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Abstract

In the millimeter-wave bands towards 5G, human exposure to radio fre-
quency (RF) electromagnetic field (EMF) is evaluated in terms of free space
power density, rather than specific absorption rate. Maximum power density
emitted by 5G user equipment should not exceed the power density limits set
by relevant regulatory guidelines. In this paper, we provide upper bounds
of maximum power density of array antennas. When the total transmitted
power of array antennas is constant, calculating the maximum power density
of a particular averaging area can be solved by an eigenvalue decomposition.
When the power output of each port is amplitude-constrained, the power den-
sity maximization problem can be relaxed to a semi-definite program. The
maximum power density can be assessed by using different assessment meth-
ods. The maximum assessed power density can also be solved by an eigenvalue
decomposition or a semi-definite relaxation. The results of maximum permis-
sible transmitted power suggest that, for the ICNIRP limits, slight deviation
is observed between different types of excitation conditions including uncon-
strained, uniform, and dynamic amplitudes; for the proposed FCC limits, more
restrictive power constraints on each port can lead to higher maximum per-
missible transmitted power. We provide better methods than the traditional
Monte Carlo method for RF EMF exposure compliance of 5G user equipment
that contains array antennas with many possible excitations. The obtained
results provide valuable insights for the standardization of RF EMF exposure
compliance procedures of 5G user equipment.

1 Introduction
Millimeter-wave (mmWave) frequency bands contain large signal bandwidth and
are very promising for the next-generation mobile communication, so called 5G, to
reach data rate as high as 10 Gb/s and latency as low as 1 ms [2, 30]. In 2016, the
U.S. Federal Communication Commission (FCC) formally allocated four new bands
above 24 GHz towards 5G [12], among which the 27.5-28.35 GHz band is considered
one of the most promising candidates for the first 5G commercial products [1, 15].
5G user equipment (UE), such as smart phones and tablets, is required to comply
with relevant regulatory guidelines, including the guidelines produced by the FCC [6,
7] and International Commission on Non-Ionizing Radiation Protection (ICNIRP)
[20], constraining human exposure to radio frequency (RF) electromagnetic field
(EMF). The IEEE also produces its own standard [18, 19], but it has not yet been
adopted by any country.

Below the transition frequencies, which are 3 GHz for the IEEE, 6 GHz for IC-
NIRP, and 10 GHz for the FCC, the restriction metric of RF EMF exposure is
defined in terms of specific absorption rate (SAR). SAR is a dosimetric metric of
the rate at which energy is absorbed by the human body when exposed to RF EMF.
A large number of studies on SAR for UE transmitting in existing cellular bands
are available [3, 23, 24, 32, 38, 41, 45]. Because the correlation above the transition
frequencies between SAR and the rising temperature of tissue is not as strong as
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at lower frequencies, and the penetration depth of EMF into tissue decreases as
the frequency increases [18, 20]. Therefore, free space power density becomes the
pertinent restriction metric above the transition frequencies. The FCC, ICNIRP
and IEEE stipulate that, instead of SAR measuring over a small sample volume
of tissue, power density is explained as power flux density that is measured over a
small sample area in free space. Recently, the FCC proposed a power density limit
of 10 W/m2 for any averaging area of 1 cm2 above 6 GHz in order to be consistent
with 1 g averaging (approximately 1 cm3) of SAR below 6 GHz [12, 26, 27]. This
interpretation of power density is considered in this paper, although is has not yet
formally become a part of administrative orders. Above 10 GHz, ICNIRP specifies
10 W/m2 taken as an average over any 20 cm2 of exposed area, as the basic restric-
tion for general public exposure. Additionally for ICNIRP, the maximum spatial
power density averaged over any 1 cm2 shall not exceed 200 W/m2.

Such restrictions on RF EMF exposure determine the maximum permissible
transmitted power of UE, constituting an important boundary condition for the
design of mobile communication systems. Recently, a lot of works have been done
regarding the RF EMF exposure of 5G UE. Colombi et al. [8] showed that the
current regulations on RF EMF exposure lead to a non-physical discontinuity of
‘several dB’ in maximum permissible transmitted power because of the restriction
metric switched from SAR to power density. Then Foster et al. [11] showed that the
increase of maximum steady state temperature of human skin due to RF EMF ex-
posure displays a similar discrepancy. Thors et al. [36] presented a systematic study
of the maximum permissible transmitted power and maximum effective isotropic ra-
diated power (EIRP) to comply with the guidelines specified by the ICNIRP, FCC,
and IEEE for canonical dipole arrays. Zhao and Xu et al.[39, 40, 43] investigated
the RF EMF exposure performance of 5G UE using different types of array anten-
nas, and demonstrated that the maximum power density can possibly be assessed
by using different compliance assessment methods.

In the mmWave bands, antenna dimensions are compact, so that array antennas
can conceivably fit into UE. Array antennas can eliminate the frequency-dependent
free space path loss and provide array gain to improve the link budget [2, 16, 28, 31,
35, 39, 40, 42, 43, 46]. Adaptive beam-forming arrays are probably a better choice
for spatial diversity combining, reduction of impact of interference, and overcoming
fading problems [13, 14]. The radiation patterns of such kind of arrays depend on
the channel characteristics, UE orientations, and human body effect [35, 42, 44, 46].
Previous research on 5G RF EMF exposure [36, 39, 40, 43] is restricted to beam-
steering arrays with a limited number of scan patterns using progressive phase-shift
schemes. Adaptive beam-forming scenarios with an infinite number of possible ex-
citations and radiation patterns have not been considered. In this paper, upper
bounds of RF EMF exposure and the corresponding lower bounds of maximum per-
missible transmitted power levels are investigated regarding adaptive beam-forming
scenarios. We demonstrate that the theoretical maximum power density and maxi-
mum assessed power density can be solved by an eigenvalue decomposition (EVD).
When the power output of an individual element is constrained, the theoretical
maximum power density and maximum assessed power density can be solved using



3

Figure 1: The configuration of the notch array operating at 28 GHz (unit: mm).

semi-definite relaxation (SDR). We provide solutions to the worst-case RF EMF
exposure, and they can be used to state compliance of 5G UE using mmWave array
antennas.

This paper is organized as follows. Section 2 briefly presents a 28 GHz 8 × 1
notch array used for RF EMF exposure studies. Section 3 shows that calculating
the maximum power density of array antennas is an eigenvalue problem. Section
4 demonstrates that different kinds of power density assessment methods proposed
in [39] are analyzed for array antennas using EVD. Section 5 presents a method
of calculating maximum power density fed with amplitude-constrained excitations
using SDR. Section 6 compares the maximum permissible transmitted power levels
of different types of excitation schemes. The conclusion is in Section 7.

2 Array Antenna Configuration
Fig. 1 shows a 28 GHz 8×1 linear notch array printed on a Rogers RO4003 substrate
(44mm × 14mm × 0.308mm, εr = 3.55) designed for RF EMF exposure studies.
The notch array is a potential candidate of 5G UE array antennas, because it can be
placed at the edge of a Printed Circuit Board (PCB) and make good use of available
space inside UE [16, 17, 35, 39, 40, 43]. The front side of the array is covered by metal
with notches cut on the top. Parasitic notches are cut between adjacent radiating
notches to reduce mutual coupling. The antennas are fed with 50 Ω microstrip
lines on the back side (dashed lines), and the radiating notches are coupled-fed
through bended microstrip lines. The array was simulated in the commercial full-
wave simulation software CST MWS 2016. The electric and magnetic fields, induced
by each element with the other elements matched, were exported from CST for
further post-processing. The spatial sampling step width is 1 mm (0.093λ0) and the
total number of sampling points is 145 × 115 × 102. The total transmitted power
level of the array, Ptotal, was scaled to 20 dBm, the same as the maximum permissible
transmitted power level of Bluetooth Class 1 devices. In this paper, transmitted
power is defined as the power output of the RF front end, and the excitation of the
ith port, wi ∈ C, is defined as the output voltage of the corresponding RF front end,
as they usually are the quantities known during UE antenna design.
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Figure 2: Illustration of the sampling scheme of fields at distance d in the ẑ-direction.

3 RF EMF Exposure With Unconstrained Ampli-
tudes

The power density of a specified averaging area A in a plane with a specified dis-
tance d away from the array antenna (for simplicity d is suppressed in the following
equations) can be expressed as [36, 39, 40]

SA =
1

2A

∫∫
A

Re

[(
N∑
i=1

wiEi

)
×

(
N∑
i=1

wiHi

)∗]
· n̂ dA, (3.1)

where SA denotes the area-averaged power density, the superscript ∗ denotes the
complex conjugate, Ei and Hi are the field strengths excited by the ith port with
others terminated with matched loads, n̂ denotes the unit vector perpendicular to
the surface A. For the case with n̂ = ẑ, as shown in Fig. 2, (3.1) becomes

SA =
1

2A

∫∫
A

Re

[(
N∑
i=1

wiEix

)(
N∑
i=1

wiHiy

)∗
−

(
N∑
i=1

wiEiy

)(
N∑
i=1

wiHix

)∗]
dA,

(3.2)
where Eix, Eiy, Hix, and Hiy denote the Cartesian components of the electric and
magnetic fields. SA for other n̂ directions can also be derived in similar ways.
Although SA can also be formulated in the cylindrical or spherical coordinate system,
considering appearances of UE, like smart phones and tablets, here it is plausible to
use the Cartesian coordinate system for our RF EMF exposure studies. We denote
the weights of the array, w ∈ CN×1, as

w = [w1, w2, . . . , wN ]T , (3.3)

where the superscript T denotes the transpose. We discretize the fields in the area
A with M ×M sampling points assuming A is square-shaped, as shown in Fig. 2.
The electric and magnetic fields excited by each element at point (j, k) in A can be
rewritten as

eτjk = [E1τjk, E2τjk, . . . , ENτjk]

hτjk = [H1τjk, H2τjk, . . . , HNτjk]
τ = x, y, z, (3.4)
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Figure 3: SAmax distribution at d = 45 mm away from the notch array, when A =
1 cm2. Each pixel represents SAmax of the corresponding averaging area A, where
Smax occurs in the ŷ-direction. The SAmax distribution is almost symmetric about
the x̂- and ẑ-directions due to the symmetry of the array. Note that this figure is
not an SA distribution for a specific excitation.

where eτjk,hτjk ∈ C1×N , and Eiτjk and Hiτjk denote the Cartesian components
of the electric and magnetic fields, respectively, produced by the ith port at (j, k).
Then (3.2) can be expressed as

SA = wH

[
1

4M2

M∑
j=1

M∑
k=1

(
Uz(+)jk + UH

z(+)jk

)]
w

= wHTz(+)w,

(3.5)

where Uz(+)jk = eH
xjkhyjk − eH

yjkhxjk, and the superscript H denotes the conjugate
transpose. In this paper, M = 11 for the FCC limits, and M = 45 for the ICNIRP
limits. Note that the subscript z(+) in Uz(+)jk denotes the sampling area in the ẑ-
direction of the array antenna. Other directions should also be considered in a similar
manner, e.g. Ux(−)jk, etc. For simplicity, they are not shown here. Calculating the
maximum power density of a particular area A, denoted as SAmax, can be formulated
as

SAmax = max
w∈CN×1

wHTw

subject to ‖w‖2 = ξ
(3.6)

where ‖·‖ denotes the norm, ξ = 2PtotalZ0, and Z0 = 50 Ω is the input impedance of
the RF front end. In (3.6), the subscript z(+) in Tz(+) is omitted for simplicity, but
keep in mind that T matrices in all the directions should be taken into account when
calculating the maximum power density. As the only constraint in (3.6) is Ptotal and
there is no extra constraint on the amplitude of an individual port, we denote (3.6) as
the amplitude-unconstrained case, with respect to the amplitude-constrained cases
in Section 5.
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Figure 4: Smax calculated by using EVD, the MC method, and the progressive phase-
shift scheme for the amplitude-unconstrained case, complying with (a) FCC limits
and (b) ICNIRP limits.

Because (3.5) implies that T ∈ CN×N is a Hermitian matrix whose eigenvalues
are real [5], (3.6) can be solved by an eigenvalue decomposition (EVD) giving the
exact solution of (3.6). SAmax/ξ equals the largest eigenvalue of T, and the complex
weight of excitations is proportional to the corresponding eigenvector.

The maximum power density at a specified distance d should be the maximum
power density of all the averaging areas with d away from the array in all directions,
i.e. for ±x̂, ±ŷ, and ±ẑ-directions and it can be written as

Smax = max
all A

SAmax. (3.7)

Fig. 3 presents an illustration of the SAmax distribution for the distance d = 45 mm
away from the notch array and the averaging area A = 1 cm2. Each pixel in the
figure represents SAmax of the corresponding averaging area A. The SAmax distribution
is almost symmetric about the x̂- and ẑ-directions due to the symmetry of the array.
Observe that Fig. 3 is not a power density distribution for a particular excitation,
but the SAmax distribution concerning all the possible excitations when only Ptotal is
kept constant. It shows that, at d = 45 mm, Smax occurs in the ŷ-direction. Smax

represents the worst-case scenario of RF EMF exposure, and would be used to state
compliance and calculate the maximum permissible transmitted power levels.

A Monte Carlo (MC) method was applied to w with 100,000 random inputs
to verify the previous derivations. The comparison of results of EVD and the MC
method are shown in Fig. 4, together with the results produced by the progressive
phase-shift scheme employed in [36, 39, 40, 43]. The progressive phase-shift angle
between adjacent elements changes from −180◦ to 180◦ for every 30◦. As shown
in the figure, on the one hand, EVD does give the theoretical upper bound of RF
EMF exposure for any possible excitation, on the other hand, the progressive phase-
shift scheme underestimates the worst-case exposure. The progressive phase-shift
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scheme might not be used to state compliance for the case with an infinite number
of possible excitations.

It is noteworthy that ICNIRP does not stipulate the minimum compliance dis-
tance, above which power density should be lower than the power density limits
10 W/m2. The FCC stipulated that compliance measurements and calculations
should be made at a minimum distance of 5 cm from the radiating source [7]. How-
ever, the FCC noticed that, for UE operating close to human bodies, such require-
ment on the minimum compliance distance does not make sense, and proposed to
remove it [27]. In order to state compliance with the power density limits at dis-
tance d, compliance must also be ensured for all distances larger than or equal to d,
especially for array antennas, where the maximum power density may occur some
distance away due to the focusing of energy [36]. Same phenomenon can be observed
in Fig. 6(a) where Smax increases slightly from d = 1 mm to d = 2 mm.

4 Power Density Assessment Methods
The previous work [40] demonstrated that Smax can possibly be assessed through
plane-wave equivalent power density, because measuring both fields would add com-
plexity to the measurement set-up and increase the measurement time. The plane-
wave equivalent power density of array antennas can be expressed as [40]

SAPW =
1

2η0A

∫∫
a

∣∣∣∣∣
N∑
i=1

wiEi

∣∣∣∣∣
2

dA, (4.1)

or

SAPW,t =
1

2η0A

∫∫
A

∣∣∣∣∣
N∑
i=1

wiEi,t

∣∣∣∣∣
2

dA, (4.2)

where η0 denotes the free space impedance, and Ei,t denotes the tangential compo-
nent of the electric field.

With knowledge of the magnitude of the electric fields of each antenna element,
conservative field combining methods have been developed for multi-port antennas,
including the magnitude field combining method (MFCM) and the components field
combining method (CFCM) [10, 29, 37]. They are suitable for use in combination
with scalar measurement systems, yet [40] suggested that they may have the conser-
vativeness problem, i.e. they would overestimate the maximum power density, when
using the progressive phase-shift scheme. MFCM and CFCM for array antennas can
be expressed as [10, 29, 37, 40]

SAMFCM =
1

2η0A

∫∫
A

(
N∑
i=1

|wi| |Ei|

)2

dA, (4.3)

and

SACFCM =
1

2η0A

∫∫
A

∑
τ=x,y,z

(
N∑
i=1

|wi| |Eiτ |

)2

dA. (4.4)
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Figure 5: The ratio of the assessed Smax to the true Smax, complying with (a) FCC
limits and (b) ICNIRP limits
.

In fact, the assessed SAmax of (4.1)-(4.4) for a particular area A can be expressed
in a similar manner as the eigenvalue problem (3.6), and can be solved in the same
way. The corresponding assessed Smax is denoted as SPW,max, SPWt,max, SMFCM,max,
and SCFCM,max, respectively. Their corresponding T matrices are listed in Appendix.
Fig. 5 shows the comparison of the true and assessed Smax against distance d by
using EVD. It shows that MFCM and CFCM are not suitable for the power den-
sity assessment, since SMFCM,max and SCFCM,max are several times higher than Smax

in the proximity of array antennas. SPW,max and SPWt,max are more suitable, and
SPWt,max shows better assessment results than SPW,max, although it still has consid-
erable deviation when d < 5 mm. Comparing Fig. 5(a) with Fig. 5(b), generally,
the assessment methods are more suitable for the FCC limits with smaller averaging
area A than for the ICNIRP limits with greater A, on par with the results using
the progressive phase-shift scheme at 15 GHz in [40]. Note that, according to the
regulatory guidelines, the assessment results are neither necessary nor sufficient for
calculating or measuring the true Smax. They are just reference values for manufac-
turers, operators, and regulators to determine whether the power density limits are
likely to be exceeded [6, 20].

5 RF EMF Exposure with Constrained Amplitudes
In the previous sections, we assumed that the amplitudes of all ports are variable
and unconstrained, except that Ptotal remains constant. The extreme situation is
that all the energy is transmitted through a single port. [36, 43] demonstrated that
Smax increases as the number of radiating elements decreases, because the localized
energy is confined in a smaller area. In the real world, the transmitted power of
each port could be limited due to the output constraint of power amplifiers in the
RF front end. In other words, the maximum transmitted power of each port could
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Figure 6: Comparison of Smax produced by SDR and MC method, together with
SPW,max and SPWt,max calculated by SDR, when |wi|2 = ζ, complying with (a) FCC
limits, (b) ICNIRP limits.

be lower than Ptotal.

5.1 Uniform Amplitudes

First, we consider the case that the amplitudes of all ports are uniform. The power
density maximization problem can be formulated as

SAmax = max
w∈CN×1

wHTw

subject to |wi|2 = ζ, i = 1, 2, . . . , N,
(5.1)

where ζ = 2PtotalZ0/N . This problem is known as a complex quadratic optimization
problem, which can be relaxed to a semi-definite program (SDP) [4, 21, 25, 33, 34] by
using wHTw = Tr(TwwH) = Tr(TW) and dropping the constraint rank (W) = 1:

S̃Amax = max
W∈CN×N

Tr (TW)

subject to Wii = ζ, i = 1, 2, . . . , N

W � 0.

(5.2)

SDP (5.2) can be solved by MATLAB toolbox CVX [9]. Let the optimal solution of
SDP (5.2) be W̃. Generally for SDP, if W̃ is of rank one, then naturally SAmax = S̃Amax,
and we can write W̃ = w̃w̃H, where w̃ is the corresponding semi-definite relaxed
(SDR) solution of the original problem (5.1). If W̃ is not of rank one, we can still
derive the approximate optimal solution w̃a from W̃ [21, 25, 33]. Specifically, [22]
demonstrated that there exists a solution of rank one for SDP (5.2). If the optimal
solution W̃ is not of rank one, it still has the same S̃Amax as the solution of rank
one gives. In other words, we can always obtain the exact solution of the original
problem (5.1) from SDP (5.2).
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Figure 7: Comparison of Smax produced by SDR and MC method, together with
SPW,max and SPWt,max calculated by SDR, when |wi|2 ≤ ζub, complying with (a)
FCC limits, (b) ICNIRP limits.

Because different types of assessed SAmax presented in Section IV can be derived
in the same format as (5.1) for the amplitude-uniform case by using the T matrices
listed in the Appendix, they can also be relaxed to SDP. The MCmethod was applied
to w with 100,000 random inputs to the original problem (5.1) to verify the validity
of SDR. Fig. 6 compares the Smax produced by SDR to the results produced by the
MC method, together with the SPW,max and SPWt,max calculated using SDR. In Fig.
6, similar trends as in Fig. 5 are observed, i.e. SPWt,max shows better agreement
with Smax than SPW,max, and the assessment methods are more suitable for the FCC
limits than for the ICNIRP limits. The Smax produced by SDR is as expected higher
than the results produced by the MC method. However, an apparent discrepancy
between the results of SDR and the MC method can be observed in Fig. 6(a), as
well as in Fig. 7(a). To verify the validity of SDR, w̃ or w̃a obtained by SDR is
substituted into the original problem (5.1), and this procedure gives the same results
as SDP (5.2) gives (not shown in the figure). Thus the SDR successfully provides
the upper bound. The discrepancy could be attribute to that the number of random
inputs of the MC method may not be large enough, or there might be in nature
very few possible excitations that could approach the upper bound. Same kind of
verification is also applied in Section 5.2.

5.2 Dynamic Amplitudes

Here, we consider the more complicated case that the amplitude of each port is
constrained within a dynamic range, i.e. |wi|2 /2Z0 ≤ Pub, while Ptotal remains
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Figure 8: Comparison of Smax produced by SDR, when the transmitted power of
each port is at most 13 dBm, 14 dBm, and 15 dBm, respectively, complying with (a)
FCC limits, (b) ICNIRP limits.

constant. The maximization problem can be formulated as

SAmax = max
w∈CN×1

wHTw

subject to |wi|2 ≤ ζub, i = 1, 2, . . . , N

‖w‖2 = ξ,

(5.3)

where ζub = 2PubZ0. Such a complex quadratic optimization problem can also be
relaxed to SDP:

S̃Amax = max
W∈CN×N

Tr (TW)

subject to Wii ≤ ζub, i = 1, 2, . . . , N

Tr (W) = ξ

W � 0.

(5.4)

A similar procedure is used to solve SDP (5.4) as solving SDP (5.2), except that
there might not exist a solution of rank one as in SDP (5.2). But we are still able
to derive w̃a and S̃Amax as stated previously. In Fig. 7, the results produced by SDP
(5.4) are as expected little higher than the results produced by the MC method
when Pub = 14 dBm. The SPW,max and SPWt,max have the same behavior as in Fig.
5 and Fig. 6. Fig. 8 depicts the comparison of Smax for different Pub. It shows that,
for lower Pub, the resulting Smax is also lower when d is small, especially for the
FCC limits. This is because if Pub is large, most of the energy will be transmitted
through one or a few ports. This leads to higher Smax [36, 43]. As Pub decreases
from 15 dBm to 13 dBm, excessive power will be reallocated to other ports due to
the power constraint. One extreme situation is that Pub = 20 dBm, the same as the
amplitude-unconstrained case (3.6), whose Smax shown in Fig. 4(a) is much higher
than the result presented in Fig. 8(a). The other extreme situation is Pub = 11 dBm,
the same as the amplitude-uniform case (5.1), whose Smax shown in Fig. 6(a) is lower
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Figure 9: Pmax of the notch array excited with unconstrained amplitudes, uniform
amplitudes, and dynamic amplitudes (Pub = 14 dBm), along with the progressive
phase-shift scheme.

than the result presented in Fig. 8(a). For the ICNIRP limits, such trend still exists,
but the difference between different levels of Pub is inconspicuous. This is because
the ‘length’ of theTmatrices for a large averaging area A does not vary as drastically
as for a small A.

6 Maximum Permissible Transmitted Power
In the previous sections, Smax under different excitation conditions are calculated
for Ptotal = 20 dBm. In order to state compliance with the power density limits
Slim = 10 W/m2 at a specified distance d, compliance must also be ensured for all
the distances d′ ≥ d. The corresponding maximum permissible transmitted power,
Pmax, can be determined by

Pmax (d)

Slim

=
Ptotal

maxd′≥d Smax (d′)
. (6.1)

Fig. 9 shows Pmax against d, when amplitudes are unconstrained, uniform, dy-
namic, along with using the progress phase-shift scheme. Generally, the Pmax com-
plying with the ICNIRP limits are higher than the Pmax complying with the FCC
limits, the same as in [8, 36, 39, 40]. The Pmax complying with the ICNIRP limits
produced by different excitation schemes do not have much difference (< 0.7 dB).
However, significant difference can be observed for the FCC limits. The Pmax found
in [36, 39, 40, 43] using progressive phase-shift schemes may be overestimated by
several dB for A = 1 cm2. More restrictive constraints on the amplitudes lead to a
lower Smax as mentioned before, and results in the higher corresponding Pmax. The
progressive phase-shift scheme is the most restrictive constraint comprised of uni-
form amplitudes and limited choices of excitation phases. The amplitude-uniform
case has the second highest Pmax, although it is very hard to identify for the IC-
NIRP limits. The amplitude-unconstrained case (although strictly speaking, it is



13

still constrained by Ptotal) has the least power constraint on an individual element,
therefore its Pmax is always the most conservative for both regulatory limits.

For UE to be used in the immediate vicinity of the human body, the power density
limits result in Pmax significantly below what is specified for existing 4G communi-
cation (23-24 dBm), in line with the findings in [8, 36, 39, 40, 43]. Approaches to
increase the Pmax levels presented in the previous publications include increasing the
number of antenna elements, choosing low frequency bands like 15 GHz [36, 43], and
choosing omni-directional types of antenna elements [39]. This paper implies that,
another way to increase Pmax levels is to select a limited number of excitations as a
code book of transmission modes, especially for UE to be compliant with the FCC
limits. Such selection of code books needs extra knowledge of statistical channel
state information. Compromise between the link budget and RF EMF exposure
compliance should be reached, however, this is beyond the scope of this paper.

7 Conclusion
For array antennas, RF EMF exposure performance will vary with the array exci-
tation. As a consequence, compliance with RF EMF exposure limits needs to be
verified for all possible excitations. In this paper, the problems are formulated in
complex quadratic forms, and the methods of obtaining theoretical upper bounds
of RF EMF exposure for all possible excitations are investigated. The methods can
be used for calculating RF EMF exposure of 5G UE using array antennas, and po-
tentially provide guidelines of antenna design to be compliant with the regulatory
limits. By using a 28 GHz 8 × 1 notch array as an example, the obtained results
provide valuable insights for the RF EMF exposure performance of 5G UE and for
the standardization of RF EMF exposure compliance of 5G UE in the future.

We demonstrated that the maximum power density can be solved by EVD when
the amplitude of each port is unconstrained while the total transmitted power is
kept unchanged. The results produced by EVD agree well with the results from the
MC method.

When considering more realistic cases that the power output of an individual
element is constrained, the calculations of maximum power density and maximum
assessed power density can be solved by SDR. The results show that, more restrictive
power constraint put on the output of individual element, the lower upper bound of
RF EMF exposure obtained, especially for the FCC limits.

We showed that different types of maximum assessed power density can also be
solved by EVD or SDR. The results show that MFCM and CFCM are too conserva-
tive for RF EMF exposure assessment. Plane-wave equivalent power density based
on the tangential components of the electric fields is shown to be a more proper
assessment methods, although some deviation cannot be ignored in the proximity
of array antennas.

As a result, for the ICNIRP limits, different types of excitation schemes do not
have much difference on the maximum permissible transmitted power levels. For the
FCC limits, choosing different power constraints of each port could lead to significant
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differences on the maximum permissible transmitted power levels.

Appendix
Assuming n̂ = ẑ, the Tz(+) matrices of (4.1) and (4.2) can be written as

Tz(+)PW =
1

2η0M2

M∑
j=1

M∑
k=1

∑
τ=x,y,z

eH
τjkeτjk, (7.1)

and

Tz(+)PW,t =
1

2η0M2

M∑
j=1

M∑
k=1

(
eH
xjkexjk + eH

yjkeyjk
)
. (7.2)

The magnitude of the electric fields excited by each port can be rewritten as

e
(m)
jk = [|E1jk| , |E2jk| , . . . , |ENjk|] , (7.3)

where e
(m)
jk ∈ R1×N , the superscript (m) denotes the magnitude, and |Eijk| denotes

the magnitude of the electric fields excited by the ith port. The corresponding Tz(+)

matrix of (4.3) is

Tz(+)MFCM =
1

2η0M2

M∑
j=1

M∑
k=1

e
(m)H
jk e

(m)
jk . (7.4)

The magnitude of the Cartesian components of the electric fields excited by each
port can be rewritten as

e
(m)
τjk = [|E1τjk| , |E2τjk| , . . . , |ENτjk|] , τ = x, y, z, (7.5)

where e
(m)
τjk ∈ R1×N . Then the Tz(+) matrix of (4.4) can be written as

Tz(+)CFCM =
1

2η0M2

M∑
j=1

M∑
k=1

∑
τ=x,y,z

e
(m)H
τjk e

(m)
τjk . (7.6)

By substituting these T matrics into (3.6), (5.1), or (5.3), considering all the
Cartesian directions, the assessed SAmax can be derived by solving EVD or SDR.
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