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INTRODUCTION —  LE

« Contemporary wireless communication systems operating in the GHz frequency
range must provide a high quality of service ( oS§) and meet the necessary safety
aspects regarding human exposure to radiation from such systems.

« EM-thermal dosimetry includes the assessment of:
- external fields generated by EMI sources via calculation and/or measuremens.
- Internal fields
- related local temperature increase in tissues,

« As configurations of base station antenna systems are often too complex the
calculations in the far-field zone are carried ouf by using:

- simplified procedures
- semi-empirical formulas

* The rigorous full-wave model is_alocs)lied mostly In some relatively rare cases
Involving calculations in the near-field region.
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* The paper reviews some models used by the authors for the determination of the
field levels due to radiation of base station antennas.

« Some efficient analytical/numerical methods are outlined and number of
Illustrative computational examples for realistic scenarios of the human exposure
to radio base station antennas are given.

« Certain measurement procedures are also outlined and measured field values
results are presented for typical exposure scenarios.

 The state-of-the art regarding corresponding international and national legal issues
are given in the paper, as well.
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 Base station antenna system mounted
on free standing tower radiating
above a lossy half-space is considered
as a source of EMI.

* Incident and reflected field, /)

respectively, can be taken Into N ¥
account while the lower half space K

can be considered as PEC ground, /| oo, &0
homogeneous or multilayered lossy medwm 1 \ ny, £y, 0y
half space. mesun 3 j o LT ﬁ Ny, &;,0;

Figure 1. Radiation from base station antenna system
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Rigorous Integro-Differential Equation Approach

- Base station antenna system mounted on free
standing tower radiating above a lossy half-space Is
considered as EMI source.

« Models used to analyze radiation of base station
antennas of 2G/3G/4G generation are based on the
set of coupled Pocklington IDEs .

* Provided the currents along the wires are
determined it i1s possible to calculate the related
radiated field by using corresponding integral
expressions.

« A general geometry of an arbitrary wire and its Beme? Corved wire confirmation ad it e
Image, respectively is shown in Fig 2.
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* The corresponding integro-differential equation set is given by

— N 2 = "' a* F = -|- v .
0= s £ K8~ s 1,8~ 2 ) 5
; g—ik Bimn ; g—lk BRzmn o
Gomn(Sm. 5n) = y Gimn(Sm, 5n) = Eeffmn = Ermn — ]ﬂ
ﬁl|l:|.:l'l'l:l1. R]m ff ’

while the total reflection coefficient to account for the reflection between air and layered
lower medium, arising from the extended use of the modified image theory is

Ryz+Raze~2r24 R — feffm”feffn
1+R13H33-E_E}r2d mn Eeff,m"‘geff,n
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ASSESSMENT OF FIELDS RADIATED BY BASE Ipro
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 The total electric and magnetic fields irradiated by a configuration of multiple wires of
arbitrary shape are given by

Ef[s

L, —
E,, =— ! [kfj‘é}ﬂ.f(s” Ne,, (F.i")ds, +I — Vg, (7,77)ds, ] H, = II(S" Ne.xVg, (¥,i")ds'
0

J4mwe,

af{s*)

J4nwe,

— 1 1Iﬂ —~ — I — r I = 3
E, = [*“TI 6, 1(s',)g, (F.FP)dw'= [ = == Ve, (7, **]dj} H,, =‘4Lf I(s, "2, x Vg, (¥.7*)ds’
0 0 /4 0
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» The Set of Pocklington integro-differential equations M N ]
is solved via the Galerkin-Bubnov scheme of the ZZ[E]ﬁ{I}i ={V}
Indirect Boundary Element Method (GB-IBEM). nml jul
ds, . .d ‘0 ds, . .ds
i) SH I i 1 _
[EI; -"1-[ . E.nnm{sn Sm}ﬂ'-:- ds' d—:‘ff+ﬁ'1 . &, -[_[{f}J{f} F0mm (S sm}d”rﬁ'; d"df
; 11
* ﬁil_.'_".'m |ﬂT3" = fof 7 = i I % ﬂil..':'n' ﬂr.f
_RTW-[-[ grrmj I":'5.?:' jm]d_‘f.d‘g ff_‘;:-'d':'-l_ﬂ kl E:*E::‘ Iljl{ffj{f} Er?rm['srj S ,517 'd‘E Ed

" : - s .
VY, =-jdmoe, [ EZ° )1, 6,) e
-1
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 Once the current distribution is obtained, the radiated electric and magnetic field can
be obtained applying the similar BEM formalism:

T L ds,’ &) |
e Esk_ﬂmgﬂ;[ jl I 1 (&) g0 )2 gdf J.E’,k Y- Ve (7. 7)E § é_
= e S|k 'j‘d IS f(§)g, (F.7%) ds* d§ jf 9 ge (7.7 S dg
' jAnwe, 5 ’ ¥ * oc' T T dE |
1 n 1 . —+r ds
. ) Hy == 2 | 1afi (02, < Va7 2 -de
H:Z[HE Rmr H?}] =l -]
k=1 1 - 1 dS '
HE =——— I f(&e, ,xVe (F.F £ d
e = ljl i ()0 x Ve, (1.T) ] 8
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Ray Tracing Approximation

 Ray tracing approach has been widely used to estimate radiated field from 2G/3G/4G
antenna systems.

 According to this approximation a relatively simple formula for the assessment of the
electric field radiated from a base station antenna is given by

\30:P+G(0,9)
r

E=@0+]|r])-

where:
- P, and G(¢,0) Is the antenna input power and gain

-  Is the distance from antenna to the observation point
- ' 1s the corresponding reflection coefficient
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Inclusion of Duty Cycle for 5G Systems

* The measurement of field levels in 2G to 5G technologies pertain to the signal
emitted with a constant power (so-called pilot signal — PS, or reference element -

RE) and then the exposure projection under maximum load (maximum traffic
conditions) Is carried out through extrapolation.

 Generally, the maximal electric field level is estimated according to the relation

B = VA B

where A stands for the product of all applied extrapolation factors, and Epg/xg
denotes the highest measured field level of the pilot signal.
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Inclusion of Duty Cycle for 5G Systems
» The value of Epg/pp is related with the power at the measurement equipment

connector, Ppg g, to Which the antenna factor AF, characteristic impedance Z;,,
and cable attenuation G, are added

max

P A
max _ PS/RE ~In
Eps/re = \/ c. AF

 The exposure level at measurement point reaches the highest value for the
maximum base station load, i.e. when the entire time frame Is loaded with
downlink data.

* In that case the base station has the highest gain (G;,4,) In the direction of the
measurement point.
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Inclusion of Duty Cycle for 5G Systems

« |f the power of the reference element (ERg™*) is measured, the extrapolation of the
results Is given by

max _ . pmax
ESG - NRE ERE

where Ny Is the total number of subcarriers

NRE — 12 -NRB S 3300

and Ny stands for total number of resource blocks.
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Inclusion of Duty Cycle for 5G Systems

* In the case of an active antenna system, the antenna gain in downlink (G,,,4) 1S
higher compared to SSB antenna gain (Gssg).

* Therefore, to calculate the maximum exposure level it iIs necessary to add
extrapolation factor F,

Gmax

Fbeam —

GSSB

* F,.,, can be determined either using the SSB and traffic radiation pattern
diagrams or by measuring the field levels in the time domain, where initiating data
traffic Is required.
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Inclusion of Duty Cycle for 5G Systems

* Therefore, it follows

max _— . . pmax
ESG - \/NRE Fbeam RE

* Note that 5GNR can operate In either TDD (Time Division Duplex) or FDD
(Frequency Division Duplex) mode which refers to a split frequency spectrum for
the uplink and downlink connections.

* The implementation of the TDD mode Is more common Iin 5G technology, where
equal frequency bands are assigned for both uplink and downlink with a single
connection active at a given time period.
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Inclusion of Duty Cycle for 5G Systems

S, Ref 120,76 dBpt/m  #atten 10 dB
Hold 7 : : : : : : : : : ™

Log 5.5

2.0
dB,/ 110.5

» Therefore, it follows The uplink
and downlink connections share [ .-

PerT ¢

the same frequencies, but they are

#Rms

separated in time, Fig. 3. 1234 41| ----- ------ ---------- R ----- ------------ ----------- -----------
o SO

Pévg : PO i

1o | TS I R i o . I I i I
Time | Center 3.649830 GHz Span 0.000000 Hz
#Res B\ 3.000 MHz #EW 5,000 MHz Swp 20.00 ms (G011 ptsh

Figure 3. The distribution of downlink (green) and uplink (red) in
5GNR TDD operation mode
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Inclusion of Duty Cycle for 5G Systems

* When extrapolating the measured results, duty cycle factor F5p Is included.

« In TDD mode, the highest exposure level is proportional to the portion of time with

the downlink active in relation to the total time .

UL
Frpp = DL

m‘l‘l

where DL/UL is the ratio of downlink transmission time to uplink transmission time.
 Additionally, the duty cycle factor can also be obtained from

where:
- Np; Is the number of pixels assigned to the downlink,




ASSESSMENT OF FIELDS RADIATED BY BASE |
STATION ANTENNA SYSTEMS - 20Z

Inclusion of Duty Cycle for 5G Systems

* Finally, in the case of the TDD mode, the extrapolated field level is

max __ . . . pmax
ESG - \/NRE Fbeam FTDD RE

« Some 5G base stations are capable of limiting radiated power ensuring the average
radiated power not to exceed a certain level within a specific time period.

 Thus, the total extrapolated field level can be reduced by a factor Fy,, which typically
ranges from 0.2 to 1.

Eé?}ax=k'\/NRE'E}?Eax kz\/Fbeam'FTDD'FPR
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Inclusion of Duty Cycle for 5G Systems

« As In measurement procedures, the same extrapolation factors are used for the
calculation of the field level , i.e. one has

EDex = k- (1 + 1) - L2 max Cog

r

where:

- EIRP,,,, Is the maximal effective isotropic radiated power of the antenna
- Gg » 1s numerical antenna gain due to the azimuth and elevation, respectively.
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Rigorous approach

« Numerous calculated results are presented using different models.

» The obtained results are validated by comparison against the results obtained via NEC
(Numerical Electromagnetic Code) package.

 The radiation source is A/2 dipole placed vertically at height h = 20 m above the lossy
ground (¢ = 0.001 S/m and ¢, = 10).

* The dipole is excited by 1V voltage source.

« Electric field is calculated at points 1.5 m above ground for distances ranging from 20
m to 200 m perpendicular to the antenna.
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Rigorous approach

 Figure 4 shows the results obtained by using GB-IBEM, NEC package and Ray
Tracing approach for the operating frequency f = 900 MHz.

s=tmSim, ¢ =10, f=900MHz

* The results obtained by GB-IBEM 20

GE-ABEEM

and NEC appear to be in an i . e

- ray aeling

excellent agreement.

 Ray tracing approximation does not
take Into account a phase of the
direct and reflected signals, thus ) L I [ — ]
neglecting the oscillations in the = = = = w0 O =

Signal amplitUde for lower Figure 4. E. component of the radiated field at —=1.5m for different
distances from the EMI source. methods

—
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ILLUSTRATIVE EXAMPLES

Rigorous approach

« Electric field distribution over the real ground, for LTE (1.8GHz) and 5G (3.5GHz), is
shown in Figs 5 and 6.

« While the amplitudes remain the same, the appearance of the peaks is related to the
corresponding wavelengths.

e=1mS/m, ¢ =10, =1800MHz

=1 mSim, r.rzm. f=3500MHz

Pt
L=

1

GE-BEM

GE-IBEM

ray tmoirg

!
n

Ez| [rivim]
= i

|Ez| [mWfimi]
—
=

LN
T
LE]

l] i i i i i i |:|

20 40 80 an o0 120 140 160 a0 200 20 40 0 80 00 120 140 160 180 200
% |m] % [m]
Figure 5. E: component of the radiated field at =1 5m for operating  Figure 6. E. component of the radiated field at ==1.5m for operating
frequency /~1.5GH=z frequency /~=3.5GHz
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Ray tracing approach

 Figure 7 shows the electric field calculated via ray tracing approach for the case
of free space approximation (FS), perfect ground (PG), Modified Image theory

(MIT) approach and lossy half-space scenario (Fresnel Reflection Coefficient
Method - FRM).

« EMI source is 3G panel antenna (8 dipoles with metal grid) placed vertically at
height 20 m above the ground.

 The input power is 100 W and the operating frequency is 936.8 MHz.




ILLUSTRATIVE EXAMPLES 77

Ray tracing approach

00
* The obtained results via Ray Tracing 250
Approach are found to be comparable _ 200
with the results obtained via NEC. 0
« However, different field values may H oo
be expected depending on the %
calculation procedure at specific o o e . . - o
points, in particular in terms of local

—FAM —MIT —PG —F5 —MNEC|

minima and maxima.

Figure 7. Radiated field vs distance using Fay Tracing method and NEC
(£ =10, 67, =001 5/'m, 1 Ay =20 m)
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Fields from 5G Antenna Systems T

* Next set of computational examples TABLEL INPUTDATA SET FOR THE CALCULATION OF FIELD
deals with the calculated and )
measured results for the fields Frequency range ; m}gfg‘gﬁ%ﬁ}
radiated from 5G antenna system. Antenna type AR 3768

* First example deals with the MIMO configuration e
calculated results obtained by means ‘»’lﬂi:ﬁiﬁ(ﬂ} 56[.:::'{]
of the relations outlined in Section I1. Flectical 6 () .

1 and 0,75

* The full set of Input parameters is Froo
shown in Table I.

* Note that the number of transmitter carriers is T = 32, while EIRP is determined with
duty cycle Frpp = 1 and Fpp = 0.75, respectively.
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Fields from 5G Antenna Systems T

100

gl

« The corresponding field curves are shown in Fig.8.

* Note that the difference between the results for two
duty cycles is roughly 13%.

G

E (V/m)

40 —F{TO} = 1

20 =——F{TDD} = 0,75

0
10 20 30 40 50 60 70 &0 90 100110 130

distance [m)

* Next example deals with comparison of calculated and
measured results.

« The parameters are shown in Table Il and 111, while Table 111 shows distances and azimuth of
observation points from the antenna system and the reflection coefficient is 7=0.6.

Figure 8. Radiated field vs distance

TABLEIL InpuT DATA SET FOR THE CALCULATION OF FIELD TABLE IIL DISTANCES AND AZTIMUTH OF OBSERYATION PODNTS
RADIATED BY 3G-NR 35 TECHNOLOGY

Frequency range NR 3500 (3400 MHz - 3800 MHz) ':’bﬁ":;m 1 (m) 8 (%
Azimut (%) 155, 235 P . 33 149
Antenna type AlIR. 3268 0 34 187
Mumber of channels 1 t; 00 73
MIMO configuration | 32132 o 0 e
EIRP (dBm) 54 61 — —

tS [ 146
Froo 0.75 t6 51 132
Mechanical tilt (%) 5 =
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Fields from 5G Antenna Systems T

 Figure 9 shows the comparison of calculated and measured results at a given
location for 6 observation points. 18

16

« Though the results are generally 1
comparable in some observation points Y
there are higher values for the calculated

10

E [v/m]

8
values and vice versa. 6
 The calculated field levels can vary i
significantly  depending on  the ; ‘ I '
calculation procedure and can also be . t2 13 t4 t5 t6
|OW€F fl’Om the measured Va|UeS (tl and B Calculation B Measurement

t6 from Fig. 9).

Figure 9. Companson of calculated with measured results
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Fields from 5G Antenna Systems T

« Therefore, a corresponding statistical approach to the field calculation is of interest
aiming to obtain corresponding confidence interval pertaining to the several
uncertainties that are likely to arise within the given assessment method.

It Is worth emphasizing that all calculated and measured results are obtained by the
authors of this paper.
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Regulatory challenges pertaining to the non-ionizing EMF radiation

* It is important to note that EU has implemented Directive (EU) 2018/1972 of the
European Parliament and of the Council of 11 December 2018.

« The directive aims to harmonize the application of EMF exposure levels in a way
that refers to their implementations of the precautionary approach from
Recommendation No. 1999/519/EC.

« Some of the EU member states have adopted exposure limits determined by basic
restrictions recommended in the ICNIRP qguidelines, while some others have
established higher or lower exposure limits than those recommended in the ICNIRP

guidelines, respectively.
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Regulatory challenges pertaining to the non-ionizing EMF radiation

« Among other countries worldwide, Croatia applies the 1998 ICNIRP guidelines.

» Croatia, as a Member State, has determined through the Regulation, by applying the
precautionary principle that the limit values of reference quantities are reduced In
relation to their corresponding basic restrictions and Ministry of health Is
responsible for setting exposure limits.

» The legislation currently in force has not changed since 2014, or rather, since 2018.

* Due to technology capacities for the 5G and for the following generation 6G,
thorough revision legal frame of non-ionizing EMF radiation should be undertaken
and are expected to be carried out in near future.
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e The paper deals with for the determination of the field levels radiated by base
station antennas to which humans could be exposed.

« Some efficient analytical/numerical methods, used by the authors, are reviewed and
outlined followed by a number of illustrative computational examples for realistic
scenarios of the human exposure to radio base station antennas.

 Certain measurement procedures and related results pertaining to radiated field from
5G base stations are also outlined and measurement results are presented for typical
exposure scenarios.

« Some remarks on corresponding international and national legal issues pertaining to
human exposure to HF radiation are given.
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