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The issue of ensuring uniform radio coverage of service areas and the associated reliability of
mobile radio systems in the 3G and 4G standards requires a lot of attention upon designing cellu-
lar mobile networks. One of the main tasks at the first stage of designing is the mathematical
modeling of radio wave propagation under the influence of the environment.

This work provides classification of mathematical models of radio wave propagation in cellu-
lar mobile communication systems, the algorithm of calculating radio signal strength at the re-
ceiving point depending on the distance between the mobile and the base stations, as well as fac-
tors and conditions affecting radio wave propagation are specified.
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Introduction

Currently problems of radio wave propagation (RWP) in cellular networks of mo-
bile communications (CNMC) are dealt with in many works [1-16]. Various methods
of classification of mathematical models of RWP in the decimeter and centimeter wave
band applied to CNMC are considered in them.

Depending on environmental influences, both deterministic and statistical models
can be used for modeling RWP; often semi-deterministic, semi- empirical and empirical
models are applied.

Deterministic mathematical models are based on the use of the physical laws of
RWP. The calculation is based on single-ray, double-ray or multi-beam models of
RWP. They take account of influencing factors of obstacles in the path of radio wave
propagation and local conditions in the radio channel (Fig. 1): attenuation in free space,
reflection from objects, diffraction due to obstacles, absorption, refraction and cross-
polarization of electromagnetic waves (EMW).

Semi-empirical and empirical models are based on path loss formulas, including a
number of empirical correction factors picked up by experiments. The accuracy of cal-
culated results in such a case depends on the preciseness of the correction factor values
and restrictions having significance within the chosen frequency range and for the spe-
cific environmental conditions only.

It is important to point out that results of experimental research for the real environ-
mental conditions are often used to determine a path loss of EMW propagating along
the terrain. Mathematical models of RWP in the heterogeneous environment, for exam-
ple, have their own laws of attenuation for different surroundings and allow calculating
median values of the received power depending on the distance to the receiver (consid-
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26 V.1 Popov

ering ITU-R, CEPT recommendations). Combined methods represent a blend of deter-
ministic and statistical models. RWP models based on these methods may be applied for
more accurate measurements in specific situations.

BTS

Fig. 1 —Impact of Obstacles on Radio Wave Propagation
Puc. 1 — BnusHe NpensITCTBUNA Ha pacIpOCTpaHEHUE PAIHOBOIH

Nowadays the majority of CNMC operators are using mobile network development
and monitoring software products that are based on models listed above. Sadly, imper-
fections of digitized maps, approximation and averaging of path loss values lead to rela-
tively large calculation and planning errors. Improvements in model simulation accura-
cy have been made possible lately by introducing geographic information systems
(GIS), which use high-precision maps and geographical databases.

1. Classification of RWP Models in CNMC

Let’s consider mathematical models of radio wave propagation in CNMC assuming
standard conditions and propagation regimes are in place. Most characteristic regimes of
wave propagation between the base transceiver station (BTS) and the mobile station
(MS) in the real world conditions are generalized in Table 1 and serve as a basis for
further mathematical model classification. The following abbreviations are used in the
Table: R is reflection, EMW is an electromagnetic wave, NLOS is line-of-sight;
NLOS is non-line-of-sight; D/EMW is diffraction of the electromagnetic wave,
A/EMW is attenuation of the electromagnetic wave.

Table 1/ Tabauya 1
Distinctive RWP Regimes in CNMC
Orinyurenbnsie pexkumbl RWP B CNMC

No. Conditions RWP model, regime, cell type
1 Ay
e ’ N Free space
r LOS

:E:/‘ macrocell
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Continuation of the Table 1 / IIpodonicenue mabn. 1
No. Conditions RWP model, regime, cell type
P A
T ¢ G 5 A two-ray model
A, (2) LOS+R/EMW
l I”z macrocell
12 ¥
7 e
3

A multiple ray model
The Log-distance path loss model
LOS+NLOS+D/EMW+ZR/EMW;
macrocell, microcell

A multiple ray model for urban conditions
Lee model
LOS+NLOS+ZR/EMW;
macrocell

A multiple ray model for urban conditions
The Okumura model
LOS+NLOS+ZR/EMW;
microcell

A multiple ray model for urban conditions
TheOkumura-Hata model
LOS+NLOS+XZR/EMWi

microcell, picocell

A multiple ray model for urban
conditions
TheCOST 231-Hata model
LOS+NLOS+XZR/EMW;
microcell, picocell

Multiple ray model for urban conditions
The Walfish-Ikegami model
LOS+NLOS+XD/EMW;
macrocell, microcell, picocell

Multiple ray model for urban conditions
The Hata-Davidson model
LOS+NLOS+XZR/EMWi
microcell, picocell
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The End Table 1 / Oxonuanue mabn. 1

No. Conditions RWP model, regime, cell type

10
Radio wave propagation through the forest

A semi-deterministic model
LOS:1+A/LOSFr+Lateral/ EMW+LOS>
microcell, picocell

11

Radio wave propagation in free space with
the reflection from the forest
The deterministic model
NLOS+ZR/EMW;
microcell, picocell

This paper, as it follows from table 1, examines 11 path loss mathematical models,
which represent the approximation of the received signal strength in relationship to the
distance between BTS and MS, taking into account environmental conditions, as well as
transmitter and receiver antennas parameters. The determining of received signal
strength for an array of distances allows finding the maximum radius of BTS cell cover-
age area R, (fig. 2) for a downlink transmission when P. is equal to the MS receiver

sensitivity B.i,, Which is one of the main tasks in mobile cellular network area cover-

age planning.
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Fig. 2 — Finding Cell Tower Maximum Coverage Radius Using the Okumu-
ra-Hata Model (Prmin = —81 dBm, Rimax=1.021 km) [2]

Puc. 2 — OmnpezeneHHe MaKCHMAIbHOTO paadyca MOKPBITUS BBIIKH
COTOBOIA CBs13U ¢ mcnonb3oBanueM Moaenun Okymypa—Xara (Prmin = —81 nbm,
Rmax = 1,021 kM) [2]
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2. RWP Models in CNMC

Mathematical models, which determine the power of the harmonic electromagnetic
wave (EMW) aired by the BTS antenna and received by MS, are shown in table 2 with
the following set of parameters: P; is a BTS transmitter power, dBm; f'is an operational
frequency, MHz; / is an operational wavelength, m; G, G, is BTS, MS antenna gain; 4;,
h, —BTS, MS antenna height, m; r is the distance between the BTS transmitter and the
MS receiver, km; f is a norming frequency, fo = 1 MHz; Ao is a norming wavelength,
Ao =1 m; hyis anorming height, 4o = 1 m; ro is a norming distance between BTS and
MS, ro =1 km.

Table 2 / Tabnuya 2
RWP Mathematical Models

Matemarudyeckue Mmojaeau RWP

No. Model Formulae

1 Le-of-sight LOS in
P.ios =P +101gG, +101g G, —201g(4m) +

3
+201g(£‘]— ZOIg[V 10 )< 0,
0 o

where B g is a received signal strength in the free space
(LOS) environment, dBm;

2 | The two-ray model LOS; B.=P1os +10Igy ;
+Ro/EMW (TR model)

2 ht hy hthr
y=1+R"+2R-cos (p+4n-73 , 0.8r>r>187;

A-7r-10

P. =P, +101gG, +10lgG, +201g[:;J+201g(:(’)J—

103
—401g(r 10 ]
)

where P. is a median power level at the receiving point

for point-to-point RWP, dBm; v is a value determined as a
function of the terrain parameters, dBm; R is a coefficient
of reflection, R<1; ¢ is areflection angle, usually

¢ =3.142 rad,;
3 The Log-distance M
path loss model B.=Fros - IOnIg[r] —(&EXy),
LOS+NLOS+ D/EMW + 4 . 0
+SR/ EMW, where #n is an attenuation exponent, n =2 for the free space
(TR model) (LOS), n=2.7-3.5 for the suburban area (LOS/NLOS), and
n=3-5 for the urban area (NLOS); X s is a random value
for normal (Gaussian) distribution with a zero mean, represent-
ing a signal attenuation condition, which was caused by its
fading (in case of no fading X, =0);
4 The Lee model [ ’ ] [ f J
LOS+ZR/EMW; B = Fo—10y-lg| — |~ 10n-lg| —— |+10lg(a) ,
"0 f n0

2
_ ht hr ’ P;’”W '103 GtGr
0(() =5 5 |7
htnO hrnO PtnO 4
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Continuation of the Table 2 / I[Ipoodonsicenue mabn. 2

No. Model Formulae
2, if h.>10m;
v_{L if b, <3m,

where o is an adjustment factor; F,,;» —is a BTS transmitter
power, mW; P, is power at the r, point, dBm,
P.g=-45dBm for free space, P.j =-49 dBm for Rural
area; P =-61.7dBm  for the suburban area,
P.y=-70 dBm for the urban area, for the metropolitan cen-
ter, y is a path loss correction due to distance, Y =2 for thefree
space, Y=4.35 for the rural area, y=3.84 for the suburban
area, Y =3.68 for urban area, y=3.05 for metropolitan area;
n is a frequency correction factor, recommended values are
2 <n <3; n=2 for the open, rural, suburban area, f <450 MHz;
n =2 for the urban, metropolitan area, > 450 MHz; v is a MS
antenna height correction factor; f,, is a nominal frequency,
Sno =900 MHz; F,, isa nominal BTS transmitter power,
B,y=10 W, h,,is anominal BTS antenna height,
hypo =30.48m;  h,,o is anominal MS antenna height,
R0 =3m; 1, is anominal distance between BTS and MS,
0 =1.6 km.

5 Okumura model Limitations: frequency range /' = 150-1920 MHz; BTS antenna

LOS+XZR/EMW;

height /4, = 30-1000 m; MS antenna height 4, = 1-10 m; dis-
tance between BTS and MS r = 1-100 km;

Li=Ly10s _Amu(.f7r)+H(ht)+H(hr)+Garea >

B =P os— A, ")+ HM)+H)+G,ep

lOlg[ fy J, if h.<3m;
hrnO

H(h)=

h
201g[ L J if 3<h,. <10m.
hrnO
Here L,, is path attenuation, dB; 4,,,(f,r) is median attenu-
ation relative to free space (determined from the fig. 3), dB;
H(h,) is a BTS antenna gain factor, dB; H(h,.) is a MS an-
tenna gain factor, dB; /,,(1s a nominal BTS antenna height,
hypo =200 m;  h,,, is anominal MS antenna height,
hpo =3 m; G

wea 18 S gain correction factor depending on

the environment (see Fig. 4), dB.

The Okumura-Hata model
LOS+XR/EMW;

Limitations: frequency range /= 150-1500 MHz; BTS antenna
height /; = 30-200 m; MS antenna height 4, = 1-10 m; dis-
tance between BTS and MS r = 1-20 km;

P, piara =B —69.55— 26.161g['}{] _

7
0
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Continuation of the Table 2 / I[Ipodonsicenue mabn. 2
No. Model Formulae
6

—(44.9 ~6.551g [h’]]lg[rJ +
hg )

+13.821g[2’]+a(f,h,ﬂ)+1<(f);

0

{1 dlg (%J - O.7j~ h, — [1 .S6lg [70) - 0.8J for open,

suburban, urban area,

2
8.29[lg(1‘54 :’ ]:I —1.1 for metropolitan area,
70

a(f,h.)=
£ <300MHz,

2
3.2|:1g (1 1.75 :r]:l —4.97 for metropolitan area,
r0

f=300MHz;

2
4.78[lg(;ﬂ -1 8.33lg[;j +40.94 for open area,

0 0

K(f)= 2{1g(2fgﬂz +5.4

0 for urban, metropolitan area;

for suburban area,

where a(f,h,.) is a correction factor for MS antenna height, dB;
K(f) is a correction factor that depends upon the environ-
ment, dB.

7 The COST 231-Hata
model
LOS+XZR/EMW;

Limitations: frequency range /= 150-2000 MHz; BTS antenna
height /; =30-200 m; MS antenna height A4, = 1-10 m; dis-
tance between BTS and MS r = 1-20 km;

—p-A-Blg| L L3 -
P.=P-4 Blg(foJ+13.821g(h0]+a(f,hr)

—[44.9—6.551g[2’;ng[;]—c;

S S
a(fh)=|1.11g| L-|-0.7 |n. - 1.561g| L |-0.8],
) ( g(fo] 7] [5 g(.foJ ]

where A is an attenuation component, dB (4=69.55 dB
for 150< /<1500 MHz, 4=4633 dB for 1500< f'<
<2000 MHz); B is a frequency correction factor ( B =26.16
for 150 < <1500 MHz, B=33.9 for 1500 < f <2000 MHz);
a(f',h,) is a correction factor for the MS antenna height, dB;
Cis an attenuation correction factor, dB. It depends on the
environment (C =0 for open, suburban and urban area, C =3
for Metropolitan area), dB.
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Continuation of the Table 2 / I[Ipodonsicenue maon. 2
No. Model Formulae
8 The Walfisch-Ikegami | Limitations: frequency range f'= 800-2000 MHz; BTS antenna
model height A, = 4-50 m; MS antenna height 4. = 1-3 m; distance
LOS/NLOS+ XD/EMW;

between BTS and MS r = 0.02-5 km.

I* gl
_':[A’)“ |
4| |3 T |
oo T i
[ — !
oo - — _|oo
= a0 0o oo\, ~ADO||
n| |22 a0 Do ool\ . /loo]| ™"
c oo !
oo oo oa oo oo ;
0 u 1 ml 9 nlln
BTS b W MS

rt T

_ LO + Lrts + Lmds’ if Lrts +Lmds <0, .
Lo, if Lrts +Lmds > O,

Ly =—32.45- 201g(rJ - 201g(]{] :

) 0

L =169 +101g[WJ—IOlg[fJ—ZOIg[Ah’j—Lm :
wo fo ho

~10+0354p, if 0<@<35°
Loy =12.5+0.075(¢ - 35), if 35° <@ <55°,
4-0.114(¢—-35), if 55° < <90°

r f b
Lyas ==Ly, =k, —kylg| — |—kplg| =— [+91g| — |;
‘mds bsh a d g[roJ f g[foJ g(bo]

—181g(1+Ah,), if Ah, >0,
b if Al <0;

>

54, if AR >0,
k, ={54—0.8Ah, if Al <OAr=0.5,
54—1.6r-Ahy, it A <OAr=0.5;

18, if A, >0,
k, =
471182152 i A <o;
Iy,

—-4+0.7 (L - J for suburban, urban area,
925

—-4+1.5 (L - ) for metropolitan area,

925

kp=
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Continuation of the Table 2 / I[Ipodonsicenue maon. 2

Model

Formulae

Liog =—42.6— 26lg(rJ - 201;{?} :

o 0

Fros = b +Lios =F —42.6—- 261%[:]— 201%[]{] ;
0 0

Fxwos=H+Ly.

Here P.[ggis the received signal strength in the line-of-sight
(LOS) environment, dBm; P.Njog is the received signal
strength in the non-line-of-sight environment, dBm; L, is
a path loss, dB; Lj g is apath loss for thefree space environ-
ment, dB; L, is a free space loss, dB; L, is a diffraction and

scatter loss, dB; L, is amultiscreen diffraction loss, dB;

A}
L,,; is an orientation loss, dB; L, is a shadowing gain due to

theBTS antenna location, dB; & is an average building separa-
tion, m; w is an average street width, usually w = 0.5b m;
hy, is an average building height, m; Ak, =h, —hy, is the BTS
antenna height above the rooftops, m; Ah. =h, —h, is the
distance between MS antenna and rooftops, m; ¢ is a street
orientation angle with respect to the direct radio path, ¢ =90°
in the worst case; k, is a correction factor, dB; k; is a dis-

tance factor; k r is a frequency factor.

TheHata-Davidson model
LOS+ZR/ EMW;

Limitations: frequency range /= 150-1500 MHz; BTS antenna
height 4 =30-2500 m; MS antenna height 4= 1-10 m;
distance between BTS and MS » = 1-300 km.

P. =P, yara — AChy ;1) + S1(1) + Sy (B, 1) + S3() +S4(f 1) 5

7

P jata = B - 69.55— 26.161g[]{]—

0

—[44.9 - 6.551g[htj]lg[r] +
ho rO
+13.82lg(:’] +a(f,h)+K(f);
0

0, if » <20 km,

0,62137(r — 20) x
Ahy,r) =

h if 20 <7 <20 km;
121.92

x[0.5+0.151g(
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The End Table 1 / Oxonuanue mabn. 2

Model

Formulae

< 0, if r<64.38 km,
)=
107 0.174(-— 64.38)  if 64.38< r <300 km:

0.00784(h, —300)lg(9'98) , if h, 2300m,

r

Sz(hpr) =
0 if ht <300m;

S .
1500 )’

2501g| ——
g( s )

0, if »<64.38 km,

Sy(fH=

S =
4O 011200 — 64.38)lg(15;0J if 64.38<r <300 km.

Here Py, is thereceived signal strength for the Okumura-
Hata model, dBm; a(f, h,.) correction factor for the MS an-
tenna height, dB (see the Okumura-Hata model); A(k,7),
Sy(r) is distance correction factors, dB; S,(h,r) is a BTS
antenna height correction factor, dB; S;(f) is a frequency
correction factor, dB; S4(f,r) is afrequency and distance

correction factor, dB.

10

RWP through the forest
(1, 15]
LOS1+A4/LOSF+Lateral/E

P. = B 105 = Oyrr +101g[(r)] ;

MW+ LOS: I 0.185 dB/m for operational frequency f = 900 MHz,
mF=10.36 dB/m  for operational frequency /' = 1800 MHz;
¢(r)=10%1""
11 | RWP in a free space with

the reflection from the
forest [15]
NLOS+ZR/ EMW;

p - RGO | FEF 00,
(4m)

2 2 ?
Ve 171N
where P. is a median power level at the receiving point for
point-to-point RWP, W; F;(0) —BTS antenna radiation pat-
tern, F;(0)=1 for omnidirectional antennas; V. is the volume
of the forest, m*; ¥, =1 m3— norming volume, ¢ is an angle

between the direction of the main wave and its reflection from
the forest; o(¢) is an effective scattering area of a volume

unit, m?  — distance between BTS and forest, km; 7, is

the distance between the forest and MS, km
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3. Calculation Algorithm for RWP Models

TheRWP numerical calculation algorithm based on the examined mathematical
models is shown in Fig. 5. The values of received signal strength for every model are
found by using formulas from Table 2 with appropriate standard BTS and MS para-

meters.
< Calculation of Radio Wave Propagation >

¥

Initial parameters
Py, P mins Gy, Gy, hy, he, S

Calculation of maximum
cell coverage radius Ryax

. Input
Variable parameters Pr) Pp .
H(r), Pemin Fmins
Calculation of received signal strength P, using RWP mathematical models
— — o — g <8
= B 3 3 3 3 g1155 Peto(i) == Pr int5?
g < ° K] o o £ ] L u= no
B 3 e 3 £ E = € = ) g o
£ < 2 = s E c 3 £ lgs
o € 7 & ® S 3 o e &g
3 > d © T T i 3 € ®||us
@ ® ° 5 . T g 2 E o £ Output
aQ = Q © — = > @ 3 L& pu
o <] =3 5 5 0 < s Q 2 “ o .
3 2 = 2 g N el Q = £ €9 Rinax = i
£ = 3 o 5 I 4 2 s ||laB
- = = o - © s S
o O 2 T z = us-_)
Calculation of maximum cell coverage radius Rpyax
Output
Pr, Riax

C e

Fig. 5 — Algorithm for RWP Calculation Using Mathematical Models
and Standard BTS and MS parameters

Puc. 5 — AnroputMm pacuera PBII ¢ ucnonb3oBaHueM MareMaTHUECKUX MOJIENIEH
u cragaaptHbix napamerpos BTC u MC

As it follows from the right part of the flowchart (Fig. 3), the maximum radius of
BTS radio coverage area R,,,, depends on the values of MS receiver sensitivity P, i,

and received signal strength P. () for corresponding RWP model.

Example of the Rmax numerical calculation using the proposed algorithm (Fig. 5).

To estimate the influence of the environment on the received signal strength
(for downlink transmission), calculations of the proposed algorithm were made using
the Mathcad engineering software. Comparison of the results, visible in Fig. 3, are true
for the following parameters:

— BTS transmitter power: B. =50 W (47 dBm);

— Operational frequency: f'= 900 MHz (A = 0.33 m);

—BTS, MS antenna gain: G, =10, G, = 1.

Environmental conditions, specific for every mathematical model (Tab. 2), were
also taken into account.

The received signal strength is heavily dependent on wave propagation conditions,
and it changes drastically with an increase in distance between BTS and MS (as it is
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shown in Fig. 6). For example, when distance » = 3 km, signal strength Pr = —44 dBm
for the LOS model, but in dense urban area conditions (the Walfisch-Ikegami model) —
Pr=-95dBm. The stability of the radio communication link depends on the MS re-
ceiver sensitivity level (Prmin). If Prmin = —93 dBm and the real path loss is equal to
the calculated one (using the Walfisch-Ikegami model), then a signal from BTS couldn’t
be received by MS already at a 3 km distance.

RWP modd

-10 Free space model BEE
-20 Two-ray model it
\ Multiple rav model e
-30 - Lee model e

g -40 n Okumura model
% 50 H:::‘E—'—- Olumura-Hata model  +vr
A o0 LY e-— ] | COST231-Hatamodel ¢+
\ Walfisch-Tkegami model **
70 — N

\\\
D] Free space model
\ e |
-80 -3

S —
L S E— —— %"’“‘q
7, —

-100 T min %
-110
0 0625 125 1875 25 3125 375 4375 3
», km

Fig. 6 — Comparison of the Received Signal Strength for 9 RWP models

Puc. 6 — CpaBHeHHE MOUTHOCTH ITPUHUMAaEMOro curtaia s 9 moxneneit RWP

Experimentally gathered RWP data for Philadelphia, New York and Tokyo are
shown in Fig. 7 to compare the real signal attenuation slopes with the calculated results

(Fig. 6).
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Fig. 7—Received Signal Strength Relation to the Distance between BTS
and MS (r, km) for Selected Urban Areas [9]

Puc. 7 — 3aBUCUMOCTb MOLIHOCTH IPUHUMAEMOT'0 CUTHAJIA OT PACCTOSHUS
Mexay BTS u MS (r, kM) 111 BBIOpaHHBIX TOPOJICKUX TeppUTOpHii [9]
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As it can be seen in Fig. 3, the Lee model is most suitable for environmental condi-
tions in Philadelphia, while the COST 231-Hata model gives the best results for Tokyo.
Maximum cell coverage radiuses of the calculated path loss models for two different

MS receiver sensitivity settings (Prmin = [-81; —100] dBm) are visible in Tab. 3.
Table 3 / Tabnuya 3
Maximum Cell Coverage Radius Rmax for Given MS Receiver Sensitivity Prmin

MakcuMalIbHbIi pajlyc HOKPBITHA COThI Rmax 1J1 3aJaHHOI YyBCTBUTEIbHOCTH
npueMHUKa MS Py min

Rinax, km Rinax, km
RWP model Prmin=-81 dBm Prmin=—100 dBm
Free space model 210.253 1873.883
Two-ray model 19911 59.452
Multiple ray model 3.536 15.202
Lee model 2.818 11.827
Okumura model 2.077 9.141
Okumura-Hata model 1.255 4.584
COST 231-Hata model 1.026 3.748
Walfisch-Ikegami model 1.253 3.962
Free space model 2.526 8.837
Hata-Davidson model 2.526 8.837
Conclusions

1. This work discusses relatively simple RWP models for CNMC, which, using a
proposed algorithm along with appropriate software (such as Mathcad), allows deter-
mining the maximum coverage area of BTS cells based on environment characteristics.

2. Every mathematical model is presented as a function of the received signal
strength Pr (P1, Gt, Gr, f, ht, hr, ). Unlike in most of the models recommended by ITU-
R u CEPT, formulas in tab. 2 comply with the strict mathematical laws. Expressions
with common logarithms are reduced to dimensionless forms by introduction of the
norming parameters. For instance, the received path loss formula for the COST 231-
Hata model in the book [6] looks like this:

LCOST231 =463+ 3391g(f) —-13.82 lg(ht) — a(h,) +
+[44.9-6.551g(h,)|1g(r) + C. (1)

That path loss L, =101g(B./F) >0 doesn’t match the actual reduction in the sig-

nal level when the distance between BTS and MS increases, and expression (1), in over-
all, is mathematically incorrect, because quantities with dimensions are used as an loga-
rithm arguments. This work proposes the following formula:

h
P}’COST231 = f; —463—3391g(%j+1382lg[zj]‘f‘a(f,hr)—
J0O

—{44.9—6.55'1g(2’—fﬂ~1g(rij—c, ©)
0 0
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which corresponds to the path loss L, =101g(FP./F) <0 and shows the real attenua-

tion of the radio signal.

3. Path loss in Philadelphia, as shown in Fig. 8, where experimental (Fig. 7) and cal-
culated (Fig. 6) data are compared, can be expressed using the Lee model, whereas the
COST 231-Hata model is a match to the measured path attenuation in Tokyo. Visible
errors are possible due to the choice of parameters (BTS and MS antenna height, anten-
na gain, urban parameters, etc.).

-50 »
r Dhilagzlphis
\"'I\\ r New York
A
E‘ fio
70 ke
§ j'DI' COST 231-Hatamodsl
. -80 e
v R’Laanl}c.al
BEE
-90
-100 t‘:;—-_;-.,______
-110
1 15 2 25 3 35 4 4.5 5

», km

Fig. 8 — Comparison of the Experimental and Calculated Values of Received Signal
Strength in Selected Cities

Puc. § — CpaBHeHUE SKCIIEPUMEHTAIBHBIX U PACUETHBIX 3HAUCHUIN MOLIHOCTH
HNPUHUMAEMOr0 CHI'HaJIa B BBIOPaHHBIX TOpPOJax

4. As a first approximation, calculations of the median received power P.(») (for
downlink regime) can be made using estimated engineering formula (3):

r

P =P, 105101 lg(—j, 3)
"o

where 7y =1km is a norming distance, # is an attenuation exponent which depends on

the environment (Tab. 4).

Table 4 / Tabnuya 4
Dependence of the attenuation exponent on the environment features

3aBUCMMOCTH MOKA3aTeNs 3aTyXaHusl OT 0co0eHHOCTeH Oprmammeﬁ Cpeabl

Environment Attenuation exponent n
Free space (LOS) 2
Suburban area (LOS/NLOS) 2.7-3.5
Urban area (NLOS) 3-5
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For example, if the received power in the LOS environment P.ng =-60 dBm
at the distance » = 1 km from the BTS, and FP. g =-75 dBm when the distance is

r =3 km, then the slope of experimentally acquired data for RWP in New York
(fig. 3.3) can be roughly expressed wusing (3) with the coefficient
n=(=75+60)/(-10-0,48) = 3,125.

5. The developed algorithm (Fig. 2), which was implemented using Mathcad soft-
ware, allows not only calculating maximum coverage area of BTS cell towers, but also
performing network clustering and designing the coverage map afterwards [1, 2, 11].
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MATEMATHYECKHUE MOJIEJIA PACIPOCTPAHEHMSI PAJJMOBOJIH
B HEO/IHOPO/IHbIX CPEJAX JJI51 BECITPOBO/HbBIX CETEM
OB30P

B.U. Ilonos
Puoiccruti mexnuyeckuil ynusepcumem

Bompoc obecrieueHnsi paBHOMEPHOTO PAJANONOKPHITHS 30H OOCTY)KMBAaHHMS M CBS3aHHON
C 3THM HAJIGKHOCTH CUCTEM MOOWIILHOHM paauocBsi3u B ctangaptax 3G u 4G TpeOyeT 0O0bIIoro
BHHMAaHUS MPU TPOSKTUPOBAHWU COTOBBIX MOOWIBHBIX ceTed. OfHOI M3 OCHOBHBIX 3aiad Ha
MIEPBOM 3Tare MPOECKTUPOBAHUS SIBISETCS MATeMaTH4eCKOe MOJETHPOBAHHE PACIPOCTPAHEHMS
PaznoBOIH MO BO3/ACHCTBUEM OKpY Karomei cpensl. B nanHoit paboTte npencrasieHa kiaccupu-
KAyl MaTeMaTHYECKIX MOJEIel paclpoCTpaHEHHUs PaIMOBOJIH B CHCTEMAaX COTOBOM MOOMIBHON
CBSI3H, JITOPUTM pacdeTa MOIIHOCTH PaAUOCHTHANIA B TOUKE IIPHEMa B 3aBHCUMOCTH OT PacCTOs-
HUS MEXITy MOOWIBHOW M 0a30BOIl CTAaHIMSIMH, a Takoke (PaKTOPHI M YCIIOBUS, BIMSIONINE HA pa-
JmocBs3b. PacnipocTpaHeHue BOJIH yKa3aHo.

Knmiouegbie cnosa: MaTeMaTHYECKHE MOICIH, PACIPOCTPAHEHHE PAJHOBONH, TeTEpPOreHHAs
cpena, 6eCrpoBO/IHBIE CETH, COTOBbIE ceTH MoOMIbHOH cBsizu (CCMC).
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