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Abstract
Since 2019, 5G has been rolled out in many countries. To support the de-
mand of increasing traffic capacity, for the first time, the millimeter-wave
(mmWave) frequency spectrum is exploited for themobile wireless telecom-
munication technologies. For the telecommunication industry, many ques-
tions are raised with the advent of 5G mmWave, including what would im-
pact the performance of mmWave antennas in a mobile terminal and how
to evaluate the impacts/effects. This thesis focuses on two topics about 5G
mmWave mobile antenna performance. One is the radiation performance
for mmWave antennas integrated in the mobile terminal. The other is elec-
tromagnetic field (EMF) exposure from mmWave mobile antennas.

When integrated into a mobile terminal, the radiation performance of
mmWave antennas can be affected by the housing conditions, for example,
phone casing and display, etc. By detailed step-by-step simulation analyses,
different types of housing effects, as well as the effects of the user’s hand,
are investigated. The effects of realistic housing conditions are also exam-
ined with far-field measurements and near-field antenna diagnose based on
the solution to the inverse problem. The analyses provide useful insights
into mmWave mobile antenna design and measurements in realistic hous-
ing environments.

The mobile terminal needs to comply with regulations on EMF expo-
sure before putting them on the market. By carrying out multi-physics sim-
ulation hybridizing the electromagnetic problem and the thermal problem,
the correlation between tissue temperature rise and incident power density
generated by the mmWave antennas is studied. Various field combination
methods for EMF exposure from array antenna elements are investigated
with simulations and measurements, and methods for calculating the upper
bound of EMF exposure from the mmWave antenna array are developed.

Recently, the international EMF exposure guidelines have been revised,
including the changes of the EMF exposure limits in the mmWave frequen-
cies. The implications of the revised limits are investigated by assessing
the maximum power and maximum equivalent isotropically radiated power
(EIRP) that are allowed to be transmitted from mmWave mobile antennas
in the ideal as well as realistic scenarios. The obtained results provide valu-
able input to the device manufacturer, network operators, and standardiza-
tion bodies.



Sammanfattning
Sedan 2019 har 5G rullats ut i många länder. För att hantera den ökade
efterfrågan på datakapacitet så utnyttjas för första gången frekvensspektrum
inom millimetervågsområdet (mmW) för mobil kommunikationsteknik.
Med tillkomsten av 5G uppkommer många frågor för telekommunika-
tionsindustrin, såsom vad påverkar prestanda för mmW-antenner i mobila
terminaler och hur utvärderar man effekterna av denna påverkan. Denna
avhandling fokuserar på två aspekter kring prestanda för mmW-antenner.
Den ena är strålningsprestandan för mmW-antenner integrerade i mobila
terminaler, och den andra är exponering för elektromagnetiska fält (EMF)
från dessa antenner.

När en mmW-antenn är integrerad i en mobil terminal så kan strål-
ningsprestandan påverkas av installationsförhållandena, exempelvis telefon-
höljet och bildskärmen. Genom detaljerade simuleringsanalyser, steg för
steg, undersöks olika typer av effekter av installationsmiljön samt effek-
ten av användarens hand. Vidare undersöks också effekter av realistiska
installationsförhållanden med hjälp av fjärrfältsmätningar och närfältsanal-
yser baserade på lösningar till det inversa problemet. Analyserna ger viktiga
insikter om design och mätning av mmW-antenner i realistiska installation-
smiljöer.

Mobila terminaler måste uppfylla krav och riktlinjer för EMF-
exponering innan de sätts på marknaden. Genom att utföra multifysiksimu-
leringar som hybridiserar de elektromagnetiska och termiska problemen
så studeras korrelationen mellan temperaturökningen i kroppsvävnad och
den infallande effekttätheten från mmW-antenner. Olika fältkombinations-
metoder för EMF-exponering från gruppantennelement undersöks genom
simuleringar och mätningar, och metoder för att beräkna den övre gränsen
för EMF-exponering från gruppantenner i mmW-området utvecklas.

De internationella riktlinjerna för EMF-exponering, inkluderande
gränsvärdena i mmW-området, har nyligen reviderats. Konsekvenserna av
de reviderade gränsvärdena undersöks genom att bedöma vilken maximal
uteffekt och vilken maximal ekvivalent isotropiskt utstrålad effekt (EIRP)
som kan tillåtas för mobilantenner i mmW-området för både ideala och
realistiska scenarier. De erhållna resultaten ger värdefull information för
mobilterminaltillverkare, nätoperatörer och standardiseringsorgan.
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1

Chapter 1

Background and motivation

1.1 The way to 5G
The fifth generation of mobile wireless technologies (5G) aims to enable all
mankind and things to connect to the Internet. Since the late 1980s, mobile
wireless technologies have continued to shift from one generation to the next
about every decade, with the lifespan of each generation designed to serve
the world over a few decades.

Early generations beganwith voice calls only, while later ones evolved to
data communication and more sophisticated service architectures to handle
the phenomenal network data increase. Traffic demands for mobile commu-
nication systems are increasing and are predicted to keep increasing dramat-
ically. The Ericsson Mobility Report [1] records global traffic data volume
at 38 exabytes per month at the end of 2019, with a predicted four-fold in-
crease by 2025. As of today, 5G can operate over a much wider frequency
spectrum than previous generations to support data rates up to 20 Gb/s for
downlink (DL) and 10 Gb/s for uplink (UL). 5G enables an extensive range
of applications with diverse characteristics and requirements far beyond
those of previous generations, featuring not only very high data rates but
also very low latency, ultra-high reliability, much lower energy consump-
tion, etc. All these requirements are based on International Telecommuni-
cation Union (ITU) requirements [2] as well as commercial requirements
identified by the 3rd Generation Partnership Project (3GPP). Since 2017,
the 5G radio access technology, New Radio (NR), has been standardized
by the 3GPP and continues to evolve. As a result of the telecommunica-
tion society’s endeavors, the first 5G commercial networks were deployed
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in early 2019, and large-scale 5G deployments have been underway across
many countries.

To achieve these diverse characteristics and requirements to support the
envisioned use scenarios, 5G relies on a series of new enabling technolo-
gies [3]. The most relevant key enabling technology components from the
antenna perspective are the extensive usage of beamforming and the intro-
duction of millimeter wave (mmWave) frequency spectrum.

Beamforming uses antenna arrays to adjust the antenna radiation pat-
tern towards wanted directions by appropriately controlling the phase,
sometimes also the magnitude of individual antenna element. This can be
achieved on the transmitter side as well as on the receiver side. 4G Long
Term Evolution (LTE) also enables beamforming to some extent, while
5G allows extensive beamforming usage in a much more sophisticated and
dedicated way.

The frequency spectrum of 5G is specified over a much wider range
from below 1 GHz to 100 GHz compared to previous generations. The low-
band spectrum (below 2.5 GHz) provides excellent coverage, the mid-band
spectrum (2.5–6 GHz) provides a combination of good coverage and very
high data rates, and the high-band spectrum (above 24 GHz) provides the
bandwidths needed for the highest data rates and lowest latencies. In 5G,
the mmWave frequencies can be considered the interchangeable term with
the high-band spectrum. The 24.25–29.5 GHz frequency bands are pre-
ferred choices for the first phase of deployments, with additional activities
in 37–43.5 GHz.

1.2 Millimeter-wave antennas in 5G mobile
terminals

Compared to sub-6 GHz, mmWave communication is associated with high-
er free-space path loss and suffered from reduced coverage. The free-space
path loss can be found from the Friis transmission equation

Pt = Pr +Gt +Gr + 20 log10

(
λ0

4πd

)
, (1.1)

in which Pt is accepted power of the transmitter antenna, Pr is the received
power of the receiver antenna, Gt is the gain of the transmitter antenna, Gr
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is the gain of the receiver antenna, λ0 is the free-space wavelength, and d
is the separation distance between the transmitter antenna and the receiver
antenna. Pt, Pr,Gt, andGr in (1.1) are in the decibel scale. The free-space
path loss is then defined as [4]

FSPL = 20 log10

(
4πd

λ0

)
= 20 log10

(
4πdf

c0

)
, (1.2)

in which f is the frequency and c0 is the speed of light in free space. The
free-space path loss increases with increasing frequency. For the same sep-
aration distance d, the free-space path loss at 28 GHz is 30 dB higher than
that at 800 MHz.

The mmWave wireless communication also has higher atmospheric at-
tenuation introduced by environmental effects such as gaseous (oxygen and
water vapor) absorption, rain loss, and foliage loss. Atmospheric gas loss is
approximately 0.10 dB/km and 0.15 dB/km at 28 GHz and 38 GHz, respec-
tively, and about 0.40 dB/km at frequencies between 70 and 90 GHz [5].
For cellular cells to be designed within 200 m coverage, the atmospheric
attenuation could be of little concern.

To compensate for the higher path loss, both mmWave radio base sta-
tions (RBSs) and mobile terminals need to employ a highly directional ra-
diation pattern. Although the highly directional antennas, such as Yagi-Uda
antennas and horn antennas, can provide high antenna gains, the mobility
issue can hardly be resolved. Besides, mmWave communications can be
frequently blocked by various obstacles in the non-light of sight (NLOS)
condition. Thus it generally requires the transmitting antenna and the re-
ceiving antenna to be located in the light of sight (LOS) condition to achieve
optimal data rates [6]–[9]. Therefore, it is widely recognized that the beam-
forming scheme enabled by antenna arrays is one of the key components in
5G mmWave technologies [9]–[14].

For mobile antennas operating below 6 GHz, the main challenges
are the requirements of built-in structures with small size, multi-band
design covering all supported bands, multi-antenna design supporting
multi-input multi-output (MIMO), and meeting all other requirements,
such as electromagnetic field (EMF) exposure compliance in specific ab-
sorption rate (SAR) and over the air (OTA) testing [15]. Because of the
huge frequency gap between the sub-6 GHz bands and mmWave frequency
bands in the cellular communication system, it is impossible to reuse the
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currently available antenna designs supporting all pre-5G and 5G bands,
including mmWave frequencies. Additional mmWave antennas must be
integrated into the mobile terminal. Apart from antenna design, e.g.,
those for mmWave mobile antennas [16]–[25], the research paradigm for
5G mmWave mobile antennas has been essentially shifted to mmWave
antenna integration, human exposure to mmWave, and compatibility with
existing technologies [13]. The use of antenna arrays and beamforming
also requires new concepts and methods to evaluate antenna performance
in OTA testing. Covering all these aspects of the research paradigm is a
systematical framework for the entire mobile telecommunication society.
The focus of this thesis is on two topics. One is the radiation performance
for mmWave antennas integrated into the mobile terminal. The other is
EMF exposure from mmWave mobile antennas.

1.3 Scope and structure of this thesis
The remaining of the thesis is constructed as follows:

In Chapter 2, an analysis of radiation performance of mmWave anten-
nas integrated in a 5G mobile terminal environment is presented. The ra-
diation performance is analyzed through the simulated surface currents and
far-field patterns. The radiation performance is also investigated using the
EQC method with a spherical measurement system. This chapter is based
on Paper I.

In Chapter 3, the EMF exposure of 5G mmWave mobile antennas is
studied. The rationale of EMF exposure limits are introduced, and the tem-
perature rise due to the mmWave antennas are studied. Then different field
combination methods for mmWave antenna exposure are assessed. This
chapter is based on Paper II, III, and IV.

In Chapter 4, the revised incident power density limits are briefly sum-
marized and the implications of the revised incident power density lim-
its are investigated in terms of maximum permissible transmitted power
and maximum allowed EIRP. The power and effective isotropic radiated
power (EIRP) levels were also compared with the 3GPP requirements. This
chapter is based on Paper V and VI.

Chapter 5 includes summary of the thesis and the suggestions for future
works.



5

Chapter 2

Radiation performance analysis of
millimeter-wave antennas in 5G mobile
terminals

Because of the limited space in mobile terminals, sub-6 GHz mobile termi-
nals, especially those support MIMO, have to adopt very complicated an-
tenna designs to leverage antenna performance with the limited antenna size
[15]. When reaching the mmWave frequency range, the physical antenna
size can be dramatically reduced due to the shorter wavelengths. Thus, it
is possible to use canonical antennas, e.g., dipole, patch, notch, and slot, in
mobile terminals rather than complicated sub-6 GHz mobile antennas. Due
to the reduced physical size of antennas and beamforming implementation,
antenna-in-package is the trend of 5G mmWave antenna design [17], [26].
Even though, the design of mmWave mobile antennas in mobile terminal
housing environment (MTHE) is still challenging. As long as the antennas
are located inside the casing, the impacts of MTHE on antenna performance
can be significant, especially in the mmWave bands. This is mainly because
the dimension of the mobile terminal and the components inside it become
electrically large. The longest dimension of a mobile terminal can be over
a dozen of wavelengths. In contrast, the longest dimension of a mobile ter-
minal is at most only a few wavelengths for the traditional 2G–4G bands.

In Paper I, the radiation performance of mmWave antennas in MTHE is
investigated. A mobile terminal mock-up containing ten antenna elements
is modeled and fabricated (see Figure 2.1). The mock-up consists of casing
(εr = 3.5 with 1 mm thickness), display (εr = 7.0 with 0.7 mm thickness),
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chassis, dielectric substrate (εr = 3.55 with 0.3 mm thickness), and antenna
feeding connectors (MMPX-PCB connectors [27]). Four types of canonical
antenna elements, including dipoles (ports 1 and 10), notches (ports 2, 3,
8, and 9), slots (ports 4 and 7), and patches (ports 5 and 6), operate around
28 GHz. Between the chassis and casing, a small air gap of 2 mm is kept
to reduce guided waves and impedance mismatch [28] by using the binding
screws.

(c)

Figure 2.1: A 28 GHz mock-up for radiation performance analysis. (a) close-up view of
antenna configuration. (b) simulation model with the back cover removed (c) Fabricated
mock-up ( c© 2018 IEEE).
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(a) (b) (c)

(d) (e)

Figure 2.2: Different house integration models for analysis. (The corresponding radiation
patterns are shown in Figure 2.3 in the same order.) (a) antennas with chassis. (b) antennas
with chassis and connectors. (c) complete mock-up. (d) fabricated mock-up. (e) mock-
up with the casing half covered by a simplified palm model using a 2 mm-thick skin layer
( c© 2018 IEEE).

2.1 Performance analysis of various antenna
elements

Different types of antenna elements, including dipole (port 1), notch (port
2), slot (port 4), and patch (port 5), are studied with each port fed individ-
ually. To investigate the impacts of different components in the mobile ter-
minal on the antenna performance, the evolved models are analyzed step by
step, as shown in Figure 2.2(a)–(e). Figure 2.2(a) is the model with antennas
and chassis. The connectors are added in Figure 2.2(b). Figure 2.2(c) then
includes the casing and display glass. Figure 2.2(d) shows the fabricated
mock-up. Figure 2.2(e) includes a skin layer to represent the user’s palm
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covering the back of the mock-up to investigate the impacts of the user’s
hand. The respective antenna radiation patterns are shown in Figure 2.3.

2.1.1 Impacts of chassis and connectors
Firstly, the impacts of the surface currents flowing on the chassis are studied
with the absence of the casing, glass, and connectors (see Figure 2.2(a)).
Figure 2.3(a) and Figure 2.4(a) show the respective radiation patterns and
the magnitude distributions of surface currents for different antennas at 28
GHz. These phenomena can be observed:

• Dipole: The dipole excites a strong side lobe at about θ = 180◦. This
is indicated in Figure 2.4(a) where strong surface currents flow along
the chassis’s long edge.

• Notch: The notch excites the least-disturbed radiation pattern among
these antennas in Figure 2.3(a) because of the additional cutting
notch (see Figure 2.1(a)) blocking the surface currents.

• Slot: The pattern is bi-directional but has a strong side lobe level at
about θ = 150◦ due to the surface currents flowing toward the bottom
of the chassis in Figure 2.4(a).

• Patch: Similarly, the patch can excite strong side lobes at about θ =
45◦ and θ = 150◦ due to the surface currents flowing toward the top
and the bottom of the chassis, respectively, in Figure 2.4(a).

Below 6 GHz, the dimensions of mobile terminals are comparable to
the wavelength. The radiation from mobile antennas can be explained as
the standing-wavemodes of surface currents, including those called ground-
plane modes [29], chassis modes [30], [31], and characteristic modes [32]–
[34]. In themmWave frequencies, the excited surface currents become prop-
agating waves rather than standing waves.

For the impacts of the connectors (see Figure 2.2(b)), the connectors be-
come electrically large metallic objects at 28 GHz and thus can be viewed
as the scatterers. The components in a mobile terminal, such as speakers,
cameras, finger scanners, microphones, radio frequency (RF) shielding, bat-
teries, etc., can be considered scatterers. Figure 2.3(b) and Figure 2.4(b)
show the corresponding radiation patterns and the magnitude distributions
of surface currents, respectively. These phenomena can be observed:
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(a)

(b)

(c)

Figure 2.4: Surface currents on the chassis of the mock-up shown in Figure 2.2 at 28 GHz.
(a) antennas with chassis (b) antennas with chassis and connectors. (c) complete mock-up.
( c© 2018 IEEE)

• Dipole: The pattern is least influenced, as shown in Figure 2.4(b)
that the dominating surface currents flowing along the chassis are not
affected.

• Notch: Slight pattern enhancement can be observed as the surface
currents are reflected to the +z -direction by the connectors.

• Slot and patch: Severe pattern distortion can be observed. For the
slot, the pattern in the +x-direction is much less distorted than the
pattern on the connector side (in the −x-direction).
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(a)

(b)

Figure 2.5: Snapshots of the simulated magnitude of the electric-field distributions of the
complete mock-up shown in Figure 2.1(b) (the same model in Figure 2.2(c)) at 28 GHz (a)
dipole (b) patch ( c© 2018 IEEE).

The radiation patterns and surface currents indicate that scatterers can
affect antenna radiation patterns either constructively or destructively, de-
pending on the scatters’ position. Therefore, suppressing unwanted surface
currents by using approaches like electromagnetic band gap (EBG) struc-
tures [35] and air cavities [36] can effectively improve the pattern shape in
MTHE.

2.1.2 Impacts of casing and display

Next, the casing and display glass are added to the model (see Figure 2.2
(c)). The corresponding radiation patterns and surface currents on the chas-
sis are shown in Figure 2.3(c) and Figure 2.4(c), respectively. Despite the
effects of the casing and glass, some similarities in the surface current dis-
tribution on chassis can be observed comparing Figure 2.3(b) with Fig-
ure 2.4(c), such as stronger surface currents on the left side for the dipole
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and on the top side for the notch. With the casing and glass included, the
mock-up can be considered as a multilayer structure comprised of anten-
nas, dielectric layers, and air gaps. A portion of electromagnetic waves can
propagate within the dielectric layers and radiate at the edge. The effects of
the dielectric layers can also be either beneficial or detrimental, depending
on antenna design and dielectric properties [37], [38]. In the circuit the-
ory, a dielectric layer in the spectral domain can be represented by a portion
of equivalent transmission lines, and the far field (FF) strength can be seen
as the voltage applied on the loading. Changing the equivalent electrical
length and characteristic impedance of the dielectric layer leads to changes
in the radiation patterns [39], [40]. In electromagnetic theory, the effects of
dielectric layers can be explained as the guided waves in dielectric slabs and
surface-coated conductors, also called guided-wave modes or surface wave
modes [39], [41], [42]. The guided waves in dielectric slabs and surface-
coated conductors can exist at all frequencies because there is no cutoff fre-
quency for the TM0 mode [41]. Below 6 GHz, the thickness of dielectric
layers, e.g., casing, printed circuit board (PCB), display, etc., is electrically
thin, and guided waves in the dielectric are generally not significant. In the
mmWave frequencies, these dielectric layers become electrically thick so
that more modes of guided waves can exist, and the coupling to lower order
modes can become stronger [41], [42].

Figure 2.5(a) and (b) shows the snapshots of the magnitude of electric
fields at 28 GHz generated by the dipole and the patch, respectively. In
both cases, strong guided-wave propagation can be observed. The effects of
guided waves make more distorted patterns with many ripples, as shown in
Figure 2.3(c). In addition, the propagation in lossy mediums also leads to
a lower antenna efficiency. In the simulation, the total radiation efficiency
drops by 8.3%, 5.8%, 5.2%, and 4.6% for dipole, notch, slot, and patch,
respectively.

The measured patterns with the full fabricated mock-up are shown in
Figure 2.3(d) using the MVG StarLab 50GHz system [43]. The measured
patterns agree well with the simulated ones, except for the slot. This may
be attributed to the phenomenon reported in [18] for the slot-type mobile
antennas. The superposition of radiated fields from the edges of the chas-
sis can make the main lobe of the slot antenna’s radiation pattern point to
different directions. The superposition of the fields and the resultant radia-
tion pattern can be changed as the simulation model is not the same as the
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fabricated one.

2.1.3 Impacts of user’s hand
It is well known that below 6 GHz, the user body can affect the total radiated
power (TRP), including impedancematching and radiation efficiency. In the
mmWave frequencies, the user body is unlikely to interact with the reactive
near field (NF) of mobile antennas but incur a more pronounced shadowing
zone from the human body [44]–[48]. Because the energy penetration depth
of tissue is superficial (e.g., less than 1 mm at 30 GHz [49]), the user’s
hand can be modeled as a homogeneous medium with skin material. In the
mmWave frequencies, the user’s hand is electrically large, and thus the full-
wave simulation can be very time-consuming. Two simplified models, a
piece of fingertip and a bulk of skin, are used to investigate the effects of the
user’s hand, as shown in Figure 2.6 and Figure 2.2(e). These two models
stand for two extreme situations. The user’s hand incurs higher TRP loss
than the fingertip, while the user’s hand would unlikely shield all the entire
antenna array or shield all arrays if the mobile terminal is equipped with a
few arrays and can switch among them.

When the fingertip is placed at Position A, as shown in Figure 2.6, the
TRP drops by 2.9 dB at 28 GHz, and stronger guided waves can also be
observed due to reflection from the fingertip. The radiation pattern in Fig-

w/o fingertip Position A Position B
TRP: −2.9 dB TRP: −1.0 dB

Figure 2.6: Electric field distributions when a fingertip touches the casing at 28 GHz. Com-
pared to the TRP without the fingertip, the TRP of Position A and Position B drops 2.9 dB

and 1.0 dB, respectively. ( c© 2018 IEEE)
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(a) (b)

Figure 2.7: Radiation patterns with a fingertip at 28 GHz (a) Position A (b) Position B. The
horizontal axis is the azimuthal angle φ in degree, and the vertical axis is the zenith angle
θ in degree, using the coordinate system in Fig. 2.2. The colorbar shows the antenna gain
ranging from −15 dB to 10 dB. ( c© 2018 IEEE)

ure 2.7(a), also confirms such a blocking effect. At the same frequency,
when the fingertip is moved to Position B, the fingertip absorbed the guided
waves because they are prone to be trapped in the electrically thick layers,
while in this case, the fingertip is much thicker than the casing. The cor-
responding radiation pattern in Figure 2.7(b) is squeezed towards the −y-
direction, compared to the dipole pattern in Figure 2.3(c).

A 2-mm thick skin layer covering the back of the mock-up (see Fig-
ure 2.2(e)) is used to study the effects of the user’s palm, as a full-hand
model of the user’s hand is time-consuming. The blocking effect can be
clearly observed in Figure 2.3(e). In such a case, the TRP drops by 1.6 dB,
1.2 dB, 2.6 dB, and 22.3 dB for the dipole, the notch, the slot, and the patch,
respectively.

These two study cases suggest that the antenna can still have accept-
able performance as long as the hand or the finger do not entirely cover the
antenna. To mitigate the effects of the user’s hand, distributed antenna ar-
rays with switched diversity, in which, if one subarray is unable to transmit,
another subarray can transmit alternatively, become the common solution
[16], [20], [48].

2.2 Near-field diagnose of integrated mmWave
antennas

The impacts of MTHE can be observed through the distorted FF patterns,
while alternatively can also be revealed using the equivalent currents (EQC)
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method [50]–[57]. The EQC method implemented in the MVG software
INSIGHT [58] and reported in [52] has been applied to obtain diagnostic
information.

The EQCmethod is an approach to solve the inverse problem of electro-
magnetics. According to the equivalence theorem [42], the equivalent elec-
tric and magnetic currents on a surface can be expressed as Jeq = n̂ ×H
andMeq = −n̂×E, respectively, where n̂ is the unit vector perpendicular
to the surface. As shown in Figure 2.8, using the measured vector electric
field tangential to a surface denoted by ΣM, the equivalence theorem can
be applied to determine the set of (Jeq,Meq) on an arbitrary shaped recon-
struction surface ΣR inside ΣM. It is well known that the solution to such
a problem is not unique, i.e., an infinite set of current distributions (Jeq,
Meq) give rise to identical fields outside ΣR [42]. For this reason, unique-
ness needs to be enforced. Among the possible equivalence formulations,
Love’s equivalence gives currents that are proportional to actual fields. This
can be obtained by setting the fields radiated by (Jeq, Meq) inside ΣR to
zero. The integral equation formulation of the EQC approach is developed.
The resulting integral equations can be solved via standard method of mo-
ments (MoM), employing a triangular discretization of the surface ΣR and
expanding unknown currents in terms of the Rao-Wilton-Glisson (RWG) ba-
sis. Testing is performed using the Dirac delta distribution and the Galerkin
method with proper treatment of singularities. The integral equation formu-
lation of the EQC technique is based on the application of the equivalence
theorem [42], which allows one to substitute the device under test (DUT)

Figure 2.8: Illustration of the application of the equivalence theorem in the calculation of
the equivalent currents.
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Figure 2.9: Antenna measurement and diagnosis using MVG StarLab 50GHz NF system
[43] and INSIGHT [58]. ( c© 2018 IEEE)

Figure 2.10: Simulated and reconstructed EQCs at 28 GHz ( c© 2018 IEEE).

by (Jeq, Meq) lying on any closed surface. From (Jeq, Meq), it is then
possible to re-evaluate the fields on and outside ΣR.

The fields were measured using MVG StarLab 50GHz [43], as shown in
Figure 2.9. StarLab 50GHz is a multi-probe system that allows performing
a quasi-full spherical acquisition combining a rotation of the DUT along the
azimuth with a fast electronically-scanning multi-probe vertical arch. The
measured data can be used for the FF pattern through NF-to-FF transfor-
mation and can also be used for the EQC method. The size of the closed
surfaceΣR is chosen to be slightly larger than the mobile terminal surface to
reduce the positioning error. The simulated (Jeq, Meq) on ΣR is obtained
in CST [59] by directly applying Love’s equivalence theorem on ΣR.

The reconstructed and simulated EQC results at 28 GHz are present in
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Figure 2.10. Generally, the reconstructed EQCs agree well with the simu-
lated. The slot and the patch have wider EQC distributions while the dipole
and the notch have more constrained EQC distributions. This agrees with
the slot and the patch showingmore severe pattern distortion in Figure 2.3(c)
and (d). For the dipole and the notch, a portion of the reconstructed EQCs
can be observed in the corner that are stronger than the simulated EQCs in
the same location. This may be attributed to fabrication discrepancy and
cable effects. Unlike most of the state of the art of studies that can only
identify the housing effects throught the FF patterns, Figure 2.10 vividly vi-
sualizes the impacts of casing and display glass on different antennas. For
example, it is evident in Figure 2.10 that (Jeq, Meq) of the notch is more
focused while (Jeq,Meq) of the slot and patch is widely spread.

The NF diagnose results indicate that the EQC method is a powerful
and efficient tool of identifying potential radiation performance problems
in the prototype design phase for 5G mmWave applications. Also, as will
be mentioned in the next chapter, the EQC method has successfully applied
to the mmWave EMF exposure assessment.
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Chapter 3

Millimeter-wave EMF exposure
assessment for mobile terminals

RF EMFs are emitted by cellular equipment when transmitting wireless sig-
nals. The established adverse health effects associated with human exposure
to EMFs in the cellular communication frequency spectrum are local and
whole-body heating [60], [61]. To protect the human body against the es-
tablished adverse health effects, RF EMF exposure from themobile terminal
should be below the relevant EMF exposure limits. The International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) and the Institute
of Electrical and Electronics Engineers (IEEE) have published the interna-
tional EMF exposure guidelines [60], [61]. For mobile terminals, EMF ex-
posure metrics limiting local exposure for the general public are considered
of relevance. The transmitted power levels of mobile terminals are relatively
low, so the total power absorbed by the entire body is very small compared
to the whole-body exposure limits. Thus, mobile terminals normally can be
excluded from whole-body exposure assessments.

Below 6 GHz, SAR averaged over 10 gram tissue provides an appro-
priate measure of the RF EMF-induced steady-state temperature rise within
the tissue [62], [63]. SAR is defined as the power absorbed per unit mass
(W/kg). For sub-6 GHz mobile terminals, SAR assessment has been stud-
ied extensively in the past years (e.g., [64]–[72]). Above 6 GHz, EMFs are
absorbed more superficially, mainly in the skin tissue. This makes 10-g
SAR, which includes deeper tissues, less relevant to this frequency range.
Accordingly, the ICNIRP basic restrictions [60] and IEEE dosimetric refer-
ence limits (DRLs) [61] for local exposure are defined in terms of absorbed
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Figure 3.1: Illustration of spatial-average power density. The peak spatial-average power
density at evaluation distance should be taken by sweeping the averaging area A over the
plane. ( c© 2019 IEEE)

and epithelial power density, respectively. The absorbed power density is de-
fined as the spatial-average Poynting vector projected in the direction normal
to the averaging area on the body surface. The epithelial power density is
defined as the power flow through the epithelium per unit area directly under
the body surface. Although expressed with different terms, they represent
the same quantity. However, the epithelial power density and the absorbed
power density are much more challenging and complicated for calculation
and measurement than the incident power density. Most literature regarding
the absorbed power density is based on calculations or simulations [73]–
[77]. The more practical exposure assessment quantity is provided in the
ICNIRP and IEEE guidelines, known as the reference levels (for ICNIRP)
or exposure reference limits (ERLs) (for IEEE). Reference levels/ERLs are
derived such that under worst-case exposure conditions, which are highly
unlikely to occur in practice, they will result in similar exposures to those
specified by the basic restrictions/DRLs. Above 6 GHz, the reference lev-
els/ERLs are defined as incident power density, which is the power flow
averaged over a relevant size of the averaging area (1 cm2 or 4 cm2 depend-
ing on the frequency and also the regulatory requirements). For the sake of
brevity, the power density appears in this thesis refers to the incident power
density. If using the coordinate system defined in Figure 3.1, the spatial-
average power density can be written as

S =
1

2A

∫
A

Re [E (r)×H∗ (r)] · n̂dA (3.1)
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whereE andH are the electric and magnetic field, respectively, r is the po-
sition vector, A is the averaging area, and ∗ denotes the complex conjugate.
For spatial peak power density considering A→ 0, it can be expressed as

S =
1

2
Re [E (r)×H∗ (r)] · n̂. (3.2)

It has been shown in [78] that the time to reach 80–90% of the maximum
temperature rise, i.e., temperature rise in the steady state, is approximately
5 to 10 minutes at 6 GHz and 3 to 6 minutes at 30 GHz. Although the time
needed for steady-state local temperature rise decreases gradually as fre-
quency increases, no notable change is observed at frequencies higher than
15 GHz. Therefore, in the ICNIRP [60] and IEEE [61] guidelines, power
densities above 6 GHz should be averaged over 6 minutes. In a real oper-
ation, the time-averaged output power of mobile terminals is usually much
less than the peak power level (see e.g., [79]–[83]) due to the bursty na-
ture of mobile wireless communications and the factors like discontinuous
transmission, power control mechanisms, and soft handover. EMF com-
pliance testing for mobile terminals is normally required for the theoretical
maximum exposure condition, e.g., the mobile terminal transmitting at its
peak power. Suppose all possible beam realizations can be shown comply-
ing with the power density limits at the peak power level. In that case, the
requirements on time-averaging can be considered irrelevant.

In this chapter, the rationale of mmWave exposure and the induced tem-
perature increase are investigated at first. Then, different power density as-
sessment methods are presented and discussed. The EMF exposure limits
set by the international EMF exposure guidelines and their implications on
5G mobile terminals will be discussed in the next chapter.

3.1 Rationale of RF EMF exposure and induced
temperature increase

When RF EMFs reach the human body, the induced electric field in the tis-
sue exerts a force on polarized molecules, mainly water molecules, and free
moving electrons and ions. The EMF energy is converted to movement en-
ergy, forcing the polarizedmolecules to rotate and charged particles tomove.
The rotating polarizedmolecules andmoving charged particles interact with
other polarized molecules and charged particles, eventually converting the



CHAPTER 3. MILLIMETER-WAVE EMF EXPOSURE ASSESSMENT FOR MOBILE
TERMINALS 21

Local temperature 

rise

Heat transfer 

between adjacent 

tissue

Absorption of 

electromagnetic 

fields

Metabolic heat 

generation
Blood perfusion

Figure 3.2: Descriptive diagram of Pennes’s bioheat transfer equation for EMF exposure.
The arrows indicate the energy flow directions when the tissue is exposed to EMFs in general
situations. The dashed line implies that the metabolic heat generation is negligible for local
exposure scenarios.

movement energy to heat. The relationship between the EMF power de-
posited in the tissue and the caused temperature rise can be modeled via the
Pennes’s bioheat transfer equation [84]:

C (r) ρ (r)
∂T (r, t)

∂t
= ∇ · [K (r)∇T (r, t)] + ρ (r)SAR (r)

+Q (r, t)−B (r, t) [T (r, t)− TB (r, t)] , (3.3)

whereC is the specific heat of tissue, ρ is the mass density of tissue, T is the
tissue temperature, TB is the blood temperature, K is the thermal conduc-
tivity of tissue, Q is the metabolic heat generation, B represents the blood
perfusion, r is the position, t is time, and SAR is the specific absorption
rate. SAR is expressed as

SAR (r) =
σ (r)

ρ (r)
|Eind|2 , (3.4)

where σ is the electrical conductivity of tissue, and Eind is the root-mean-
square (rms) induced electric field in tissue. The Pennes’s bioheat transfer
equation can be intuitively explained through Figure 3.2. The transient tem-
perature rise (on the left-hand side of (3.3)) can be determined by the heat
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transfer between adjacent tissue (the first term on the right-hand side), the
absorbed power due to EMFs (the second term), metabolic heat generation
(the third term), and blood perfusion (the fourth term).

Because the antenna size is small in themmWave frequencies and the in-
duced electric field is localized at close distances, the thermal effects are also
localized. As the transmitted power of 5G mobile terminals in the mmWave
band is low enough (Ptotal � 1 W), it is very unlikely to contribute to the
whole-body heating. Thus, TB can be considered a constant for local expo-
sure, and the metabolic heat generationQ can be considered negligible [63],
[78], [85]. The temperature rise, ∆T , can be computed with and without an-
tennas excited. For the steady-state EMF exposure that is considered for the
ICNIRP basic restrictions and the IEEE DRLs, (3.3) can thus be expressed
as

∇ · [K (r)∇T (r)] + ρ (r)SAR (r)−B (r) [T (r)− TB] = 0. (3.5)

Between air and skin, heat is taken away from the tissue due to convec-
tion. The boundary condition between air and skin can be expressed as

−K (r)
∂T (r, t)

∂n
= H [TS (r, t)− Te (r, t)] , (3.6)

whereH is the heat transfer coefficient of the interface, TS is the skin surface
temperature, and Te is the air temperature. Note that for the steady state, t
can be easily dropped from the equation.

Figure 3.3: Exposure scenario with the multi-layer head model. a: skin, b: fat, c: muscle,
d: skull, e: dura, f: cerebrospinal fluid, and g: brain ( c© 2018 IEEE).
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A multilayer human head phantom is introduced in Paper II to facilitate
the dosimetric analysis, as shown in Figure 3.3, using the dielectric parame-
ters specified in [86] and the thermal parameters specified in [62]. Different
mmWave antenna array topologies are evaluated with the head phantom, in-
cluding a 2× 2 beam steering patch array, a 4× 1, and an 8× 1 patch array
with fixed broadside beams, a half-wavelength dipole, and normal incident
plane wave, operating around 28 GHz. The 4× 1 and the 8× 1 patch arrays
use the same patch and element spacing as the 2×2 array, but only the fixed
broadside beam is considered. The half-wavelength dipole is placed in par-
allel with the y-direction. The electromagnetic problem is solved in the CST
high-frequency electromagnetic package MWS, and the resulting SAR dis-

(a)

(b)

Figure 3.4: (a)∆T distribution on the skin surface induced by the 2×2 patch array for phase
shift β = 0◦, 60◦, and 120◦ operating around 28 GHz. (b) plane cut of ∆T distribution
in the yz-plane for the 2 × 2 patch array (β = 0◦) and the single dipole operating around
28 GHz. The separation distance h = 1 mm and 10 mm between antennas and skin. The
dimension markings show the size of the hot spot area higher than 1◦C ( c© 2018 IEEE).
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Figure 3.5: Peak ∆T versus h for different antennas around 28 GHz (adapted from Paper
II).

tribution is used as the thermal source coupled into the CST multi-physics
package MPS.

As a result, Figure 3.4(a) shows the ∆T distributions on the skin sur-
face for the 2 × 2 patch array with steered beams. For a larger scan angle,
the electric field is likely easier to be reflected than that with a smaller an-
gle [49], resulting in a lower temperature increase. Moreover, the steered
beam has a greater illuminating area, which also contributes to lower ∆T .
Figure 3.4(b) shows the cross sections of the ∆T distributions for the 2× 2
patch array with the phase shift β = 0◦ and the half-wavelength dipole at
h = 1 mm and 10 mm (h is the separation distance between the antenna
and tissue). Because of the superficial penetration depth, heating mainly
appears within the skin and fat layers. At h = 1 mm, the radiated power of
the dipole is trapped in a much smaller space than that of the 2 × 2 patch
array, resulting in a higher peak ∆T for the dipole. While at a farther dis-
tance h = 10 mm, the power from the array is more focused, resulting a
higher peak ∆T for the 2 × 2 patch array. Figure 3.5 shows that the peak
∆T generally decreases versus h for the investigated antennas. For the 2×2
array, the lower peak ∆T can be observed at large scan angles, aligned with
Figure 3.4. The broadside beam of the 2×2 array causes a higher peak ∆T



CHAPTER 3. MILLIMETER-WAVE EMF EXPOSURE ASSESSMENT FOR MOBILE
TERMINALS 25

(a
)

(b
)

(c
)

Fi
gu

re
3.
6:

Th
er
el
at
io
ns
hi
p
be
tw
ee
n
th
ep

ea
k

∆
T
co
m
pu

te
d
in
he
ad

m
od

el
an
d
th
es

pa
tia

lp
ea
k/
pe
ak

sp
at
ia
l-a

ve
ra
ge

po
w
er
de
ns
iti
es

co
m
pu
te
d

in
fre

e
sp
ac
e
w
ith

ou
tt
he

he
ad

m
od

el
.(
a)

pe
ak

∆
T
ve
rs
us

sp
at
ia
lp

ea
k
po
w
er

de
ns
ity
,(
b)

pe
ak

∆
T
ve
rs
us

pe
ak

sp
at
ia
l-a

ve
ra
ge
d
po
w
er

de
ns
ity

ov
er

1
cm

2
,(
c)

pe
ak

∆
T
ve
rs
us

pe
ak

sp
at
ia
l-a

ve
ra
ge

po
w
er

de
ns
ity

ov
er

2
0

cm
2
(a
da
pt
ed

fro
m

Pa
pe
rI
I).



26 CHAPTER 3. MILLIMETER-WAVE EMF EXPOSURE ASSESSMENT FOR MOBILE
TERMINALS

than that of the 4 × 1 array because the outer elements in the 4 × 1 array
have fewer contributions to the peak ∆T in the center of the tissue model.
By comparing the results, at very close distances, the peak ∆T levels are
mainly dependent on the physical size of the antenna array (or the number
of antenna elements), while at farther distances, they are more dependent
on the antenna or array antenna gain.

The power density generated by the antennas is computed in a separate
simulation task in free space. Figure 3.6 shows the relations between the
peak power density (spatial peak and peak spatial-averaged) evaluated in
free space and the peak ∆T evaluated in tissue. For each marker in Fig-
ure 3.6, the evaluation distance of power density in free space, de, is equal
to the separation distance h when evaluating ∆T , ranging from 1 mm to
20 mm. The dashed lines are the linear fittings considering all investigated
antennas with an intercept equal to zero. As shown in the figure, the spa-
tial peak power density and peak spatial-average power density averaged
over 1 cm2 have a better linear correlation with the peak ∆T than the peak
spatial-average power density averaged over 20 cm2, which is the size of av-
eraging area set in the previous ICNIRP guidelines [87]. This is because,
in NF, the energy is mainly focused in an area that is much smaller than
20 cm2. This clearly implies that the 20 cm2 averaging area is too large
when associated with the temperature rise. The solid lines in Figure 3.6 are
computed with the plane wave exposure, which is independent of the size of
the averaging area. It is suggested that a peak spatial-average power density
averaged over a few square centimeters also has a better correlation with
plane wave exposure, which has also been confirmed by other works [85],
[88]–[90].

3.2 EMF Exposure assessment based on
magnitude of electric field

In the previous section, it has been shown that the associated health effect
due to EMF exposure is temperature rise in tissue. The electromagnetic
quantities are used for compliance assessment rather than temperature. Be-
cause of the difficulties to assess EMF exposure in tissue-equivalent medium
above 6 GHz for both simulations and measurements, EMF exposure as-
sessments are normally carried out in free space for 5G mmWave mobile
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terminals. As said at the beginning of this chapter, assessing power density
in free space according to the ICNIRP reference levels and IEEE ERLs will
result in a similar exposure to those specified by the ICNIRP basic restric-
tions and IEEE DRLs. To determine the power density in close proximity
of a mobile terminal, knowledge of both the electric and magnetic fields is
required (see (3.1)). Traditionally, it is complicated and time-consuming to
measure both fields using laboratory equipment with probes and a scanning
system. Fast and accurate power density assessment methods are worth be-
ing studied. Some measurement systems are scalar in nature, i.e., only the
magnitude of the field is available. Some are vector measurement-based
systems that give both the magnitude and phase of the electric field, while
the corresponding magnetic field can be calculated from complex electric
field [91], [92]. In addition, 5G mmWave mobile antennas usually enable
beam-steering, and EMF exposure compliance needs to be demonstrated
for all possible beams. In this section, the power density assessment meth-
ods based on the magnitude of the electric field are discussed, while those
based on both the magnitude and phase of the field are discussed in the next
section.

3.2.1 Plane-wave approximation
If only the magnitude of the electric field can be obtained from the applica-
ble measurement system, the plane-wave equivalent power density may be
determined as

SPW =
1

2η0
|E|2 , (3.7)

where η0 is the free space impedance. The equation (3.7) gives an accurate
estimate of the power density in FF, while its accuracy in NF may still be
considered acceptable. Even in the reactive NF, the Poynting vector may
still provide the approximate local direction of wave propagation at close
distances. For array antennas with uniform excitations, at least in the maxi-
mum exposure regions, the wave propagation will be essentially perpendic-
ular to the array plane, and the corresponding electric field will be parallel
to the DUT surface. In this case, it is plausible to use the components of the
electric field parallel to the DUT surface, Et, to approximately express the
power density,

SPW,t =
1

2η0
|Et|2 . (3.8)
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Figure 3.7: Fabricated 15 GHz mobile terminal mock-ups with front covers removed. Left:
notch array. Right: patch array ( c© 2017 IEEE).

Figure 3.8: True power density compared with various plane-wave equivalent approxima-
tions when β = 0◦ (Peak values averaged over 1 cm2, adapted from Paper III).

In Paper III, the true power densities (3.1) are compared with the plane-
wave equivalent power densities (3.7) and (3.8) for peak 1 cm2-average val-
ues when the progressive phase shift angle β = 0◦ for two 15 GHz mock-
ups (see Figure 3.7), one equipped with an 8× 1 notch array and the other
equipped with an 8 × 1 patch array. The true power density results in Fig-
ure 3.8 agree quite well with those from the plane-wave equivalent power
densities when de > 10 mm, while quite good accuracy is also obtained
when de < 10 mm. Although plane-wave approximation cannot determine
the true power density when de is small, the peak spatial values can still be
very close to each other.
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3.2.2 Conservative field combination using field
magnitude

Although the EMF exposure of all possible beams can be evaluated se-
quentially according to the codebook of antenna excitations, it is still time-
consuming to assess all of them, especially when the size of the codebook
is significantly large. Therefore, field combination methods are commonly
used when assessing exposure from multi-antenna systems by combining
fields from each antenna or each antenna element.

When the multi-antenna system transmits with correlated signals, two
types of field combination methods can be applied, as shown in Figure 3.9.
Field combination using only the magnitude, e.g., [71], [93]–[98], requires
less complicated measurement systems but may result in very conservative
combined field strength. On the contrary, field combination using bothmag-
nitude and phase of the field can provide an accurate combined field but
requires sophisticated measurement systems.

By summing up the magnitude of the field generated by each antenna
element, a conservative exposure level can be obtained to give compliance.
Assuming that the fields from different antenna elements are totally corre-
lated at all assessment points, the scalar field combing can be implemented
by either combining the magnitude of three orthogonal components of the
field or directly combing the magnitude of field strength. The first one is de-
noted as the component field combining method (CFCM), and the second

𝑬1

𝑬2 𝑬1

𝑬2

(a) (b)

Figure 3.9: Illustration of field combination methods using two vector electric fields E1

and E2. (a) Field combination using magnitude only. (b) Field combination using both
magnitude and phase.
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one is denoted as the magnitude field combining method (MFCM):

SCFCM =
1

2η0

∑
τ=x,y,z

(
Ne∑
i=1

|Ei,τ |

)2

(3.9)

SMFCM =
1

2η0

(
Ne∑
i=1

|Ei|

)2

(3.10)

in which Ei,τ is the x, y, or z component of the electric field produced by
the ith antenna element. The MFCM is more conservative than the CFCM,
as the electric fields generated by each element are not only assumed to be
temporally in phase but also assumed to have the same polarization.

In Paper III, the CFCM andMFCM are studied by using the same mock-
ups in Figure 3.7 by simulations and measurements (see Figure 3.10). To il-
lustrate the conservativeness of CFCM andMFCM and to compare with the
true power densities, the maximum permissible transmitted power, PMPT,
is calculated with

PMPT (d) =
PtotalSlim

max
de≥d

S (de)
, (3.11)

wherePtotal is total transmitted power in simulations or measurements, Slim
is the power density limit, and max

de≥d
S (de) is the maximum spatial peak

Figure 3.10: NF measurement set-up using DASY5 system. Left: Notch array. Right: Patch
array ( c© 2017 IEEE).
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Figure 3.11: PMPT to be compliant with power density limits of 10 W/m2 using maximum
power density evaluated at de = 5 mm, using peak 1 cm2-average power density (adapted
from Paper III).

or maximum peak spatial-average power density away from d. For array
antennas, the maximum exposure may occur at a farther distance beyond
d due the possible constructive interference (i.e., focusing). Figure 3.11
shows PMPT determined with the true power densities, CFCM, and MFCM
for Slim = 10 W/m2 with the power densities evaluated for d = 5 mm. For
peak 1 cm2-average power densities, the conservativeness level for CFCM
and MFCM is found to range between 5 dB and 10 dB.

Despite its attractive simplicity, field combination using only the mag-
nitude suffers from severe drawbacks for mmWave mobile antennas. The
overly conservative CFCM and MFCM give a much lower PMPT, which
will severely limit the applicability of these approaches for EMF compli-
ance assessment.

3.3 EMF exposure assessment based on
magnitude and phase of fields

3.3.1 Field combination using magnitude and phase

To overcome the overly conservative problem of only using the field magni-
tude, the power density can also be obtained computationally via the vector
field combination (see Figure 3.9(b)). If the electric and magnetic fields of
individual elements are simulated or measured, the combined power density
can be calculated in post-processing. For spatial-average power density, this
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can be expressed as

S =
1

2A

∫
A

Re

{[
Ne∑
i=1

wiEi (r)

]
×

[
Ne∑
i=1

wiHi (r)

]∗}
· n̂dA, (3.12)

where wi is the complex excitation weight of the ith element.
Recently, some studies have been conducted to assess power density

based on both magnitude and phases of fields. International Electrotechni-
cal Commission (IEC) Technical Committee (TC) 106 developed a technical
report [99]. It presents the state-of-the-art measurement techniques and test
approaches for evaluating power density near portable devices from 6 GHz
to 100 GHz. In [100], using probes based on the pseudo-vector sensor de-
sign, a power density measurement method that uses electric-field polariza-
tion ellipse informationwas presented to reconstruct the phase of the electric
field and then to compute the magnetic field and power density. This tech-
nique is used in the first commercial power density measurement system. In
[101], a two-probe method was applied to evaluate power density by directly
measuring the electric and the magnetic fields. In [102], the electric field
was assessed with the traditional planar NF antenna measurement system at
a relatively far distance, and then plane-wave spectrum expansion was ap-
plied to compute power density at a closer distance. Based on the solution of
an inverse source problem, another method was developed in [103] by mea-
suring the magnitude and phase of the electric field, and a novel calibration
technique was also presented when measuring at positions very close to the
DUT. Very recently, a fast power density measurement method based on the
EQC method [104], [105] is developed with total measurement time greatly
reduced. These works [99]–[105] make it possible to use (3.12) to assess
measured power density for 5G mmWave mobile terminals.

3.3.2 Upper bound of EMF exposure based on vector
field combination

For beamforming with infinite sets of possible excitations, the Monte Carlo
(MC) method [98], the genetic algorithm [95], or the fast estimation tech-
nique developed in [106], [107] can be introduced to the numerical compu-
tation and provide approximate upper bounds, but they cannot give compli-
ance rigorously. Paper IV demonstrates that the upper bound of the spatial-
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average power density can be determined rigorously using the semidefinite
relaxation (SDR) technique.

For an averaging areaA where the electric and magnetic fields are grid-
ded with Ns samples in the coordinate system shown in Figure 3.1, the
spatial-average power density (3.12) can be formed as Hermitian quadratic
expressions

S = wH

 1

4Ns

Ns∑
j=1

(
Uj + UH

j

)w

= wHTw,

(3.13)

where

w = [w1, w2, . . . , wNe ]
T ,

Uj = eHxjhyj − eHyjhxj ,

eτj = [Eτ1j , Eτ2j , . . . , EτNej ] ,

hτj = [Hτ1j , Hτ2j , . . . ,HτNej ] ,

τ = x, y, z,

j = 1, 2, . . . , Ns,

andEτij andHτij are the x, y, or z components of the electric and magnetic
fields for the ith element at the jth sampling point.

To find the upper bound, the problem can be formulated as

X† = maximize
w∈CNe×1

wHTw,

subject to ‖w‖2 = Ne,
(3.14)

where ‖ ‖ denotes the norm. The problem (3.14) can be solved by an
eigenvalue decomposition (EVD). The upper bound of spatial-average
power density is equal to λmaxNe, in which λmax is the largest eigenvalue
of T, and its complex weights correspond to the eigenvector of the largest
eigenvalue.

When using the EVD, the upper boundmay be obtained for all the power
transmitted through one or a few elements. In reality, the transmitted power
of every element has additional constraint due to the capability of power
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amplifiers. A typical scenario is the uniform output power for all elements,
for which the upper bound of the power density can be formulated as

X† = maximize
w∈CNe×1

wHTw,

subject to |wi|2 = 1, i = 1, 2, . . . , Ne.
(3.15)

This problem is known as a quadratic constraint quadratic problem, which is
NP-hard. Alternatively, it can be relaxed to a semidefinite program (SDP)
[108]–[112] using the property of the trace wHTw = Tr

(
wHTw

)
=

Tr
(
TwwH

)
= Tr (TW) and dropping the constraint rank (W) = 1.

The relaxed SDP can be expressed as

X̃† = maximize
W∈CNe×Ne

Tr (TW),

subject to Wii = 1, i = 1, 2, . . . , Ne,

W � 0.

(3.16)

Considering a more complicated scenario that the output power of indi-
vidual element can vary but is not allowed to transmit more than a specific
power level Pu, where Ptotal/Ne < Pu < Ptotal, i.e., the output power of
individual element can be boosted up to Pu, while Ptotal remains the same.
The problem can be formulated as

X† = maximize
w∈CNe×1

wHTw,

subject to ‖w‖2 = Ne,

|wi|2 ≤ ζ, i = 1, 2, . . . , Ne,

(3.17)

where 1 < ζ = NePu/Ptotal < Ne. Similarly, its relaxation is

X̃† = maximize
W∈CNe×Ne

Tr (TW),

subject to Tr (W) = Ne,

Wii ≤ ζ, i = 1, 2, . . . , Ne,

W � 0.

(3.18)

The SDPs (3.16) and (3.18) can be solved by the MATLAB toolbox
CVX [113]. Let the optimal solution of SDPs (3.16) and (3.18) be W̃. If
W̃ is of rank one, it has W̃ = w̃w̃H, where w̃ is the feasible solution of
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the original problem (3.15) and (3.17) and naturallyX† = X̃†. If W̃ is not
of rank one, the approximate optimal solution w̃a can still be obtained from
W̃ [110], [114].

It was shown in [109], [111] that for the above particular SDR processes,
the optimal value of the original problems X† is bounded by

γX̃† ≤ X† ≤ X̃†, (3.19)

where γ is called the approximation ratio, and for the above problems, γ =
π/4. This means that the approximate maximum spatial-average power den-
sity solving by problems (3.16) and (3.18) at most give an overestimate
of π/4 − 1 = 27.3% with respect to the true maximum spatial-average
power density. This approach is much less conservative than the MFCM
and CFCM in practice.

The maximum peak spatial-average power densities for A = 1 cm2 ob-
tained using different approaches are compared in Figure 3.12 with a 28
GHz 8 × 1 notch array. At a small evaluation distance de, the SDP (3.16)
results in tighter upper bounds. When de increases, the upper bounds for
the EVD and SDR approaches are almost identical. This is because the
peak spatial-averaged power density starts to be proportional to the array
gain, though still within NF, and the highest array gain usually occurs in the
broadside when the output power is uniformly (or almost uniformly) dis-

Figure 3.12: Comparison of upper bounds of peak spatial-average power density versus
evaluation distance de using different approaches (adapted from Paper IV).
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tributed. With the uniform output power, Figure 3.12 also shows the maxi-
mum peak spatial-average power densities produced by the MCmethod and
those produced by the codebook. The MC method was applied with 100
000 random inputs to the original problem (3.15). For the codebook, the
progressive phase-shift angle β is given the same as in the one used in Fig-
ure 3.11. Comparing the results of the SDR approach and the MC method,
the SDR results are, as expected, slightly higher than those obtained using
theMCmethod. The maximum peak spatial-average power densities for the
codebook is much lower because it is obtained with only a few beam realiza-
tions. Figure 3.12 clearly shows that the SDR approaches result in a more
accurate estimation than other methods for 5G mmWave mobile terminals
that require very close compliance assessment distances.
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Chapter 4

Implications of EMF safety restriction
on radiation performance of 5G mobile
antennas

In the previous chapter, the studies on the rationale of mmWave EMF ex-
posure and assessment methods for 5G mmWave mobile antennas are pre-
sented. This chapter is still about EMF exposure but shifted to the EMF
exposure limits and their implications on 5G mmWave mobile terminals.
The implications of the revised power density limits are studied in terms
of maximum permissible transmitted power, PMPT, and maximum EIRP,
EIRPmax, for mmWave mobile antennas. PMPT and EIRPmax under the
EMF exposure restrictions are very useful when manufacturers and opera-
tors plan for 5G mmWave products and when standardization bodies make
specifications on the power levels of mobile terminals.

With a growing interest in the mmWave frequency range, research ef-
forts have been taken and contributed to the revised international EMF expo-
sure guidelines updated by the IEEE in 2019 [61] and the ICNIRP in 2020
[60]. The EMF exposure limits specified in the revised guidelines are, to
a large extent, the same as those previously available. However, both the
IEEE and the ICNIRP include some changes in the EMF exposure limits
above the transition frequency. The transition frequency, below which the
relevant exposure quantity for mobile terminals is SARwhile above is power
density, has also been revised.

In addition to practical factors that limit the maximum output power
of mobile terminals, such as power amplifiers and battery life, PMPT and
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Table 4-1: 3GPP Requirements of Minimum Peak EIRP, Maximum EIRP, and Maximum
TRP on mobile terminals (UE Power Class 3, 3GPP TS 38.101-2 v15.9.1 [115])

Frequency 24.25–29.5 GHz
(including bands n257, n258, n261)

37–40 GHz
(band n260)

Minimum Peak EIRP 22.4 dBm 20.6 dBm

Maximum TRP 23 dBm 23 dBm

Maximum EIRP 43 dBm 43 dBm

EIRPmax should ensure that RF EMF exposure of the mobile terminal
complies with the relevant exposure limits. The TRP and EIRP of the mo-
bile terminal should also meet the 3GPP requirements to support sufficient
coverage and limit interference, as shown in Table 4-1. For 5G mmWave
mobile terminals, this naturally raises the question of whether the 3GPP re-
quirements on EIRP could be met considering the recently revised power
density limits.

4.1 Overview of incident power density limits
It has been shown that the incident power density limits set in the previous
versions of international EMF exposure guidelines, e.g., ICNIRP 1998 [87],
IEEE C95.1-2006 [116], and IEEE C95.1a-2010 [117], may restrict the
PMPT of mmWave mobile terminals to levels significantly lower than what
is allowed for sub-6 GHz mobile terminals [118]–[120]. In [118], it was
shown that for devices intended to be used in close proximity to the body,
there was a discontinuity in PMPT as the transition of the exposure metric
is made from SAR to power density set in the ICNIRP 1998 guidelines[87]
and IEEE C95.1-2006 [116]. This is because the power density limits above
the transition frequency were set with safety margins even larger than those
used for below the transition frequency and without any obvious scientific
justification. Consequently, PMPT above 6 GHz might have to be up to 10
dB below the power levels used for 4G technologies to comply with the rel-
evant exposure limits set in the previous versions of guidelines [118].

A comparison of the previous ICNIRP and IEEE limits with the revised
ones for the general public is presented in Table 4-2. The previous limits
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have different transition frequencies from SAR to incident power density,
different spatial averaging requirements, and different limit values. On the
contrary, the revised ICNIRP and IEEE requirements are harmonized to a
large extent above 6 GHz, including the transition frequency and limit val-
ues. Despite the difference in averaging area requirements above 30 GHz,
they are essentially the same.

4.2 Implications of the revised incident power
density limits on 5G mmWave mobile
terminals

The implications of the power density limits on PMPT andEIRPmax levels
were investigated in the previous research using the previous limits [119],
[120]. In [120], dipole arrays of different sizes ranging from 2× 2 to 10×
10 elements in the frequency range 10 GHz to 60 GHz were analyzed. In
[119], EMF exposure and PMPT were addressed for mobile antenna arrays
of 15 GHz and 28 GHz. Since these studies were conducted before the
IEEE and ICNIRP published their revised limits, some of the conclusions
previously drawn need to be reassessed.

To have a comprehensive evaluation, patch arrays with different ar-
ray sizes and operating frequencies are designed to estimate PMPT and
EIRPmax levels from 10 GHz to 100 GHz in Paper V. The array size
ranges from 2× 2 to 16× 16 (see, e.g., Figure 4.1 for the 4× 2 array). The
evaluation distance is chosen at 5 mm from the array surface according to
the European Committee for Electrotechnical Standardization (CENELEC)
standard EN 50566 [121] for EMF compliance assessments of body-worn
devices. Though the European standard [121] is applied only up to 6 GHz
for SAR compliance measurements, the same criterion is chosen here due
to the lack of available standards on power density measurements. These
values are then compared with the 3GPP requirements on 5G mmWave
mobile terminals. Beam steering is considered in the xz-plane (see the
coordinate system in Figure 4.1). The progressive phase shift between the
horizontal adjacent elements is βx ∈ [0, π] with the step size of π/2Nx to
achieve the scanning range in [0◦, 60◦], where Nx is the element number
along the x-direction.

To evaluate EMF exposure for all beams, array typologies, and fre-
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Figure 4.1: An array configuration example: 4×2 patch array. Each patch antenna is excited
by a coaxial probe feed, of which the position is indicated by the red spot.
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Figure 4.2: Flow chart for the computation of PMPT and EIRPmax.
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Figure 4.3: PMPT and EIRPmax levels for d = 5 mm to comply with the revised IC-
NIRP and IEEE incident power density limits for different sizes of patch arrays and different
frequencies.



CHAPTER 4. IMPLICATIONS OF EMF SAFETY RESTRICTION ON RADIATION
PERFORMANCE OF 5G MOBILE ANTENNAS 43

quencies in a sufficient volume to capture the maximum exposure, it is ex-
tremely time-consuming only to use full-wave simulation. For PMPT and
EIRPmax calculations, only the information regarding the maximum peak
spatial-average incident power density, rather than the entire field distribu-
tion, is needed. To reduce simulation time, a workflow (see Figure 4.2) to
search the maximum exposure is developed using different solvers in CST,
including the time-domain solver (T-solver) based on the finite integration
technique (FIT), the asymptotic solver (A-solver) based on the shooting and
bouncing rays (SBR), and the integral equation solver (I-solver) based on
the MoM.

For each frequency and array topology, PMPT is calculated using (3.11),
and EIRPmax for the beam-steering antenna array is calculated with

EIRPmax = PMPT ×max
βx

(
G(βx)

)
, (4.1)

where G is the realized antenna array gain.
Using the revised ICNIRP and IEEE incident power density limits (see

Table 4-2), the resultant PMPT and EIRPmax levels are shown in Fig-
ure 4.3. As can be seen from the figure, PMPT declines with increasing fre-
quency. This is because the power is more focused at short distances as the
physical size of the array is reduced. PMPT is higher for a larger array size
at the same frequency, as the power is more spread in space. However, com-
paring the results between the 4×1 and 4×2 arrays (also between the 8×1
and 8×2 arrays), thePMPT levels for the 4×1 array are higher than those for
the 4 × 2 arrays, respectively. This is because the one-dimensional linear
array only has constructive field superposition in one direction, while the
two-dimensional array with constructive field superposition in two orthog-
onal directions results in more enhanced field strength at close distances.
Figure 4.3 provides valuable inputs to, e.g., product and network planning.

The PMPT and EIRPmax levels due to the EMF exposure restrictions
are compared with the 3GPP power requirements in the mmWave bands, as
shown in Figure 4.4. The results of 25 GHz and 40 GHz are selected for
the bands 24.25–29.5 GHz and 37–40 GHz, respectively. At both 25 GHz
and 40 GHz, the EIRPmax levels of small arrays (2× 2, 4× 1, and 4× 2)
are close to the 3GPP minimum peak EIRP requirements. The EIRPmax

levels of huge arrays (16×8 and 16×16) may surpass the 3GPP maximum
EIRP limits if the antenna arrays transmit with PMPT. This indicates that
huge array designs might be over-killing for mmWave terminals. Figure 4.4
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(a) (b)

Figure 4.4: PMPT andEIRPmax levels to comply with the incident power density limits set
by the ICNIRP and IEEE for handheld UE (a) at 25 GHz, (b) at 40 GHz. The red solid lines
indicate the 3GPP maximum EIRP limits. The red dashed lines indicate the 3GPP minimum
peak EIRP limits. The black dash-dotted lines indicate the 3GPPmaximum TRP limits. The
black and red makers represent the PMPT and EIRPmax levels according to the incident
power density limits, respectively.

demonstrates that in the ideal conditions without housing, the mmWave mo-
bile antennas can generally meet both EMF exposure and 3GPP power re-
quirements.

A comparison between the PMPT levels obtained in Figure 4.3 and the
PMPT levels obtained using the antenna model in [120] is shown in Fig-
ure 4.5 for 2×2, 4×4, and 8×8 arrays. The maximum difference of PMPT

is about 1.1 dB and the mean deviation is about 0.62 dB between two works.
The comparison between two works with different antennas, element spac-
ing, and software tools suggests that the PMPT levels are to a larger extent
determined by the array topology.

A few factors can affect the PMPT and EIRPmax levels for EMF com-
pliance given the same antenna array model. The EMF exposure assessment
made in Paper V is under the assumption of a 100% UL duty cycle. If the
mobile terminal employs time division duplex (TDD), the TDD DL/UL ra-
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Figure 4.5: Comparison of PMPT obtained in Figure 4.3 for the revised ICNIRP incident
power density limits (blue lines), the recalculated PMPT using the dipole array model in
[120] for the revised ICNIRP incident power density limits (red dash-dotted lines), and
PMPT extracted from [120] with the dipole array model for the previous incident power
density limits in the ICNIRP 1998 guidelines (black dashed lines).

tio must be considered when evaluating the time-averaged EMF exposure.
For example, PMPT and EIRPmax in Figure 4.3 can be scaled up by 3 dB
if a 50 % UL duty cycle is applied and by 6 dB if a 25 % UL duty cycle is
applied. The higher PMPT and EIRPmax levels can also be achieved if the
mobile terminal can dynamically control the time-averaged radiated power,
but this needs further study concerning the so-called energy density limits
(averaging time< 6 minutes) [60], [61]. If the mobile terminal can transmit
with different bands simultaneously, for example, above and below 6 GHz,
the cumulative EMF exposure for all bands needs to be addressed by the
compliance testing (see [122]).
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4.3 Impacts of housing on EMF compliance
with revised power density limits

As mentioned in Chapter 2, the MTHE has significant impacts on the ra-
diation performance of mmWave antennas. Naturally, the implications of
the revised power density also need to be examined in the MTHE. In Paper
VI, the PMPT and EIRPmax levels of 4- and 8-element mmWave antenna
arrays are computed in the housing condition. Due to the limited space in
terminals and the costly mmWave components, the 5GmmWave mobile ter-
minals, 4-element, or 8-element antenna arrays would be expected to be the

(a)

(b)

Figure 4.6: Exploded view of simulation models. (a) 28 GHz mock-ups containing 4 × 1

patch array (left), notch array (middle), and slot array (right) with D = 5 mm (0.47λ0)
element spacing. The substrate is mounted on the corner of the chassis in a plastic casing. (b)
39 GHzmock-ups containing 4×1 patch array (left) and 8×1 patch array withD = 3.6 mm

(0.47λ0) element spacing ( c© 2019 IEEE).
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initial solutions, at least for the initial realizations.
Figure 4.6(a) shows three simulated 28 GHz mock-ups equipped with

4×1 patch array, notch array, and slot array, respectively. These arrays have
complementary radiation patterns and polarizations to provide a good basis
for comparison. The maximum realized gain for all three arrays is about 10
dBi. Figure 4.6(b) shows two simulated 39 GHz mock-ups. One contains
a 4 × 1 patch array with D = 3.6 mm (0.47λ0), and the other contains
an 8 × 1 patch array with the identical element and element spacing. The
beamforming codebook is chosen similar to that in Figure 3.11.

Table 4-3 lists PMPT and EIRPmax complying with the revised IC-
NIRP and IEEE power density limits for the 28 GHz arrays, and Table 4-4
shows those for the 39 GHz 4 × 1 and 8 × 1 patch arrays. Table 4-3 and
Table 4-4 demonstrate that the investigated models can meet the 3GPP re-
quirements and comply with the revised power density limits at the same
time. At 28 GHz, with similar array topology and housing conditions, the
slot array is allowed to have the highest PMPT and EIRPmax due to the
radiated power split on both sides of the chassis. The notch array has larger
spread surface currents than the patch array resulting in a higher PMPT and
EIRPmax. Although Table 4-3 indicates that the slot array is allowed to

Table 4-3: Calculated PMPT and EIRPmax to be compliant with the revised ICNIRP and
IEEE incident power density limits for 28 GHz 4×1 arrays in the housing condition (element
spacing 0.47λ0).

Element Type PMPT (dBm) EIRPmax (dBm)
Patch 14.6 24.6

Notch 15.6 25.6

Slot 18.8 29.2

3GPP requirements ≤ 23 22.4–43

Table 4-4: Calculated PMPT and EIRPmax to be compliant with the revised ICNIRP and
IEEE incident power density limits for the 39 GHz patch arrays in the housing condition
(element spacing 0.47λ0).

Patch array size PMPT (dBm) EIRPmax (dBm)
4 × 1 15.7 25.9

8 × 1 16.1 28.9

3GPP requirements ≤ 23 20.6–43
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Figure 4.7: PMPT, the maximum gain Gmax, and EIRPmax of 28 GHz mock-ups con-
taining 4 × 1 and 8 × 1 patch arrays for different element spacing D to be compliant with
the revised ICNIRP limits. The dashed line is the 3GPP requirement on the minimum peak
EIRP (22.4 dBm).

reach higher EIRPmax due to the bi-directional radiation of the slot ele-
ment, the beamforming performance of the slot array might deteriorate in
a more realistic housing integration, as suggested in Chapter 2. Thus, it
cannot be simply said that the slot array is a better design option. In Fig-
ure 4.3,PMPT decreases with the increasing frequency in the ideal condition
without MTHE. In contrast, PMPT of the 28 GHz 4 × 1 patch array in Ta-
ble 4-3 is lower than that of the 39 GHz 4 × 1 patch array in Table 4-4.
This is because the radiated power might be more spread in a realistic hous-
ing environment at a higher frequency as the housing environment becomes
electrically larger.

In Paper VI, the effects of element spacing on the PMPT and EIRPmax

are also investigated. Figure 4.7 shows the parametric analysis of the 28
GHz 4 × 1 patch array by increasing the element spacing D from 5 mm
up to 16 mm. From D = 5 mm to 8 mm, more power is allowed to be
transmitted, as the radiated power is less localized. WhenD2 is close to the
size of the averaging area, some fluctuation in PMPT can be observed. The
sudden drop in Gmax at D = 10 mm is due to the inevitable excitation of
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grating lobes. It is clear that increasing element spacing can effectively cre-
ate a greater margin on EIRP. According to the antenna array theory [123],
when the element spacing is greater than half a wavelength but smaller than
one wavelength, grating lobes will appear for large scan angles. When the
element spacing is greater than one wavelength, grating lobes are inevitable.
However, due to the NR beam-centric principle, a grating lobe generated by
one mobile terminal has less chance to align with the receive beams of an-
other mobile terminal or RBS. Even if they are aligned, as the peak EIRP
levels of 5G mmWave mobile terminals are similar to the maximum trans-
mit power levels of 4G terminals (23 dBm), the interference levels caused
by grating lobes may be similar to those caused by the 4G terminal. In or-
der to increase link budget while still fulfill the EMF restrictions, increasing
element spacing might be a practical solution for mmWavemobile antennas.
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Chapter 5

Summary and future work

5.1 Summary
In Chapter 2, it has been shown that the radiation performance of the various
canonical antenna elements suffers from the terminal housing effects. The
effects of chassis, scatterers, casing, and the user’s hand on the radiation
performance are identified and analyzed step by step. The EQCs obtained
through the inverse source technique provide a brand new perspective of
facilitating 5G mobile antenna design in MHTE. Future 5G mobile antenna
research needs to consider these impacts.

In Chapter 3, temperature elevation in the multilayer human head model
is computed in the proximity of the antenna arrays operating around 28GHz.
It shows that the maximum spatial-average power density with an averaging
area of a few square centimeters correlates with the peak temperature rise.
Then, possibilities and limitations of scalar- and vector-based measurement
systems for EMF compliance assessment of 5G mmWave mobile terminals
are investigated. As EMF exposure will vary with the array excitation, com-
pliance with the relevant limits must be demonstrated for all possible exci-
tations. Although requiring a relatively simple measurement system and
procedure, the level of the conservativeness of the field combination using
the magnitude of fields is most likely too high. With the field combination
using both the magnitude and phase of the fields, spatial-average power den-
sity has been formulated in Hermitian quadratic expressions. EVD or SDR
can solve themaximum exposure with no underestimation. The results show
that the SDR technique has a unique advantage for mobile terminals that re-
quire touch compliance.
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In Chapter 4, the PMPT andEIRPmax levels for sizes of antenna arrays
ranging from 4 elements to 256 elements have been assessed in the fre-
quency range from 10 GHz to 100 GHz, according to the recently revised
incident power density limits specified by the ICNIRP and the IEEE. The
PMPT and EIRPmax levels have also been computed under the realistic
housing environment for 28 GHz and 39 GHz beam-steering array anten-
nas. The obtained PMPT andEIRPmax levels from both the ideal scenarios
and realistic scenarios provide value input into the industry. The PMPT and
EIRPmax levels have also been compared with 3GPP TRP and EIRP re-
quirements on handheld UE in the 5G mmWave bands. The studies suggest
that the mmWave mobile antennas with common array topologies and ele-
ment types can generallymeet both EMF exposure compliance requirements
and 3GPP TRP/EIRP requirements.

5.2 Future work
As 5G has been rolled out in many countries with emerging mobile termi-
nals compatible with mmWave technologies, the analysis done in this thesis,
which was completed in the pre-5G and early 5G deployment phases, can
be further verified with the real products. The impacts of housing environ-
ments on antenna performance should be further examined from higher level
perspective, such as mobility and data throughput. Nevertheless, designing
high-performance mmWave antennas in the mobile terminal is a challeng-
ing task, which engages many other aspects of terminal design. New figure
of merits need to be developed to evaluate the antenna design and perfor-
mance.

For EMF exposure in mmWave frequency range, fast yet accurate mea-
surement methods are urgently needed in the industry as a large amount of
beam realizations are usually implemented in the mobile terminal design.
If EMF exposure tests are required for every beam and every configuration,
the number of test cases would be enormous. Also, the mmWave EMF ex-
posure metric used in this thesis is incident power density, while for the
basic restrictions in absorbed power density above 10 GHz, there is neither
measurement carried out in literature nor measurement equipment available
in the market. Developing equipment, systems, and methodologies for ab-
sorbed power density measurements will also be another hot topic in a not
far future.
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