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Abstract—In this paper, radio-frequency (RF) electromagnetic
field (EMF) exposure evaluations are conducted in the frequency
range 10 GHz — 60 GHz for array antennas intended for user
equipment (UE) and low-power radio base stations in 5G mobile
communication systems. A systematic study based on numerical
power density simulations considering effects of frequency, array
size, array topology, distance to exposed part of human body, and
beam steering range is presented whereby the maximum
transmitted power to comply with RF EMF exposure limits
specified by the International Commission on Non-lonizing
Radiation Protection (ICNIRP), the US Federal Communications
Commission (FCC) and the Institute of Electrical and Electronics
Engineers (IEEE) is determined. The maximum transmitted
power is related to the maximum equivalent isotropically
radiated power (EIRP) to highlight the relevance of the output
power restrictions for a communication channel. A comparison
between simulation and measurement data is provided for a
canonical monopole antenna. For small distances, with the
antennas transmitting directly towards the human body, it is
found that the maximum transmitted power is significantly below
the UE power levels used in existing third and fourth generation
mobile communication systems. Results for other conceivable
exposure scenarios based on technical solutions that could allow
for larger output power levels are also discussed. The obtained
results constitute valuable information for the design of future
mobile communication systems and for the standardization of
EMF compliance assessment procedures of 5G devices and
equipment.

Index Terms— 5G mobile communication, antenna arrays,
beam steering, mobile device, mobile user equipment, radio base
station, RF EMF exposure.

I. INTRODUCTION

The total amount of mobile traffic is expected to increase
dramatically in the coming years [1]. The next generation of
wireless access systems (5G), set for commercial availability
around 2020 [2], is expected to constitute a key enabler for the
larger system capacity and higher data rates of the future.
Various research activities are currently ongoing to lay the
foundation for this new technology, see e.g. [3, 4], which apart
from mobile broadband will involve a range of different use
cases and challenging requirements on latency, security,
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reliability, availability, energy performance, and device cost
[5]. In terms of spectrum, 5G systems will need to be able to
operate over a very wide frequency range from below 1 GHz
up to and including millimeter wave (mmW) frequencies [1].
The available spectrum above 10 GHz will be a key
component to fulfill long-term traffic demands and to enable
the very wide transmission bandwidths needed to provide the
desired multi-Gbps data rates in an efficient manner [5].

Products emitting radio-frequency (RF) electromagnetic
fields (EMF) need to be designed and tested to comply with
relevant regulatory requirements and limits on human
exposure to EMF [6-9]. The most widely adopted exposure
limits worldwide are the guidelines specified by the
International Commission on Non-lonizing Radiation
(ICNIRP) [7] in 1998. In the US, exposure limits specified by
the Federal Communications Commission (FCC) are
applicable [9]. The exposure limits published by the IEEE [10,
11] are of a more recent date but has so far not been adopted
in any national regulations.

For the frequencies used by existing second, third, and
fourth generation (2G, 3G, and 4G) mobile communication
systems, basic restrictions on RF EMF exposure are specified
in terms of the specific absorption rate (SAR) to prevent, with
wide safety margins, from established adverse health effects
associated with excessive localized tissue heating and whole-
body heat stress [7, 9, 10]. At higher frequencies, the
absorption in the human tissue becomes more superficial and
the basic restrictions changes from SAR to incident power
density (S). The transition frequency where this change in
exposure metric takes place is 3 GHz, 6 GHz, and 10 GHz for
the IEEE, FCC and ICNIRP exposure guidelines, respectively.
A literature review of what is required to ensure safety of
emerging 5G technologies with respect to RF EMF exposure
was presented in [12].

A fundamental property to consider when designing a
mobile communication system is the transmit power to be
used by the base station and user equipment (UE). For
frequencies below 3 GHz, research on RF EMF exposure from
base stations and UEs has been going on for more than 20
years resulting in a solid scientific understanding and well-
defined and standardized exposure assessment procedures see
e.g. [13-15]. Until recently, less attention has been paid to
frequencies above 6 GHz. With the upcoming standardization
of 5G radio access technologies this has started to change as
there is a clear need to define the corresponding system
boundaries and develop RF EMF exposure assessment
methods.
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In [16], the implication of the changing basic restriction
from SAR to power density was investigated in terms of the
maximum possible transmitted power (P,,.x) from a device
(canonical dipole) used in close proximity to the human body.
It was shown that the existing exposure limits will lead to a
non-physical discontinuity of several dB in P, as the
transition is made from SAR to power density based basic
restrictions. As a consequence, to be compliant with
applicable exposure limits at frequencies above 6 GHz, P,,.«
might have to be several dB below the power levels used for
current cellular technologies [16]. In a follow-up letter [17],
the increase in skin temperature due to RF exposure from the
same source, when transmitting at the maximum allowable
power to be compliant with these limits, was investigated. The
maximum steady state temperature increase was found to
display a similar discrepancy. Among the relevant U.S. (FCC)
and international exposure limits, IEEE C95.1-2005 [10] was
found to provide the most consistent level of protection
against thermal hazards of exposure over the frequency range
6 - 60 GHz [17].

To improve the link budget and compensate for the
worsened propagation conditions with an increased free space
path loss at the higher frequencies it is desirable to make use
of array antennas for both UEs and base stations. In [18], the
RF EMF exposure for phased arrays intended for mobile
devices and transmitting at 15 GHz and 28 GHz was
investigated. The study considered effects of a progressive
phase shift between the antenna elements but was restricted to
the FCC exposure limits [9]. Until now, no systematic study
on EMF exposure for phased arrays transmitting above
10 GHz has been presented where effects of frequency range,
array size, scan angle, distance to human body, and all major
exposure standards are considered. It is the aim of this paper
to fill this gap and provide valuable information for the design
and standardization of future mobile communication systems.

A method description including the considered RF EMF
exposure limits is provided in Section Il. The results are
presented and discussed in Section 111 and Section IV,
respectively. Finally, some conclusions are provided in
Section V.

1. METHOD

A. RF EMF exposure limits and limits on maximum
equivalent isotropically radiated power (EIRP)

Between 10 GHz — 300 GHz, the ICNIRP exposure
guidelines [7] specify a maximum power density of 10 W/m?
for the general public taken as an average over any 20 cm? of
exposed area. In addition, the spatial maximum power density
averaged over any 1 cm? shall not exceed 200 W/m?.

The uncontrolled power density exposure limit for FCC
between 6 GHz to 100 GHz is also 10 W/m?, which in general
is to be considered as a spatial peak value [8, 9]. Spatial peak
is not a well-defined quantity, however, and the obtained
result will depend on the exposure assessment method. For
measurements, an average over the probe dimensions will be
obtained and for computations a sufficient sampling density is
required. In a recent Notice of Proposed Rulemaking (FCC
15-138) [19], the FCC stipulates that spatial peak is to be
interpreted as an average over any 1 cm? in the shape of a

square for frequencies above 6 GHz. Although this
interpretation of spatial peak power density has not yet
formally made its way into the FCC regulations, in this work a
1 cm? averaging area was assumed to be consistent with FCC
15-138 [19]. In [19], the FCC also stipulates a maximum peak
EIRP, EIRP;,,, of 20 W for mobile® devices.

Between 3 GHz to 100 GHz, the IEEE general public basic
restriction on power density is 10 W/m?[10]. In the frequency
range between 3 GHz to 30 GHz, the power density is to be
spatially averaged over any contiguous area corresponding to
10012 where 2 is the free space wavelength of the RF field.
Above 30 GHz, the averaging is to be conducted over any
contiguous area of 100 cm? [11]. In addition, IEEE also
specifies maximum spatial peak power densities of
18.56 6% W/m?and 200 W/m?at frequencies between
3 GHz and 30 GHz and above 30 GHz, respectively, where f
shall be taken as the frequency in GHz. No averaging area or
spatial sampling density is specified by the IEEE for the
spatial peak power density limits. In this work the spatial peak
power density was assessed using a minimum spatial sampling
density of four samples per wavelength.

A summary of the RF EMF exposure limits, Sj;,, is
provided in Table I. For convenience, the spatially averaged
power densities were for all RF exposure limits determined
assuming square-shaped averaging areas.

TABLE |
GENERAL PUBLIC/UNCONTROLLED BASIC RESTRICTIONS ON POWER DENSITY,
Siim» AS DEFINED BY ICNIRP [7], FCC [8,9, 19] AND IEEE [10, 11]. THE
PARENTHESES BEHIND THE POWER DENSITY LIMITS INDICATE THE APPLICABLE
AVERAGING AREA. ABSENCE OF AVERAGING AREA IMPLIES SPATIAL PEAK
POWER DENSITY.
(A = WAVELENGTH IN FREE SPACE, f = FREQUENCY IN GHZ).

ICNIRP FcC IEEE
f (GH2) 10-300 | 6-100 | 3-30 30- 100
) 10 (20 cn?) 5 | 10 (10042) | 10 (100 cm?)
Siim (W) | 500 (1 cm?) | 10 Q6™ | 18867069 | 200

B. Power density and maximum transmitted power

For each distance d from the face of the array, the maximum
spatially averaged power density over any square-shaped
averaging area, A,y, is determined as the real power, P,
flowing through A,, according to

P d; )
S(x =d,A,,) = max <M) =
y.zZ

av

30, R(EW,y,2) x H'(d,y,2) % dS
= max , (D)
vz Aay

where R, E, H and = denote the real part, the electric and
magnetic fields and the complex conjugate, respectively. The

! The U.S. FCC distinguishes between mobile and portable devices [9]. A
mobile device is defined as a transmitter designed to be used in other than
fixed locations and to generally be used in such a way that a separation
distance of at least 20 centimeters is normally maintained between the
radiating structures and the body of the user or nearby persons. A portable
device is defined as a transmitter whose radiating structures are designed to be
used within 20 centimeters of the body of the user. For certification of
medium range RBS, local area RBS, and home RBS [25], RF EMF exposure
assessments are normally conducted according to the requirements for mobile
exposure.
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definition of the coordinate system employed and the
averaging area is illustrated in Figure 1 together with a square-
shaped array antenna.

Array antenna with
45° rotated dipoles

\R)

N

Fig. 1. Square-shaped array antenna and definition of area over which the
power density is averaged.

For large array antennas, a characteristic feature is that the
maximum exposure may occur at some distance away from
the face of the array due to the focusing of energy, see
Section I11. From an EMF compliance assessment point of
view, this implies that the maximum transmitted power must
be determined considering a range of distances. In this work,
compliance with the exposure limits has been assessed
considering distances in the range 0.5 cm —50 ¢cm. In
Section 111, when results are presented for a certain distance, it
is understood that compliance with the exposure limits is
ensured for all distances larger than or equal to this distance.
In particular, results are presented for distances d = 0.5 cm
and d = 20 cm. The smallest distance is of relevance for
portable devices, i.e. UEs used in close proximity of the body.
The larger distance is of relevance for mobile devices (e.g.
laptops or wireless routers) and low-power RBS?.

During the simulations and measurements, the power
density was scaled to a transmitted power, P, of 1 W. The
maximum transmitted power, Py mayx, and the maximum EIRP,
EIRP,, ., to comply with the limits in Table | for distances
x = d were determined according to

Slim
) max (S(x, By, Ay, f N)) b
Ptr,max(Aav' f N) = min{ x2q, By 2
| EIRPyiy,
G(N)
EIRPmax(Aav' f' N) = Ptr,max(Aav' fr N)G(N), (3)

%2 For low-power RBS, compliance with RF EMF exposure limits is
normally achieved during installation by making sure that the general public
do not have access to a region in the vicinity of the antenna where the
exposure limits may be exceeded (i.e. within the compliance boundary). The
results on maximum transmitted power presented in this paper shall for these
type of products be interpreted as the power level that would result in the
specified compliance distance d. Larger power levels are possible to use if
larger compliance boundaries are considered during installation of the low-
power RBS.

where G, N? and p, denote the maximum antenna gain, the
number of antenna elements in the considered square-shaped
arrays, and the progressive phase shift to consider effects of
beam scanning in the xy-plane, see Section 11-C.

C. Numerical simulations

Numerical simulations were conducted using the
commercial electromagnetic solver FEKO (Altair,
Stellenbosch, South Africa) based on the Method of Moments
(MoM) [20]. Square-shaped ground-plane backed dipole
arrays with an inter-element distance of 1/2 were considered.
The dipoles were rotated 45° from the z-axis as indicated in
Figure 1 and the length of the dipoles was 1/2. Around the
edge of the ground plane, a wall of height 1/5 was situated.
All parts of the antenna were made of metal and simulated as
perfectly electrically conducting objects. Arrays with N x N
elements, with N € [2 10], were considered for frequencies
f €[10 GHz 60 GHz]. To investigate the effects of beam
scanning, a progressive phase shift g, € [0 7'[/\/2] was used.

For the selected inter-element distance and the ideal case of no
coupling among the antenna elements this would correspond

to an azimuthal scan range of a € [0° 45°].

The antenna ground plane was meshed using triangles with
a maximum edge length of A/12. The dipoles were modeled
as thin wires with a maximum wire segment length of /12
and an equivalent radius of 1/1000 [21].

To assess the maximum exposure, with the arrays
transmitting directly towards a human body, the electric and
magnetic fields were determined in a volume in front of the
antenna from x = 0 m to x = 0.5 m with the extent in the y-
and z-directions chosen to circumscribe both the face of the
array and the location of maximum power density for the
maximum considered scan angle. A minimum sampling
density of four samples per wavelength was used.

The array sizes investigated were chosen arbitrarily to span a
large parameter space of relevance for several different
applications. For a particular application, however, only a
subset of the considered domain may be relevant.

D. Reference antenna and measurements set-up

To verify the numerical simulations, measurements were
conducted on a 15 GHz monopole prototype antenna
manufactured by Sony Mobile Communications (Lund,
Sweden). The prototype antenna had a gain of 2 dBi and a
vertical half-power beamwidth of 80 degrees. The
measurements were conducted using a DASY 5 near-field
scanner together with an isotropic E-field probe EF3DV3
(SPEAG, Zurich, Switzerland). The probe was calibrated for
measurements at 15 GHz using the free-space standard-field
method [22] and a PE9854/SF-10 horn antenna (Pasternack,
Irvine, CA) with a nominal gain of 10 dBi. Eccosorb AN-79
RF absorbing material (Randolph, MA) was used to minimize
reflections towards the measurement area from all relevant
mechanical structures present in the anechoic measurement
chamber. Measured results on plane-wave equivalent power
density, Spyw g, Were compared with FEKO simulations based
on a CAD-file of the monopole antenna.
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I1l. RESULTS compared with the ICNIRP exposure limits. For higher
frequencies and smaller arrays the opposite is true, which is

] ] explained by the fact that in this region the maximum
A comparison between simulated and measured plane-wave  transmitted power for the IEEE limits is determined by the

A. Reference antenna measurements

equivalent power density results is presented in Figure 2 in spatial peak power density.

terms of the maximum transmitted power to comply with the

ICNIRP and FCC limits. Shown also are results obtained 10 30
using the spherical far-field formula [15] to comply with a

spatial peak power density of 10 W/m?. The agreement 25

between the simulations and measurements is excellent. The
spatially averaged results over 1 cm? also agree very well with

v
. . . ! 20 £
the spatial peak results obtained using the far-field formula. g
. s
10 = 15 &
)
10 3
10%} 5
Tobo g 5 A
£ 10}
g — Far-field formula, S, =10 Wim? 2IO 15 20 25 30 35 40 45 50 55 60 0
§ -o--Simulations. FCC. §___ J(GHz)
10"} - Measurements, FCC P‘;'E Fig. 3. Distance of maximum exposure as function of frequency and array
: . . ’ ? PWE size for the 1 cm?spatial averaging area employed in FCC 15-138 [19].
S -o--Simulations, ICNIRP, SP‘.\‘,E
” +--Measurements, ICNIRP, Sp“,:]..‘ 10 34
5 10 15 20 32
Distance (cm) 9 I gg
Fig. 2. Comparison between simulated and measured results in terms of 26
maximum transmitted power to comply with the ICNIRP and FCC limits in 8r 54
Table 1 for a monopole antenna transmitting at 15 GHz. 5
7 L
B. Power density simulation results fg ~
In Figure 3, a plot of the distance of maximum exposure is = 6 185
provided as function of frequency and array size for the 1 cm? 5 1;
spatial averaging area employed in FCC 15-138 [19]. The 10
obtained results illustrate that for large array antennas the at 3
maximum exposure may occur some distance away from the 6
face of the array. Similar behaviors are also observed for 3 ‘2‘
other averaging areas (not shown) with the largest distance of % S 0
maximum exposure obtained for the lowest frequency and 0 15 20 25 30 35 40 45 50 55 €0

J(GHz)

Fig. 4. Maximum transmitted power to be compliant with the ICNIRP RF
EMF exposure limit [7] for d = 0.5 cm.

largest antenna arrays considered.
The maximum transmitted power to be compliant with the
ICNIRP, FCC, and IEEE limits in Table 1 with d = 0.5 cm

has been determined and the results are provided in Figure 4 — 1047= 34
Figure 6. The white dashed lines in Figure 4 and Figure 5 ' gg
correspond to antenna arrays with areas, A, equal to the main o8
averaging areas, A,y, for the ICNIRP (20 cm?) and FCC 26
(1 cm?) exposure limits. Due to the short distance, d, 24
compared with the extent of the averaging area, in the region gg
to the right of the white dashed line in Figure 4 almost all 18
power will pass through A,,. As a consequence, the maximum 185
transmitted power in this area approaches 13 dBm (20 mWw), 14
cf. Table I. For the IEEE results in Figure 6, the averaging area ]S
is larger than the array area for all considered arrays. 8

In general, as the physical array size is increased the 6
transmitted power is distributed over a larger area which for a ‘2"
small distance d translates to a larger maximum transmitted 2 0
power. The FCC exposure limits results in a lower maximum 0 15 20 25 30 35 40 45 50 3> 60

J(GHz)

Fig. 5. Maximum transmitted power to be compliant with the FCC RF EMF
exposure limits [8, 9, 19] for d = 0.5 cm.

transmitted power than the ICNIRP and IEEE exposure limits.
For lower frequencies and larger arrays, the IEEE exposure
limits results in a larger maximum transmitted power
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10

2IO 15 20 25 30 35 40 45 50 55 60
J(GHz)

Fig. 6. Maximum transmitted power to be compliant with the IEEE RF EMF
exposure limit [10, 11] for d = 0.5 cm.

Results on maximum transmitted power to be compliant
with the ICNIRP, FCC, and IEEE limits in Table 1 for
d = 20 cm are provided in Figure 7 — Figure 9. For the
smallest arrays investigated, the maximum transmitted power
for the ICNIRP and FCC exposure limits is similar since far-
field conditions apply and the difference between power
density averaged over 1 cm? and 20 cm? is very small. In this
region, the maximum transmitted power is approximately
inversely proportional to the antenna gain, which for the
considered square-shaped arrays is independent of the
frequency. As a consequence, the largest maximum
transmitted power levels in Figures 7 and 8 display a
frequency independent behavior and are obtained for the array
with the fewest number of elements. For the IEEE limits, the
side of the averaging area at the lower frequencies is not small
compared with the distance, d, which explains why the
horizontal behavior of the contour lines is not maintained as
the frequency is reduced. The vertical contour lines in Figure 9
for frequencies below 30 GHz indicate that, in this region,
most of the transmitted power will flow through the averaging
area independent of the array size.

10

f 6
3 24 4
= 2

0

—_—
30 15 20 25 30 35 40 45 50 55 60
J(GHz)

Fig. 7. Maximum transmitted power to be compliant with the ICNIRP RF
EMF exposure limit [7] for d = 20 cm .

8

2z 6

3k — l 4
e
2|0 15 20 25 30 35 40 45 50 55 60 0

1 (GHz)

Fig. 8. Maximum transmitted power to be compliant with the FCC RF EMF
exposure limits [8, 9, 19] for d = 20 cm.

2IO 15 20 25 30 35 40 45 50 55 60
J(GHz)

Fig. 9. Maximum transmitted power to be compliant with the IEEE RF EMF
exposure limit [10, 11] for d =20 cm .

For a communication system employing array antennas it
is important to relate maximum transmitted power levels to
maximum EIRP determined according to Equation (3). As an
example, the maximum EIRP to be compliant with the
ICNIRP exposure limits for d = 0.5 cm is provided in
Figure 10. Since the physical array size scales with frequency,
the maximum antenna gain is frequency independent. Thus,
the variation in maximum EIRP versus frequency reflects the
frequency dependency of the maximum transmitted power, cf.
Figure 4. According to Figure 4, in a large part of the analyzed
parameter space the maximum transmitted power is constant.
The variation in maximum EIRP in this region, as observed in
Figure 10, corresponds to the variation in maximum gain as
function of array size. Plots of the maximum EIRP for the
exposure limits and distances analyzed in Figures 5-9 are
provided in Appendix A.

A summary of the results on maximum transmitted power
and maximum EIRP to comply with the different exposure
limits is provided in Table II.
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TABLE I
SUMMARY OF MAXIMUM TRANSMITTED POWER AND MAXIMUM EIRP To coMPLY WITH THE ICNIRP [7], FCC [8, 9, 19], AND IEEE[10, 11] RF EMF EXPOSURE
LIMITS .
f Array area (cn’) Maximum transmitted power (dBm) Maximum EIRP (dBm)
(GHz) 2x2-10x10 ICNIRP FCC IEEE ICNIRP FCC IEEE
elements

10 9.0-230 13-20 7-18 16 - 28 24— 45 18 -43 27-53
Portable 20 23-56 13- 16 2-13 12 - 24 2441 13-38 2349
applications 30 1.0-25 13-14 1-10 11-20 24 -39 12-35 22 -45
(d=0.5cm) 40 0.56 14 13 1-8 9-20 24-38 12-33 2045
50 0.36-9.0 13 1-6 9-18 24-38 12-31 20-43
10 9.0-230 20-26 18-26 27-31 37-45 37-43 42 -53
Mobile? 20 2.3-56 16 - 26 14 - 26 2428 37-41 3739 3949
applications 30 1.0-25 16 — 26 13-26 21-27 37-41 37-38 3846
(d=20cm) 40 056 14 15-26 13-26 21-27 37-40 37-38 3846
50 0.36-9.0 15-26 13-26 21-27 37-40 37-38 38 -46

1 FCC terminology used to denote devices intended to be used at a distance of less than 20 cm from the human body.
2 FCC terminology used to denote devices intended to be used at a distance of 20 cm or more from the human body.

10 a—r—— — 60
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= of S — —32§
- P28 5
5t // » 2 F 124
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3 2 8
4
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%0 15 20 25 30 35 40 45 50 55 60
J(GHz)

Fig. 10. Maximum EIRP to be compliant with the ICNIRP RF EMF

exposure limit [7] for d = 0.5 cm.

IV. DISCUSSION

The purpose with the numerical study presented above
was to provide an indication of the maximum transmitted
power levels and maximum EIRP for array antennas to be
used in future 5G mobile communication systems in order
to comply with all major RF EMF exposure standards. This
was accomplished by investigating a wide parameter space
of relevance for both UEs and low-power RBS for a
maximum exposure scenario with the arrays transmitting
directly towards the human body.

In the analysis, ground-plane backed arrays with
canonical dipole elements were considered. For comparable
arrays with other antenna elements, a similar behavior is
expected with exposure levels of the same order of
magnitude.

The results in Table 11 constitute a summary of the
obtained results for the considered parameter space. For a
particular application, where only a subset of the considered
frequency range and/or array size is of interest, the reader is
referred to the results in Figure 4 — Figure 10 and
Figure 13 — Figure 17.

For d = 0.5 cm, the smallest arrays and highest
frequencies considered, the IEEE limits result in a

significantly lower maximum transmitted power level
compared with the ICNIRP limits. This is a consequence of
the maximum transmitted power being determined by the
spatial peak power density for the IEEE limits in this
region. As pointed out in Section I, spatial peak is not a
well-defined quantity and will depend on the assessment
method. If the same definition of spatial peak power density
had been adopted for the IEEE limits as for the FCC limits,
i.e. if a 1 cm?averaging area had been used, the maximum
transmitted power in the lower right corner of Figure 6
would have been 13 dBm (20 mW) and consistent with the
ICNIRP limits.

The results in this paper have been obtained for array
antennas with an inter-element spacing Ad = A/2. This
choice of inter-element spacing allows for a wide scan
range without the introduction of grating lobes. A drawback
with too dense element spacing is that the devices become
more expensive as the cost scales with the number of
transceivers. On the other hand, too wide inter-element
spacing will introduce grating lobes that will reduce the
EIRP and possibly increase the interference in the system.
An illustration of this possible trade-off is provided in
Figure 12, where the spread of maximum EIRP to be
compliant with the major exposure standards for d =
0.5 cm is given as function of inter-element distance. The
spread in maximum EIRP corresponds to the considered
ideal scan range a € [0° 45°], see Section I1-C. For
Ad = A/2 no grating lobes will propagate. Here, the
obtained spread in EIRP corresponds to a reduced gain as
the arrays are scanned from broadside. As expected, the
spread gets wider with an increasing inter-element
separation distance illustrating the impact of propagating
grating lobes, which becomes larger as the scan angle
increases from broadside.
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Fig. 12. Spread of maximum EIRP as function of inter-element
separation distance for arrays of area A, transmitting at 15 GHz with a
progressive phase shift 8, € [0 n/\/Z], to be compliant with all major
exposure standards for d = 0.5cm For the smaller array area (A =
25 cm?), the considered inter-element separation distance corresponds to
arrays with 5x 5 to 3 x 3 elements. For the larger array area (A =
100 cm?), the considered inter-element separation distance corresponds to
arrays with 10 x 10 to 6 x 6 elements.

For devices intended to be used in the immediate vicinity
of the human body, the ICNIRP and FCC exposure limits
results in a maximum transmitted power significantly below
what is specified today for existing mobile communication
technologies, e.g. 23 dBm and 24 dBm for Long Term
Evolution (LTE) [23] and WCDMA [24], respectively. This
is in-line with the findings in [16] where a single dipole
element was considered. To circumvent these problems, and
also to improve the link budget by reducing body losses, it
is conceivable that technical solutions are employed
whereby the transmitted energy is always directed away
from the human body. A reasonable EMF compliance
assessment procedure would then be based on evaluations
of the exposure behind the array antenna, at a certain
distance, dpening, PIUS an evaluation of the exposure for
bystanders at a distance, dyystander, in front of the array. As
an example, Figure 11 shows the maximum transmitted
power for a 2 x 2 array antenna with the exposure directed
away from the human body assuming dyeping = 0.5 cm and
dpystander = 20 cm. The maximum transmitted power is in
this case given by the bystander exposure and is found to be
in the range 26 dBm — 30 dBm for the different exposure
standards and frequencies investigated.

V. CONCLUSIONS

In this paper, a study to investigate the maximum
transmitted power and maximum EIRP to comply with all
major RF EMF exposure standards has been presented for
array antennas intended for user equipment and low-power
radio base stations in 5G mobile communication systems.
Effects of frequency, array size, distance to human body,
scan range and array topology have been considered. The
obtained results constitute valuable input to the design of
future mobile communication systems employing array
antennas with beamforming capabilities.

Fig. 11. Maximum transmitted power to be compliant with all major RF
exposure standards for a2 x 2 array antenna with the exposure directed
away from the human body (dpehing = 0.5 cm, dyystander = 20 cm).

For devices intended to be used in the immediate vicinity
of the human body (portable devices) and exposure
scenarios where the transmitted energy is directed towards
the body, the FCC exposure limits are more restrictive than
the ICNIRP and IEEE limits. In general, the ICNIRP
exposure limits are more restrictive than the IEEE limits
with the exception of high frequencies and small arrays
where the IEEE limit on spatial peak power density will
lead to a lower maximum transmitted power. In order to
allow larger power levels, technical solutions, whereby the
transmitted energy is always directed away from the human
body, are conceivable.

For mobile devices® very similar results are obtained for
the FCC and ICNIRP limits as the difference between the
spatially averaged power density over 1 cm? and 20 cm? is
small in a large part of the parameter space where far-field
conditions apply.

Depending on the applicable RF EMF exposure standard,
quite large variations in maximum transmitted power levels
and maximum EIRP may be expected for UE to be used in
future mobile communication systems. This inconsistency
will lead to different pre-requisites for different markets.
Furthermore, for UE intended to be used in close proximity
of the body, the ICNIRP and FCC exposure limits results in
a maximum transmitted power significantly below what is
specified today for existing mobile communication
technologies. If not resolved, these findings may have a
large negative impact on the performance and cost of future
mobile communication systems. A global harmonization of
the RF EMF exposure limits for frequencies above 6 GHz is
desirable with a similar margin of safety as for frequencies
below 6 GHz to protect from established adverse health
effects.

APPENDIX A

The maximum EIRP to be compliant with the FCC and
IEEE RF EMF exposure limits for d = 0.5 cm are provided
in Figure 13 and Figure 14 The corresponding results for
d = 20 cm, and the ICNIRP, FCC and IEEE RF EMF
exposure limits, are given in Figures 15-17.
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Fig. 13. Maximum EIRP to be compliant with the FCC RF EMF exposure
limits [8, 9, 19] for d = 0.5 cm.
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Fig. 16. Maximum EIRP to be compliant with the FCC RF EMF exposure
limits [8, 9, 19] for d = 20 cm.
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