with frequencies equal to the most intense spectral
lines in THz pulse spectra [9] (at: 270 GHz, 290 GHz, 330 GHz, 409 GHz, 451 GHz, 500 GHz, 644 GHz,
760 GHz, 802 GHz, 1000 GHz and 1016 GHz) were investigated.

To simulate the THz wave propagation in the LiNbO3 wedged crystal located within a free space, the
software ‘COMSOL Multiphysics’ was used. A domain of simulation is a 3D space. In order to provide
good convergence for the solution the mesh has been built from tetrahedral cells the maximum size of
which has been taken to be A/10 Fig.3(a). All elements of the system with the physical parameters and
boundary conditions are described by a set the partial differential equations. To solve correctly the
equation system which describes the distribution of the THz wave field, the largest size of the cell should
not be greater then one third of the wave length. In our case it was 3 times smaller to get more accuracy.
The following values were input into the program: the real and the imaginary parts of the dielectric
function and the power for the given THz extraordinary wave. The values of n and a calculated through
the formula given in [11].

It is shown that the mode structure and phase velocity of the THz radiation are changing during its
propagation through the wedge crystal, Fig.3, Fig.4, as the THz field passes from the single mode Ex11 to
multimode regime and vice versa. The THz field has been focused. The full energy of the THz radiation
propagating along straight lines parallel to the Z-axis of the wedge crystal is distributed between both —
external (outside of the plate) and internal fields. The red color in Fig.3 and Fig.4 indicates positive values
and blue indicates negative values of the THz electric field.

The distribution of THz electric field E, component for the wedge crystal lengths of 2.5 mm and 12 mm
respectively, is shown in Fig.4. The cross-sectional area of the crystal was 0.27x1 mm?. As the length of the
wedge increases, the beam-width decreases, namely, the directional diagram becomes sharper and the
relative gain of the antenna increases.
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111 CONCLUSION

The relatively infrequent use of dielectric antennas is due to the lack of analysis tools. Maxwell's
equations have an analytical solution only for a rectangular shape crystal. This inhibited the development and
application of arbitrarily shaped dielectric antennas. Only recently the simulation of electromagnetic fields in
arbitrarily shaped dielectric antennas has become available.

The finite-element method was employed to model and simulate the THz wave propagation in a wedge
antenna in order to analyze the experimental results [9]. Excitation of THz radiation in the wedge antenna
(made from nonlinear optical crystal LiNbO3) by an optical laser pulse permits the solution of problems
connected with coupling of electromagnetic waves at the input and output of the crystal — mode matching
and single mode propagation

Numerical simulation results showed changes in the mode structure of the THz radiation along the length
of the crystal, the concentration of the THz field inside the crystal (Fig.3, Fig.4) and the radiation structure
from the crystal-air interface. THz energy concentration by dielectric wedge antenna improves the spatial
resolution and increases the signal/noise ratio (SNR) for the THz imaging and spectroscopy. The wedge THz
antenna may be applied in other areas, in particular, in ultra-high-speed electronic integrated circuit
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Ferromagnetic Detector of Infrared Radiation
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The detection of laser radiation in the magnetized ferromagnetic yttrium iron garnet (Y1G) at room
temperature was experimentally obtained. A magnetic sensor (a coil inductor wound around YIG
sample) was used to register changes in the magnetic moment of the magnetized YIG sample. The
bias magnetization of the ferromagnetic sample required for detection was carried out using an
inductive coil wrapped on the horseshoe-shaped ferrite docked to the sample. The dependence of the
detection efficiency on the magnetizing current was investigated.

It is shown, that in providing a good decoupling between current source and the magnetic bias coil,
such a system can be successfully used for the registration and conversion of short laser pulses in
infrared region.

I. INTRODUCTION

In recent decades it was actively investigated different magneto-optical and opto-magnetic phenomena in
the ferromagnetic mediums, particularly magnetic moment inversion under the influence of ultra-short laser
pulses [1-3]. In [4] and [5] works were studied the inverse Faraday and Voigt (Cotton-Mouton) effects. In
the other works [6-8] the detection of visible and infrared linearly polarized laser radiation in the magnetized
transparent ferromagnetic at room temperature was experimentally obtained. It was shown that the amplitude
and sign of detected signal strictly depend on external magnetic field, the polarization of laser radiation and
the magnetization curve of ferromagnetic medium. These phenomena cannot be explained by the inverse
Faraday and Voigt effects.

The detection of electromagnetic radiation in microwave range in ferromagnetic medium was studied
well [9-10]. It has resonance behavior and fully explains by ferromagnetic resonance theory. However, the
mechanisms of interaction of laser radiation in the infrared and visible regions are still the subject of
discussions and debates.

In the works [6-8] it was shown that in soft ferromagnetic medium at the absence of magnetic bias field
the detection of electromagnetic wave does not occur for any shape of magnetization curve of ferromagnetic
sample. The detected signal arises only in the magnetized sample due to the changes of magnetic moment
under the influence of electromagnetic radiation.

Upon the application of a magnetizing external magnetic field, the detected signal is still zero as long as
the magnetization curve remains linear. Detected signal initially increases with increasing of the external
magnetic field, reaches a maximum in the range, where the magnetization curve has the maximum
nonlinearity. Near of turning point of the magnetization curve the signal reaches to zero. With the increasing
of the external magnetic field the detected signal changes polarity and again begins to increase to the next
maximum. At full saturation, the reorientation of the magnetic moment hardly occurs under the action of
laser radiation, which leads to a drop in the amplitude of the detected signal.

In [6-8], where the ferromagnetic samples (YIG 0.4 mm thick single-crystal ferrite NM2000 5 mm thick)
with the magnetic sensors were used, the optimal value of the external magnetic field is in the range of 20-
100G. Furthermore, in the detecting process changes in the magnetic moment occurs along the applied
magnetic field. This makes it possible magnetize the sample not only by external electromagnet or a
permanent magnet, but also by an induction coil wound around magnetic sensor.

In present work the detection of laser radiation was experimentally obtained, at the magnetic biasing of
the ferromagnetic sample using an inductive coil wrapped on a horseshoe-shaped ferrite docked to the
sample.
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Il. EXPERIMENTAL INVESTIGATION OF FERROMAGNETIC DETECTOR

Block diagram of the experimental setup is shown in the Fig. 1. A neodymium pulse laser with A = 1.06
um wavelength as a radiation source was used (the pulse power ~1 MW, repetition rate ~10 Hz). The
radiationwas linearly polarized. The absorption coefficient of the monocrystalline YIG sample, applied in
our experiments was y ~ 15cm™.

A coil inductor wound around ferromagnetic sample was used as a magnetic sensor to register changes in
the magnetic moment of the magnetized YIG sample. A change in the magnetic moment of the YIG crystal
leads to the change in the magnetic flux, which induces a voltage in the inductor coil.

In [6-8] for the magnetic bias to the desired value for the nonlinear interaction of the external
electromagnets have been used. Here an induction coil wound around the horseshoe-shaped ferrite for
magnetizing of ferromagnetic sample we used (see Fig. 1).
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Fig. 1 The block scheme of experimental setup:

1 - Nd:YAG pulse laser, 2 — laser beam, 3 — YIG sample, 4 — registering coil, 5 — horseshoe ferrite, 6 — magnetizing
coil, 7- regulated power supply, 8 — oscilloscope, L — decoupling inductor. R — ballast resistor, C — smoothing
capacitance.

For decoupling of magnetizing coil 6 from the power supply 7 the voltage was applied to the coil through
the RLC lowpass filter. Ballast resistor R (R=1kOm) at the same time provides the necessary magnitude of
current through the magnetizing coil.

In our experiments for magnetizing of ferromagnetic sample the horseshoe-shaped ferrites with
different configurations and dimensions were used. Dependence of magnetizations of YIG samples with two
different ferrites on the voltage of power supply 6 applied to magnetizing coil through the RL circuit are
shown in Fig. 2a and 2b. The magnitude of the output signals of corresponding ferromagnetic detectors
depending on the voltage of power supply (see Fig. 1) are shown in Fig. 2 ¢ and 2d. These experimental
results are in a good agreement with the results of [2] in which a magnetic field was applied using an
external electromagnet.

Particularly, the Fig. 2 shows, that when using the above method for the magnetization YIG sample, the
amplitude of the detected signal reaches a maximum at the nonlinear region of the static magnetization
curve. Reversing the direction of applied voltage to the magnetizing coils leads to the reversal of the sign of
the detected signal.

Only one coil for the magnetization of the ferromagnetic sample and recording the detected signal can be
used in the detector. However, in this case it is necessary to provide decoupling between the power source
and the receiver of detected signal (Fig. 3).
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Fig. 2. Dependence of magnetization curves (a, b) and of the magnitudes of detected signals (b, c) on
applied voltage to the magnetizing coils.

Fig. 3. The scheme of experimental setup with one inductive coil:
1 —laser, 2 — YIG sample, 3 — horseshoe ferrite, 4 — inductive coil, 5 — power source, 6 — oscilloscope, L —
decoupling inductor, R — ballast resistor, C1 — decoupling capacitance, C, — smoothing capacitance.

It should be noted that to the detection of short pulses should be used a high-frequency ferrite in the
sensor.

I1l. CONCLUSION

In conclusion we mention that the results obtained can find wide practical application for the detection
and conversion of frequencies of electromagnetic radiation for the optical recording, storage and processing
of information, etc.
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A pentacene organic thin film transistor (OTFT) with polymethylmethacrylate (PMMA) gate
dielectric layer was fabricated at 25 °C (RT), 90 °C, and 120 °C in situ substrate temperatures. In
order to study the effect of pre-annealing treatment on the crystal structure, we observed the
fabricated pentacene thin films by scanning electron microscope, atomic force microscope, and X-ray
diffraction. The pentacene film remains in the bulk phase and the carrier’s mobility decreases only
with 120 °C substrate temperature compared with RT preparation. A pentacene OTFT with PMMA
as a gate insulator layer exhibited enhanced electric characteristics, including hole mobility of 0.21
cm?/Vs, current on/off ratio of order of 10° and a threshold voltage less than —4 V.

. 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 semiconductor/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-assembled small molecules. Organic transistors with a polymer gate insulator layer 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 most popular organic semiconductors, pentacene is widely studied for p-channel organic
transistors due both to its stability and its high field effect mobility [3]. 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 A. Two polymorphs of 14.4 and
15.4 A have been found in the pentacene films grown on SiO, substrate; so called “thin film” and “bulk” phases,
respectively [7-9]. The phase transition between the two polymorphs depends on the substrate deposition
temperature and the film thickness. In organic semiconductors, molecular ordering has influence on the electrical
performance of devices since charge transport is dominated by hopping [10,11]. Thus, the phase transition in
pentacene induced by the post annealing process is correlates with the electric transport [12].

In this paper, we study the pre-annealing effect on the pentacene OTFT with a poly(methyl methacrylate)
(PMMA) interface. First, we focus on the electrical characteristics of pentacene based OTFT using PMMA as the
gate insulator layer. Second, we observe the morphology and crystallinity of pentacene thin films pre-annealed at
various substrate temperatures by scanning electron microscope (SEM) and atomic force microscope (AFM).

Il. EXPERIMENT

The pentacene OTFT was fabricated on highly doped p-type silicon substrates. PMMA (My, = 996,000,
obtained from Sigma-Aldrich) was dissolved in toluene with a concentration of 15 mg/ml and then spin-
coated onto the highly doped p-type silicon substrate to form a 50 nm thin polymer layer. The PMMA layer
was baked for 12 hours at the temperature of 80 °C in vacuum. Then the pentacene thin films were deposited
on the PMMAV/SiO; substrates at 25 °C (RT), 90 °C, and 120 °C by the thermal vacuum evaporation method.
The resulting films were about 50 nm thick with deposition rate of approximately 0.1 A/s and base pressure
of about 5x10° Torr. After depositing the pentacene thin film, a 100 nm thick Au layer was deposited
through a metal mask, using a thermal evaporator. The channel length and width of fabricated OTFT were 50
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pm and 1.1 mm, respectively.

The electrical measurements of the device characteristics were performed using a Keithley 2400-SCS
sourcemeter in the dark condition at RT. The structure, morphology, and crystallinity of pentacene thin films
were investigated using SEM and AFM.

I11. RESULTS AND DISCUSSION

Figures 1 show the surface morphology and topography of pentacene thin films grown on the SiO; layer
and the PMMAV/SIO; interface obtained by SEM and AFM, respectively. The grain size is larger for the
pentacene thin film grown on the PMMA/SIO; interface. In addition, a small number of fiber-like domains
were observed on the pentacene surface grown on PMMA/SIO; interface as shown in Fig. 1 (b) [13]. The
grain size of pentacene grown on the SiO; layer was 1-1.5 um while the grain size of pentacene grown on
the PMMAV/SIO; interface was 1-2.5 um according to Fig. Fig. 1 (c), (d). The pentacene film grown on the
PMMA/SIO; interface is well ordered and reveals larger dendritic grains compared to the pentacene film
grown on the SiO; layer. Since transport properties is depend on the molecular ordering of the pentacene film
at the grain boundary, the larger grain size and better ordering of pentacene grown on the PMMA/SIO;
interface should improve the electrical properties of the pentacene OTFT [14].
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Fig. 1. (a), (b) SEM and (c), (d) AFM images of pentacene thin  Fig. 2. 1-V and transfer characteristics of the
films grown (a), (c) on the SiO, and (b), (d) on the pentacene OTFT with (a), (b) the SiO;
PMMA/SiO; substrate. and (c), (d) the PMMA/SIO, as a gate

insulator.

Fig. 2 compares the current-voltage (I-V) and transfer characteristics of the pentacene OTFT with (a),
(b) the SiO; layer and (c), (d) the PMMA/SIO; interface as a gate insulator layer. The magnitude of the drain
current (Ips) for the pentacene OTFT with the PMMA/SIO; interface is evidently larger (about 3 times) than
that for the pentacene OTFT with SiO- as an insulator layer at the same gate voltages Ves. A hole mobility
=0.1 cm?Vs, a threshold voltage Vr=—-17 V, and a current on/off ratio >10° were obtained for the pentacene
OTFT with SiO; as a gate insulator layer. A higher hole mobility 2=0.2 cm?Vs, a lower threshold voltage,
Vr = =12 V, and a higher current on/off ratio >10° were obtained for the pentacene OTFT with the
PMMAV/SIO; interface as a gate insulator. The additional PMMA layer enlarges the grain size of the
pentacene thin film, decreases the threshold voltage, and increases mobility and current on/off ratio, thus
improving the entire electric performance of the pentacene OTFT.

In order to study pre-annealing on the morphology of pentacene thin films, we investigated its effect by
using SEM and AFM. Fig. 3 shows the SEM micrographs and AFM topography of pentacene thin films on
the PMMA/SIO; substrate pre-annealed at different temperatures. At pre-annealing temperature of higher
120 °C, pentacene did not evaporate since the glass transition temperature (Tq) of PMMA is 90 °C and re-
evaporation of pentacene has been observed for substrate temperature above 100 °C [20]. A large number of
fiber-like domains were observed in pentacene layer (RT) as shown in Fig. 4 (a) [13]. The average grain size
of the pentacene films and the number of fiber-like domains was decreased with increasing annealing
temperature (Fig. 4 (b), (c)). The pentacene film has large dendritic grain structure with the grain size of
2-2.5 um as shown in Fig. 3 (d). Spherical clusters with the grain size of 0.3—0.5 um were observed. The
grain size of pentacene film was decreased at the same pre-annealing temperature comparing (Fig. 3 (d)-(f)).
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Fig. 3. (a), (b), (c) SEM and (d), (e), (f) AFM imags of pentacene thin films pre-annealed at (a), (d) RT, (b), (e) 90 °C,
and (c), (f) 120 °C grown on PMMA/SIO; substrate.

Fig. 4 shows the 1-V and transfer characteristics of pentacene OTFTs with PMMA/SIO; as a gate
insulator layer pre-annealed at (a), (d) RT, (b), (e) 90 °C, and (c), (f) 120 °C. As the substrate temperature
increased to 90 °C, the drain current was gradually increased. The magnitude of the drain current Ips and the
mobility were decreased to a low value at the same annealing temperature as shown in Table. 1. The mobility
was increased from = 0.1 cm?/Vs (SiO; as the gate insulator) to = 0.2 cm?/Vs (PMMA/SIO; as the gate
insulator). The mobility of OTFT also increased due to the reduced grain boundary density as expected from

the AFM images. All performance parameters of the fabricated OTFTs with PMMA/SIO; as a gate insulator
are summarized in Tab. 1.
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Fig. 4. (a), (b), (c) 1-V and (d), (e), (f) transfer characteristics of pentacene OTFT with PMMA/SIO; as a gate insulator
pre-annealed at (a), (d) RT, (b), (e) 90 °C, and (c), (f) 120 °C.

Various defects such as chemical impurities and dislocation may 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
may be decreased and the degree of order and the grain size of the main charge transport layers near the
interface may be increased, although annealing decreased the apparent grain size in the horizontal direction
[15]. This occurs because of the high mobility and free energy of the defects, especially when a large number
of defects and traps appear. The polymorph of the pentacene film deposited on the SiO, substrate transforms
from the thin film phase to the bulk phase when the substrate temperature increased up to 120 °C.
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Table 1. Summary of performance parameters of pentacene OTFT with PMMA/SiO; substrate as
gate insulator.

Substrate pre-annealing Mobility, Threshold voltage, On/off
temperature (°C) Hsat (CM?/Vs) V1 (V) ratio
25 0.2 -12 >10°
90 0.21 -4 >10°
120 0.016 -10 >10°

On the other hand, the X-ray diffraction spectra (data not shown here) for the pentacene evaporated on
PMMAV/SIO; substrate have four reflections (00I), indicating a thin film phase with the same interlayer
spacing of 15.4 A. The 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
[16,17]. Therefore, pentacene grains on PMMA/SIO are highly interconnected with one another which can lead to
more efficient charge transport than that on SiO5.

IV. CONCLUSIONS

We fabricated pentacene-based OTFTs on PMMA as an insulator layer using different pre-annealing
temperature conditions. Pentacene OTFT with PMMA as a gate insulator layer exhibit enhance electric
properties; including hole mobility of 0.21 cm?/Vs, current on/off ratio of 10° or larger, and the threshold
voltage of less than —4 V. For pentacene thin films deposited on PMMA/SiO- substrate polymorphism not
observed and there was no phase transformation which from the thin film phase to the bulk phase. The
additional PMMA layer gives enhanced electric characteristics to pentacene OTFT related to device
performance.
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1.6-Kilowatt GaN-Based L-Band Pallet Amplifier
Apet Barsegyan, Vinodh Thangam, and Daniel Koyama
Integra Technologies, Inc., 321 Coral Circle, EI Segundo, CA 90245, USA

A GaN-based pallet amplifier optimized for avionics applications is presented. The pallet combines
two Integra GaN HEMT transistors in parallel to produce 1.6 kilowatts output power, 15.5dB gain,
and 55% efficiency operating at 100uS pulse duration and 2% duty cycle over the 1.03GHz to
1.09GHz band. For high power handling at the output, this pallet uses a Gysel RF combiner; the
design and layout of the Gysel combiner have been modified to reduce its normally large size. At the
input, the pallet achieves greater than 20dB input return loss using a conventional Wilkinson power
divider.

I. INTRODUCTION

There is a growing demand for high power and high efficiency power amplifiers for avionics
application. Gallium Nitride (GaN) High Electron Mobility (HEMT) technology offers higher power densities,
higher voltage operation and excellent efficiency which makes it the perfect choice for high power avionics
application. The higher power densities of the GaN HEMT translates to a small form factor and reduction in
operational cost.

The design of a 1.60 KW GaN based L-Band pallet amplifier is discussed in this paper. The pallet
amplifier operates over a bandwidth of 1.03 GHz to 1.09 GHz. The pallet amplifier supplies 1.6 kilowatts
output power under 100us pulse duration and 2% duty cycle. The pallet amplifier has a minimum power gain
of 15.5 dB and 55% minimum efficiency.

]
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Fig. 1. 1.03-1.09 GHz, 800 Watt pallet photo. Dimensions: 86.3mm x 122.4mm

The pallet combines two 800 W Integra GaN transistors IGN1011M800. For high power handling at
the output, this pallet uses a Gysel RF combiner; the design and layout of the Gysel combiner have been
modified to reduce its normally large size. At the input, the pallet achieves greater than 20dB input return loss
using a conventional Wilkinson power
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Il. PALLET AMPLIFIER DESIGN:

2.1. IGN1011M800 TRANSISTOR:

Transistor IGN1011MB800 is an internally pre-matched, GaN HEMT. It is designed for L-band avionics
applications operating over 1.03-1.09GHz instantaneous frequency band. Under 100us pulse width and 2%
duty cycle conditions it supplies a minimum of 800 Watts of peak output power with 16dB 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

N¢= Pout/ (VD X Ip pk)
Where Ny is drain efficiency, Pout is peak output power, Vp is drain bias voltage and Ip p« is peak drain current.
Device input and output impedances are given in the table below:

Table 1. IGN1011M800 IMPEDANCE CHARACTERISTICS:

FREQUENCY (GHz) Z(Q) A (o))
1.030 44-j15 1.05+j0.25
1.090 46-j0.9 0.95+0.30
MATCHING DUT DUT MATCHING
500 O —O 500
Impedance Definition CIRCUIT « 7, INPUT OUTPUT Zor ] CIRCUIT

2.2. Power Divider and Combiner:

A conventional Wilkinson power divider splits the input power equally between the transistors. The
output power from the transistors are combined using a Gysel power combiner. The Gysel combiner has the
advantage of higher power handling. The combiners have been designed and simulated individually. For each
network, divider and combiner, isolation resistor was selected and evaluated. Both resistors were selected with
sufficient power rating to handle the worst case scenario operation and provide safe operation in case one of the
power transistors were to fail during filed operation.

Table 2 below summarizes the simulated S-parameters for both the power divider and combiner,
including port to port isolation:

Table 2. S-Parameters for Wilkinson Divider and Gysel Combiner:

F(GHz) | S21(dB) | S31(dB) | S11(dB) | S22(dB) | S33(dB) | S23(dB)
Wilkinson 7 "5 3.25 3.25 30.50 32.03 32.03 3435
Divider
1.09 3.26 3.26 26.42 2553 2553 29.80
F(GHz) | s21(dB) | S31(dB) | S11(dB) | S22(dB) | S33(dB) | S23(dB)
Gysel 1.03 3.35 3.35 23.74 29.28 29.28 28.94
Combiner
1.09 3.35 3.35 32,04 39.91 39.91 29.43
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2.2. 1600 Watt Pallet Amplifier:

The pallet amplifier combines two IGN1011M800 transistors in parallel to achieve 1600 Watt operating
power across the 1.03-1.09GHz operating frequency range. Amplifier is specified with 50 Watt input drive level
and minimum gain of 15 dB. Recorded worst case efficiency was 53%. Pulse droop, which was measured from
10us to 90us interval was -0.25dB recorded at 1.03GHz frequency. Recorded worst case Return Loss was 16.0dB
across the band. Overall, amplifier demonstrates excellent stability against the load mismatch and it is rugged to

3:1 VSWR. Amplifier’s power transfer curves, Pin-Pout characteristics, are given in the figure below.
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Fig. 1: Measured Power Output vs. Power Input Characteristics

53

It can be seen from Figure 1, at 50 Watt input drive level amplifier produces more than 1600 Watts of
output power at 1.03 and 1.09GHz frequencies. The maximum power reaches to more than 1800 W when the
drive level is increased further.
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Fig. 2: Power Gain Vs Power Input
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Figure 2, shows the plot of Power Gain and the Input power. The amplifier has slightly better gain at 1.09
GHz than at the 1.03 GHz. The amplifier is tuned to have a better gain at the higher frequency of operation.
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O/o/ —e—1090 MHz
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o
o
o

Efficiency (%0)

Fig. 3: Drain Efficiency Vs Power Output

Fig. 3 above shows the plot of amplifier drain efficiency versus output power. The minimum gain
recorded with the input drive level of 50 W is 53% at 1.03 GHz. It is also clear that the efficiency of the amplifier
improves at saturation power levels.

I11. CONCLUSIONS

A 1600 watt L-band GaN based pallet amplifier was designed and implemented. A minimum of 1600
Watt operating power was obtained with 15dB power gain and 53% drain efficiency. Recorded worst case pulse
droop was -0.25dB at 1.03GHz at power output level of 1827 Watt. At 1.03GHz and 1.09 GHz frequencies
recorded drain efficiency was 54% and 59 %, respectively. This pallet amplifier can operate with medium
pulse/duty cycle as well as short pulse/low duty cycle pulse conditions and demonstrates excellent pulse fidelity
under both pulse conditions.
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On Electron Holographic Phase Imaging of Threading Dislocations
L. B. Hovakimian

Institute of Radiophysics and Electronics of NAS RA, 0203 Ashtarak, Armenia

We study the phase shift of the electron holographic wave propagating in a transmission electron
microscope through a thin semiconductor specimen containing a negatively charged threading
dislocation line. The local retardation of the wave at and around the dislocation core is examined
in cross-section imaging mode within the framework of Read’s scenario of line charge screening.
The properties of the resultant phase profile across the dislocation are discussed in terms of
parameters related to the electro-chemical activity of the core. A novel method is proposed for
retrieving from experimental phase images a quantitative measure of the Read barrier height. The
capabilities of the method are explored by invoking the holography measurement results for a
mixed type threading dislocation in n-doped GaN epitaxial layer.

I. INTRODUCTION

Electron holography (EH) in a field emission transmission electron microscope (TEM) is a coherent
interferometric technique [1,2] that can be used for phase imaging of electrically active crystallographic
defects with nanometer-scale resolution. Like its optical analogue, this technique is based on the interference
of a reference wave with a scattered object wave and is directly sensitive to electromagnetic fields in solids.
Several experimental groups have employed advanced EH instruments for extracting from interference-
fringe patterns quantitative information on the electronic structure of threading dislocations (TDs) in wide
bandgap materials, such as n-type GaN [3-7], ZnO [6-8], and 4H-SiC [9,10]. In this contribution, the
objective is to derive a closed form expression for the phase shift of the EH wave passing through the
repulsive barrier of a negatively charged TD. Our calculations are done in the cross-section geometry [6-10]
on the basis of the Read model [6-14] for a screened line charge in an n-type material. Building on analytical
results of this study, we propose a straightforward method for a quantitative assessment of the Read barrier
height directly from the measured characteristics of EH phase shifts. In comparison to other quantification
methods described in the literature [6-10], our alternative method has the virtue of simplicity. In particular,
no necessity arises in introducing into analysis optimizing iterations and simulation fit parameters [6-8], or
reconstructing [9,10] the variations in inner potential across TDs. An illustrative application of the method is
presented below by relying on the experimentally detected features of the phase distribution across a mixed
type TD in n-GaN epitaxial layer [7].

Il. MODEL AND THEORY

Our treatment of the interaction of an incident EH wave with a thin TEM sample hosting an isolated,
negatively charged TD starts off with the experimental cross-section geometry schematically shown in Fig. 1
of Ref. 7 (see, in addition, Fig. 1 of Ref. 10). In this geometry, the wave propagates in the z-coordinate
direction and the sample with uniform thickness, t, is located in the region —t/2<z<t/2. For symmetry

reasons, the line of the straight TD coincides with the y-axis, so that r =+/x? + z2 gives the radial distance
from the charged core. It is supposed [5-10] that the TD line charge is screened by a space-charge region of
ionized donors, and that the radius, R, of the Read cylinder [6-14] satisfies the relation 2R<t [10]. Under
kinematical conditions [1] the total phase shift, @ , of the electron wave may be decomposed as [1, 6-10]
t/2
Or (x) =C¢ J. [Vg +Vp (N]dz =g + @y (X) , 1)
-t/2
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where the translational invariance along the y-direction is taken into account. In Eq. (1), the integration is
performed along the electron optical path through the sample thickness, Cg is an interaction constant [1], Vg
the mean inner potential (MIP) [1,15] corresponding to the index of refraction for electrons, the bulk phase
shift due to host material is given by @5 =CgV;t, and the slope of the defect-related phase shift, @ (X), is

determined by the position-dependent potential Vp, (r) of the TD.
If the structure of this Vp(r) is described by means of the Read original expression [6-14], then the
calculation of the line integral in (1) yields for @ (x) the following result,

3x] X} (@R* +x*)(R* —x*)"'?
. —_ | ’ Rl
(¥ _ |55 arccos( e |x| < @
° 0, X|>R,
in which
4(C
®0:|®D(X:0)|:§(?EJU0R, (3)

e is the elementary charge, and U the coulomb energy scale [3-14] defining the characteristic height of the
Read potential barrier. Equation (2) tells us that in the vicinity of the TD core, where V (r) is strong, the
phase variation is governed by the asymptotic form

q)D_(X):_lJrgﬂm, x| <<R. 4

In the opposite extreme, a(X) =(R—Xx)/R <<1, the electron optical path appears near the boundary of the

region where free electrons are depleted. Here the deflecting field of the TD is weak [11], and the absolute
value of the phase (2) decays in accordance with the scaling relation

|@p (X)] o o [a(X)P'? << Dy (5)

At|x| >R, the EH wave can feel only the MIP of the bulk material. Hence, on both sides away from the
charge cylinder the total phase shift exhibits an x-independent behavior [®+ (X) = ®g].

Figure 1 is a plot of @ (x)/®, againstx/R. It is immediately apparent from the graph that in Read’s

picture the effect of the TD on the retardation of the electron wave front can be characterized by two key
parameters. Namely, the delay in the phase of electrons transmitted through the TD with respect to the phase
of electrons transmitted through the surrounding bulk region is given by

3/2

1 Q
Dy oc g™t NTER (6)
whereas the spatial extent of the phase profile is established by the diameter of the depletion cylinder [6-10],
1/2
D=2Rw (gj . ()
n

Above, Q is the absolute magnitude of the charge per unit length [3-14] of the TD line, n the carrier
concentration, and & the dielectric constant of the host matrix. A pertinent observation is that

@, (x) exhibits in the limit |x| — 0 a characteristic cusp. The presence of the cusp in the structure of the TD

related phase shift was experimentally observed by Chung et al [10].
Let us also note that the functional form (2) leads to a remarkable electro-neutrality condition,

U + IuD(x)dx=0 ®)

—00
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Fig. 1. The phase profile across the TD [Eq. (2)].

which rests upon the foundation stones of Read’s shielding philosophy [11-13]. This condition demonstrates
explicitly how the integral characteristics of holographic phase distributions become linked with the charge
states [3-10] of TD cores.

I11. RESULTS AND DISCUSSION

Having described in some detail the salient features of ® (X), we return to Eq. (3) and rewrite it as

()
Uo=yE?°, 9)

where yg = (4C¢ /3e)7*. Since the value of Cg is controlled [1] by the accelerating voltage of the TEM, the
correlation form (9) makes it clear that a novel method can be suggested for the analysis and quantification
of the Read barrier height on the basis of holographic phase images recorded in cross-section geometry.
More precisely, Eq. (9) demonstrates that the extraction of the values of ®,and R directly from measured

phase profiles [6-10] turns out to be sufficient for determining the magnitude of U, without invoking more
laborious procedures. As can also be noticed from Egs. (6) and (7), the object (®,/R) shows no explicit

dependence on such fit parameter [6-8] as n. Therefore a prior knowledge of the doping history of the sample

[6-10] is not required if the formula (9) is used as a characterization tool. Armed with this information, we

can now test the predictive power of (9) and its reliability by making a connection with the experimental
facts.

Using a field emission TEM for which the interaction constant in Eq. (1) has the value
rad

Cg =7.29x10° —, 10

: v (10)

Miller et al [6,7] were able to detect the holographic phase shift variation across a mixed type TD (with a

Burgers vector of1/3<1123>) embedded in a cross-section specimen prepared from n-doped GaN epitaxial

layer with carrier concentration of n~2x10"*cm™. To improve the noise situation for a better signal-to-
noise ratio, the phase profile perpendicular to the TD axis along the x-direction was obtained by averaging
the line scans of the phase image along the y-direction. The observed delay in the phase at the TD region has
been interpreted [6,7] as a direct and real space evidence for the space-charge phenomenon originating from
a tightly bound negative charge at the core of an acceptor-like TD. Table | summarizes the data taken from a
plot of measured phase distribution in Fig. 3 of Ref. 7. It is seen from the data that the interaction of the EH
wave with the nanoscale space-charge cylinder leads to a substantial decrease in phase (about®, = 0.2 rad)
at the TD core. With the experimental values of ®,and R at hand, one may now arrive at a quantitative
measure of Read’s Uo by utilizing Egs. (9) and (10) and the calculated value of

Po . g7x102 (11)
R nm
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Proceeding in this way, one comes to a conclusion that in super-wide-gap GaN (Eq ~ 3.4 eV) the Read
barrier around a mixed type TD can be expected to be as high asU,(™ = 0.89 eV .

TABLE I. Holography measurement results (Ref. 7).

Material TD type Ds (rad) [Ds— Do] (rad) R (nm)
n-doped GaN Mixed 2.1 1.9 23

To check the accuracy of the quantification method outlined above, we turn our attention to the work of Cai
and Ponce [5], where a holographic analysis has been performed under a somewhat different geometry to
examine and compare the charge states in three different types of TDs (edge, screw, and mixed) in n-
conducting GaN epilayers. The results from their investigation reveal that all TDs are in highly negatively
charged states with associated positive space charge regions. At the same time, a large heterogeneity in the
electro-chemical activity is observed among various TDs due to morphologically different cores. Figure 3b
of Ref. 5 shows, in particular, that the measured barrier heights at the core regions of edge, screw and mixed
TDs are around 0.5, 1.3 and 0.9 eV, respectively. On comparing this latter measured value with the above
calculated value of Up™®, we may conclude, a posteriori, that for the mixed type TD in n-GaN the
guantification method based on Eq. (9) works sufficiently accurately.
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In this paper we theoretically analyzed the effect of interface traps on Si nanowires (NW) and
NW junctionless FET. We consider high density of interface traps (102 cm™) and observe the
conduction type switching due to surface traps by decreasing the NW radius when the NWSs
doping densities are less than 108 cm™. However the impact of interface traps on NW electrical
characteristics is apparent also at high doping densities which are usually utilized in NW
junctionless FETs (JL FET). In this respect, we have included the effect of interface traps in
analytical compact model previously derived for NWJL FET. Different trap energies and
densities were considered. The proposed compact model reproduces correctly the results obtained
from Sentaurus Synopsys 3D TCAD simulations.

. INTRODUCTION

Interface traps have great influence on NWs electrical performance due to their high surface to volume ratio;
a factor which is considered as a true advantage in respect to their applications [1-3].The balance between
charges in the NW volume and charges trapped on the surface can deeply modify the electrostatics of the
channel. Depending on the doping and trap densities, when nanometer scale structures are considered, deep
depletion can take place even without any gate electrode. Modeling the influence of interface traps on device
characteristics was already addressed in some papers [4-7]. In [4], an analytical model for the depletion
induced by traps at the surface of a silicon nanowire was investigated. However, the authors assumed the full
depletion of the channel and neglected the mobile charge density, where as these carriers are of prime
importance for below threshold operation. Introduction of interface trapped charges in compact models have
also been proposed in inversion mode MOSFETS [5-7]which is not appropriate for junctionless (JL) devices
[8].

In this work, first we analyzed the conditions when the inversion charge raised due to surface traps
practically can be neglected then we propose to include the effect of interface traps in the charge-based
model developed for junctionless NW FETSs [8]. In the first step, we will detail the process to account for
traps in ungated nanowires. Next, the gate electrode will be introduced and an additional analysis of related
traps features on I—¥ characteristics will be analyzed. Different trap energies, densities as well as the exponential
energy distribution of interface traps are considered. The analytical results are compared with Technology
Computer Aided Design (TCAD) simulations.

Il. THE INVERSION CHARGE RAISED DUE TO THE EFFECT OF SURFACE TRAPS

We assume an n-type semiconductor with a dopant density (N,) and acceptor traps located at the semiconductor
nanowire interface. Interface charge traps are amphoteric and whether they behave as donors or acceptors depends on
the energy of the trap within the band-gap. Interface traps located above mid-gap behave as acceptor traps whereas
those below mid-gape behave as donor traps [9-10].

We consider NWs with um lengths, so that only radial distribution of potential is important.

To describe the effect of surface traps on NW conductivity the Poisson equation should be solved considering both type
of mobile charges: electrons and holes:
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For the boundary conditions we consider the electric field in the center and on the surface:

99 =0, 29 =—q st(Et)/gsc’ (2)! (3)

or ly=o or ly=p
whereN; is the density of interface traps, f(E;) is the probability of occupation of interface traps at discrete energy level
E;. The occupation probability for acceptor type trap level within the band-gap of the semiconductor is
determined as follows [9]:

f(E) = ;Et—EF

: 4

1+ exp[T] ( )
whereE; is the trap energy, Er is the semiconductor Fermi level and kT is the thermal energy. Here, we
consider a degeneracy factor equal to 1.In this stage of development we consider discrete levels of trap energy. And

include a general “U” shaped distribution afterwards.
The above described set of equations (1-4) have no analytical exact solution, instead numerical solution can provide the
overall picture of surface traps effect. Below we present our calculations performed by Wolfram Mathematica.
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Fig. 1. Net electron-hole ratio in Si NW considering different doping densities and surface traps density: a)
Ng = 102cm™2, b) Ng = 10tcm ™2,

From calculations illustrated in Fig. 1 is seen that at high density of surface traps (Ng = 10*2cm™2) the
inversion charge becomes essential with decreasing the NW radius only for NWs with doping densities less
than Np = 10*8cm™3. Accordingly, for Si NWs with doping densities of order of 10*8cm™3the inversion
charge is not majority even at 5nm radius. Even considering low density of surface traps (Ng = 10'1cm™2)
the inversion charge becomes important when decreasing the NW radius only for lightly doped
semiconductor NWs (see Fig. 2 (b) curves with N = 2 106, 101¢(cm™2)).

Thus we can conclude, that while considering highly doped semiconductor NW devices, such as junctionless
FETSs, the inversion charge raised due to the effect of surface traps can be neglected.

I1l. SURFACE STATES EFFECT ON NW JLFWET

We propose to generalize the charge-based model developed for junctionless NW FETSs in [8,11] to include
the effect of interface traps self-consistently. We still assume an n-type semiconductor. Therefore only
interface traps located above mid-gap are of interest. Given the presence of active interface traps, an upward
band bending takes place at the semiconductor surface.

According to (4) the interface trapped charge density satisfies:
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Here,q, introduces the intrinsic Fermi level at the semiconductor surface (E;s) with respect to Fermi
level,and E,_;, the surface trap ionization energy with respect to the intrinsic Fermi level as well.

Next, we introduce the interface trapped charge density in the charge-based model developed in [8]. The
solution developed therein can be summarized in two central relationships that link the surface potential (¢5),
the central potential (¢,), and the surface electric field (Ej):

Qss = —q (5)

1+exp(

s = Zfz (i exp (%2) = Nb) + 9, (6)

1/2
Ps—V Po—V
— |anUr Ur —p U Ps—Po
Es = Esi [(e ’ € T) ni( Ur )]] ’ (7)

where R and ¢g; are semiconductor NW radius and dielectric permittivity respectively, n; is the intrinsic
carrier concentration, Uy = kT /q. We consider source Fermi level as the reference level.

When the surface trap effect is included in the model the applied gate voltage at flat band conditions should
compensate the band bending occurred as due to the metal-semiconductor work function difference but also
due to the interface trapped charge thus we rewrite the eq. (10) in [8] as follows

Qse = —2Cox (Vg + B2 — ). ©)

Relations (6) to (9) can be implemented in any solver to get the gate and drain voltage dependences of the
charge densities associated to the channel, to the gate and to the traps.

It is seen from (9) that we can introduce the interface trapped charge effect in charge based model [8] by
adding 6 = Qg /C,, shift to the effective gate voltage and avoid further modifications of [8]. We propose at
first calculate Qg for the given voltages (as we have described) and then add the shift § to V; in [8], also in
drain current equations. This method which consists adding V; shift helps not only to use the same analytical
relationships, but also to perform all the calculations of charges and drain current explicitly as described in
[11].

For clarity we remind here the drain current equation in depletion mode [11] and include the effect of traps:

Vp

% w 1 53 Qfix Qsc z
Ipep (Ve + 8, Vp, V) = TH {( ) Q5.2 — ++ ( Six 4 ZUT) Qsc — UrQfixIn (1 + @) }
Vs

(10)

Scst 12QfoC51 2Cox

where Q. (V¢ + 8, Vp, Vs) is calculated either with analytical expression (19) in [8] or explicit expression
(14) in [11].

Fig.2 displays the current density for NW FETs for a mid-gap traps density of 10'2cm™ and setting the
mobility to 1417cm? Vs (default value in TCAD Sentaurus software assuming constant mobility) versus the
effective gate voltage at low (V, = 1mV, Vp = 0.1V) and high (V,, = 1V) drain. It is worth to note that all
the drain current and charge calculations from the model were done explicitly. In these calculations the
interface traps at mid-gap are considered. The subthreshold slope degradation due to the presence of interface
traps is illustrated in logarithmic scale on the left axis. To make more visible the effect of surface traps, the
drain current is also obtained for zero density of interface traps at Vo= 1V and is depicted with black dashed-
line. It is clear that the agreement between numerical simulations TCAD Sentaurus and the generalised
explicit charge-based model validates a posteriori that the current model doesn’t need to be modified.

In calculations of Fig.2we have been considering discrete level for interface traps. However U-shaped
distribution of interface states density in the band gap is the most common situation [12,13]. As we assume
an n-type semiconductor, only interface traps located above mid-gap are of interest. Consequentlyan
exponential distribution is a good approximation for U shape. Thus we assume exponential distribution for
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the trap density with respect to the energy and replace N with Ny = N¢p ff T exp (— 5 ;EST) dE; and E;_;

with E¢r, where Ny is the maximum value of interface state density, E¢r is the energy level of Ny, and E; is
set to 0.035 eV to be in consistent with default value in TCAD simulations.

Comparison of the analytical model and 3D TCAD simulations obtained for NW JL FET is shown in Fig.3.
We note that the assumption of modeling an interface traps distribution with a single energy level and with
tuned parameters (Ng,Egp) fits quite well TCAD data, where the exponential energy distribution was
implemented. To make more visible the impact of interface traps we have also plotted the drain current
obtained at zero density of interface traps on the same graph.
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Influence of Surface Recombination on the Efficiency of the Nanowire
Solar Cells With Radial p-n Junction
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Radial p—n junction solar cells have been theoretically predicted to have better efficiency than their
planar counterparts due to decrease in the distance required to collect minority carriers compared
to carrier diffusion length. This advantage is also significantly enhanced when the diffusion length
is much smaller than the absorption length. We have developed an analytic model for the radial p-
n-junction in a single nanowire (NW) core-shell structure. Here we present the NW efficiency
dependence on the surface recombination rate for NWs with different radii. The considered
radiation was taken as blackbody radiation at 5800°K temperature.

KEYWORDS: Silicon, nanowires, solar cell, p-n junction, surface recombination.

I INTRODUCTION

Recently interest in the use of solar energy has increased dramatically. To produce NW based solar
cells new technologies and methods for the synthesis of NWs with different geometrical and physical
parameters have been developed [1-6]. This new type of structures presents an important class of nanoscale
building blocks with potential for exploring new device concepts, e.g., for photovoltaic applications or field-
effect transistors. With the latest technologies, it becomes possible to realize solar cells based on NWs with
radial p-n junctions [3-6]. This system has several advantages over conventional planar analogues, in
particular associated with the fact that the collection and the generation of charge carriers takes place in
mutually perpendicular directions. Thus, the studies of electrical and photovoltaic properties of
semiconductor nanowires is important issue for the further development of solar cells.

Currently, the semiconductor nanowires are grown by different methods [7, 8]. The semiconductor
nanowire radius may vary widely from tens of nanometers to micrometers. When the nanowires radius is in
order of several nanometers, such radius is comparable with the de Broglie wavelength, and quantum effects
are observable [9], which significantly changes the energy spectrum of the charge carriers. In nanowires with
large radius the quantum effects are insignificant. In such structures, the radius of the nanowire becomes
comparable with the other characteristic lengths of the electron gas (e.g. diffusion length). In this study we
will consider silicon nanowires without quantum size effects and with absorption edge 1.08 microns
covering partially the infrared portion of the solar spectrum.

1. ANALYTICAL MODEL STRUCTURE

We consider the core/shell NW (see Fig. 1) with p-type core of (Ro) radius,
n-type shell (Rshei)) and the NW radius is (R).Due to the p-n junction formation depletion
in radial direction the space-charge layers are created on both sides of the
core/shell interface and potential energy barrier is established. The electric field :
arises across the junction and the energy bands bent until the establishment of N
equilibrium state and the alignment of Fermi energy levels. We already have
derived an analytic model for such radial p-n-junction in a nanowire core-shell
structure [10].The NW is illuminated from the top by blackbody radiation at n-type shell
5800°K. Such topology is already constructed and characterised in the
experimental work [5].The light is absorbed in quasi-neutral regions (both in n-
type shell and p-type core) and in the space charge region. Generated in NW
non-equilibrium carriers are separated in the radial direction due to the p-n-
junction electric field.  Only these separated non-equilibrium carriers
participate in the formation of photocurrent. Fig. 1.

To provide complete absorption of falling light NWs with lengths greater
than the coefficient of total absorption (@ ') have to be considered. In this case it is possible to maximize
the light absorption and charge carrier collection .

p-type core
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As we said we consider the Sun as a black body at temperature Tc. . The flow of thermal radiation
depends on the temperature and the surface properties of the emitting body. For isotropic radiating surface
the flow is determined by Planck’s law [11]:

a
(1)0 (ﬂ'! T) = L ! (1)
A’ -1)

Where uses:
a=2xhc? =3,7405-10° W-m’
b =% =1,4388-107m-K,
h=6.6252-10"*J -sec,
¢ =2,9979-10° m/sec,
k =1.3806-10J/ K.
T, =5800°K
Consequently, the total radiated photon flux from the unit surface at 1 s per unit wavelength is equal to:

Np, = Po(4T) _ a ,wherea’ = 277¢c =1,8827-10° m/ sec (2)

P T he b
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So the photon flux on the Earth in the unit surface at 1 sec in unit wavelength through the area perpendicular
to the direction of propagation of light is equal to:

. a(RI/r)
Npho=( ) 3)

b ’

4™ 1)

6.96-10° m

where a'(R, /r)* =1,8827-10° m/ sec( L5 10"
ol m

2
j =1.883-10°-2.153-10 ° m/ sec = 4.05-10* m/ sec

Il. RESULTS AND DISCUSSIONS

Solving the drift-diffusion and current continuity equations in quasi-neutral regions by taking into account
surface recombination and generation rates, we can find photocurrent in the described above system. The
generation and recombination currents in depletion region have been included in the calculations as well.
The results of analytical calculations for the total photocurrent are illustrated in Fig. 2. As it was expected the
photocurrent is higher at larger widths of quasi-neutral shell region and it strongly depends on surface
recombination rate (Sp).For the wider shells the photocurrent saturates because the carriers collection area
remains the same as the shell thickness becomes larger than diffusion length.

1;:.‘ (nA)
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L~11,2 um
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Fig.2. The dependence of total photocurrent 1 on the ratio of quasi-neutral region width in n-shell over the hole-
diffusion length (L) for different values of surface recombination rates (Sy).

78



The efficiency dependence on quasi-neutral shell region width and surface recombination rate is depicted in
Fig. 3. As it is seen the efficiency falls for NWs with wider quasi-neutral shell region (see Fig. 3 a)). This is
due to the situation of photocurrent and increase of whole incident on the cell radiation power with
increase of the shell thickness. Meanwhile, as it was expected, as low is the surface recombination rate the
higher is the efficiency.

In Fig. 3 b) is illustrated efficiency dependency on surface recombination rate for NW with shell radius
500nm.

Eff=’0.1848 Elj‘: 0.1848 E£f= 0.1841

4 7’ P

X » % _
HE X Eff= 01797

4

Sp=10% cm/sec
Sp=10% cm/sec
Sp=10% cm/sec 0180 »
Sp=10° cm/sec

Sp=10° cm/sec 0175
Na=10%®cm?3 Eff= 0.1668
Np=10% cm’ 0170 R ’
Ro=100 nm

Lp=11,2 um
@, =24,8 nm

Eff

H

015

ot | 0165

0160 Eff= 0.153
4

005 e

01% X Eff= 0.1485
0150 ‘ v
[ R 1 L M| L L
05 10 15 0 25 30 1 2 3 4 5 6 Lg(sp)
Rshell - a)n
Lp

Fig.3. The dependence of a) efficiency on quasi-neutral shell region width at different values of surface recombination
rates; b) max efficiency on variation of Ig(Sp) for Rshen=500nm and Ro=10um.

IV.  CONCLUSION

We have studied silicon single core/shell NW with radial p-n junction under the illumination. The
theoretical analyze is have been performed for NWs with large range of shell radii. The geometrical
dependencies of the main characteristics have been studied for the proposed NW structure. Further we
present the main reasons of Voc decreasing in NW solar cells compared with planar ones. Optimization of
nanowire geometry and proper choice of doping densities are mandatory to improve the cell efficiency. The
developed model gives good understanding for designer to choose the optimal geometrical parameters for a
single NW to get the satisfactory values of photocurrent, open-circuit voltage and cell efficiency.
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Critical Radius of Full Depletion in Semiconductor Nanowires
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We have presented a simple analytical model for estimating critical radius of full depletion in
semiconductor nanowires due to charge carrier trapping at surface states and radial band bending.
The model describes the critical radius functional dependences on doping level, surface states
parameters and appears as a very useful tool to understand transport properties of nanowires
limited particularly by surface effects.

Keywords: semiconductor, nanowires, critical radius, full depletion.

I INTRODUCTION

Among other nanostructures, semiconductor nanowires (NWs) with a diameter typically of the order of 10
nm to 100 nm and aspect ratios as high as 107, even without quantum size effects, offer exciting possibilities
as building blocks for different photovoltaic devices, in particular, for photosensitive elements in highly
integrated optoelectronic devices [1] and for third generation of solar cells [2]. Nanowire based photo
detectors can yield higher light sensitivity than their bulk or thin film counterparts due to the large surface-to
volume ratio and small dimensions comparable to the carrier diffusion length [3,4].

Because of inherently large surface-to-volume ratio, NWs contain an extremely high density of surface states
very often causing Fermi level pinning near the middle of the bandgap. Due to the exchange of electrons
between the surface and volume and their trapping at surface states, NWs can exhibit a depletion space
charge layer with an extension of the order of the NW diameter or even inversion effects [5], which can
strongly influence the electric and photoelectric characteristics of NWs and NWs based devices. Control of
the depletion layer thickness is important for the operation of NW devices as field-effect transistors [6],
photoconductive optical detectors [8] and solar cells [9].

Later we will assume that the nanowire radius R is greater than de Broglie wave length, so we can
neglect in our calculations quantum size effects.

. THE S1zE DEPENDENT SURFACE BAND BENDING AND CRITICAL RADIUS

We consider cylindrical NW with uniform donor type doping density Np, and we consider that all
dopants are ionized leading to a free carrier concentration of the same density. We assume acceptor-like
recombination traps on the surface with the density Ns, capturing electrons from the volume and resulting in
electric field in radial direction. For the simplicity we assume that only one type of acceptor-like states with
ionization energy Eg exist on the surface. The negative charge of surface states gives rise to a positively
charged depleted region, which is formed near the surface of the nanowire and has the width W. This causes
surface band bending with the equilibrium potential barrier USO and, in general, results in an undeleted
conducting neutral core of radius (R-W) within the nanowire.

There is a certain radius of NW, so called critical radius (RC), when the total NW is totally depleted
from free charge carriers. We must note that such situation is possible if NS is enough large and all electrons
from the volume of NW are not able to fill all surface states i. e

Ng > NoR
2. (1)
For thinner NWs the total charge per unit length of NW decreases, which causes the reduction of the
surface potential barrier at equilibrium (Fig.1.c), and so the surface potential barrier becomes radius

dependent for NW with R<RC.
To define the critical radius of NW the Poisson equation in cylindrical coordinates must be solved.
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Il. RESULTS AND DISCUSSION

We can examine the dependence of critical radius of semiconductor NW on doping level, surface
states density and their ionization energy. Fig.1 shows the critical radius variation with surface state
ionization energy for different values of doping level / Fig.1, curve 2,3/.

Nd=10", Nd=3.10"", Nd=5-10""}

Fig.1. Critical radius dependence on ionization energy of surface states for Si-NW

(Ng =5-10"cm?, N, =107,3-10",5-10"cm™® ).

{Ns=3:10", Ns=5210", Ns=10" }

Nd, sm™
ok v o o T
o 210 410" i 10" 810V

Fig.2. Critical radius dependence on doping level for Si-NW
(Eg =0.25eV, N = 3.10“,5-1011,1012cm-2).

Fig. 2 shows the variation of the critical radius versus doping level for different values of surface states
concentrations (Ns= 3-10%, 510'¢, 102 cm-2).
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V. CONCLUSIONS

Charge trapping by NW surface states can cause the formation of a depletion region near the surface of NWs
limiting their electrical transport features, which is crucial function in most electronic devices. For small NW radii or
doping level the number of free charges is insufficient to screen the electric field of charged surface states and NW can
be nearly or fully depleted. Simple analytical approach has been proposed to estimate NW critical radius of such full
depletion for the given surface states density, ionization energy and bulk doping level.

All above discussed depletion effects should be taken into account while designing particular devices containing
NWs. One way to reduce the detrimental effects of surface states is to passivite the NW surface states by covering it
with appropriate thin oxide or semiconductor film (core-shell heterostructures).
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Preparation Technology and Optical Properties of CHzNH3Pbl3.xClx
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Optical properties of CH3NHsPbl;«Clyx thin films obtained by two-step vacuum deposition
processing. Optical absorption edge (1.6 eV for as-deposited and annealed CH3NH3Pbls«Cly film)
has been estimated by using of absorption coefficient spectra curves. It is shown that the annealing of
as-deposited CH3sNH3PDbls.Cly film leads to a sharp edge of the optical absorption and an increase of
absorption coefficient in several times.

. INTRODUCTION

In past five years have been seen hybrid organometallic perovskite solar cells performing
promisingly on a low-cost avenue to the solar energy. Power conversion efficiency had been boosted up to
15% in 2013 [1]. Subsequently, the power conversion efficiency climbed to 19.3% by engineering the
interface on a planar device [2]. This paper presents the results of optical investigations of CH3NH3PbJ;«Cly
mixed organometallic perovskite films prepared by thermal vacuum deposition or combining thermal
vacuum deposition and vapor-processed technologies.

Il. SAMPLE PREPARATION AND INVESTIGATION PROCEDURE

The chosen method of vacuum thermal evaporation, along with other thin-film technologies, is one
of the most convenient way for preparation of perovskite thin films. For growth of mixed halide perovskite
CH3NH3PbJs«Clx films inorganic lead iodide (PbJz) and organic methylammonium chloride CH3NH;CI
(MCI) precursors were used. Previously cleaned glass plates as a substrate and quartz crucibles for
evaporation of precursor materials were used. As much as both materials well sublimated, the evaporator
temperatures are adjusted below the melting temperatures of the selected materials, which allow us to make
suitable control of the deposition process. Investigations has shown that the most good results are obtained in
two-step process, when at firs were deposited PbJ; film followed by organic film evaporation. At the selected
temperatures of the sources, good results are achieved when substrate exposure time for the organic source
exceeding the exposure time of the inorganic source about twice. The typical corresponding times are 2-3
min and 4-6 min for film thickness approximately 500 nm. These CH3sNH3PbJ;.xClx films finally were
annealed at 100 °C for 15-60 min. Color of resulting films changes from brown to dark brown and then to
black depending on the composition. It was not possible to obtain the original films of a satisfactory quality
when there is a reverse sequence of the evaporated materials and in co-evaporation mode also.

Optical properties of obtained films were investigated by independent measurements of
transmittance (T) and reflectance (R) on spectrometer Filmetrics F20 (spectral range 400-1000 nm) at the
normal incidence of light. Absorption coefficient (o) was calculated from measured data R and T by using of
well known approximate relation in the interference free region: T= (1 - R)2e*%/ (1 - R? e2*9) [3], where d
is the film thickness calculated from reflectance spectra. In order to establish the nature of optical transitions,
o was approximated with the empirical Urbach law a = aeexp(hw/Ey) (o0 and E, are the Urbach parameters)
and power law ahw = B(he — Eg)™.

I1l. RESULTS

Beforehand we say that an explicit dependence of the physical properties of obtained films on their
thickness is not observed. Fig. 1. shows a spectra for 1- PbJ. precursor film, 2- as deposited CH3NH3Pbls.
«Clx composite film, 3- annealed CH3sNHsPbls«Cly composite film. It can be seen that the annealing of as
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deposited CH3sNH3;Pbls<Clx composite film leads to a sharp edge of the optical absorption and an increase of
o in several times. Fig. 2 shows the dependencies of Lna from photon energy for as-deposited (1) and
annealed (2) CHsNHsPbl;«Clx film. An exponential form of the fundamental absorption edge is observed in
contrast to the PhJ; film.

1.0

4F l6eV

4
ax 10, em

Fig.1 Fig.2

It is impossible to determine the type of optical transition (indirect or direct) (power low is not
valid). Optical absorption edge (1.61 eV for as-deposited and annealed CH3NHsPbls.«Clx film) has been
estimated by using of o curves (Fig. 1). Similar optical properties have also been observed for the TI.S
layered semiconductor crystals [4]. The value (2.43 eV) of lowest direct gap (Xi to X; transition in Brillouin
zone) in PbJ; film is satisfactory agreement with the bulk [5].

IV. CONCLUSION

Mixed organometallic CH3;NH3Pbls«Cly films were prepared by two-step vacuum deposition
processing. It is shown that the annealing of as-deposited CH3sNH3Pbls;«Clx composite film leads to a sharp
edge of the optical absorption and an increase of o in several times.
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The New Dual-Reflector Axisymmetric Antenna with Circular Generatrix
The Main Reflector

N.R. Khachatryan, R.V. Ter-Antonyan
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Dual-reflector axisymmetric antenna consisting of the main reflector with circular generatrix,
displaced in relation to the axis of rotation, and subreflector with curvilinear generatrix, with
sharpening on a symmetry axis directed towards a feed which phase centre is combined with focus
of system is offered. The polar parametrical equations generatrix a subreflector and obvious
expression for the transforming function which, by simple multiplication by the directional pattern
of a feed, transfers the last to inphase amplitude distribution of a field in an antenna aperture are
given. Are noted, without analyzing, two features of the antenna which are advantageously
distinguishing its from know analog with parabolic generatrix the main reflector and elliptic
generatrix a subreflector.

I BACKGROUND

In [1] the dual-reflector axisymmetric antenna with high frequency-independent matching with feed is
offered. The last is reached by parallel shift parabolic generatrix the main reflecyot (MR) concerning a
rotation axis. It the shift causes an inclination elliptic generatrix of a subreflector (SR) an emergence
of the arc generatrix between a focal axis and rotation axis which at rotation gives rise to a SR with
sharpening on a symmetry axis. The last directs the central ray of a feed to an external edge of the
MR, and an extrem ray to an internal edge.Thereby the rays which are coming back to a feed are
excluded.

The optical scheme of system is shown on Fig.1, which we borrowed from [2].

Fig.1 Path of the central and typical rays through system in the tranmit mode. AA, rotation axis, it is symmetry
axis; 1, the MR with parabolic generatrix with focus in a point Fp; 2, a SR with elliptic generatrix with focuses in
points O and Fy; O, focus of system; d, diameter of a SR, it is diameter of a focal ring, it is diameter “hole” in the
MR.

The Russian developers of the antenna offered in [1] faced the fact that the antenna is unrealizable in
the form of the traditional dual-reflector antenna with the shallow MR, with a feed located near top of
the MR and a SR supported by a tripod. Exit was found in lengthening of a waveguide with a feedhorn
end-to-end to a SR and a joint of the last in the iniform block. Fig.2 which we borrowed from [2]
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illustrates told. Thougt the MR continued to remain rather deep, reconciled to it, absence in the
antenna of the shading tripod consoled.

Fig. 2

Poe being, the concrete antenna with high matching with feedhorn, lost the know advantages of dual-
reflector antennas. To is shortcomings existence a focal ring which complicated adjustment of the
antenna increased.

Nevertheless, thanks to penetrative ability of developers the antenna, in due time, was introduced to
radio relay lines of the Soviet Union [2], and now it is intrduced in telecommunication system of
Moscow (Fig.3).

Fig.3

We claim that the SR with sharpening on a symmetry axis can quite be entered in traditional scheme dual-
reflector antennas if as generatrix the MR to choose not parabolic, and circular generatrix. In this case the
focal ring will disappear, and the axial size of a SR will poorly depend on location of focus of system on a
symmetry axis as generatrix of a SR, providing focusing, will be a curve of the fourth order.

In Fig.4 the optical scheme of the antenna is shown.
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Fig,4 Path of the central and typical rays through system in the transmit mode. NN, rotation axis, it is
symmetry axis; 1, the MR with circular generatrix ES with the center in a point K and with a radius of R; 2,
feedhorn; F, focus of system; 3, a SR with generatrix LC; 2d, diameter of a SR, it is diameter “hole” in the MR;
I < 0.5R, controllable constant defining distance of the limiting point generatrix of a SR from a point K; f > |,

controllable constant defining distance focus of system from a projection of a point K. on a rotation axis;y,
central angle.

The mathematical ratios which are necessary for radio physical design of the antenna are given in the
following section.

1. FOR DESIGNER

From geometrical optics with use of the designations Fig.4 it is possible to show that generatrix of a
SR, providing focusing, it has to be described by the following polar parametrical equations:

0= 0.5{M1+ M4 M3}, (1)
o=2arctg{M./M1} — 2y, 2
where
Mi;=M-2Rcosy+fcos2y—dsin2y, 3)
My= fsin2y— Rsiny + dcos2y, (@)
M= 2R— | + {(f-1)*+ d?}*2. (5)

We will note that the given equations come down to know [3] if to put d=0 and to change a sign of an
angle o.

It is logical to take as given sizes diameter(2D) of the MR, diameter(2d) of a SR and value of the
controllable constant | <0.5R which provides a form generatrix of a SR as on Fig.4. Then

sinymax= (D—d)/R, (6)
amax= o(y=0) = 2arctg{d/(M — 2R + 1)}, @)
s = RI{2cosymax} — d/tgymax, (8)

where s, distance of the sharp end(L) of a SR from a projection of a point K on a rotation axis(Fig.4),

z=s-1, 9)

88



where z, axial size of a SR,
f=s+A (10)

where A is chosen so that focus of system was located closer to the MR.
The equation o (ymax) = 0, with use (2), can be given to look:

(d + Rsln\l/max) COS\VmaX = {2R — I + {(f —|)2 + d2}l/2 — f}sln\l/max . (11)
In the first order on d dependence from f in the right part (11) disappears and (11) becomes simpler:
(d + RSiNymax) COSYmax = 2(R — 1) }sinymax . (12)

Substituting (6) in (12), we will receive the following formula for calculation of radius circular
generatrix of theMR,
R=(D—d)/{l-4(1-z0)(1 - o)}

Where zo=d/D, lo=1/R<0.5.

From the energy conservation law in a beam tube it is possible to receive obvious expression for
function which, by multiplication on the directive pattern of a feed, transforms the last to amplitude
distribution of the field in an aperture of antenna:

a(y) = {{o sino}/{(do + siny) cosi 3}, (13)

where the prim denotes the derivative of .
Formulas [1] — [13] represent base for radio physical design of the antenna.
Trial calculations aperture efficiency are carred out for option I/R = 0.49, f/R = 0.63, d/R = 0.05,
omax = 19.7°, wmax = 23.7° with optimized the directive pattern of a feed and give the value exceeding
0.95.
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Features of Radar Cross-section Determination Using
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An updated algorithm for determine radar cross section (RCS) of object, based on near-field
measurements, is presented. The algorithm has two components: the process of measurement and
mathematical processing of the measured data. The illuminator and probe (electric or magnetic
dipoles) are located on concentric scanning spheres (exterior and interior), covering the object. The
measurements carried out for each fixed mutual arrangement of emitting and measuring probes,
moving with a certain increments. Data processing carried out using the method of spherical
harmonics and of the reciprocity principle. The problem is to exclude the direct fixation of the
illuminator radiation by the measuring probe. The traditional way to eliminate this effect is to
measure the electric and magnetic components of the scattering field of object for two orthogonal
tangential orientations of the electric and magnetic dipole radiators. The presented generalized
method allows excluding a direct effect of the radiator on the measuring probe by measuring only of
the electrical components of the scattered field, and, in addition, to obtain the absolute value of RCS
using relative measurements.

l. INTRODUCTION

Radar cross section (RCS) is a main characteristic of radar object. To remove the effect of the distance,
the plane wave far-field scattering is considered. RCS is the ratio of the power density, scattered from the

object |ES|2 in a given direction to the power density of a plane wave incident on the object |E"|2:
- 12 ;5.2
o = lim 4mr? |E<[/|EY| (1)
RCS depends from the direction of incident plane wave, the observation
direction and the polarization of incident plane wave as well. The full RCS
distribution is represented as a two-positional diagram for each of two
polarizations of incident planar wave. The far-field methods, currently used
for RCS measuring, produced both in the open countryside, and in anechoic
chambers [1]. Near-field measurement methods developed as well [2, 3]. In
particular, in [2] two-dimensional algorithm of near field to far field
converting was developed.
Fig.1. Description of In works [4, 5] a three-dimensional method for determining RCS of
measurement scheme objects by near-field measurements is proposed. Far-field characteristics of
the scattered field are determined by exact mathematical processing of near-
field measurements data. Briefly the method consists of the following (Fig.1). The object illuminated by
emitter moving along the scanning surface S;, which covers the object. The measuring probe is located on
the second scanning surface S, which also covers the object, and covered by the first (emitter) surface.
Measurements are performed across the probe scanning surface for each fixed position of the radiator. The
case of two concentric spherical surfaces shown on Fig 1. In this case processing of measured data performed
by the vector spherical harmonics method [6].
This paper contains an updated algorithm for the measured information processing. It allows, without
changing the measurement circuit, to eliminate the mutual influence of the probes at each other, and, without
using a reference object, to get the absolute value of RCS.

[I.  DATA PROCESSING ALGORITHM
In relation to the discussed problem, there are two possible ways to use the vector spherical harmonics
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method: (a) measurements of the tangential component of the electric fields on the scanning surface for the
two different orthogonal orientations of the radiator, placed in given point; (b) measurement of the tangential
electric and magnetic components using electric and magnetic probes, for two orthogonal, tangential to
scanning surface, orientations of the electric and magnetic kind of radiators (for example: for the point
electric and magnetic dipoles).

The initial set of the measured electric and magnetic field components on the scanning surface S, may be

symbolically represented as follows:
E/T1 o Hrt1,£f_1 (2)

a0’ 72,82

Here the superscripts indicate the location point #; (14,6, ¢,) and the polarization @; = 51,61 of the
radiator. The subscript shows the location point of the probe 7, and the possible orientation of its polarization

a, = {52,62 } The prime indicates an availability of direct contribution from the radiator. Pure scattered
fields are denoted as Err;% H:;% (unprimed).

In the cases of (a) and (b) the fields, reconstructed on the arbitrary observation point 7, based on the
measured on the surface S, electrical [7] or electrical and magnetlc [8] components, may be symbolically
written with the help of conversion operators EE o GE y and EE o GEH respectively:

. PG E 7@ forr>r.
@1 _ “EH 171,01 2
{E'H}F,ﬁz "~ Gey ({E 722'552} T)’for r<m ®)
. NP E PE P d forr>r,
71,1 _ E,H 171,%1 171,21 2
{E’H}Fﬁz - 6 ({E 72'52'H Fz,&z}'r) " forr<mny @)
EH

The argument r in (3, 4) indicates the radius of the spherical surface of the restored field. Explicit
expressions of the above operators, suitable for use in the context of this presentation, are given in [9, 10].
Schematic diagram of the synthesis of the far-field scattering from the far zone source is given on Figure 2.

Both of algorithms (3) and (4) can correctly restore the components of the radiation field at an arbitrary

space point # for r > r, (r < ry) in absence of external (internal) radiation ({E H} ol _ ={E, H}r1 “1) [o-
11]. The recovered components are identical for both of cases (3) and (4). In the presence of radiation source

outside of scanning surface S,, measured fields E’r1 s H’r1 %1 contam in addition to the scattered field E ﬁ
T2,
7 a1

e , the direct contribution of the illumination source. In general, when there is an external (internal)
relatlve to the scanning sphere S, source of the radiation, the procedure of field restoration by the help of

7, al

algorithm (3) in an arbitrary point in space r > r, (r < ;) distorts the true shape of the field ({E H}

{E, H}r1 “1) [9]. Correct account of external scattered radiation by the help of (3), as shown in [9, 10], is
possible only if r = r,, i.e. on the scanning surface itself:

. ohd E -
& _ "MEH 171,01 ’ 71, a1
{E' H}Fzﬁz N GEH ({E Fz.az} ) ={E"H } ©)
Above distributions, obtained by algorithm (3) by using only measured near field tangential electrical

components, are suitable for further reconstruction of the field, free from the source direct contribution, to
the region out of the surface S, (r > r,) by using algorithm (4):

(B, 1Y = B (B0 ) ) v

From the distribution (7) of the electromagnetic field, reconstructed in far-field region (R > 1), the complex
angular diagram can be allocated:
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5 = ikR
E S = Few (BT ) R) (®)

For the reconstruction of the scattered field of object by imaginary source positioned in the far field, we use
the principle of reciprocity [12]. The principle of reciprocity is valid for the whole system: object plus
environment. For two elementary radiating electric dipoles with the unit dipole moments, this principle in
our notations can be written as follows:

17,0 IR, &
ETv% = p'Rar ©))
Rdg 71,0

One dipole (imaginary, radiating) is situated in the far zone at the point R{(R,0, ¢} (Fig.2). Its dlpole

moment aj is oriented along one of the angular unit vector of the spherical coordinate system: @y = g or
@. Another one coincides with the actual radiator, located on the corresponding scanning spherical surface

S1 at the point 7, {ry, 61, ¢,} with moment a, oriented along the angular unit vectors at this point: @, = 191 or
@1. o
Thus, we have series of distributions of the tangential components E;fgf (a; = 51 or ¢,) of scattered

electric field of object on the scanning surface S; (7, = {ry, 91, ¢}, 0<9;, <m, 0< ¢, <2m) formed
by the imaginary dipole illuminator, placed in the far

G B \ R{rR,6,9y  zone on the arbitrary point on the sphere of radius R >
' /1/1= i3 T2, (0<6<m 0<¢ <2m) with two orthogonal
( fzf«\ | o g orientation of its dipole moment: d = 6 or ai = @.
d;=0," ¢, = @ZN Dipole radiator, located on the scanning sphere Sy,

\\,,,, s, > L7 R'{R,6¢'} after application_ of _the principle_ of reciprocity (9_),
b/ =9 converts to an imaginary measuring probe, which is
Measured near-field Obtained far-field data experiencing the direct impact of imaginary emitter,
) _ ) placed in the far zone. True representation of external
Fig.2. Data processing algorithm influences is achieved by using the algorithm (3):
71,01 =~ 17,0 IR JaR _ PR ﬁ,ﬁR
(B A e = Fon ({Bee o) = Bow ({ER20 ) m) = B HOETE (10)

The resulting information is sufficient to determine scattering field of object in the far zone, formed by a
dipole, placed in the far zone, which is necessary for RCS determination:

(E, H}R R = Fon ({Eiﬁ@? H??R},R’) (11)

T, T T,a

Sequential substitution in (11) operator expressions (8-10), we obtain an explicit expression, which is
necessary for RCS determination:

(8,135 %, = B ({Ben ({Ben ({8 (72 7)) R)} )} 1) 12

Hereinafter for brevity of writing, in the arguments of operators f?E,H, GQE,H the magnetic fields components

are omitted. Using the simplified form F:E,H (8) of operator L:*E,H for the reconstruction of the far field, finally
one can write (R’ = R):

0% B (B (o (B (22} )} ) )} ) S

To determine the RCS (1), as it was mentioned above, the power density of radiation (13) should be
normalized to the value of a field power density of emission source, placed in far zone and determined in the
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object area. The right combination of imaginary probe field with the field of object is achieved by applying
the algorithm Gy ,; (3) to its electrical field distribution (9) on the scanning sphere S; of the real illuminator:

1 = G (E50) ) = G ([030) ) = 050 2

Subsequent use of the operator §E_H (4) determines the field components as the fictitious far-field source at
the point, closed to origin in the absence of object:

}ﬁ'% = GQE,H ({Eiﬁ@? H'E “R} To = 0) (15)

0,®o fr.@ LA

Finally, using (13-15), we obtain an expression for the two-positional diagram of RCS:
Ry _ an_|Pe({Eean({Pen({Een({Et) )} R)}r))R)]

™ 5 g (o Fen (L o)

The updated algorithm (16) is based on the actual measured data: superposition of scattered field of the
object and the field of emitter, which is acting direct on the probe. Required only tangential electric field
components. Emitter and the measuring probe are placed in the neighborhood of object (Fig.1).

2 (16)

Il. CONCLUSION

Updated algorithm does not increase of the required number of measurements: as before [4,5], the
tangential to the scanning surface electric field components of the scattering object for two orthogonal
orientations of the radiator (scanned as well) polarization to be measured. Scanning step of probes is
determined by the working wavelength and the number of vector spherical harmonics, necessary for the
correct reconstruction of the final result. Last depends on the degree of complexity of the object shape and
the material from which it is made. The principle of reciprocity (9), used in the construction of the algorithm,
is valid for an arbitrary inhomogeneous and anisotropic media [12]. Due to the updating, the processing of
measured data becomes more complicated. The problem is solved with the help of the developed in [13]
method of Fast Fourier Transform for the vector spherical harmonics. Generalization of the proposed method
to the probes with arbitrary diagrams can be produced using a variety of techniques that take into account the
distorting effect of the probe on the measured data values (see, for example, [14]).
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Receiving signals from moving objects, especially from pedestrian, are classified in special group.
The pedestrian global motion consists of several micro-motions. In power spectrum the phase
relations between micro-Doppler spectral components are lost. So to keep phase information
inessential. Under those circumstances using in-phase (I) and quadrature (Q) components is
sufficient for keeping phase information to retain useful maximal in bi-spectrum graph.

l. INTRODUCTION

As it is known, second order statistics, such as autocorrelation function and power spectrum provide only
information amplitude information, but that information isn’t enough for pedestrian detection. The reflected
signal from narrative moving object with constant velocity estimation shows that in power spectrum there is
only one useful frequency. That frequency is Doppler shift frequency. In case, then the object is moving with
acceleration, there is spectrum correlation. The picks are appearing. It becomes more difficult to separate
useful picks from noise. For example, separate useful picks, which are belong to moving pedestrian, from
noise. So it is very important to estimate phase information. In this case it is very important to use more
powerful tool such as higher order statistics [1-3].

The phase information can be provided by higher order statistics such as third-ordered autocorrelation
function and third-ordered spectra known as bispectrum [4]. Using of higher order statistics gives
opportunities to find not only amplitude information, but phase information in addition. We are using higher
order statistics to disclose pedestrian micro-doppler signature. Pedestrian hands and legs are moving opposite
sides. The speed of pedestrian hands and legs are allocated between null and double of pedestrian body
moving speed. So we have mathematical pendulums with opposite phases but with the same frequencies.
This means that we have Doppler shift to different sides [5, 6]. In general, they are micro-doppler shifts,
because the pedestrian motion includes different body parts with different motion structure [7-10].

In this paper we have received 1Q signal using ground surveillance radar. That signal was received from
moving target [11, 12]. At first sight in power spectrum we have signal which gives full description of
pedestrian. But deeply analysis using HOS gives great opportunity to find phase coupled components in
spectrum.

1. METHOD DESCRIPTION

Received signal is including useful information. For disclosing that information it is necessary to find
available length of reflected signal spectrum. The Discretization step number is N = 4000. Analyzing time

will be Ty = NTg, where T, is analyzing time and T3 = 0.0001 s is discretization time.

As it is mentioned above reflected signal from pedestrian is very difficult. It means we have signal
which is including i frequencies, there i=12 .. For signal

N N

s(t)=> Acos(2zft)and its Fourier transform S(f)=>s(t)exp(j2znT,) where j=+/-1, the
i=0 =1

R, (n,1) triple autocorrelation function and B, (p,q)bispectrum are functions of two variables.

R, (n,1) triple autocorrelation function is set as
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N-1

R.(n1)= Y Ix™ (i)~ EIX™ (i +n) - E][x(”‘)(i +1)- E} Q)

) *

where n=0,...,N—-land 1=0,...,N—1lare the independent shift indices,(,,,> denotes ensemble

0

N-1
averaging for infinite realization number ; E:%ZX('“) (i), is the mean value. B, (p,q) bispectrum is
i=0

complex-valued function of two independent frequencies p and g. It can be written as 2-D discrete Fourier
transform of triple autocorrelation function:

N-IN-1 (2)

B,(p.a)=>>R,(nl)exp[-j2z(np+Iq)]

n=01=0

Namely, for two fi and 5 independent frequencies equation (2) will be written as
B(f, f,)=S()S(f,)S" (f,+f,) 3)

If f, = f,+f, or 9 # @, +0, ,B(f,,f,)=0. So, reflected signal from contains coherent components and

that components can be found using HOS, i.e. equation 3.

Il. MOVING OBJECT DETECTION.

Reflected signal from  pedestrian consists of several micro-motions. They are
micro-doppler shifts, because the pedestrian motion includes different body parts with different motion
structure [6]. In power spectrum the phase relations between micro-doppler harmonics are lost. Therefore, it
is impossible to recover phase coupled frequencies by energy spectrum estimation. So to keep phase
information is essential. Under those circumstances using in-phase () and quadrature (Q) components is
sufficient for keeping phase information to retain useful picks in bispectrum graph. Ground surveillance

radar block-scheme is illustrated in Fig. 1. o
Transmitting

VCO @ UP 16GHz antenna
> > >
1GHZ
A
4
Receiving
LO 15GHz Down antenna

Indication |«

1GHz

DSPand |+ ?
Signal band ;
Forming Down Baseban 90

Fig. 1: Ku-band CW Radar simplified block-diagram.
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Take in account that doppler frequency of pedestrian in Ku-band is lying on 10 Hz to 100 Hz due to
phase features distortion phase noises have the highest importance. For this reason in ground surveillance
radar system VCO and LO are chosen ultra-low phase noise. Although, LO has high linearity. There is need
to estimate whole spectrum because pedestrian can move away and toward radar. In figure 2 are illustrated
pedestrian moving away (a) and toward (b) the radar.
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Fig. 2. The spectrum of moving pedestrian away (a) and toward (b) the radar.
As it is shown on figure 2 with coherent components, which we have received from moving object, we infuse
two non-coherent components which picks are situated in f =900 Hz. Those non-coherent signals can be
jammers, clutter, oscillator and etc. This was for show one of the main properties of bispectrum, i.e. phase
coupling phenomenon [11]. In figure 3 are illustrated complex fast Fourier transform (FFT) and bispectrum
estimation of received signal. There we have clutter and generated non-coherent signals.
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Fig. 3. Complex FFT (a) and bispectrum (b) of received signal.
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As it is shown on figure 3 (a) from both sides on f =900 Hz we have non-coherent signal. Signal to

noise ratio isSNR=15dB, But on figure 3 (b) we have not such kind of picks because they are non-
coherent signals, henceforth they aren’t phase coupled.

Ground surveillance radar emitted signal is reflected from all oscillating parts of moving object. The
complex FFT and bispectrum estimation of moving object are shown on Fig. 4.
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Fig. 4. The complex FFT (a) and bispectrum estimation (b) of moving object

As it is shown on figure 4 (b) non-coherent components on bispectrum graph are suppressed. There is
only useful information, i.e. reflected signal from moving target with its own coherent components. At the
same time signal to clutter ratio for complex FFT is25dB , meanwhile for bispectrum is 35dB . Comparative
analysis the results in fig 4 a) and b) allows to summarize that the benefits purchased by bispectrum-based

approach is approximately 10dB.
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Fig. 5. Bispectrum XOY cross section
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The most important property of bispectrum is disclosing of target motion structure. As it is shown on figure 5
the bright points are phase coupled components. They are

(60Hz,60Hz),(110 Hz,30 Hz),(30 Hz,110 Hz ), (80 Hz, 70 Hz )and (70 Hz,80Hz) . These components

all belong to moving target.

V. CONCLUSIONS.

In this paper was shown one of the most important property of HOS i.e. phase-coupled frequencies
finding. In particular, phase information finding using HOS has been examined. The most important points of
HOS and bispectrum estimation are given and it has been shown that they can provide information which at
second order statistics can’t. Besides, the SNR of bispectrum better, than FFT. Finally, moving target
identification method was presented. It gives opportunity to detect and find phase coupled components i.e.
the coherent signals. The results are very promising.

V. REFERENCES.

[1] A. Totsky, I. Kurbatov, V. Lukin, A. Zelensky, ”Use of 2-D filtering of bispectrum estimations for 1-D signal
reconstruction in mixed noise environment”, Proc. Second International Workshop on Spectral Methods and
Multirate Signal Processing SMMSP’2002, Toulouse, France, 2002, pp. 171-178.

[2] A. Totsky, O. Krylov, I. Kurbatov, V. Lukin, J. Astola, and K. Egiazarian, “Statistical investigations of
bispectral and image restoration for Gaussian and non-Gaussian noise environments”, Proc. International
TICSP, Workshop on Spectral Methods and Multirate Signal Processing SMMSP’2001, Croatia, pp. 231-241.

[3] Saeed V. Vaseghi “Advanced digital signal processing and noise reduction” second edition, UK by John Wiley
& Sons, Ltd, 2000.

[4] A.V. Totsky, V.V. Lukin, A.A. Zelensky, J.T. Astola, K.O. Egiazarian, G.1. Khlopov, V.Ye. Morozov, I.V.
Kurbatov, P.A. Molchanov, A.A. Roenko, D.V. Fevralev, “Bispectrum-based methods and algorithms for
radar, telecommunication signal processing and digital image reconstruction” TICSP series, 2008, p 1-43.

[5] H. Avagyan, A.Hakhoumian, H. Hayrapetyan, N.Poghosyan, T.Zakaryan, “Novel Method of Cardiac
Activity Extraction in L-Band Cw Radars.” Armenian Journal of Physics, vol 2, pp. 92-96, 2013.

[6] H.Avagyan, A.Hakhoumian, H.Hayrapetyan, N.Poghosyan, T.Zakaryan, “ Portable Non-Contact
Microwave Doppler Radar For Respiration And Heartbeat Sensing.” Armenian Journal of Physics, vol. 5, no.
1, pp. 8-14, 2012.

[7] Pavlo Molchanov “Radar Target Classification by Micro-Doppler Constributions” Tampere University of
Technology, p 2-3 Tampere, 2014.

[8] B.M.Jyuenko, U.B. Jdyuenko, I''1. Xnonos “CrexrpaibHas Mojiellb 06paTHOro paccesinus paauosons CBY -
u KBY - nranazoHoB 6M0TOTHYECKUMH 00BEKTaMt ~°, “JIEeKTPOHHBIC BOJIHBI U JIEKTPOHHbBIE CUCTEMBI T.12
ctp.9-21, n3narenbctBo «Pamnorexuukay, 2007.

[9] A.A.Hakhoumian, E.R. Sivolenko “Pedestrian detection using higher order statistics (HOS) or polyspectral
analyses”, proceedings of the International Conference on “Microwave and THz Technologies and
Applications”, 2014 Aghveran, Armenia, pp. 68-71.

[10] A.Muzhikyan, A.Hakhoumian, S.Martirosyan, V.Nikoghosyan, N.Poghosyan, T.Poghosyan, K.Rustamyan,
and T.Zakaryan, “Short-Range Ku-Band Hybrid-Mode CW-LFM Radar” Proc. of 11-th International Radar
Symposium (IRS-2010), Vilnius, Lithuania, 16-18 June, 2010, pp.478-481.

[11] A.A. Hakhoumian, E.R. Sivolenko “Pedestrian Micro-Doppler Signature Disclosure as a Carrier Suppressed
Amplitude Modulated Signal Detection” Armenian Journal of Physics, vol. 8, no 4, pp. 180-184, 2015.

[12] Wieslaw Kicinski, Arthut Szczepanski “Quadratic Phase Coupling Phenomenon and its Properties”
Akademia Marynarki Wojennej, Hydroacoustics 7 pp. 97-106, 2004.

98


http://ajp.asj-oa.am/594/
http://ajp.asj-oa.am/594/
http://ajp.asj-oa.am/456/
http://ajp.asj-oa.am/456/

Collisional Buneman Instability in Current
Carrying Plasma

E. Rostomyan

Institute of Radiophysics and Electronics,
Alikhanian Brothers str. 1, 0203 Ashtarak, Armenia

The stability of fully ionized plasma with relative electron-ion (e-i) motion is considered taking
into account high level e-i collisions. The relative e-i drift speed is assumed to be much higher
than the thermal spread of electrons, and in absence of collisions the system is subject to the low
frequency and strongly growing Buneman instability. The transport equation with the Landau
collision integral is solved taking into account the dependence of the collision frequency on the
velocity of colliding particles. The effective frequency of e-i collisions is determined as a function
of the system parameters. It is shown that with increase in the level of e-i collisions the Buneman
instability gradually transforms to instability of dissipative type. The transition is traced in detail.
The dependence of the growth rate on collision frequency is obtained.

I. INTRODUCTION
Plasma is rich in instabilities. Many of them are a result of the relative motion of the plasma components.

These, instabilities are the most common in space and laboratory plasmas. A well-known example is the

conventional beam-plasma instability. Another example is the Buneman instability [1], in which plasma
electrons move with respect to ions. This instability plays an important role in many scenarios in space
physics and geophysics. It was invoked to explain many phenomena in the Earth's ionosphere and in the
solar chromosphere. A striking example of plasma with relative electron-ion (e-i) motion is the current-

carrying plasma (CCP). The Buneman instability develops if the relative drift speed far exceeds the velocity

of thermal spread |u| >>v,. This instability is low frequency and strongly growing (its growth rate is of

order of the frequency). Physics of interaction of plasma components moving relatively to each other is
essentially based on the concept of negative energy wave (NEW). This requires account of all factors which
lead to NEW growth. Among them dissipation plays an important role. Dissipation leads to energy losses for
the growth of NEW [2-3]. Influence of dissipation on the instabilities is very specific. Dissipation never
suppresses the instabilities completely regardless on its level. High level dissipation transforms the streaming
instability to instability of dissipative type [2-3]. Dissipative instabilities have a number of features:
comparatively low growth rate, comparatively low level of excited oscillations, etc.

The main cause of energy dissipation in spatially unbound plasma is collisions. Collisions greatly influence
on Buneman instability. If the plasma is fully ionized collisions are even more significant. This is due to the
long distance character of interaction. Collisions cause energy dissipation with an array of ensuing effects:
excitation of the NEW with further change of the physical character of the instability, etc. However,
influence of collisions on Buneman instability has not been investigated yet. Due to the role of the Buneman
instability in various plasma processes the necessity of the consideration is long overdue. The absence of
investigations on a problem in spite of its importance may be explained by complexity of the problem only.

The correct solution of the problem should be based on the solution of the transport equation with a

99



collisional term. In fully ionized plasma the term is nothing else but the Landau collision integral (LCI) [4].
This is very complex formation. It greatly complicates transport equation. Actually since 1936, when LCI
was formulated there is very little literature on the solution of the transport equation with the LCI. Almost all
successful attempts to accommodate the influence of the collisions on various processes in plasma are based
on another model — on the model of Bhatnagar, Gross and Krook (BGK) [5]. In fully ionized plasma, where

collisions are described by LCI the results of accounting for collisions are much less fortunate. It is known,
that the collision frequency v depends on the velocity v as v ~ ovn ~v™ (n is density, o -cross-section).
LCI greatly complicates the transport equation and usually makes it intractable. The dependence of collision
frequency on velocity, v ~v™ , complicates the procedure even more. Present paper aims at investigating of

the influence of high-level e-i collisions on the Buneman instability. Investigation is carried out based on the

solution of the transport equation with LCI.

Il. STATEMENT OF THE PROBLEM. DISPERSION RELATION
For adequate investigation of the influence of electron-ion collisions on the Buneman instability consider

fully ionized plasma, supporting a strong current. Electrons are drifting against ions in bulk. The relative drift
speed far exceeds the velocity of electrons’ thermal distribution, and the system undergoes instability of the
Buneman type. Along with other aspects the collisions are a cause of energy dissipation with all consequent
effects: excitation of the NEW, change of character of the instability etc. Stability of considered system with
respect to potential oscillations is described by set of integro-differential equations: the transport equations
for electron and ion distribution functions f,and f, coupled by according LCls and Poisson equation.

divE = 47e, [ f,dp—e] f,dp}; %W%HE%:L@U; Tiviieelo @

where r,pand t are the coordinates, momentum and time, L) and Li®are the LCls for e-i and i-e

collisions accordingly [6].

] dpiQiii{fi(pi)afe(pe)— f.(p ‘afi(pi)} P ] PGV, ) @)

OPey ° OPis v ‘Ve_vi‘ - ‘Ve'vi‘z

Li®and Q[(l";) can be obtained from (2) by replacement e <> i. Other designations are following: v, ; are

electron and ion velocities, v =|v|, @, f=x,Y,Z, 5,,=1,if a=f,and 5,=0,if a =, Listhe

Coulomb logarithm. In (4) summation over repeated Greek indices is implied.
The set (1) is very complicate. Results may be obtained with significant simplifications only. We use

condition of ions immobility ie.f ~&(p,) and the linear approximation f =f®+f® where

£ = vf e(2)(\,)/\\,\ ; ‘ fe(l)‘ << ‘ fe<°>‘ All these lead to familiar form of transport equation
(€] () (0)
oM e g e _ —v(v)fY ©)
ot r op

where the frequency of the collisions depends on velocity v =|v| 1 v(v)=C /v’ ; C, = 27zNi(Ze2)2 L/m?
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(N, ision density). We also assume that the basic state fe(o)(v) is a stream of electrons with thermal spread

V—Uu AP _ Ne
fe(o)(V) =G, EXP[_ ( 2U?e) J ! Co= (2”)3/2UT3 (4)

(N, is electron density,,2 =1 /m, T, and m are electron temperature and mass). Now we apply well-known

)

procedure and carry out longitudinal permittivity ¢! and dispersion relation (DR)

2

2 (0) d
0] K)=1 4d7e I_a)LiZO | = kafe (V) \' 5
el k)=1+ mk? @ -f N o-kv+iv(v) ©)

At the first glance it may seem that the problem reduces to well known form and one can represent the results
in terms of plasma dispersion function. However, this should not mislead. There are two important factors
that abruptly change the situation and complicate present problem very much as compared to classical case.
Firstly the well known procedure is based on the limit v — 0, In the present case the rate of the collisions
(as well as the dissipation) isn’t small. In our statement it exceeds the frequency @ . Second factor is the

dependence of the collision frequency on the integration variable.

I1l. INFLUENCE OF COLLISIONS. TRANSFORMATION TO DISSIPATIVE INSTABILITY
Now we try to obtain DR in a form, which allows analyzing the stability of the system. First we impart

certain range of values to collision frequency v =y(v) according to our aims. As we aim in investigating of
the influence of e-i collisions on low frequency Buneman instability, in following consideration we assume
v(v)>> o, but, at the same time, v remains smaller than the real part of the denominator of integrant.
Keeping this in mind we merely single out real and imaginary parts

_(v-uy? _(v-u)?
. _ 27, _ 20,
|=Cy(1,—il,); g, = L (Klvoue *rdv __&jk(\;g(uw)e—kv)zdv )

U72“e —kv o U72“e
The integral |, actually represents the classical problem considered by Landau (including Landau damping),

and it may be represented in terms of the plasma dispersion function F

fe{] F)= P C 0 i )

|, =
' U?e \/E k Ure z

( P denotes main part of integral). |, is responsible for collisional processes. There are two preferred

\4

directions in the | : U and k. We choose z axis along k. Calculations lead to

| . CN, 1 _o-ku, - LN
Y vluh® 2k V2ku, Vv,
Substitutions into (5) gives DR in form
2 i 2 N, (ze?fL
g(l)zl—a)—Lez Ly 9@ —w—Lz':O ; where v =8\/§ﬂ% (8)
(ku) ku ku| o u’m

The expression (16) is derived by retaining first order terms (only) by parameters & >>1, w/ku<<1,
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v, Iku<<1 and @/v <<1. This corresponds to aims of our consideration. Also, the expression (16) is

written to be similar to hydrodynamics (HD). Here it is to the point to note that despite the similarity, HD
consideration of the problem from the beginning cannot lead to correct result. Some of the initial
assumptions contradict each other. And, the most important, HD cannot give expression for the effective

frequency of collisions. In HD collision frequency is introduced phenomenologically. Really, it should be

borrowed from the kinetic theory. For given case kinetic consideration has led to expression for v in (8).

The DR (8) determines proper oscillations of a CCP with high level of e-i collisions and high relative e-i
speed. The growth rate conventional Buneman instability attains its maximum &, under the condition
@, =ku. Collisions coming into interplay result in energy dissipation. With increase in level of the

collisions, dissipation exhibits its properties more and more obviously. NEW of moving electrons grows.

The Buneman instability gradually transforms to instability of dissipative type. To trace this transformation

in details we introduce A, = v /|50| and the DR (8) transforms to algebraic equation of third order

y +idy?/2-1=0 9)
where y = co/|50| . Its roots are well-known [7]. Imaginary part of one of the roots actually presents growth
rate for arbitrary value of the ratio A, =vy /J,. Here we are interested only in the behavior of the

imaginary part depending on the value of the 4, . It shows a decrease of the growth rate with increase in the
level of dissipation as should be under transition to dissipative instability. In limit v >> © one can easily

obtain growth rate of developing instability

5 =il \/ m__s \/250 <, (10)

2Mv Vet

The instability in this limit is of dissipative type. This may be justified by smallness of the growth rate (10)

and by its dependence on v as §, ~1/./v,, ,» Which is conventional for dissipative instabilities.
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A new sensitive deflector to perform spiral sweeps of keV electrons by means of radio
frequency (RF), fields in a frequency range of 500-1000 MHz is described. By converting the
time dependence of incident electrons to a hit position dependence on a spiral, this device forms
a basis for THz bandwidth timing processor over an interval extended beyond the RF period.
Potentially it has a number of applications in fixed-frequency cathode-ray-tube based
instruments such as RF Streak Cameras or the RF photomultiplier tubes. Both techniques can
provide 1 ps resolution, and the capability to digitize light signals up to 100 ns duration.
Potentially they have applications in many different fields of science and technology. The
results of current theoretical and experimental studies are presented.

I. INTRODUCTION

It is well known that timing systems based on radio frequency (RF) fields can provide picosecond
temporal precision. The basic principle of RF timing is conversion of information in time domain to a spatial
domain by means of a high frequency deflector. The information carriers are photo- or secondary electrons,
which are accelerated (usually to a few keV), deflected by the RF field, and then detected on a screen or
position sensitive detector. The initial time information is mapped on to a special distribution, i.e. a position
of an electron on a screen corresponds to its arrival time. Two factors, “physical” and “technical”, determine
the time resolution of a circular scanning tube [1, 2]. Physical is largely determined by the velocity
distribution of the photoelectrons produced at the cathode and can be calculated from

At, =[2.34x10°%(A&)"?]/ E , where Ag is the energy dispersion of the photoelectrons at the cathode

and E is the accelerating electric field after the cathode. If Ac =0.3eV and E =10* V/icm, At~1 ps.
Technical is determined, for an isochronous tube, by the RF deflector and electron detection system and is
given by At=Ad/v, where Adis a convolution of the size of the electron beam spot and the position
resolution of the electron detector and v =27R/T is the scanning speed. R is the radius of the scanning

circle and T is the period of the RF field. With Ad =0.01cm, R=2cm and T =107s (RF frequency is
1000 MHz), we have At =1ps. The “technical” time resolution and dynamic range (time interval) of such a

RF timing processor is determined by scanning speed, i.e. by the period T of the applied RF field. The
“technical” time resolution is improved when the RF frequency is increased, while the dynamic range is
decreased.

Our eventual goal is to produce a timing processor which has 1 ps timing resolution, 1 THz bandwidth, 1
Thit/s sampling rate and virtually unlimited dynamic range. With this in mind we have developed a spiral
scanning RF timing technique suitable for a Streak Camera or the RF PMT. This is based on a sensitive and
compact circular sweep deflection system for keV electrons, capable of operating in the 500— 1000 MHz
frequency range [3]. This helical shape deflector was developed for RF Photomultiplier Tube (RFPMT)
applications [4, 5] and its ability to operate with low applied RF power is crucial in ensuring that induced
pickup on the front-end components of the RFPMT is kept to low levels.

Here we describe a dual helical deflection system to produce spiral rather than circular scanning pattern.
Current results of theoretical and experimental studies are presented.

II. RF TIMING AND CIRCULAR SCANNING

The operational principles of the RF timing technique exemplified by an RF PMT with point size
photocathode are shown in Fig. 1. The primary photon pulse hits the photocathode (1) and produces photo-
electrons (PE). The time structure of the produced PE bunch is identical to that of the light pulse. These
electrons are accelerated by a voltage V applied between the photocathode and an electron transparent
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electrode (2). The electrostatic lens (3) then focuses the electrons onto the screen (7) at the far end of the
tube, were the electron detector is placed. Along the way the electrons pass through the circular sweep RF
deflection system, consisting of electrodes (4) and RF tuning system (6), which operates at 500-1000 MHz
frequencies. They are deflected to form a circle on the screen. The sensitivity of this new RF deflector, where
the electrodes have a helical geometry (Fig. 2) is about 1 mm/V or 0.1 rad/W"? and is an order of
magnitude higher than the sensitivities of the RF deflectors used previously (see [3] for details).The time
structure of the input photon signal is transformed into a spatial PE image (5) and recorded. In this way the
timing error sources are minimized, because PEs are timed before any further signal amplification and
processing.

1 2 3 4  Photoelectrons 5

Photon ' !
pulse :

Fig. 1: The schematic layout of the RFPMT with point-size photocathode. 1- photo-cathode, 2- electron transparent
electrode, 3- electrostatic lens, 4- RF deflector, 5- image of photo electrons, 6- RF tuning system, 7- SE detector.
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Fig. 2: Schematic of the helical RF deflector.

1. SPIRAL SCANNING WITH TwO RF DEFLECTORS

Combining two harmonic signals with close @, , w, frequencies will result in an amplitude beating
effect. For instance, with equal amplitude sine waves we have:
), o, +, i
2
The beat frequency is given by the difference of the two frequencies o, = |a)l —a)2|. Operating two RF

— .
Acosawyt + Acosw,t = 2Acos 5 2tcos

deflectors, RFD1 or RFD2 individually the trajectories of scanned electrons will follow circumferences
with radii R; and R,. Operating the RFD1 and RFD2 deflectors simultaneously results in spiral scanning

with a frequency @, = ‘a)l - 602‘, and maximum and minimum radii R +R,, |R, —R,| (Fig.3). The “Beat”
in superposed response modulates the radius of the scanned circle and dramatically increases the scanning
period (e.g. if , =1.1w,, T = 1/(T>-T1) = 10Ty ).
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Fig. 3: Example of spiral scanning; left two images correspond to RFD1 and RFD2 operating separately, right image
corresponds to their simultaneous operation.

A dual helical deflection system, consisting of two aligned helical deflectors (Fig. 4), was used for
producing a spiral scanning pattern.

X X'
S S Sy S, 7\ 7

Y

Fig. 4: A schematic of spiral scanning RF deflector

For experimental investigations an evacuated test tube with thermionic cathode was used (Fig. 5). The
cathode (1) emits electrons, which are accelerated by a voltage applied between the cathode and an electron
transparent electrode (2). An electrostatic lens (3) then focuses the accelerated electrons on to the phosphor
screen (6) at the far end of the tube. The electrons are deflected by the RF system, consisting of electrodes
(4), (5) RF sources and tuning circuit.

1 4 5 6

[
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2 3
| |
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Fig. 5: A schematic representati?)n of the experimeﬁtal setup: 1- thermionic cathode, 2-accelerating electrode, 3-
electrostatic lens, 4,5- RFD1and RFD2 deflectors, 6- phosphor screen.

The parameters of the deflectors of RFD1 and RFD2 were tuned to operate at frequencies @, =500

MHz and @, =550 MHz and produce circles with radii R, and R, = 2R, when operating individually (Fig

6%Y). The image of the deflected 2.5 keV continuous electron beam at the phosphor screen, with both
deflectors operating simultaneously, appears to be an approximately a uniform distribution between radii

R, + R, and |Rl - R2| (Fig. 6°). This is due to summing of a huge number of periods of the formed spiral. It

105



should be noted that in these studies, two independent oscillators were used, i.e. two RF signals were not
phase locked, and also that the resolution of the phosphor screen was not optimum.

a) b) c)

Fig. 6: Images of the deflected 2.5 keV continuous electron beam at the phosphor screen. The parameters of the
deflectors of RFD1 and RFD2 are tuned to operate at frequencies (a) @, = 500 MHz and (b) W, = 550 MHz and

produce circles with radii R, and R, :2Rl when operating individually, (c) image of the deflected 2.5 keV
continuous electron beam at the phosphor screen, when both deflectors are operating simultaneously.

V. SUMMARY

A dual helical RF deflection system to produce a spiral scanning pattern of keV energy electrons is
described. The time structure of an optical signal is scanned on to a spiral spatial structure which will
pottentially provide time measurement with ps resolution over intervals up to a few hundred ns. This will
essentially increase the range of applications of streak cameras and related devices. A major advantage of the
helical electrodes is that the system can be optimized to the velocity of the transiting electrons, so that loss of
deflection sensitivity due to transit time effects is avoided. Fine tuning of the effective capacitance of the
system results in the deflection electrodes forming a resonant circuit, with a quality factor Q in excess of
100. On resonance, the sensitivity of the deflection system is about 1mm/V or 0.1rad/W¥2 and around 1W
(into 50 Q) of RF power is sufficient to scan 2.5 keV electrons circularly at a radius of 2 cm radius. This
makes the deflector suitable for high rate and high resolution timing devices such as the RFPMT [4, 5],
where development continues. Preliminary experimental studies of a dual helical deflection system to
produce spiral scanning were encouraging and development continues. Future developments include a dual
helical deflection system employing two phase locked RF frequencies and the use high resolution pixel
detectors to replace the phosphor screen.
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On Radio Physical Design of The Dual-Reflector Radio Telescope with a
Fixed Main Spherical Reflector and a Movable Subreflector Type Gregory

R. V. Ter-Antonyan

National Institute of Metrology, Komitas Ave., 49/3, 0015 Yerevan, Armenia

It is revealed, earlier unnoticed, relationship between the radius of a spherical reflector, diameter
of a movable aperture of the radio telescope and location of focus of system on an axis of
symmetry which limit generatrix a movable subreflector type Gregory and excludes possibility of
deep subreflector with a feed located inside. The simple ratio connecting the key controlled
constants of optical scheme, thereby, providing to the designer a freedom of choice of an order of
radio physical design of the radio telescope is received.

I BACKGROUND

In [1] for effective reception of the important hydrogen line (1,420MHz) it is offered to construct
rather cheap dual-reflector radio telescope(RT) with the main reflector in the form a giant fixed
hemispherical reflector and a small movable barrel-shaped axisymmetric subreflector(SR), which axis
passes through the center of a hemisphere.

Signal in the form of rays parallel to on axis of symmetry of SR, being reflected from a circular
segment of a hemisphere, below called by a reception aperture, goes to the reflecting surface of a SR and
being rereflected it is focused. At the same time rays going from a reception aperture to SR cross an axis
of the last in different points.

To accept a signal from other direction it is necessary to turn a SR with receiving device around the
centre of a hemisphere.

The optical scheme of RT is shown on Fig.1 which we borrowed from [1].

Fig.1. Path of a typical ray through system. F, focus; H, hemispherical reflector; O, centre of hemisphere;
S, subreflector; f and |, distances, repectively, focus of system and top of a SR from the center of a hemisphere,
normalized on the radius of curvature of the last; 0, central angle.

We will explain that the barrel-shaped form of a SR is caused by the specifics generatrix SR it as a
curve of the fourth order which as approaching caustic of hemisphere inclines to an axis of symmetry
of a SR. Thus increase in diameter of a reception aperture is reached at reduction diameter of a SR.
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Doesn’t disturb the author [1] that when lengthening generatrix SR up to caustic of hemisphere
focus of system appears deeply in a SR.

In [1] it is noted that both the hemisphere, and SR can be made of screen with size mesh of one inch.

In [2] it is offered to construct the giant dual-reflector RT wich could work effectively up to 40 GHz
according to the scheme [1]. As such RT could look it is shown on Fig.2.

Fig..2

The order of radio physical design of the RT offered by the autor [2], with the chosen diametr of a
reception aperture, leaves the radius of curvature of a hemisphere the free size which should be chosen
proceeding from common sense.

On Fig.3 which we borrowed from [2] clearly it is visible what in process of lenghthening generatrix
SR point of intersection of the ray going from a reception aperture with a axis of symmetry SR, moves
towards focus of system, coincides with it and continues to move towards a hemisphere.

Fig,3. 1, cautic of hemisphere; 2, barrel-shaped SR; 4, hemispherical reflector, reception aperture.

The fact that both authors don't notice that the real reception devise installed on an axis of symmetry
of a SR, the not reception part will intercept rays going from a reception aperture is represented
surprising.

Thus when lengthening generetrix of a SR to caustic of a hemisphere there is an effect of annular
shading of a reception aperture that is inadmissible.
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Therefore, the designer has to cut off generatrix of a SR ray passing through focus of system and
proceed from the arising obvious connection, f=1/(2c0s0max), Where 26m.« — angular size of a reception
aperture.

The arisen connection excludes a barrel-shaped form of a SR, removes focus of system of limits of
a SR, does radius of curvature of a hemisphere by dependent size and dictates new approach to radio
physical design of the RT stated below.

Il. FOR THE DESIGNER

To difference from [2], we prefer to write down the equations of generatrix of SR, providing
focusing, in a polar parametrical form which is compositionally very tempting and stimulates search
of the opportunities which are contained in the equations.

The equations are written down in the designations Fig.1 added with our designations is

p= {M1+(M2)/Mi}, (1)

¢ = 20 — 2arctg {M2/M:}, 2
where

M= M — 2cos6 + fcos26, 3

M= fsin26 — sin®, 4)

M=2-2] +f. (5)

We will emphasize that M1, Mz and M are geometrically interpreted.
For the ray passing through focus, ¢ma= 20max. From (2) that it is possible if M»=0, that is

f: 1/(2COSG max), (6)
where

cosOmax= {1 (D/(2R))%}"?, (7

R, radius of curvature of a hemisphere, D, diameter of a reception aperture.
At design of the RT the central shading of a reception aperture which we will include in consideration
by means of equality (7) is important.

P (Bmax) SIN(20max) =d/(2R), (8)

where d, diameter of a SR.
Substituting in the left part (8) expression for p (Omax) from (1), we will receive connection necessary to
the designer,

(2-21 — cosBmax) cosOmax = d/D. )

Connection (9) provides to the designer freedom of choice of an order of radio physical design of the
RT.

We will emphasize that at our approach to radio physical design of the RT there is free a choise of
value of the controllable constant | defining position of top of a SR. At approach of the last to top of
caustic of a hemisphere diameter of the SR intercepting the rays going from a reception aperture is
minimized at the same time, antenna characteristics of the RT significantly worsen. The numerical
calculations connected with the compromise choise of value | the designer can find in [3].
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. EXAMPLE

In [4], in the section “Spherical reflectors”, by consideration of the RT [1], autors recommend to take
the radius of curvature of a hemisphere equal to diameter of a reception aperture. For this option,
having put 1 = 0,49, we will receive: Omax = 30°( recpectively, apex angle of cone of the review of the
sky is equal t0120°), f=1/+/3=10,577...,d/D =0,13.

We recommend to remove slightly focus of system from on extreme ray (Omax) and in numerical value
f to keep two decimal signs. Specifically, instead of f =0,577... to take f=0.58.
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Change of Flux Density Characteristic of the Radio
Source Cassiopeia A for the Period 2008-2015 Years

G.S. Avetisyan

Institute of Radiophysics and Electronics, Alikhanian Brothers str. 1, 0203 Ashtarak,
Armenia

Current research is based on results of regular radio-astronomical observations (2008-2015
years) which was done on Saravandsky scientific experimental site IRPHE the National
Academy of Sciences of the Republic of Armenia. In this work, nature of average annual
change of intensity of a radio emission and also veracity (authenticity) of frequency of change
of a stream of a radio source of Cassiopeia A are discussed. It is shown that in the mentioned
period intensity of a radio emission of Cassiopeia A decreased approximately with an average
annual speed of 0,6%, and from results of average annual values of the period 2008-2015 years
a curve was constructed with low 2.7 -3 years period of change.

l. INTRODUCTION

In work [1] we provided the general data on temporary change of radiation intensity of Cassiopeia A,
identified with the remains supernew constellations Cassiopeia. It has been shown that intensity of its
radiation on wavelength A=4,2m during half a century has decreased more than by one and a half times
with an average annual speed about 0,5% . It was noted that this decrease is not strictly monotonous, and
has variable nature, and according to some authors, even periodic character.

Decrease of a radio emission stream of supernew source is well known phenomenon . It has been
theoretically predicted [2] and confirmed by many observations. Temporary irregular fluctuations of a
stream of its radio emission too are quite explainable and as was mentioned in [1] can be result of the
complex processes leaking in supernew sources. There are not sufficient information for confident
confirmation or denial any explanation for periodicity change of radio source intensity of Cassiopeia A’s
radiation. However, we can give some theoretical assumptions, that periodicity are connected with
rotation of the individual active areas in supernew sources, reorientation of the magnetic fields,
pulsations, etc.

The full data collection of observation was made by authors of work [3], on the basis analysis of which,
they came to conclusion about existence of a periodic component in a variation of a radio emission of
Cassiopeia A. However, these data, which was received from results of other authors’ experiments, are
non-uniform, methods of observation information registration are different, and the most important,

observation were not held sufficiently regular time.
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1. OBSERVATION

The purpose of the real work is supplement to article [1] and to investigate temporary periodic
component in change of a radio emission of a source of Cassiopeia A. During last decades, systematic
observations of the sky were done using radio interferometer of Byurakan situated in polygon of the
IRPhE NAS. The purpose of observation sky, which contain radio sources Lebed-A and Cassiopeia A, is
establishment of physical connection between the ionospheric and seismic phenomena during the periods
of an earthquake.

In the late nineties of the last century, the program of these observation was organized in order to the
obtained suitable data for immediate use in the field of astrophysics, in particular, for the solution of the
task defined above, without prejudice to the program of seismic supervision. During observation, the antenna
of a radio interferometer were directed to chosen area and fixed in a such way, that radio sources of Cygnus
A and Cassiopeia A culminate equally distant from the axis of the maximum in their diagrams when passing
through a local meridian. Such statement of experiment allowed considerably simplify observation, to
increase informational content and stability of the obtained data without influence on quality of the solution
of problems, especially astrophysical problems. The solution is based on data of the relative measurements,
and sources of radiation culminated near the Zenith, passing through rather wide diagram of antennas in the
plane of declension of sources. During 2007-2014 years almost daily observations were made of the area of a
sky, which was chosen according from the above-stated conditions. During this period, from observed data
were collected about 856 records, which were the best from the point of view of their minimum distortion

hindrances.
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Fig. 1. Block diagram of the radio telescope 1 - the antenna, 2 - the symmetrizing knot, 3 — the radiometer
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Fig. 2. Block diagram of the radiometer
1 - antenna switch, 2 - noise generator, 3 —low-noise amplifier, 4- mixer, 5- a heterodyne, 6- amplifier of intermediate
frequency, 7- detector, 8 - DC amplifier, 9- storage device, 10- computer, 11- recorder

Il. RESULTS

Based on these records, the attitude of c=Tk/Tx was determined, where Tk and T are the registered antenna
temperatures of radiation sources of Cassiopeia A and Swan A. Table 1 shows the the average annual values
of ¢ calculations.

Detailed analysis of data of the table and their comparison with results of the previous periods of
observations, which in our opinion are sufficiently homogeneous and continuous for a long period of time.
This shows temporal periodicity in variability of radiation of Cassiopeia A , and random deviations, which
can be connected to the processes going on in a source and conditions of distribution of radio waves in

interstellar and near-earth environments.

Year 2007 2008 2009 2010 2011 2012 2013 2014

Or 1,028 1,008 0,975 1,01 0,985 0,965 0,98 0,93

Average annual (or) values of the relation of streams
of a radio emission of Kassiopea-A/Lebed-A for the period 2007-2014 years
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On graphics of average annual values of the period 2007-20014 years (Fig. 1), it is shown the curve with
weak, near 2,7-3 years the period of changes 9 (heavy line), however its amplitude is less than values of
average monthly vibrations 9 ( on the last this periodicity is not observed ). It should be noted, that if the
given curve considered as a part of the expected periodic curve, then the measuring data obtained by us in

the period of 2001-2006 is converging.
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Variation of average annual value of the relation of streams of a radio emission

Errors of measurements at all series of observations were practically the same (Ac<0,025), because for these
periods wavelength, tools, admission methods and registration of radiation have not changed, therefore

their contribution to results of the analysis of these observations would not have essential value.
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Conical Bessel Beam Radial Line Slot Antenna

O.Mahmoodian, A.Hakhoumian, N.Poghosyan and V.Mekhitarian

Institute of Radiophysics and Electronics, Alikhanian Brothers str . 1.0203 Ashtarak, Armenia

The conical beam planer ring-slot antenna on radial transmission line has been designed and
investigated. Resonance conditions for shorted and open end radial line have been evaluated. Using of
resonance-type radial line for feeding the ring-slot antenna increases the antenna emission efficiency.
The radius of ring slot is chosen from the maximum condition of first kind Bessel function Ji(kr). The
directivity pattern has been measured for emission to free space, after diffraction on metallic disk, and
after transmission through dielectric thick layer.

I INTRODUCTION

Bessel beams are the solution to Helmholtz equations. They appear to propagate without diffraction and thus
they have potential to replace Gaussian beams in a number of applications such as optics and microwave [6].A
good example in the field of microwave is conical scanning which is an earlier application of radar system to
improve the accuracy of antenna to point the moving targets. Bessel beam is a field of electromagnetic or
acoustic while its amplitude is described by a Bessel function of first kind. Bessel beam radial line slot
Antenna consists of a disk of metal as a resonator which is placed either above or separated from another such
disk as a ground-plane by a dielectric material. The upper disk is excited by attaching an RF power source
between the circumferences of the inside radius of the probe feed. There is a non conductive concentric slot
around the center of antenna, which its radius is calculated by the first kind of Bessel function Ji(kr).Resonance
type Radial line is composed of a parallel conductive metal and its counterpart, either another plate or ground-
plane, will generate transverse Electro Magnetic (TEM) waves.E; has no variation in Z direction and
corresponds to the total voltage E.d . The component He corresponds to the total radial current 2narHe, outward
in one plate and inward in other plate, giving rise to a total characteristic impedance[2]:

Ziowa=d(Ez / Ho)/ 251t (D)

Where E; and He are electric and magnetic fields respectively and d is dielectric material.

N

|d

Fig. 1: schematic view of radial Bessel beam antenna

Let’s consider the waves that propagate in radial direction between two perfect conductive planes like

waveguide that is called radial transmission line. Among any types of electromagnetic waves that can propagate
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in such medium (line), we consider only such, waves which satisfied the following condition and it depends only

on the radius .

10 ,0¢y 2
So in this case k.?=k?-k:>=k? and resulting
WIAlHo(l)(kl’)+A2Ho(2)(kl’). (2)

The first term of (2) defines a traveling wave Propagating to the transmission line axis (converging waves), and
the second diverging from the axis of the traveling wave. Electric and magnetic fields of this wave can be
described by: E.= BHo®(kr)
Ho=iZo'BH,@(kr) 3
where B=K?A, , and Ho and H; are the Hankel functions and K=2/A.
The characteristic impedance of radial transmission line is:
Z0i =1 Go(kr)/G1(kr)= dn/2mr . Ho@(kr)/-iH,@(kr) :2‘% [ Jo2(kr)+ No2(Kr) 192 e/ [ J;2(kr)+ Ny2(Kr) ]¥2 elvio (4)

Where 1 is intrinsic impedance of free space = 377 Q.G, and G; are related to the Hankel function[2,7].

Il.  INPUT IMPEDANCE AND RESONANCE CONDITION
The input impedance of lossless line with length / and loaded z is:
Zi=Zo[ (ZL cos( 0i — y) +j Zo sin(0i — 01))]/ (Zow cos (yi— 00) +j Zp sin (yi — wo))]. (5)
This is similar to the standard uniform transmission line equation except for the complex phase angles.
The Goand G; functions and the complex phase angles 6 and y are now are mentioned:

Go(kr)=[ Jo?(kr)+ No*(Kr) 1*? (6)
Ga(kr )=[ J2?(kr)+ Ni*(Kr) ]*? ("
6 (kr)=arc tang[- No(Kr)/Jo(kn)] (®)
v (k)= arc tang [-Ja(kr)/Na(kri)] ©9)

Where Jx is the real term and Ny is the complex term of the Hankel function Hy. In the case of short-circuit when
the Z,=0,formula (5) reduces to:

Zi=jZo [sin(0; — 0y) / cos (yi — 0L)] (10)

In order to have resonance the input impedance should be zero. In the case of short circuit formula (10) the
numerator is zero when sin(0; — 6))=0 if (0i—0)=n1 n=1,23,.......... I' is so smaller than A and goes to zero.
In formula (7), for r=0, No(Kri)= o and arc tang of oo equal to 1/2 and we have (6; — 61)=( 11/2- 6))= 1 and 0= 11/2.
By putting these values in formula (10) we see that for the case of short-circuit condition Z; is equal zero means
we have resonance. And for the special case where Z, = o (open-circuit), the radial transmission line equation
(5) reduces to:

Zi=-3Z¢ [cos( 0i — 1) / sin (yi — y)] (11)

About open-circuit condition we do something same as short one. Input impedance should be zero as follow:
cos( 0i — wi)=0 And ( 0i — y)=(2nx1) /2 where n=0,1,2,...We know that 0;= /2 and according formula
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number( 9) we have y.==n x .In formula (9)-J1(kr)/N1(kr) should be equal to zero if Ji(kr)=0 and resonance
condition will be happened when kr =(3.83,7.01,10.17,13.3,..) .

I1l.  ANTENNA RESONANCE RADIUS VALUE
In this part we are going to find the value of the radial radius for short and open conditions to calculate the
resonance radius of antenna. In the case of short circuit we know that (0; — 0;)=na1 and arc tang No(kri)/Jo(Kr)
= 11/2 thus Jo(kn) = when Kr=(2.4,5.35,8,65,11.7,...).
For open condition yi=+na and Ji(kr)/-N1i(kr))=0 and Ji(kr;)=0 when kr=(3.83,7.01,10.17,13.3,..).
By values of kr for both open and short circuit we will find the value of the resonance radius of antenna.

IV.  ANTENNA EMISSION AND SLOT RADIUS
Antenna emission is happened from the slots when He has the maximum value.
Radial wave in radial transmission line is limited to a perfectly conducting cylindrical surface r=a.

then for magnetic and electric fields we can write:
Ez= D[Jo (kr) No (ka)- JOo(ka) No (kn)]. (12)

Ho=iZo™ D[J1 (kr) No (ka)- Jo(ka) N (kn)]. (13)
In this study we are going to design and test short ended antenna and as mentioned before Jo(kr)=0,and therefore
the right part of formula (13) is zero and No(ka) is constant value. Now Hg is maximum if Ji(kr)=maximum, it
means kr=(1.83,5.35,8,56,...).the radius of each slot on antenna can be calculated easily by putting values of kr.

\

- |

Fig. 2: Conical Bessel beam radial line slot Antenna

V. RESULTS
In this section the directivity pattern of antenna for emission to free space, after diffraction on metallic disk, and
after transmission through dielectric thick layer is measured and plotted. At first step antenna is tested without
using dielectric or metallic disk in front of it. The directivity of antenna is presented in Figure 1(a). In second
step a metallic disk with dimension of r=27 mm and distance 22.7 mm is located in front antenna 1 (b).At last
we placed a dielectric disk ( €=6) in front of antenna. Distance between antenna and dielectric disk is about 35
mm .thickness and diameter of dielectric are 12mm and 60 mm respectively.1(c).
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Fig. 3.(a) directivity of antenna,(b)directivity of antenna with a metallic ring located in front of antenna with 2.27 .(c) directivity, when a
dielectric &=6 is placed with distance about 30 mm in front of antenna
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Fig. 4: short-circuited Antenna resonance and reflection coefficient

F1-8.6Ghz , f, =10Ghz F¢=9.45 Ghz Spi=-12db
Af=9.6-9.3=300 Mhz bandwidth=.031 vswr=1.13:1
VI. CONCLUSION

Radial ring structure is promised to electro dynamic structure in order to forming conical Bessel beam. Using the
external diameter of radial line antenna satisfied resonance condition and provide high efficiency and wider band
width .Radiation pattern of radial line ring slot antenna can be controlled by additional metallic disk or dielectric

upper straight.
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