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The aim of the study is to reveal the special features of radio control link model in
LR-WPAN under operating conditions of interference of the reflected and the line-of-
sight component and to evaluate the radio link’s range of positive light source control.
The results of development and practical implementation of controlled spectrally
tunable light emitting diode (LED) light sources with ISM- and ZigBee(IEEE
802.15.04)-based radio frequency transceivers are presented. A software application
developed in LabVIEW simulation of a radio control link for light sources and used
for evaluating the radio control link’s range of various combinations of polarization
of transmitting and receiving antennas has been discussed. It was established and
experimentally verified that the received energy was able to be computed using the
two-ray model: a line-of-sight ray and the reflected one. This approach is simpler as
compared to cellular networks in which multiple reflections from various objects result
in multi-path propagation without line-of-sight component.
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OCOBEHHOCTU PAAUOKAHAJIA YNPABJIEHUA
SHEPTOPD®EKTUBHbIMU CBETOAUOAHBIMU UCTOYHUKAMU
OCBELLLEHUA

A.B. Anapos', B.Il. Banwoxos?, B.[]. Kynuos?,
C.B. lemuH', A.B. BanroxoBa?

"Hay4yHO-TEXHOIOTMUYECKMUI LeHTP MUKPOINEKTPOHUKU U CYBMUKPOHHbIX
rerepoctpyktyp PAH, Cankr-letep6ypr, Poccunckas Pegepaums
2CaHkT-lNeTepbyprckmin nonntexHnuecknin yumeepcutet letpa Benukoro,

CaHkr-letepbypr, Poccunckas Pegepaumns

WccnenoBaHa Moaesib paJroKaHaia yrnpasieHus: 6ecripoBoaHoi cetu LR-WPAN
B YCJIOBMSIX MHTepGhEPEeHLIMHU MPSIMOI M OTpaXkKeHHON BOJIH, a TaKXkKe M3ydyeHa JOCTHU-
JKMMasl TaJbHOCTb 0€30TKA3HOTO yIpaBJeHUs] CBETOAUOAHBIMU MCTOUHUKAMU OCBE-
LLIeHUs Mo pagurokaHaiy. [IpyuBeneHbl pe3yabTaThl pa3padOTKU U MPaKTUYECKON pea-
JIM3ALIMU YIIPABISIEMbIX, CIIEKTPaAJbHO MepecTpauBaeMbIX CBETOAMOAHBIX UCTOUHUKOB
OCBEIIICHMSI, PaaAOYaCTOTHBIC TPAHCUBEPHI KOTOPHIX BBIMIOJHEHBI IO TEXHOJOTUSIM
ISM (868 MI'u) u ZigBee (IEEE 802.15.04, 2445 MTI1). Paccmorpena LabVIEW-
BepCuUs MOICIMPOBAHUS PAAVOIMHUU YIIPABICHUS UCTOYHUKAMU OCBEILICHUS C yue-
TOM OCOOEHHOCTE MX IMPaKTUYECKOro MPUMEHEHUs ISl OMNpeaesieHus auarna3zoHa
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Introduction

According to the research results on the ef-
fects of indoor lighting environments on human
organism, poor illumination or color tempera-
ture of lighting sources can affect users’ vision
and divide their attention, and hence, cause
users to feel tired or fretful [1, 2]. Light emit-
ting diodes (LEDs) satisfy the requirements
to modern light sources, first of all, because
their high energy efficiency, luminous efficacy
of 150 Im/W in mass-produced LEDs, allows
sufficient savings in energy consumption. Also
the ability to improve the quality of generated
light by dynamic control of spectral-color pa-
rameters (smart light based on RGB-mixing).
The quality of generated light depends, first of
all, on the ability to produce light with a wide
range of color temperatures (2700 — 6500 K)
with high color rendering indexes [3].

This paper presents the results of theoretical
studies of achievable radio control link’s range
in Low Rate-Wireless Personal Area Network
(LR-WPAN) and practical implementation of
wireless networks of energy-efficient dynami-
cally controlled LED light sources using ISM
(868 MHz) and ZigBee (IEEE 802.15.04, 2445
MHz) technologies.

The LED sources are used for illumination
of living, communal and industrial quarters
with the ability to regulate color, spectral and
brightness lighting characteristics with time and
the creation of an optimal lighting environ-
ment. The LED light sources described below
produce white light with the required spectral,
color and brightness characteristics using the
principle of RGBW color-mixing: controlled
polychromatic LED light source (CPLLS) and
energy-efficient dynamically controlled LED
light sources (EDCLLS).

Most European wireless equipment oper-
ates at 2.4 GHz, however, 868 MHz is used for
some narrow band and wide band applications,
such as street light control, social alarm, gener-

ic alarm and non-specific small range distances
(SRDs) systems.

ZigBee is a standard based on the IEEE
802.15.4 standard for wireless personal net-
works. This standard allows for the creation of
very lost cost and low power networks. These
networks are created from sensors and actua-
tors and can wireless control many electrical
products such as remote controls, medical, in-
dustrial, and security sensors [4].

Practical implementation of CPLLS
and EDCLLS networks

The wireless CPLLS and EDCLLS networks
contain the following components: terminal
devices (lamps) with LED light sources play-
ing their role; a remote control station (RCS),
which coordinates the network and controls its
operation in all modes; a PC that also serves as
a network coordinator when setting up the net-
work and for some modes of its operation. The
CPLLS and EDCLLS devices themselves in-
clude the following components: a power sup-
ply for standby mode; a main power supply; a
microcontroller with a control board including
a wireless link; LED drivers for power manage-
ment; LED bars with series-connected LEDs.

The SPLLS and EDCLLS which form a
LR-WPAN are intended for use in good-sized
rooms in all three dimensions (length, width,
height). This influences the radio control link
analysis. The orientation of the transmitting
and receiving antennas with respect to the
ground may result in a complex configuration
that must be taken into account when designing
light sources. Light sources are controlled us-
ing a remote control station. Hand-held equip-
ment is generally operated close to the ground
and this implies that the ground influence has
to be considered to do valid range calculations
for the link.

It is assumed that the path has a line-of-
sight (LoS) component that is limited by free-
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space loss (large open room, large retail stores,
sports arenas, open-plan offices, exhibition
halls), but not by additional loss due to ob-
stacles and transmission through building ma-
terials, and there is no mitigation of free-space
loss by channeling.

The CPLLS’s color temperature lies in
the range between 2700 and 6500 K, the light
intensity does in the range between 1700 and
2400 Im, and this network exhibits high val-
ues of color rendering indexes (no less than
80 — 90). The power used by the source is less
than 20 W (18.4 W), luminous efficacy is 85 —
120 Im/W. Six drivers transform the constant
current from a power supply to the LED's feed
current with pulse width modulation (PWM).
Total supply current is no more than 1 A. The
PWM frequency was set by a microcontroller
within a range of 1.25 — 10 kHz and the duty
cycle of PWM varied from 100 (1% PWM)
to 1 (100% PWM). The brightness was var-
ied by increasing the PWM period relative to
the brightness at the optimal PWM frequency
(F,, = 2.5 kHz), corresponding to 100% light
intensity of the LED unit. At 10% light inten-
sity the PWM period corresponds to 250 kHz
frequency. This improves the speed of CPLLS
and is higher than the 100 Hz threshold sensitiv-
ity of a human eye to the modulation of bright-
ness. RCS operating in the 868.7 — 869.2 MHz
band can be used with narrow or wide band
(NB and WB, respectively) modulations, has
the transmitter effective radiated power (ERP)
25 mW (+14 dBm) and duty cycle less than
0.1 %. The receiver category is defined by ETSI
EN 300-220-1. A microcontroller receives
commands from an RF transceiver using the
SPI interface, controls the current drivers for
LEDs, and turns the light source on and off.
The same transceiver chip CCI1110FX is used
in the microcontroller board and in the RCS.
The chip is a low-power SoC (System-on-
Chip) ISM/SRD with MCU, Memory, USB
controller and high sensitivity (—110 dBm at
1.2 kBaud and —87 dBm at 250 kBaud). Re-
ceiver has high selectivity and good blocking
performance, programmable data rate up to
500 kBaud and output power up to 10 dBm,
low current consumption (RX: 16.2 mA @
1.2 kBaud, TX: 15.2 mA @ — 6.0 dBm). There
are two power-saving modes: Power Mode
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1 (0.8 pA) and Power Mode 2 (0.6 pA). The
CCI1110FX uses the GFSK (Gaussian Fre-
quency — Shift Keying) modulation.

The CC1110 chip is compatible with many
PCB mounted antennas including a DN024
antenna that is used in a RCS and microcon-
troller unit as a transmitting and a receiving
antenna respectively. An RCS controls CPLLS
according to the program entered by the op-
erator manually after pressing the ‘ON’ but-
ton and setting the color temperature using the
light intensity control button. In the standby
mode the CPLLS power consumption is less
than 0.5 W.

The CPLLS network has a star topology.
The RCS serves as the network coordinator,
and the light sources do terminal devices.

Circuit design and technical specification
of the RF channels of a RCS and the control
microcontroller of EDCLLS are identical be-
cause the same module — ZigBit 2.4 GHz Sin-
gle chip Wireless Module ATZB-S1-256-3-0-C
[5] supporting IEEE 802.15.4 standard is used.
The module has high sensitivity (—97 dB at er-
ror rate BER 1%) and optimal transmitter out-
put power of +3 dBm result in unique power
budget (up to 100.6 dB) of the link. The range
of the radio control link in free space if the
transceivers are positioned at the height of 0.5 m
above ground is 170 — 570 m. This is achieved
for various combinations of the transceivers’
orientations (polarizations) and in the absence
of interference from other transmitters. In real
life situations the multi-path propagation, the
interference and other factors can significantly
reduce the range of the radio control link.

Model of radio control link

The idealized model of a radio control link
is often described by the Friis transmission
equation [6]:

o GGV
R0T (Apyrd”

where P, is a power available at the receiving
antenna; P, is a power supplied to the
transmitting antenna; G,, G, are the gains of
the receiving and the transmitting antennas,
respectively; A is the wavelength (A =c / f, cis
the light speed in vacuum, f is the frequency),
d is the distance between two antennas (the

(1
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Fig. 1. Two-ray interference scheme
of radio control link.
The horizontal plane is an infinite, perfectly flat ground
one; points A and B show the positions
of the transmitting and the receiving antennas; the rays’
directions are shown by arrows

projection on the Earth’s surface), » is the path
loss exponent.

Eq. (1) is often used to determine the power
budget of a radio control link. In real control
links the waves are reflected and obstructed by all
objects illuminated by the transmitting antenna.
In this paper, a two-ray interference model is
used where the ground reflecting incident wave
toward the transmitting antenna influences the
radiation pattern. The interference of the two
rays at a receiving antenna produces a particular
multi-lobe field structure.

Fig. 1 represents schematically the position
where there is an infinite, perfectly flat ground
plane and there are no other objects obstructing
the signal path.

The refracted wave, describing the penetra-
tion of the energy into the soil through the re-
flecting interface, is usually not taken into ac-
count due to high absorption of high-frequency
radio waves.

Points A and B show the positions of the
transmitting and the receiving antennas. The
field at the receiving antenna is a sum of the
direct ray and the ray reflected from the ground
(secondary wave). The paths of the rays are R,
and R,, respectively, the length of the control
link R = d, the heights of the transmitting and
receiving antennas are a2, and A, it is assumed

that 4, >\ and h, > L. The effect of the re-
flected ray can be imitated by a fictional source
located under the Earth’s surface symmetrically
to the real source.

In sufficiently long control links R >> A, h,
and the rays AB and A'B can be assumed to be
parallel, the difference in distance travelled by
the rays R,— R, is

AR=R— R =2hsind

that is much smaller than R, and it is possible
to assume

1/R ~1/R ~ 1/R

and in the calculations of the amplitudes of the
direct and the reflected rays.

With these assumptions the interference
formula describing the power at the receiving
antenna is given by

G, G’ V[ )
(4R)’

where |V| is the ground influence factor
depending on the heights of the antennas above
the ground, the reflectivity of the ground and
the antennas’ radiation pattern.

Other factors are the same as in the Friis
transmission equation. The reflected ray is
formed by an area of the ground’s surface that
is determined by the first Fresnel’s zone. The
Fresnel’s zone is shaped like an ellipse with the
long axis oriented in the direction of the wave
propagation. The lengths of the short and the
long axes (see Fig. 1) are, respectively

_ hh, _ b
b\ hysine Y “sines O

The assumption of the direct and reflected
rays being parallel needs additional clarification
in the case of RSD radio control links. In
actuality,

R,>— R?= 4h Rsin® — 4h 2.
Assuming (R, + R)) = 2R, the difference in
distances travelled is
AR= R,— R, = 2hsin6 — 2h /R.
The discrepancy in AR between the

approximate and real cases is 24,/R and can
be neglected if it is much smaller than .

P, =P,

19



4 HayuHo-TexHunueckmne segomoctu CI6ITY. dPusmko-marematnueckme Haykm 10(2) 2017

The concept of parallel rays is applicable if
2kh?/R << mor R>>4h?/\.

Both SPLLS and EDCLLS are used in
combination with a remote control station
(RCS). In the former case the RCS is
controlled by a human operator. This limits the
transmission antenna height to 1.5 — 1.8 m. In
the latter case the RCS automatically changes
parameters with time without the attention of
a human operator. The height of the receiving
antenna may reach 2.4 m (standard ceiling
height in a modern building). It follows from
Fig. 1 that the tangent of the incidence angle
0 is

(g6 = % (4)

The amplitudes of the reflected wave E,
and the direct wave E depend on the distance
difference (R, — R,) where

R =Jd’ +(h —h)*, R, =d* +(h + h)*.(5)
In the maximum points the function
Cosk(R,— R) = —1,
(R,— R) = (2n,— 1)/2,

the distances to the maximums of the radiation
pattern are equal to

| emw o,
Iemax _{(2’1}0 _1)27\’2 (hl +h2)+

In the minimum points the function
cosk(R, — R) = +1,
(R, = R) = n,
the distances to the minima of the radiation
pattern are equal to

Ry =| 0 ey )
nfk 4

In the case of i, ~ h,, the following equations
for the coordinates of the maxima and minima
are used:

R - 4hh, _(2nf—1)x
" @2n, - 4 ’ ®)
R _2hh _n
" on 2
where n, = 1, 2, ... is the Fresnel’s zone

number.

The calculation data obtained for radiation
patterns of SPLLS and EDCLLS light sources
are presented in Table 1. In addition to this
data we obtained the value 2kh /R, = 2.06,
R >> 26 m for SPLLS light source and for
h,=1.5m. Then, 2kh,/R =0.96, R >>73.34m
for EDCLLS light source, for 4, =1.5 m and
h, = 6.5 m. In this case the concept of
parallel rays is inapplicable in many practical
applications.

(6) The relative amplitude of the reflected wave
Qn, — 132 : is described by reflection coefficients known in
+f—} . optics as Fresnel’s coefficients. In the cases of
16 horizontal, vertical and circular polarizations
Table 1
Calculation data for radiation patterns of two light sources
h Rminl’ m Rmaxl’ m eminl’ D emaxl’ D
, m
l SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS
1.5 56.42 158.92 112.84 317.84 7.58 2.52 4.00 1.08
2.4 90.27 254.27 180.55 553.68 5.09 1.43 4.18 0.34

Notes. 1. The performance data of the light sources are the following: f = 868.7 MHz, A = 0.3456 m
(SPLLS) and f = 2445 MHz, » =0.1227 m (EDCLLS).
2. h, is the transmitting antenna height, the receiving antenna heights are the same for the both light

sources (h,= 6.5 m).
Symbols: R .,

pattern, 0 are the incident angles.
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they are given by

_ sin®—n—cos’ 0

" Sin@+n-cos’6
r - nsin 6 —/n - cos’ 0
" nsin®+n-coslo’ ©)

r :Fh+1"v
c 2 >
n=g, — j60ch

where I',, ', T’ are the horizontal, vertical and
circular polarization reflection coefficients,
respectively; ¢, ¢ and n are the permittivity,
the conductivity and the complex permittivity
of the reflecting medium.

The reflection coefficients are complex
numbers meaning that during reflection not only
the amplitude of the reflected wave changes but
also its phase does. Assuming that both media
have equal permeability n. = 1 and that one
medium is a free space, the reflection coefficient
depends only on the complex permittivity of the
material. The complex permittivity of typical
building materials, obtained experimentally
[7], demonstrates significant variations from
one material to another, while showing a little
frequency dependence (see Table 2).

The presence of the imaginary part of the
complex electric permittivity is an evidence
of the presence of the electrical conductance.
However, numerical estimation show that the
influence of the imaginary part of n can be
neglected during calculations of the coefficients
I,and T,

At a frequency of 2445 MHz, the minimum
of the first Fresnel’s zone R, = 58.68 m,
the incidence angle 0 = 3.8°, the reflection
coefficients I', =—0.834 +,0.024, T =—0.762 —
—j0.005for A, =1.5m, h,=2.4m,n=2.0—,0.5.
Assuming n = 2, the reflection coefficients are
r,=—0.876, ' = —0.767, thus the assumption
of 6 = 0 does not produce significant errors.

To calculate the range of a radio control
link let us use the model [6] that accounts for
the ground reflection. The same paper presents
the experimental results validating the ground
reflection model. The necessary formulae are
the following:

0 = arctan

R =d’>+(h —h), R =.d*+(h+h),

cosk(R, — R)) = cos(R, - RI)% -sign(T’),

h+h
B

G, G\
" @4rR)*’
p _ GG\ |
ref trans T (4TER2 )2

dir trans

9

P

fot

=P

dir trans

+ P

ref trans

cos(R, - R) % sign|r,

Bot dBm — 10 loglo(Ea, . 10_3)

where 0 is the incidence angle; R,, R, are
the direct and the reflected ray path lengths,
respectively, P, . . P of wans Q1€ the power

quantities of the direct and the reflected waves,

respectively, P _, P .. are the total received

Table 2

The complex permittivity values of typical building materials [7]

. n
Material 1.0 GHz 57.5 GHz
Concrete 7.00 — j0.85 6.50 — j0.43
Lightweight concrete 2.0 — 0.5 -
Floorboard (synthetic resin) — 3.91 —;0.33
Plaster board - 2.25 —;0.03
Ceiling board (rock wool) 1.20 — j0.01 1.59 —0.01
Glass 7.0 —jO.1 6.81 —0.17
Fibreglass 1.2 — ;0.1 —
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power quantities in watts and in decibels above
one milliwatt.

It follows from Egs. (6) and (7) given for
R and R ., that the smaller is the angle 0 the
farther from the geometrical point of reflection
is the center of the Fresnel’s zone, and the
ellipse itself is longer and narrower. At a long
distance the lowest, i.e., the first (# = 1) lobe of
the radiation pattern is the most important. If
the angle 0 is equal to the angle of the ‘axis’ of
this lobe then the lobe is closer to the ground.
For the field at the receiving antenna to be
consistent with the interference approach it is
necessary for the reflecting ground surface to
be smooth (with small disturbances) at least
within the first Fresnel’s zone. The disturbances
outside the first Fresnel’s zone have little

_.,-:-:'4 7
7
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influence. In optics [8] the disturbances (the
deviations from a perfectly flat surface) of the
surface of a reflecting mirror must not exceed
2/10 or even A/16. These values correspond to
the normal incidence and can be considered as
limiting values. If the incidence is not normal
then the influence of disturbances is decreased
by a factor of sin6, allowing for disturbance
height
Ah < 2/(10sin0).

For a long radio link the Rayleigh criterion
is often used that states that the maximum
disturbance height for mirror like reflection is
limited by [9]

Ah < )/(8sinb).
In any practical situation the allowed

b)
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Fig. 2. Plots of the total received radiowave power versus the distance between the 2 antennas
of various heights for 2 light sources and various media.

The data was obtained for an ideal link (the Friis equation) (curves /) and for a dipole with the vertical (2),
horizontal (3) and circular (4) polarizations. The data for EDCLLS (a, b, d) and SPLLS (c) light sources is presented;
h, = 1.15m (a), 1.50 m (b), 2.40 m (c, d); h,= 1.15 m (a), 6,00 m (), 2.40 m (c, d); n = 18 — j18 (a),

12.0 — 0.1 (b), 7.00 — j0.85 (¢, d); P, = 0 dBm
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disturbance height will depend on R_ and
sinf__ .

For the EDLLS light source discussed
above, L = 0.1227 m, 6 = 2.18° and Ah <
0.32 m. This is in good agreement with another
estimate of Ah, according to which the first
lobe is properly formed near the maximum at
large values of R~ d: Ah < h/4. If h = 1.5 m

then A4 < 0.38 m.

x1

The results of the radio control link simulation

The received power values in decibels
above one milliwatt calculated using the Friis
transmission equation and also the radio control
link simulation for the vertical, horizontal and
circular polarizations are shown in Fig. 2. The
plots are created using a software application
developed in LabVIEW for simulation of a light
source command radio control link taking its
specific requirements into account. The program
allows calculating the total received power, the
reflection coefficients and other parameters
of radio wave’s propagation as functions of
the operating frequency, the heights of a
transmitting and a receiving antennas, real and
imaginary parts of the dielectric permittivity,
the radiation patterns and the transmitter
power. A convenient graphical user interface
allows studying the results over the wide range
of the input parameters. The simulation results
help in determining the radio control link range
for different mutual orientations (polarizations)
of the transmitting and the receiving antennas.

For a horizontal dipole with no directivity
in the vertical plane the effect of the ground,
reflecting the incident wave towards the

receiving antenna, is very strong. It results in
the interference of the waves at the receiving
antenna which produces a multi-lobed field
structure in the equatorial plane of the dipole.
The minima and maxima appear at certain
values of angle 6 in accordance with the above
equations. The number of minima is

N=2h /% +0.5,

where N is the integer number.

Each change in the dipole height by A/2
changes the lobe number by one. An increase
in & also increases the paths length difference
(R,— R)) and places the lobes of the radiation
pattern closer to the ground. At the same time
sinf__ decreases and low objects (6 < 6_ )
receive stronger field. An increase in A, first
improves the reception (6 <60__ ), then worsens
it, then again improves it, etc.

The positions of the maxima and minima
of the electric field are determined by the radio
control link’s geometry and are practically
independent of ¢ . However, the more is ¢, value
the sharper are the minima and maxima. With
a decrease in ¢ the maxima become lower and
minima higher, and the multi-lobe structure
becomes less prominent. This smoothing
tendency grows with decreasing 4, as long as
the multi-lobe structure of the radiation pattern
exists, i.e., as long as h,, h, > A.

Table 3 shows the total received power
P, s, for an ideal link (according to the Friis
transmission equation) and for a dipole with
the vertical (V), circular (C) and horizontal (H)
polarizations.

If the ratio A/A is changed then the lines

Table 3
Calculation results for the total received power (developed in LabVIEW)
P B
Ideal or orann > 4B
real link n = 7.00 — ;0.85 n = 2.00 — j0.85 n =1.20 — j0.10
SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS

Friis equation —61.9 —76.0 —61.9 —76.0 —61.9 —76.0

V-dipole —64.2 —81.0 —65.5 —82.0 —64.9 —81.0

C-dipole —66.5 —82.6 —66.5 —82.6 —66.0 —81.5

H-dipole —71.9 —87.8 —67.6 —84.9 —65.1 —82.2

Notes. The input parameters for the SPLLS
R .= 33.33 m; for the EDCLLS light source: f=

'minl

light source: f = 868.7 MHz, h = h,= 2.4 m,
24450 MHz, h,=1.5m, h,= 24 m, R . = 58.68 m.

minl
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limiting the field’s variation would remain as
before while the P, and P . values lying
on these curves, would move down (in the case
of increasing //)) towards the smaller 6 (and
vice versa). The general shape of the curves
remains the same. The interference factor A,
that is equal to the difference

A=P

1ot for V.C.H-dipol

between the real (i.e., P, for V.G di[m,) and the
ideal (P ) cases, is the largest for a dipole with
the horizontal polarization. For the vertical and
circular polarizations A is practically the same.

The plots of the total received power
distribution versus the distance ¢ show that
the paths’ length difference cannot be small
as compared to the wavelength A for closely
spaced antennas. For the horizontal polarization
(H-dipole) in the region of oscillations the
envelope of the maxima behaves like ~1/R?
and the amplitudes of maxima and minima are
proportional to the factors (1+ T, |)?and (1—|T, )
respectively [6]. The last field maximum
corresponds to the values of 4, and A, at which
0 = 6__ . Starting with the distance where the
powers of an ideal and real links become equal
the cosine decreases monotonously and the area
in which P changes with distance like ~1/R*
begins. For a long link when 6 — 0 we get the
Vvedenskiy transmission equation [8]. For a
vertical polarization (V-dipole), the amplitudes
of maxima and minima are proportional to the
factors

P

tot F

[(1+]r )yeos?0]?
and
[(1—]r,)cos™]?
limiting the field variations, in the region of
oscillations.
If the angle 0 is equal to the Brewster’s angle
0,, (ctgb, = Je), the two curves coincide. When
vertically polarized waves fall on the surface of
an ideal dielectric (c = 0, ', is real) at this
angle, the reflection coefficient |I',| —0, and its
phase is equal to = and 6 < 6, and is equal to
zero at © > 0. The difference between H- and
V-dipoles described above explains significantly
less amplitudes of oscillations in the case of
V-dipole.
For very long radio control links, the ratio
of the received and the transmitted power is

24

given by the Vvedenskiy transmission equation

9]

and is independent of polarization and the
dielectric permittivity [8].
If R ~ d is small compared to R, then
v wrans > Prep wane @0 the limits of a change
in the interference factor are significantly
reduced. With further decrease of R, the field
of the reflected wave can be neglected. In this
case the interference factor is close to unity and
the Friis transmission equation can be used. It
is important to note that all equations derived
for an electrically small dipole are applicable to
a half-wavelength dipole [8].

The radio control link’s range is determined
by an equality of the total received power and
the receiver sensitivity. In Fig. 2, the radio
link’s range complies with the first (from the
origin) intersection of the receiver sensitivity
corresponding to horizontal lines (in decibels
above one milliwatt) and the received power
depending on the distance. Fig. 2 shows a
case when the respective receiver sensitivity
is of —80 dBm. For a long unobstructed path
(line-of-sight link), the first Fresnel zone
breakpoint may occur. The Fig. 2 shows that
communication would be lost (in the case of
the receiver’s sensitivity being of —80 dBm),
as a rule, at about the distance R ., = 21 m
for the H-dipole in the minimum of the first
Fresnel’s zone, while it is obvious that the
potential range is longer. For the C- and
V-dipoles, a decrease in the signal strength
due to diffraction is significantly smaller. If the
value of the dielectric permittivity is about 1 to
2 then a decrease in the signal strength is again
significantly smaller and is practically the same
for any polarization.

According to the recommendations given
in Ref. [7], in the line-of-sight channels,
directional C-polarization antennas offer an
effective means of reducing the delay spread.
When the C-polarization signal is incident on
a reflecting surface at an incidence angle larger
than the Brewster’s one, the handedness of the
reflected C-polarization signal is reversed. The
reversal of the C-polarization signal at each
reflection means that multipath components
arriving after one reflection are orthogonally

(10)
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polarized to the line-of-sight component and
this eliminates a significant proportion of
the multipath interference. Since all existing
building materials exhibit Brewster angle less
than 45° (¢, = 7.0, 2.0, 1.2 & 6, = 8.13°, 26.15°,
39.80°) multipath propagation due to a single
reflection (that is the main source of multipath
components) is effectively suppressed in most
environments irrespective of the interior
structure and materials in the room.

Summary

Light emitting diode lighting technologies
drastically change the possibilities of control
of the light quality. Smart light can be created
by changing spectral content, color and
intensity of lighting in time. Energy efficient
dynamically controlled light sources find
application in lighting systems of medical
institutions, in museums and art exhibitions
providing the best color reproduction of
paintings, in industrial lighting for improving
working conditions and increasing attentiveness
of personnel. This paper discusses two variants
of design and construction of wireless networks
of dynamically controlled polychromatic
light sources: using ISM/SRD and ZigBee
(IEEE  802.15.4) technologies.  Optical
lighting modules are built using AllnGaN and
AlGalnP structures, have a luminous efficiency

of 85 — 120 Im/W and varying light temperatures
from relaxing (7, = 1700 K) to activating
(7T, = 10000 K). Such controlled LED
light sources can be used to correct the
psychophysiological state of people.

The maximally continuous spectrum
approaching the natural light is achieved
providing the high values of color rendering
indexes as well as their leveling. A hardware-
software complex supporting testing, tuning
and control of a network in various modes of
operation is developed.

The most convenient dynamic control
method for LED light sources is the use of
a radio control link. The received power
may be computed using the two-ray model:
a line-of-sight ray and a reflected one. This
approach is significantly different (it is much
simpler) as compared to cellular networks
in which multiple reflections from various
objects results in the multi-path propagation.
A software application was developed in
LabVIEW for link simulation that has a
convenient user interface for setting the
parameters of a radio control link with
horizontal, vertical and circular polarizations.
The circular polarization is most effective in
the case of the multi-path propagation in the
operating area of energy efficient dynamically
controlled LED light sources.
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