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Abstract. Mathematical models for the analysis of probabilistic characteristics of the spectral efficiency of down-
link radio channels in macro-sites of mobile (cellular) radio communications have been developed, and esti-
mates of the probability distributions and average values of the potential and real spectral efficiency of downlink
radio channels have been made for various variants of the typical IMT-2020 scenarios “Rural-eMBB”, “Urban
Macro-mMTC” and “Urban Macro—-URLLC”. Obtained models and estimates take into account the randomness
of the user’s equipment distribution on the macro-site territory and the possibility of user’s equipment location
in areas of both free and interference (multi-ray) propagation of radio waves between the base station and user’s
equipment. These results allow us to conclude that the declarations of new generations of mobile communications
in terms of increasing the spectral efficiency of radio channels at the 4G—5G—6G evolution are feasible.
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BEPOSITHOCTHBIE XAPAKTEPUCTUKHU CIIEKTPAJIbHOM D®®EKTUBHOCTHU
HUCXOIAINX PATUOKAHAJIOB
B MAKPOCAHUTAX CUCTEM MOBUJIBHOM PAIMOCBS3H 5G

B. 1. MOP/IAYEB

Benopycckuii cocyoapcmeennblii yHugepcumen uH@GOPMAmuKu u paouod1eKmpoHuK
(Munck, Pecnybnuka Benapycyw)

AnHotanust. Pazpaboranbl MaTeMaTHueCcKue MOJICNH JIJIsl aHAJIN3a BEPOSITHOCTHBIX XapaKTePUCTUK CIIEKTpallb-
HOHM 3P (PEKTUBHOCTH HUCXOMAIMNX PaTIdOKaHAIOB B MaKpOCAaWTax CHCTEM MOOWIBHOW (COTOBOW) pagmoCBs-
3M, BBITIOJIHEHBI OLIEHKH BEPOSTHOCTHBIX PACHpEACICHUN U CPEJHUX 3HAYEHUH MOTCHIUAILHOW W peabHOMN
CHeKTpaJ’ILHOﬁ 3¢)¢)GKTHBHOCTI/I HUCXOAAINX paaguOKaHaIOB JJid pas3IMYHBIX BAPpUAHTOB TUIIOBBIX CIICHApPH-
eB IMT-2020 “Rural-eMBB”, “Urban Macro-mMTC” u “Urban Macro-URLLC”. [TomyueHHbIC MOZEIH U OICH-
KM YYHUTBIBAIOT CIIy4aifHOCTh MECTOIOJIOKEHUSI a0OHEHTCKUX TEPMUHAJIOB Ha TEPPUTOPUH Makpocairta M BO3-
MOXXHOCTB IIPUCYTCTBHS B HEM 00J1acTeil Kak CBOOOJHOTO, TaK M HHTEP(PEPEHIIMOHHOTO (MHOTOJIy4EeBOT0) PacIpo-
CTPaHEeHUs PaJHOBOJIH MEXTy 0a30BOM cTaHIMEl W aDOHEHTCKUMH TepPMUHAIAMH. DTH PE3yNbTaThl MO3BOJISIOT
c/lenaTh BBIBOJ O PEaJIM3yeMOCTH JIeKJIapannii HOBBIX ITOKOJICHUIT MOOMIIBHON PagMOCBS3H B YAaCTH MOBBILICHHS
CreKTpaibHOU () (PEKTUBHOCTH PaMOKaHAIOB B TIporecce 3Boitonnn 4G—>5G—6G.

Kawuesnle ciioBa: MoOuibHas (cotoBasi) cBsi3b, 5G, eMBB, mMTC, URLLC, cnekrpanbHas 3QpeKTUBHOCTS,
0a3oBasi cTaHIMsl, A0OHEHTCKUI TEPMHUHAI, HUCXOSIINI PaJOKaHAI, pACIIPE/IeIIeHIE BEPOSITHOCTH.

Kondaukt uHTEpecoB. ABTOp 3asBISET 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.
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Introduction

When analyzing scenarios for the implementation of cellular (mobile) communication (MC) sys-
tems and services in areas with large site sizes (base station service areas), it is necessary to take into
account a large range of possible values of distances between the base station (BS) and user’s equip-
ment (UE), randomly distributed over the BS service area. This circumstance is the reason of the large
dynamic range of useful signal levels at the inputs of radio receivers of many UEs, determining the va-
lues of the SNIR parameter — the signal-to-(noise+interference) ratio in the downlink radio channels.
The randomness of the UE location relative to the BS is the reason for the randomness of the SNIR va-
lues and, as a consequence, the randomness of the spectral efficiency W [bit/s/Hz] of the “BS-UE” radio
channels and its impact on the average wireless area traffic capacity [bit/s/m?] in the BS service area.
The latter determines the relevance of taking into account the randomness of the SNIR, W} values when
analyzing the electromagnetic background intensity created by modern and future MC systems, using
the methods of [1, 2].

The goal of this paper is to substantiate probabilistic-statistical models and analyze probabilistic-sta-
tistical characteristics of the spectral efficiency of “BS-UE” radio channels in macro sites of 5G MC sys-
tems when implementing typical IMT-2020 scenarios [3] “Rural-eMBB”, “Urban Macro-mMTC”
and “Urban Macro—-URLLC”.

Initial models and expressions

When analyzing probabilistic characteristics of the downlink radio channel spectral efficiency
in MC systems with macro-sites of a relatively large area, we use the following well-known models.

1. The macro-site model shown in Fig. 1, in which Hyg is the height of the BS antenna phase center
above the surface; H is the UE height above the surface corresponding to human height; R is a ran-
dom distance between the BS antenna and an arbitrary UE; Rp is the radius of the BS vicinity, in which
the free-space model of radio waves propagation (RWP) between BS and UE can be used (“break-
point” vicinity); R,, is the distance between the boundary of free-space RWP region and the BS antenna;
R, 1s the radius of BS service area (macro-site). Typical parameters of this model for macro-sites
of IMT-2020 (5G) MC, corresponding to [3], are given in Tab. 1.

Fig. 1. Macro-site model in the IMT-2020 MC system

Table 1. Macro-site parameters for different options of typical IMT-2020 scenarios

5G Scenario, option No | Configuration Carrw\;af]r:g;egrtlﬁ?f,mGHz/ Ro".,m| Hyom | Hyp,m | Rzp,m
1. Rural-eMBB A 0.7/0.43 1200 35 1.5 490
2. Rural-eMBB B 4.0/0.075 1200 35 1.5 2800
3. Rural-eMBB C (LMLC) 0.7/0.43 4000 35 1.5 490
4. Urban Macro-mMTC A 0.7/0.43 350 25 1.5 350
5. Urban Macro-mMTC B 0.7/0.43 1200 25 1.5 350
6. Urban Macro—URLLC A 4.0/0.075 350 25 1.5 2000
7. Urban Macro—URLLC B 0.7/0.43 1200 25 1.5 350
DAccepted to be equal to 2/3 of the typical value of “Inter-site distance” proposed in [3].
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2. Model [4, formula (2)] of the conditions of RWP between BS and UE in the BS service area
as the dependence of the power flux density Z [W/m?] of the electromagnetic field of the BS with
the equivalent isotropically radiated power (EIRP) P, [W] at the point of UE placement, on the dis-
tance R from the BS antenna:

P
<~ R<Rpp;
4nR 4H pH g
= R2 P RBP:Ta (1)
—4BPR; R> Ryp;
T

where A is the wavelength of BS electromagnetic radiation, m.

As the UE moves away from the BS, the nature of RWP between BS and UE changes. If for R < Rp,
the RWP conditions are as in free space, then for R > Ryp, the conditions of RWP to the UE are de-
termined by the interference of the direct and reflected from the surface rays. The calculated values
of Ryp radius of the BS “breakpoint vicinity” for various options of macro-sites of typical IMT-2020
scenarios are given in Tab. 1. They allow us to conclude that for options No 2, 4 and 6 Rzp > R, Which
make it possible to use the free-space RWP model (the upper branch of the model (1)) for the entire
territory of the macro-site, however, for options No 1, 3, 5 and 7 Rzp << R, and for the large part
of the macro-site territory, the interference (multi-ray) model of RWP between BS and UE (the lower
branch of the model (1)) must be used. At the same time, for macro-sites, in contrast to 5G micro-
and pico-sites, the sizes of which are significantly smaller than the BS “breakpoint vicinity”, the difference
between the Ryp and R, values is insignificant (less than 0.3 %), which allows us to consider Rzp ~ R,

3. The model of the “BS-UE” radio channel, the potential capacity Cp [bit/s] of which is related
to its bandwidth AF' [Hz] and the potential “signal-to-noise plus interference” SNIR, in this radio
channel by a relationship similar in appearance to the well-known Shannon — Hartley model for an ana-
log communication channel with Gaussian noise:

Cp = AF =log, (1+ SNIR, ) = log, (1+ij, SNIR :i; W & =log, (1+SNIR,), (2)
Py Py AF

where Py is the useful signal power in this channel, W; P,; is the total power of noise and intra-system in-
terference in the AF band (assuming that the effect of wideband co-channel interference in MC networks
on the capacity of their radio channels is similar to the effect of Gaussian noise of the same power), W;
Wp is the potential spectral efficiency of data transmission over this radio channel, bit/s/Hz.

The 5G macro-site parameters given in Tab. 1 and model (1) allow us to estimate the expected SNIRp
levels ratio at different UE distances from the BS for the fixed BS EIRP (P, = const). Estimates
of the values of this parameter for Ryzp and Hjyg distances, provided that its minimum value SNIRp)in
corresponding to the boundary of the BS service area (R = R,,,,) is 10, are given in Tab. 2.

Table 2. SNIR, value boundaries for the Hgg, Rzp and R, distances between base station and user’s equipment

. . . SNIR p i SNIR pymax SNIR p1max” SNIR py x> AB
5G Scenario, option No |Configuration (R=R,.) (R=R,p) (R = Hyy) (X = 10)

1. Rural-eMBB A X=10 Y=X36 Y196 =70 560 48.5
2. Rural-eMBB B X=10 R < Rpp X-1176 =11 760 40.7
3. Rural-eMBB C (LMLC) X=10 Y =X4440 | Y-196 =8 700 000 69.4
4. Urban Macro-mMTC A X=10 Rypox < Rpp X-196 = 1960 32.9
5. Urban Macro-mMTC B X=10 Y=X138 Y196 =271 000 54.3
6. Urban Macro-URLLC A X=10 R < Rpp X-196 = 1960 32.9
7. Urban Macro-URLLC B X=10 Y=X138 Y-196 =271 000 543

D Estimates of the SNIRp,,.x value for BS with sector antennas are optimistic, since their EIRP in the vertical direction
is significantly less than in the main lobe; a similar level of useful signal is possible when using in BS adaptive active phased
antenna arrays (APAA) “Massive MIMO” in the “Beamforming” mode.

In a real radio channel, due to the imperfection of the encoding/decoding and modulation/demodu-
lation processes, its spectral efficiency is m times lower than the potential one. In order to ensure a data
transfer rate equal to Cp in a real radio channel with a spectral efficiency reduced by m times, it is neces-
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sary to increase the value of the logarithmic factor in (2) by m times, which is possible due to a corres-
ponding increase in the signal/(noise+interference) ratio to the really necessary SNIRj level:

mlog, (1+ SNIR,) = log, (1+ SNIR, ) = log, ((1+ SNIR,)" ); 1+ SNIR, =(1+ SNIR )"
3)

1 1
1+ SNIRp = (14 SNIRy )m;  SNIR, =(1+ SNIRy )m —1~ SNIR}™; SNIRy, ~ SNIR}..

Thus, the spectral efficiency Wj of a real radio channel is related to the real value of the SNIR,

by the following relationship:
1
W. - W, log, (1 + SNIRP) _log, (1 + SNIR, )Z _log, (1 +SNIR, ) _ log, SNIR, )
R—7 7 - - 2 ~ 2 :

m m m m m

Probabilistic characteristics of the “BS-UE” radio channels spectral efficiency
for user’s equipment from the base station breakpoint vicinity

With a constant BS EIRP, free space RWP, and a random uniform UE distribution over the BS break-
point vicinity, the probability distribution density (p.d.d.) w(Ps) of the power of the BS useful signal
at the input of the UE radio receivers has the following form [2, 5]:

Poin1 & A’ Gy P, A’ Gy P,
W (PS): min|_max] P Pminl < PS <Pmax1; Pminl :%’ max | :%7 (5)
(Pmaxl _Pminl)PS 167 RBP 167 RBS

where Gy, is the UE antenna gain.

If the power Pg of useful signal at the inputs of UE radio receivers is random, then the potential
spectral efficiency Wy, of each of the “BS-UE” radio channels with free-space RWP is also random,
changing within the following limits:

Pmin P, X
Wp € [Wlein’ Wleax]’ W min =108, {1 +—minl ], Wplmax =108, [1 +—maxl ]; (6)
Py, Py

in further analysis, the total noise and interference power in the UE reception band AF will be as-
sumed to be constant: P,; ~ const. Due to the monotonic dependence Wp(Ps) in (2), the p.d.d. w(Wp,)
of the potential spectral efficiency of radio channels “BS-UE” of the entire set of UE from BS “break-
point vicinity” can be determined in the following well-known way:

w(Wp)= W(PS (WPl)) M

s Wor €lWpimini> Wrimax |» 7
W, Pl [Pl 1>V p1 ] (7

where Py(Wp) is the inverse function (1) for free-space RWP.
Transformations (7) allows us to obtain the following analytical expression for the p.d.d. of the po-
tential spectral efficiency of the “BS-UE” radio channel for the region Hzs < R < Rpp:

(W ) (2WP1min _1)(2WP1max _1),2WP1 'ln(Z)
W\Wp1)=

(2rmee =g ) (27 ) Vo1 € Wormin: Wt |

B
Wplmin =108, (1 + ;_mj =log, (1+ SNIRpy iy );

NI

®)

P,
Wleax = 10g2 (1 + ;_axlj = 10g2 (1 + SN[RleaX )5

NI
R; 16H;
SN]RleaX = SN]RPI min % = SNIRP] min —ZUE

Taking into account the relationship (4) between the potential and real spectral efficiency, using
a procedure similar to (7), it is possible to determine the p.d.d. w(Wy,) and the mathematical expec-
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tation m,(W5,) of radio channels “BS-UE” real spectral efficiency for the region Hzg < R < Rzp under
the assumption that (4) is constant and does not depend on the UE distance from the BS:

(2mWR1min _1)(2mWleax _1)2’"WR1 -m-ln(2)
W(WR] ) = 2 H WR] € [Wlein H Wleax ]5
(2mWleax — "W Rimin )(2’””’1«1 _1)
e Wotmin 1085 (1+SNIRp) i ) Wt 108 (14 SNIRp) sy )
Rimin =7 == 2 ’ Rimax = m> ’ )

SNIRp in = (1 +SNIRp| in ) 1= SN[R;)”l mins  SNIRp ax = (1 +SNIRp| nax ) 1= SNIRI’J"1 max >

Wleax
myy (W)= .[ Wi w (Wit )dWgy.

WR1min

Relations (8), (9) characterize the randomness of the “BS-UE” radio channels spectral efficiency
in 5G scenarios corresponding to the even options of Tab. 1, for which the RWP conditions in free space
correspond to the entire BS service area.

Probabilistic characteristics of the “BS-UE” radio channels spectral efficiency
for user’s equipment outside the base station breakpoint vicinity

With a constant BS EIRP, multi-ray RWP, and a random uniform UE distribution over the ring area
Rpp < R < R, outside the BS breakpoint vicinity, the p.d.d. w,(Ps) and w,(SNIRp,) of the BS useful
signal power Py and the potential ratio SNIRp, at the input of the UE radio receivers, has the following
form, determined using the lower branch of model (1) and a procedure similar to (7):

/ 2
Pm1n2Pmax2 _ RBPP <Rg <P _p Pe

m1n2 - max2 — {minl = P (10)

(\/ max 2 \/ mmz)zp/ 4m Rmax 4TERBP

Then, with the use of a procedure similar to (7), for the considered conditions the type of the p.d.d.
w(Wp,) and w(Wy,) of potential and real spectral efficiency of the “BS-UE” radio channels for the region
Rgp < R < R, and also the mathematical expectation m,(Wy,) are determined:

el ,ln(z).\/(zWPZmin _1)(2WP2max _1)
(JzWszax 1 =2z —1)(2WP2 —1)% ’

W(sz) =

Wp, € [WPZmin9 Wp2 max ]§

1n
4

R
WP2 min — 10g2 (1 + SNIRPZ min )5 WP2 max 10g2 (1 + SN]RP2maX ) SNIR - SNIRP2 min RmaX .

P2 max 4

BP

MW=l .m‘ln(z)'\/(szRZmin _1)(2mWR2max _1)

W(WRz) = » Wiy € [WR2 in> W2 ];
(\/2’"WR2max -1 _\/szRmin _1)(2’"WR2 _1)% - "
_log, (1+SNIRg in ) w _10g, (1+ SNIRp) )
R2min — m2 > R2max — m2 >
SNIRp» in = (1 +SNIRpy in ) 1= SN[RPme 3 SNIRpy hax = (1 +SNIRpy ax ) 1= SN[RPZmax ;e (12)
B }\‘2GUER§P }"ZGUEP SNIR p) max Rriax .

SNIR . _— _min2
P2min PNI 167'[ P R4

max

, SNIRp, .. = €. = ;
" 167-CZIDNI RI_’Z?P SNIRPZmin Rg’P

WRZmax

myy (Wry) = _[ WraW(Wpy JAW .

WR2min
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Relations (11), (12) describe the randomness of the potential and real spectral efficiency
of “BS-UE” radio channels for UEs from the interference RWP region under 5G scenarios corresponding
to the odd options of Tab. 1. The form of w(Wp,) and w(Wp,) for SNIRp i = SNIR pin = 10 and SNIR p v
SNIR pynax €[10%, 104, 10°] is shown in Fig. 2. The form of w(W,) and w(Wp,) for SNIRppmin =
= SNIR pyin = 10; SNIR p max = SNIR p o = 10° and different m are shown in Fig. 3.

1 10 ~.m=4
e m=2 |
. N 1 m=
: 107! o ! A m=0.
R - - 2o
\E/ 107 + 103 B \t/ :
SNIRp1 smax = 10 10
1107 < 1
g SNIRp1 pax = 10 g 107 \\
=10 =
SNIRp1 s = 10° 107
107 | : 107 :
3 6 9 12 Wpy, Wpy, [bit/s/Hz] 0.1 1 10 Wgy, Wry, [bit/s/Hz]
Fig. 2. Curves w(Wp) (solid lines) Fig. 3. Curves w(Wp,) (solid lines)
and w(Wp,) (dashed lines) and w(Wp,) (dashed lines)
at SN[Rlein = SN]RPZmin = 10 at SN]Rlein = SN[RPZmin = 10,
and SNIRleaX, SNIRPZmaXG [103, 104, 105] SN[RleaX = SN[RPZmaX = 103 and me [0.25, 4]

Probabilistic characteristics of the “BS-AT” radio channels spectral efficiency
for the entire base station service area at Rzp < R,

If in the BS service area Rgp < R, and it contains areas with different RWP conditions, then
at a uniform random distribution of UEs over its territory with a constant average density pz [UE/m?],
the p.d.d. w(W,) of the potential and w(Wy) of the real spectral efficiency of “BS-UE” radio channels
can be obtained using (8), (9), (11) and (12):

R12?P Rr%lax B RZZB’P
W(WP) = W(WPI )_2 + W(WPZ) R—2 5 Wpe [Wleirn W p1 max ], Wp, € [WP2min7 W b2 max ]: (13)
max max
where
2
Wlein = Ing (1 + SN[Rlein )’ Wleax = Ing (1 + SN]RP] max )7 SNIRPI max — SNIRlein R%’
BS
RY
Wpymin =10g5 (1 +SNIRp) i )3 Wpymax =1085 (1 + SNIRp) yax )Q SNIRp pnax = SNIRp) 1min ﬁé
BP
R} R}
SNIRP2min = SN]RPmin > SNIRP2maX = SNIRPmin n;ax = SN]RP] min > SNIRleax = SNIRPmin %’
BP BPt1ps
Rlz?P Rr%lax B RlziP
W(WR ) = W(WRI) >t W(WRZ) R—2 5 W€ [Wmmin: Wleax]’ Wgy € [WR2min’ WRzmax]: (14)
max max
where
SNIRgy in = (14 SNIRpy )" =15 SNIRpy iy = (1+ SNIRpy o )" = SNIRpy i
SNIRlein = (1 + SN]Rlein )”” - 1; SN[Rleax = (1 + SN[Rleax )m - 1;
log, (1+SNIRg; 1in ) log, (1+ SNIRg) oy ) 10g, (1+ SNIRpy 1in )
WR2min = 2 ; WRZmaX = Wlein = 2 = 2 5
m m m
Wormax 1085 (14 SNIR gy v Wk Wo
WleaX = fan = 2( 2 Ao );ml(WR): J. WRW(WR)dWR;P(WRO): J. W(WR)dWR‘
m m WR2min WR2min
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Using the data from Tab. 2, we’ll perform an analysis for options No 1, 3, 5, 7 of typical
IMT-2020 scenarios, which are characterized by the presence of an interference RWP region in the BS
service area. Fig. 4-6 contain the curves of the probability distribution function (p.d.f.) P(Wy,) presented
in (14) for these options for different m€[0.25, 4] under the assumption that for the UEs at the boundary
of the BS service area, the actual SNIRp.,., = 10 (10 dB), and its actual values for UEs
at the outer and inner boundaries of the free-space RWP region correspond to the calculated va-
lues SNIRpyax and SNIRp ... in Tab. 2. Fig. 7 shows the dependencies of the mathematical expecta-
tion m,;(W5) given in (14), for all options from Tab. 1, 2.

1 1
m=4 m=4
£ 107 £10”
< <
m=2 m=1 m=0.5| m=0.25 m=2 m=1 m=0.5| m=0.25
1075 ; 107 :
0.1 1 10 Wao [bit/s/Hz] 0.1 1 10 Wpo [bit/s/Hz]
Fig. 4. Curves of p.d.f. P(Wy,) at different m Fig. 5. Curves of p.d.f. P(Wy,) at different m

for macro-sites of option No 1 of typical 5G scenarios for macro-sites of option No 3 of typical 5G scenarios

Analysis of the calculated dependencies in Fig. 2—7 indicates the following.

1. The p.d.d. of potential and real spectral efficiency for sets of UE distributed over the freespace
RWP region and over the interference RWP region are identical in shape; the difference in the steepness
of the decline of their peak is due to the difference in the degree of Py in (5) and (10).

2. Curves of the p.d.f. P(Wy,) for different options of typical 5G scenarios at the same values of m,
differ relatively little; the kinks in these curves for m < 1 are due to the limited adequacy of model (1)
at distances R = Rgp, where a sudden significant change in the RWP conditions is declared upon transi-
tion from the region R < Rjp to the region R > Ryp.

1 P 102

No 5,7
N
m=4 <10
-~ R=
=107 =
= S
gl
m=2 m=1
1075 1 1 10 Wgo [bit/s/Hz] 107 1 1 m
Fig. 6. Curves of p.d.f. P(Wy) at different m Fig. 7. Dependencies of mathematical expectation
for macro-sites of options No 5, 7 m,(Wy) on m for macro-sites of options No 1-7
of typical 5G scenarios of typical IMT-2020 scenarios from Tab. 1, 2

3. Under the adopted conditions of radio reception of BS signal at the boundary of the service area
(SNIR gymin = 10), the mathematical expectation of real spectral efficiency at m = const depends relative-
ly little on the scenario option (scattering of values of the “average spectral efficiency per macro-site”
m(Wy) for different options does not exceed 1.25-1.50), but, as expected, strongly depends on m,
which determines the difference in the potential and real spectral efficiency of “BS-UE” radio channels.
In Fig. 7, the lower curve for all m corresponds to options 4 and 6, which are characterized by the lowest
value of SNIRy, .« for UEs located near the BS. For m > 2, the highest spectral efficiency corresponds
to option 3, in which values of signal/(noise + interference) ratio for UEs in the area of free-space RWP
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are maximum. For m < 2, the highest spectral efficiency corresponds to options 5 and 7, characterized
by a large difference in values of R,,,, and Ryp, which, due to dependence (1), determines large levels
of the useful signal for UEs in free-space RWP region.

4. Models (8), (9), (11)~(14) presented above allow to obtain only a general introduction
of the spectral efficiency probabilistic-statistical characteristics of downlink radio channels
of'the MC macro-sites, since they are obtained under the assumption of the BS EIRP constancy for all UEs
in the BS service area and the BS receiving path operation in the linear mode for any dynamic range
of input signals. In real MC radio networks, the BS EIRP cannot be the same for all UEs, at least
due to the use of sector antennas with a complex shape of their radiation patterns in the horizontal
and vertical planes within the corresponding sector of the BS service area (this difference can be le-
veled only by the use of the “Massive MIMO” APAA in the “Beamforming” mode [6] or self-focusing
APAA [7] in MC BS). In a number of modes of MC radio networks operation, the BS radiation power
adjustment in “BS-UE” radio channels is used, which requires the introduction of appropriate changes
in models (5), (10) and can significantly affect the form and characteristics of the above probabilistic
models. In addition, at very high levels of the useful signal at the UE input, the spectral efficiency
of data transmission over the “BS-UE” radio channel can be limited due to nonlinear effects of various
nature in the UE receiving path.

Conclusion

1. The models of probabilistic-statistical characteristics of the spectral efficiency of “BS-UE”
radio channels in macro sites of the MC systems obtained in this paper, illustrated in relation
to the implementation options of the typical 5G scenarios “Rural-eMBB”, “Urban Macro-mMTC”
and “Urban Macro—URLLC”, allow us to draw a conclusion about the feasibility of declarations [8, 9]
in terms of a multiple increase in spectral efficiency of radio channels at evolution 4G—5G—6G.

2. If in MC radio channels without using MIMO technology m ~ 2—-10 [10], then in 5G systems
MIMO technology provides a gain in spectral efficiency of 2—8 times [11], for 6G systems the growth
of radio channels spectral efficiency is declared to be 5-10 times compared to 5G systems [9], and,
in general, due to MIMO technology, the spectral efficiency of MC radio channels can be ensured
at least at the level of 10-20 bit/s/Hz [12]. Such a level of spectral efficiency on average for 5SG mac-
ro-sites corresponds to m = 0.5 (under the conditions adopted above in the analysis), which is quite
achievable at the modern technological level.
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