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Abstract: The article analyzes the approaches to the
mathematical modding of mobile systems in the
millimeter wave range. The architecture of a mobile
network using Radio over Fiber (RoF) technology is
considered which is proposed for forming and
transmitting the millimeter-wave signals via fiber-optic
communication lines. The noise of the optical
heterodyne used for the formation of radio signals is
andyzed. The mathematical analysis of the components
of the energy budget of the radio link in the millimeter
wave range is carried out on the basis of a study of the
fundamental physical aspects that affect the value of
noise, losses and signal gains. The comparative analysis
of the signal-to-interference ratio and the signal-to-noise
ratio, the probability of tranamitting information radio
signals through the reflected paths is carried out. A
quasi-optical  model of the narrow-beam antenna
radiation is proposed for calculating noise interference
and signa loss in multipath propagation models taking
into account multiple reflections and diffractions, as well
as absorption in various media. The analysis of the
energy budget components of the radio link in the
millimeter wave range shows that it is necessary to take
into account both interference and noise associated with
the method of signa generation and emission, for
example, in phased antenna arrays, as well as the effects
of molecular absorption (repested radiation) in the
atmosphere and the effects of the reflection of signalsin
urban scenario.

Key words: millimeter wave range, wireless
communication, noise regime, directional antennas,
interference, radio link energy budget, RoF technology,
signal to interference ratio, signal to noiseratio.

1. Introduction

In order to increase the capacity of telecommunication
systems serving 5G mobile networks and other wireless
technologies, including nano-networks, the use of a
millimeter-wave range (MMR) is expected in the near
future. However, the use of such a range significantly
differs from, for example, the decimeter range in terms
of the physical characteristics of propagation, methods of

forming signals and the characteristics of generating
devices. Asnoted in [1], the problem of simulating a 5G
channel consists in providing a fundamental physical
basis which would be flexible and accurate, especially in
the millimeter range.

It iswell known that the main factor influencing the
choice of modulation methods, coding and achieving the
maximum data transfer rate isthe SINR value (signal-to-
noise ratio plus noise). For MMR, propagation
mechanisms are atmospheric absorption, reflections and,
to a lesser extent, diffraction. Therefore, approaches to
modeling radio channds, interference and noise for
MMR may differ significantly from approaches to
modeling channels at lower frequencies. For example, in
the range from 100 MHz to 6 GHz, the main factor for
calculating the energy coverage of the urban scenario is
wave diffraction. For solving this problem, channel
models taking into account different diffraction
depending on the geometry (typicality) of urban building
were created [2].

In MMR, absorption and scarse diffraction features
of MMW lead to the use of small cels — for 60 GHz
(MMR absorption window) with aradius of up to 10 meters,
for mobile systems (28, 73 GHz) up to 150-200 m, for
nano-networks (MMR including terahertz range) — a few
tens of millimeters [1, 3, 4]. Also, MMR waves are
characterized by the possibility of a narrowly directed
energy transfer —from several degrees to fractions of one
degree, which makes it possible to increase the energy
efficiency of such systems and compensate high
absorption in the atmosphere.

Methods of forming signasin MMR are till being
investigated [5, 6]. At a small wavelength of the MMR,
the noise and dynamic characterigtics of the radiation
devices are important. Optical heterodyning methods are
quite promising for generating the MMW, as, for
example, the conversion of optical domains into
millimeter-wave electrical signalsin a photodiode [5, 6].
Such a method is considered promising both for
generating MMR signals and for modulation, as well as
for converting millimeter signals into optical signals,
multiplexing, tranamisson over fiber optic communication
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lines over long distances, for example, for combining
base stations and data centers. Optoelectronic methods
are also used to form directional diagrams of phased
antennaarrays (PAA) [5, 7].

The study of noise, losses and delay of the signd is
fundamental for MMR. In contrast to the classical
approach for systems operating in the decimeter range,
where only thermal noise is considered as noise, it is
necessary to take into account the dependence of the
output power on noise and the dynamic range of
interference. Also a classic relationship between the
directivity of the antenna D and its effective area Agt

and wavelength A DI 2 = 4p Ag; is correct for narrow-
band systems. It may be necessary to take into account
that both the directivity D and the effective area Ag
depend on the frequency (wavelength) of the carrier
signal itself and, therefore, using the above expression
will be narrowband approximation. For example, in [8],
the impulse response of the antenna at the transmission
and reception of aterahertz range signal is studied.

In addition, it is possible that the molecular
absorption noise [4] and scattering due to reflections
(both diffuse and specular) [9, 10] can be significant in
terms of the energy budget components of the MMR
radio channel.

Many papers are devoted to mathematical modeling
of interference and the probability of blocking in the
millimeter-wave channels for mobile systems based on
stochastic geometry (e.g., see [11, 12]). However, they
do not take into account the noise associated with the
method of signal generation, molecular absorption noise,
noise or signa amplification associated with the
phenomena of reflections, diffraction, scattering of the
MMR signal. In this paper, the authors anayze the
values of the enumerated noise (amplifications) of the
signal, their contribution to the signa-to-interference
ratio (SIR) and signal-to-noiseratio (SNR).

2. Quasi-optical model of the millimeter-wave
radio channel

The energy potential of a line-of-sight radio link in
radio engineering is usually described by the classical
Friis equation Pgy /Prx = GrxGrx (! /4pd)2, where

Prx, Prx is the power of a transmitting and receiving
antenna respectively, Grx and Ggy is the gain of the
trangmitting and receiving antenna respectively, 1 is the
transmitted signal wavelength, d is the distance between

the transmitter and the receiver, (| /4pd)2 isthelossin

“free space’.

Mathematical empirical models of radio channds
close to the Friis equation are currently used by various
research groups (5GCM, mm MAGIC, METIS, 3GPPTR

38.901, etc.) to implement mobile telecommunicationsin
the 0.5 to 100 GHz band [1]. In deriving the Friis
equation, a frequency-dependent expression was used for
the effective antenna area, where the directional gain of
the antenna occurs.

Narrow-directiona radiation in MMR is formed
using a phased antenna array (PAA) with alarge number
of radiating elements. The directional coefficient of the
PAA (gain) depends on the number of radiating €l ements
(D = 2Nd/). In [10] it was noted that expressing the
dependence of values is difficult, since it is associated
with a large number of variables, the complex geometry
of the radiating elements of the HEADLIGHTS, which
are used as horn TEM antennas. In addition, 5G systems
assume adaptive beamforming in power, direction,
aperture angle, and dr. [1]. For mobile systems,
communication in MMR is initially assumed only from
the base station to the user, i.e. in the live channd.

Therefore, a quasi-optical modd of the cone-shaped
antenna radiation, which is typical for the calculation of
optical open systems (Fig. 1), may be preferable for the
andysis of the energy budget of MMR radio systems
(Fig. 1):

2
L.
PI'X — PRX 4pd atm(fC!d)
Drx Arx
where Ly (fe.d) is the attenuation coefficient of the

signa in the atmosphere depending on the carrier
frequency f., Drx is the directiond coefficient of the
radiating antenna ( Dy = 4p/W=2/(1- cos(a/2)), ais

: D)

the aperture angle of the antenna, Arx is the effective
area of the receiving antenna.

Fig. 1. Quasi-optical model
of the cone-shaped antenna radiation

For highly targeted radiation and transmission over
small distances, for example, for nano-networks, it is
possible to express formula (1) in terms of the surface
density of theradiation energy flux:

4pd? Ly (fe.d)
I:)TX

e

Erx =Erx
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The side lobes of the antenna pattern can aso be
taken into account by a quasi-optical model (1) or (2), as
well as attenuation in various media.

Quasi-opticad models (1) and (2) in which the
frequency-dependent parameter “free-space path loss’

{ /4pd)2 is not used may be more acceptable for

calculating interference and sgnal losses in multipath
propagation models, especially taking into account the
building geometry [14].

3. Noisesand lossesin the millimeter-wave channd

In the energy budget of the channel the losses and
noise affecting the choice of coding methods,
modulation, etc. should be taken into account. Terms
“losses’ and “noise” are often considered as similar,
since their influence on the system isthe same [15].

To anadlyze the budget of radio systems, it is
necessary to determine the minimum signal power in the
receiver, i.e. receiver sensitivity:

Prx-sens = Ps (Nint + Nrx + Nry )/N ®)
where: R5/N denotes the ratio of carrier power to noise

power required for demodulation; Nrx is the noise
power of a signal source which includes not only thermal
noise, but also other components associated with the
method of signal generation; a Ny is the loss of signa
power in the receiver; N isinterference power, which
includes N = Nk + Ny + NyLos, where Nk is the
interference from other communication channels; Ny is
the noise of molecular absorption; Ny_os are changesin
the signal leve associated with diffraction and
reflections from urban objects. It may also be necessary
to take into account scattering due to diffuse (or
multiple) reflections, molecular scattering, and scattering
caused by atmospheric turbulences. Noise sources Ny
and NnLos can be both inside the analyzed channd and
in other communication channels. The signal can be
restored properly if its power at a distance d from the
trangmitting antenna exceeds the senditivity of the
receiver, that is, when PBrx - FPrxens® 0. The
signal/interference ratio plus noise (SINR), which
determines the quality of the received signa, takes the
form:

SINR= Frx : €)
(Nint + N7x +Ngy )
or using (1)
SNR = PFX DTX ARX (5)

> .
4pd® (Ning + Npy + Ny ) Lam

4. Molecular absorption noise

The emissivity of the medium in which the MMR
radio waves propagate is considered as a source of noise
[4]. In approximation to the Beer—Lambert—Bouguer
law, the formula for the power of molecular absorption
noise can be written as follows:

_p_ DrxArx -K(f)d
Ny (fe,d) = Prx 4’ d-e ), (6
where: K(f) is the generalized absorption coefficient of

the medium, whose value can be found, for example,
from the Hitran database [16].
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Fig. 2. Calculated value
of the signal-to-noise ratio of molecular absorption
depending on the coefficient of absorption y
and the distance |o fromthe transmitter to receiver.

Electromagnetic radiation absorbed by molecules
in the medium, as shown in [17], is re-emitted out of
phase at frequencies similar to those at which it was
absorbed. However, in [18] it was shown that
absorption of terahertz radiation by molecules of
water vapor introduces color noise. At the moment,
the nature of the molecular absorption noise is still
being studied. It is possible that the basis of
absorption/radiation is the combination of various
physical phenomena, for example, stimulated,
spontaneous or repeated radiation. The authors of
papers [17, 18] suggest that molecular noise
absorption is the main factor determining the SNR for
terahertz transparency windows, and thus the main
factor of remote limitation, especially for dense
networks. However, the relaxation time of molecular
noise, the delay time associated with reemission of
energy, the spectral composition etc. being temporal
characteristics (properties) of absorption / emission
ultimately determine the amount of energy received
by the receiver. Therefore, for the THz range, pulsed
methods for coding and modulation are proposed [18].
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5. Gain and noise of millimeter-wave signal
associated with the phenomena of reflection and
diffraction

For 5G MMR telecommunications, smal cdl sizes
(10-150 m and less) are assumed due to the need for fast
exchange of multimedia data, for example, between D2D
communications, strong MMR absorption, MMR
propagation in the line of sight LOS, narrow-beam signal
trangmission. Also, for MMR systems, the effect of
reflections and diffractions on the signal gain for the
LOS and NLOS regions is analyzed. Measuring the
coefficients of reflection from building materials at a
frequency of 28 GHz [19] shows values up to 0.896.

Consider the multipath model of the energy potential
in urban development formed as a result of reflection,
diffraction, absorption of rays, for the aperture angle a
of the transmitting antenna and the effective area A, of

the receiving antenna (not depending on the carrier
frequency), the signal power at the input of the receiving
antenna[10] is:

2

& .
P, = PTXDZIS)AQX'%EQ p. (g )|Gm(qml) .
, (7)
, B G
o)) 0 mfa) 2
2

where Prx is the power of transmitting antenna;
I, >1 are coefficients determining the excess path

of the rays ¢; under the conditions of reflection and

diffraction; p(qj) is the probability of the

corresponding certain - conditions;

Dy (a)=2/(1- cos(a/2)); I, T, D are reflection,

transmission and diffraction coefficients, respectively.
Due to the beam radiation of the MMR antennas and

the short transmission distance (for mobile systems), m, n

and | must assume certain values, depending on the
geometry of the building.

process for

Fig. 3. Exanple of channd gain due
to reflection and diffraction at right angles.

6. Photon methods for generating signals and
sour ces of noise

To implement the concepts of wireless
communications in MMR, it is proposed to use photon
methods of generating and transmitting MMR signals via
optical lines. Photographic methods for generating
millimeter signals are more fundamentally studied in
comparison with electronic methods and also have better
noise and dynamic characteristics [5]. Photon methods of
forming and tranamitting signals using Radio over Fiber
(RoF) technology, you can: tune the freguency in a
specific step; operate in a very wide frequency band, for
example, 10 GHz; transmit radio signals through an
optical fiber over long distances (kilometers) to a remote
base station or data center (Fig. 4, 5), as well as multiplex
channels using wavelength-division multiplexing
(WDM) technology.

Fig. 4. Channdl structure for the MMR mobile system
using RoF technology; CS— central station,
BS— base gtation, MS— mobile station.

Fig. 5. Mobile network architecture using RoF technology.

Sources of noise generated using RoF technology are
considered as Gaussian random processes with zero mean,
which can be summed up as current sources, since they are

formed during optodectronic converson in a photodiode
(PD) [3]:
S r?oise =S thermal *S shot *S FZeIN +

: (8

+SS|gASE +SASEASE

where S o IS thermal noise caused by random
motion of carriers in the conductor leading to random
fluctuations of the generated current; S st i shot noise
representing random fluctuations of the signal caused by

the discreteness of the charge; S rin  represents
fluctuations in the optical intensity of alaser; S g, o IS

the noise of the amplified signa in the optical amplifier,
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S aseage 1S the amplified noise of spontaneous emission

(ASE) generated inside the amplifier.
Therefore, the signal-to-noise ratio at the output of
the photodiode can be written as follows:

s _PxR
BW '

RIN®

P
%‘Mlo 0 P2+ 9

Ak, T
RA’

+2G2,P_NF

opt ' opt opt

W =

+2q

2
hqopt + (Gopt NFoptmopt ) Bopt ’

where kg is the Boltzmann congtant, T is absolute
temperature, By is the noise equivalent eectrical
bandwidth obtained after converting the optical signa
into electrical one in the PD, ( is the charge of the
eectron, Py is average optical input power, R is load
resstance, A is photodiode sensitivity, Gy is the gain
of an optical amplifier, NFqq is the noise factor of the
optical amplifier, By isthe band of the optical amplifier,
hvget represents photon energy, RIN is the relative noise
of laser intengity.

Passive optical and dectrical components (optical
fibers, electrical cables, connectors, etc.) do not create
current fluctuations, so their contribution to the tota
noise can be ignored. Optica modulators can aso be
considered as passive components without interference,
since their main element is an optical waveguide, which
does not create noise. Experimental results [20] show
that when the spectral line width of the optical sourceis
within 50 MHz and the transmission range up to 50 km,
the chromatic disperson of SSMF fiber leads to
insignificant increase in phase noise. The results of
calculations of the SNR value according to the formula
(9) areshown in Fig. 6.

60)

- -32._,,"'-
50 O

we}ﬁ‘.a"' RIN=130 dB/Hz

RIN=-145 dB/Hz

—-20 —13 —-10 -3 o
Received power at the PD output, dBm

Fig. 6. Results of cal culations of SNR values.

After the photodiode, the system passes through a
set of low noise amplifiers (LNA) and medium power
amplifiers (MPA), so the cascade noise level of the

amplifiersin accordance with the Friis formula becomes
the following [5]:
(10)

am

NF,p = NFna +(NFMPA - l)/GLNA ;

NFamp being the total noise figure of amplifiers, NFanp
NF . representing the noise figure of the amplifier,
NF,-, being the noise retio of the power amplifier,
G,y being thenoise gain in the amplifier.

7. Simulation of interference in cellular
millimeter-wave networks based on stochastic
geometry

The power of interference from other communication
channes in a randomly located reference receiver in
accordance with [21] can be expressed as.

K
Ng = é_-lgihG(CIi yIe, (11)

where g, isthe transmitted power, h isthe atenuation

coefficient in the channd (the Nakagami variableis used
to simulate small-scale fading), | is the distance

between the transmitter and receiver in the i-th
interfering channd, respectively, K is the number of
active interference sources.

For the millimeter range, the analysis is mainly carried
out in a circular sector, the channd losses are taken into

account according to the law I(r)=r'a, the usualy

chosen coefficient vaue isa = 3, 3.5, ... 5 for NLOS
systems.
Then thesignd/noiseratio + interference noiseis.

-a
SINR=— %Gl ,

& ghG@a .y )l *+s?
i=1

(12)

where index 0 corresponds to the reference recever and
transmitter, S 2 = Npy + Ny -
Signd/interference noise value, respectively, is
Golo®
K a
ath(Qi Yl
1=

Losses in the MMR radio channd are also taken into
account by the CI modd:

L? ( f.,dgp )[dB] = FSPL ( f,,dm) +
+10nlogy (dyp ) + ¢S

SR= (13

(14)

where ¢ is a shading loss, which is modeled as a zero
mean Gaussan random variable with a sandard deviation
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in dB, nis a path loss indicator found by minimizing the
eror of the messured data to (2), dgy >1xm,

FSPL( f;,dm) arelossesin free spaceat 1 m distance.

To study interference noise, stochastic geometry
is often used. In particular, it could be the model of
the spatial Poisson point process. Then, the
probability of finding interfering nodes within region
A isfound by the expression [22]:

o (AN L
P{NI R}—Te , N30, (15)
where A isthe density of interfering nodes N.

For the calculations, the spectra efficiency
parameters for the ALOHA or TDMA system (access
methods proposed for mobile systems in MMR) are
input, namely, the density of potential sources of
interference per unit area, tranamitters (links) per unit
areg, the dendty of interference per unit area, etc.

Let us congder atranamitter-receiver contral pair in the
presence of the number N of interfering access pointsin a
circular region Awith radiusR (Fig. 7).

Fig. 7. Exanple of the Poisson point distribution:
squares — blocking, triangles — interfering nodes,
circles—receiver-transmitter under investigation.

Interfering nodes are digtributed according to the spatial
Poisson point process. Thetota received interference sgnal
a a paticular point in the network is the sum of the
recaeived sgnals from each node Let us assume that the
interfering sources are in line of dght (LOS) and their
tranamit power is congtant. It has also been accepted that the
reference trangmitter-receiver pair with the digance g
between them is not involved in the Poisson point process
and is not blocked. Effects associated with NLOS (for
example, with reflection effects and, to alesser degree, with
diffraction) require separate sudy. The authors assume that
the blocking probability for interfering nodes does naot
depend on the aperture angle of the antenna, but only on the
distance and linear dimension of the block.

The total value of the interference from other
communication channels in the receiver can be
expressed as:

Nim - R’x DTxAzx gli-Zeg(f)li -
B (16)
=P 2/(1- COS(C]/Z))AQX éN,l.'ze-g(f)li,

X - i
i=1

where N is the number of interfering nodes affecting the
receiver, |j is a distance from the interfering node to the
receiver, r(f) is the absorption coefficient depending on
the carrier frequency.

For a two-dimensional model, the probability of
blocking a signal from interfering nodes of a circular
shape with a radius r, can be considered as a
function of the distance from a particular node as
follows [3] :

pb=exp(-lb(l- rb)rb), (17)

where |, isblocking density.

The probability that the receiver is inside the main
lobe 6 of the active transmitter is:

p =1- exp(- Iztg(q/Z)).
The average value of the interference in the receiver
E[Nim] can be calculated in accordance with (1), (16)—

(18) asfollows:

(18)

Ax .
2p (1- cos(a/2))

’ E‘j'zexp(- ghp (1- p,)2 pldi =

_p Arx .
™ 2p (1- cos(q/2))

E[Nint] =Py

9 ep(- ag- eI/ (9

“[1- exp(-1,( - rp)rp)]2 pldl =

AP .
=|a £10° = R, P

B9l 05.a)- (R T,,9)],

where Ei(X) isan integral exponentia function.
Signa/interferenceratio:

P Zelog(f)

RX — IO

SR= =
Ny [E(.0.0.0,.0)- E(RGI,I,.0)]

. (20)
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For y = 0.1, 2 = 0.01, 4, = 0.01, r, = 0.3 m, the
calculated SIR valueis presented in Fig. 8 for different

and Io.

beamwidth, 8°

Fig. 8. Results of calculations of SR values.

8. Analysisof SIR and SNR values for millimeter -
wave communication systems

In the scientific literature devoted to mobile MMR
systems attention is mainly focused on the study of
interference noise and losses and, to a lesser extent, the
study of amplification of signals due to reflections,
molecul ar absorption noise and noise associated with the
method of generating radio signals. However, the values
of the listed kinds of noise can be comparable. In Fig. 2,
6, 8 the results of calculating the noise of MMR mobile
systems are given for the comparison: molecular
absorption associated with the method of optica
heterodyning and interference, respectively.

After comparing the graphs, it can be concluded that
the influence of interference noise on the simulation of
MMR network coverage can be comparable to the values
of noise, the sources of which can be generating devices.
It is also necessary to take into account the effects of
reflections which can also be used to calculate the gain
zones of the useful signal.

9. Conclusions

Currently, mathematica channd modds for 5G wireess
technologies (and next geneaions) ae only beng
developed. An important chalenge for accurate 5G channd
models usng the MMR isto provide a fundamental physical
basis From the andyss of the energy budget components of
the MMR radio link, it can be concuded that it is necessary
to take into account both interference noise and noise
asociaed with the method of generation and emisson of
PAA lights aswel asthe effects of molecular absorption (re-
radiation) in the atmosphere and signd reflections in urban
scenaios.
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MOPIBHAUIbHUI AHAJII3
IHTEP®EPEHIIII, ITYMY I BTPAT
B MOBUJIBHUX CUCTEMAX 3B’ A3KY
MUIIMETPOBOI'O JIATTA3OHY XBUJIb

Sna Kpemenerpka, Cepriit Mapkos

Ipoanani3oBaHO MiAXOAM 1O MAaTEMaTHYHOIO MOJIEIO-
BaHHJ MOOUIBHUX CHCTEM y MiJiMETPOBOMY Iiala30Hi XBHIIb.
Po3risHyTO apXiTekTypy MOOUIBHOI Mepexi 3 BUKOPUCTAHHAM
texHonorii Radio over Fiber (pamio mo BosokHy), 3ampo-
MOHOBaHY Juii (OpMYBaHHS 1 IepeJaBaHHA CHI'HAJIB
MUIIMETPOBOro Jiana3oHy 4epe3 BOJIOKOHHO-ONTHYHI JIiHII.
IMpoanani3oBaHO ILIyMH ONTHUYHOIO T'€TEPOJUHYBaHHS, IO
3aCTOCOBYIOTH i1 (hopMyBaHHs pazniocursainis. IlpoeneHo
MaTeMaTUYHUH aHaJ3 CKIAJOBHX EHEPreTHYHOro ODKEeTy
paniomiHii B MUTIMETpOBOMY Jliaria3oHi Ha OCHOBI JTOCIIKSHHS
¢dbyHnaMeHTanbHUX (I3UMYHUX AacHeKTiB, L0 BIUIMBAIOTH Ha
3HA4YCHHS IUYMIiB, BTpaT 1 MiJCHIEHb CHrHally. BHKOHaHO
HOPIBHANIBHUN aHali3 IOKA3HHUKIB CIIBBIAHOIICHHb CUTHAJ/
iHTepepeHwis Ta curHay/uryM. 3anpornoHOBaHO KBa3iONTUYHY
MOJieNIb  KOHYCONOIiOHOrO BHUIPOMIHIOBAaHHS AHTEHH UL
PO3paxyHKiB HIYMOBHMX 3aBaJl i BTpaT CUTHalIy B Oararorpo-
MEHEBHUX MOJEISIX IOLIMPEHHA 3 ypaXyBaHHAM MHOXHHHHX
BifoOpaxxeHb 1 Iudpakxiiif, a TakoX NOIJIMHAHHA y DI3HHX
cepesioBUIIaX. 3 aHaJli3y CKJIAJI0BUX €HEPreTUYHOro OIOKeTy
pazioniHii B MiJIMETPOBOMY J1iaria3oHi BHIUIMBAE, 10 HEOOXITHO B
MOZIEIISIX MOKPUTTS MOOUIBHMX CHCTEM BPaxOBYBAaTH SK 3a-
JIeXKHICTB Bifl iHTepdepeHNiiHNX 3aBajl, TaK 1 IIyMH, OB’ A3aHi
3 METOJOM TIeHepalil, BUIPOMIHIOBaHHS CHTHAJIB, a TaKOX
e(eKTH MOJCKY/ISIPHOrO IOIIMHAHHA (TOBTOPHOTO BHIIPO-
MiHIOBaHHs) B atMocdepi # edexru BinoOpaxkeHHs CHTHAIIB y
MiCbKiii 3a0y10Bi.

YanaKremenetskaya—Ph. D. in

Technical Sciences, graduated from

the Physics Department of the Tares

Shavchenko Kyiv Nationa Universty,

Ukraine. She received her Ph. D.

degree in radio equipment and

tdecommunications fadlities Snce

2002 she has been working &t the State

Universty of Telecommunications,

Ukraine. Her research interests are

focused on the meahematicad modding of radiosystems in the
millimeter and terahertz ranges.

Sergey Markov — Ph. D. in

Technical Sciences, graduated from

the Radio physics Department of

the Taras Shevchenko Kyiv

Nationa University, Ukraine. He

received his Ph.D. degree in

theoreticdl radio Telecommunications

engineering. Since 2002 he has

been working a the State

University of Ukraine. His research

interests are focused on the mathematica modeling of radio
and optical systems.



