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Figure 3.7: (a) Surface current distributions and the equivalent magnetic current of the
three excited even modes for the patch antenna. (b) The radiation pattern of each mode
obtained by characteristic mode simulations. (c) Simulated 10-g SAR distributions at
3.4 GHz, 3.7 GHz, and 3.9 GHz with the excitation of all modes (for antenna accepted
power of 0.375 W) (© 2026 IEEE).

even modes at closed frequencies. Thus, a multi-mode wideband patch antenna is
designed based on these strategies:

� Multiple higher-order even modes: By utilizing a substrate with a higher
relative permittivity and adding protruding triangular elements to the corners
of the patch to control the resonance frequencies, three distinct even modes
can be excited at closed frequencies. This overlapping resonance achieves a
wide fractional bandwidth of 26%, fully covering the 3.4-3.8 GHz band.

� Ground trimming for side SAR reduction: Similar to the monopole design,
trimming triangles from the ground plane as shown in Fig. 3.8 increases the
distance from the edge currents to the phantom, reducing side SAR levels and
allowing for a thinner BS radome.
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Figure 3.8: (a) 10-g SAR distribution on the side of the patch antenna with the original
ground plane and the trimmed ground plane at 3.6GHz as an example (for antenna
accepted power of 0.375W), and (b) the surface current distribution on the ground (©
2026 IEEE).

The detailed results for the higher-order even modes excitations are given in
Fig. 3.7. Fig. 3.7(a) shows the excited three even modes of the patch. The first two
resonant modes are the TM020 and TM002 modes, which are excited at approximately
3.4GHz and 3.6GHz, respectively. In addition, the third mode that resembles the
even TM011 mode of a triangular patch antenna [46] is excited near 3.8GHz by
incorporating triangular extensions into the rectangular patch. The corresponding
far-field patterns of the three modes and SAR distributions are given in Fig. 3.7(b)
and (c), respectively.

By splitting the SAR maxima, this multimode patch allows for a peak SAR level
much lower and a wider bandwidth (shown in Fig. 3.9) compared to a canonical
fundamental-mode patch. Besides, due to the different modes of the reference
antenna and the final design, their far-field patterns are different.

The results of η̄MUX are given in Fig. 3.10 for different indoor scenarios, in-
cluding InO (40m× 40m× 3m), indoor factory with sparse clutter and low BS
(InF-SL)(300m× 300m× 10m), and indoor factory with dense clutter and high BS
(InF-DH) (300m× 300m× 10m) scenarios. The results show that the even-mode
patch system delivers median power-dependent multiplexing efficiency levels 4.9
to 6.0 times higher than the canonical patch antenna system, depending on the
frequency. This improvement is caused by both the higher accepted power and the
far-field patterns.
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Figure 3.9: Reflection coefficients of the reference patch antenna and the final patch
antenna.

InF-DH

InO InF-SL

Figure 3.10: The CDFs of η̄MUX for the MIMO indoor BS equipped with the reference
patch antennas or the final antennas in the scenarios of InO, InF-SL, and InF-DH (© 2026
IEEE).

3.4 Discussion and Extensions

For the EMF solution based on passive antenna designs, the findings from both the
monopole and patch antenna studies point to a unified SAR mitigation strategy:
avoiding the highly localized superposition of tangential magnetic/electric fields.
Whether achieved by physically distancing surface currents (as in the widened
monopole) or by enforcing out-of-phase radiation source cancellations (as in the
even-mode patch), the ultimate goal is to generate larger, spread-out SAR hotspots
rather than singular, intense ones.
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This core principle can be extended to other antenna topologies for SAR reduction
and EMF compliance. For instance, twisted-loop antennas [47] or antennas using
second-mode slots can be explored. A twisted loop creates out-of-phase current
segments, which could be leveraged to force magnetic field cancellations near the
radome interface. Similarly, a second-mode slot antenna can also split the SAR
hotspot, as shown in Paper 3.

By integrating EMF considerations directly into the antenna excitation mode
selection and source current distributions, antenna engineers can ensure sufficient
MIMO performance while achieving EMF touch compliance.



Chapter 4

EMF Solution: Active Antenna
Sensing and Power Control

While the passive antenna designs discussed in previous chapters effectively reduce
SAR levels, they still face limitations due to a maximum power level to achieve
touch compliance. This chapter introduces a novel EMF solution, shifting from
passive exposure reduction to active, dynamic solutions.

The idea is to reuse the communication antenna as a proximity sensor for human
presence near the BS. In this way, the BS can maintain high transmission power
during normal operation and only trigger power back-off mechanisms when a human
body enters the EMF exclusion zone. This active EMF solution based on antenna
sensing is proposed in Paper 5.

4.1 Human Proximity Detection

The core principle of the proposed active EMF solution relies on the sensing of
human proximity, which is achieved by monitoring variations in the antenna’s
reflection coefficient (|S11|). When a human body, characterized as a high dielectric
permittivity material, approaches the antenna, it alters the effective permittivity of
the surrounding environment and changes the antenna impedance by bringing an
additional capacitance between the body and the antenna [48–50].

However, integrating the proximity detection directly into an indoor base station
presents a unique set of design challenges. While traditional proximity detection
methods—such as capacitive sensors [51,52], thermal detectors [53], vision-based
systems [54], LiDAR [55], or Doppler radar [56, 57]—are widely established, they
require dedicated hardware components. Implementing these standalone sensors
increases the system’s footprint and cost, and often necessitates undesirable struc-
tural modifications to the base station, such as incorporating infrared-transparent
radomes.

21
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Figure 4.1: Illustration of the proposed process to achieve EMF compliance: (a) under
normal operating conditions with no human nearby, the BS can operate at the maximum
available power to maximize the throughput; and (b) when a human/phantom is close to
the indoor BS, proximity is detected based on the changes in the |S11| and the maximum
transmitted power is reduced.

Utilizing the variation in the antenna’s reflection coefficient (|S11|) caused by the
human body offers a compact, cost-effective sensing method, which can be achieved
by reusing the 5G antenna as the sensing element. However, co-designing an antenna
element to function as both a robust sensor and a high-performing communication
antenna poses challenges. Typical communication antenna designs require a wide
bandwidth and aim to be robust to the environmental changes on |S11| to ensure
a stable communication link. Conversely, to achieve a sufficiently long detectable
distance, an antenna sensor must be explicitly designed to be highly sensitive to
the presence of a human body. Existing antenna-based proximity sensors in the
literature are typically designed exclusively for sensing. They often have short
detection ranges for extreme sensitivity and do not require wide bandwidths.

To maximize the detection capability without compromising the wideband
requirements of 5G mid-band communication (3.4 to 3.8 GHz), a patch antenna
is specifically designed in Paper 5. The selection of a patch antenna as the base
antenna form is driven by its specific near-field electromagnetic characteristics.
When a human body approaches an antenna, the high relative permittivity of
biological tissue (approximately 37.9 at 3.5 GHz) strongly influences the E-field but
has a negligible impact on the H-field. Open aperture structures produce equivalent
magnetic currents that act as the source of a strong near-field E-field. Consequently,
antenna topologies characterized by strong E-fields in the near-field region are
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expected to exhibit a significant reflection coefficient variation when exposed to
human proximity [58]. Patch antennas naturally fulfill this requirement, since their
two radiation apertures generate strong fringing E-fields. A human body can disturb
the fringing E-field and form an additional capacitance between the body and the
patch [48]. Additionally, patch antennas are already highly practical for base station
deployments, such that optimizing them to enhance these fringing fields makes them
an ideal candidate for maximizing human proximity detection.

The proposed patch antenna design incorporates three primary structural im-
provements:

• Thick Substrate: A PE-1000 substrate (ϵr = 2.3 is simulated as the optimized
option) with a height of 12.5 mm is utilized. The thick substrate significantly
enhances the fringing E-field and the frequency detuning effect when a phantom
is nearby, while also increasing the antenna bandwidth to 48%.

• Capacitance Compensation: To counter the large serial inductance introduced
by the long inner conductor of the coaxial feed (necessitated by the thick
substrate), a circular hole was cut into the patch. This creates additional
capacitance between the probe and the hole’s edge on the patch, successfully
matching the impedance to 50 Ω.

• Metal Walls: To further amplify the proximity sensitivity, four 10mm high
metal walls were added to the edges of the substrate. These walls redirect
laterally propagating fringing E-fields back toward the antenna port, increasing
the reflected energy when a body is present without disrupting the antenna’s
free-space matching or its gain. More detailed simulation results are given in
Paper 5.

Inner probe

Open ring

Thick 

substrate

Metal walls

Figure 4.2: The proposed patch antenna for both proximity sensing and wideband commu-
nication.

The final proposed patch is given in Fig. 4.2. The comparison of the measured
reflection coefficient between the free space and the one conducted with the phantom
and the human hand at increasing distances is shown in Fig. 4.3. In free space, the
antenna exhibits a wide bandwidth to cover the 3.4 to 3.8GHz 5G band. When in
proximity to the human body, the results show that the antenna can detect both
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Free space

Figure 4.3: The measured reflection coefficients of the antenna in free space and close to
the phantom or to the human hand.

0.43 dB threshold

(10% variation)

Far field region: >133 mm

Figure 4.4: The measured δ of different antennas measured by a VNA.

small human limbs (such as the hand) and large body parts (such as the trunk), as
mimicked by the phantom.

To characterize the sensing ability, δ is introduced which represents the mean
difference in |S11| between the antenna in free space and in proximity to the phantom
over a given frequency band ∆B:

δ =
∣∣∣|S11,ph|∆B − |S11,free|∆B

∣∣∣ . (4.1)

The subscripts ’ph’ and ’free’ indicate whether the antenna is near the phantom or
in free space, respectively. The use of δ is to represent the total reflected power
difference in a preset band, which can be captured by the reflection coefficient
detector introduced in the next section. Other metrics can also be used, depending
on the detectors’ ability.

With a conservative 10% variation threshold (0.43 dB), the ideal δ measured
by a Vector Network Analyzer (VNA) demonstrated that this optimized antenna
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Table 4.1: Characteristics of Different Sensing Methodologies of Relevance for Human
Body Proximity Detection.

Techniques Detectable distance Distance resolution

Infrared sensors [53] meters –

Hardware: Infrared array, thermal detector.

Radar [56, 57] meters centimeters

Hardware: High-gain Tx and Rx antennas, separate RF chains used for radar.

Capacitive sensor [48, 51,52] millimeters / centimeters micrometers / centimeters

Hardware: Probes, electrodes, drivers including excitation etc.

Antenna sensor [49, 50] 10–50 mm –

Hardware: Antenna, sensor circuit or |S11| detector.
This work 230 mm (VNA) < 5 mm

Hardware: Same wideband antenna used for communication, |S11| detector.

could reliably detect a human phantom at distances up to Sd = 260mm, as shown
in Fig. 4.4. A simple reference dipole antenna (detectable at distances up to 60mm)
operating in this band is used to demonstrate the sensing enhancement achieved by
the proposed patch antenna. Table 4.1 summarizes the primary characteristics of
various sensing methods pertinent to body proximity detection.

4.2 Automated Power Back-Off System

A schematic diagram of this EMF solution and a prototype to achieve human body
proximity detection and power control in indoor BSs are given in Fig. 4.5(a) and
(b), respectively. A feedback control loop is implemented, and the variation of |S11|
is used to trigger the power reduction system.

Specifically, the prototype system consists of two primary off-the-shelf integrated
circuits:

• Reflection Coefficient Detector: An ADL5920 bidirectional power detector
acts as the real-time sensor, measuring the input and reflected power across
the operating band.

• Digital Tunable Filter: A digitally-tunable filter ADMV8818 in the prototype
is used to represent the power reduction system. Under normal conditions,
the filter operates in “Bypass” mode, allowing full signal transmission. When
proximity is detected, the system switches to “Power restriction” mode, shifting
the passband to 6.6 GHz and inducing a 50-dB power decay in the 3.4-3.8GHz
band. This filter is only used in this prototype to demonstrate the working
principle, other adjustable attenuators can be used in real devices.

With a 10% variation threshold, the δ measured by the prototype shows that the
detectable distance is limited to 60mm, as given in Fig. 4.6, smaller than the 260mm
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|S11| variation

(a)

(b)

Figure 4.5: (a) The schematic diagram and (b) test setup for human body detection and
transmitted power control realized by a reflection coefficient detector and filter. The chip
is encircled in red, while the rest is the evaluation board.

0.43 dB threshold

(10% variation)

Figure 4.6: The measured δ of different antennas measured by the prototype with commer-
cial circuits.



4.3. DISCUSSION 27

hand/human in proximity

Triggering power control

Normal operation

Full power transmission

Figure 4.7: Measurement photos validate the proposed active EMF solution for indoor
BSs.

detection range using VNA. The reason is that the ADL5920’s measurement floor is
-14 dB. By optimizing the sensitivity of the reflection coefficient detector within the
band of interest, detection distances similar to those observed with the VNA may
be achieved. However, this distance is sufficient for the current indoor BS to meet
SAR touch compliance. Without power control, the patch antenna fed with 0.5W
accepted power generated a peak 10-g SAR of 9 W/kg at the touch position, and
the peak 10-g SAR drops to 2W/kg at a distance of 35mm. Because the ADL5920
can reliably detect proximity up to 60 mm, the system triggers the power reduction
well before the human body enters the compliance boundary. Photos illustrating
this function are shown in Fig. 4.7.

4.3 Discussion

The proposed solution for reducing the power when humans enter the compliance
boundary introduces a new approach to address the trade-off between wireless
communication, which requires high transmitted power, and EMF compliance
at close distance (or even touch compliance), which requires reduced power. In
practical 5G deployments, this ON/OFF switching mechanism is not optimal as
it disrupts communication performance. Instead, an implementation can use a
gradual power-reduction strategy or dynamic power control, such as limiting the
number of allocated resource blocks to reduce power only to the extent necessary to
meet SAR limits. However, for indoor BSs, the close proximity to a body is very
seldom, and no mismatch occurs during normal operating conditions. Thus, normal
communication performance is unaffected by the human detection mechanism.

Furthermore, as modern equipment increasingly relies on multi-antenna and
multi-band architectures to support high-capacity networks, extending this active
sensing methodology to MIMO systems is also a promising future research direction.
The proposed approach allows either a single designated antenna or a subset of the
array elements to function as proximity sensors. Meanwhile, leveraging multiband



28
CHAPTER 4. EMF SOLUTION: ACTIVE ANTENNA SENSING AND POWER

CONTROL

transmission and gathering reflection coefficient data across different operational
frequencies can enhance the system’s overall detection robustness by providing
diversified sensing data from multiple radiating elements across different spatial
positions and frequency bands.



Chapter 5

FR2/FR3 EMF Exposure
Assessment and Development

For EMF research on cellular networks operating below 6 GHz, compliance assess-
ments and EMF solutions use SAR as the metric. However, the transition toward
5G and the upcoming 6G mobile communications marks a paradigm shift. To fulfill
the demands for ultra-high data rates, modern communication systems are moving
towards higher frequency spectrums, including the FR2 (24GHz to 71GHz), the
emerging FR3 (7GHz to 24GHz), and prospective sub-THz ranges.

One of the key aspects is the electromagnetic penetration depth δ, calculated as:

δ =

√
2

ωµσ
(5.1)

where ω is the angular frequency, µ and σ are the magnetic permeability and
conductivity of the medium, respectively. As the operating frequency increases, δ
significantly decreases. Thus, the electromagnetic energy at FR2, FR3, and higher
frequencies is superficially absorbed in the human tissue. An example of the electric
field distributions inside the human body is shown in Fig. 5.1.

ICNIRP revised its guidlines [9] in 2020 [10], introducing surface power flux
quantities for EMF exposure assessment above 6GHz. The absorbed power density
(APD), denoted by Sab, is used as the basic restrictions. APD quantifies the power
flow per unit area penetrating a body surface of area A, it can also be mathematically
mapped from the scalar SAR distribution:

Sab =
1

A

∫

A

Re[E ×H∗]dA =
1

A

∫

A

dxdy

∫ zmax

0

ρ(x, y, z)SAR(x, y, z)dz (5.2)

This quantity is well-suited to evaluate superficial power absorption at high frequen-
cies. In addition to APD as the basic restrictions, incident power density (IPD,
denoted as Sinc) is used as the reference level [10]. It is defined as the power flow

29
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Figure 5.1: Comparison of root-mean-square electric field distributions for the 1.8 GHz
dipole and 28 GHz 4× 1 patch array.

per a unit area in free space, i.e., the normal component of the Poynting vector:

Sinc =
1

A

∫

A

|E ×H∗|dA (5.3)

To accurately capture the localized exposure, both APD and IPD should be time-
averaged over 6 minutes and spatially averaged over a square area of 4 cm2, with
an additional stringent requirement for a 1 cm2 average for highly focused beams
operating above 30GHz.

Additionally, in ICNIRP 2020 guidelines [10], in case the power is transmitted
within a duration much shorter than 6 minutes, additional constraints, the absorbed
energy density (AED, basic restrictions) and incident energy density (IED, reference
levels), are introduced, representing the energy flow per unit area (kJ/m2) into the
body surface and in free space conditions, respectively. They are temporal integrals
of APD and IPD for exposure intervals less than 6 minutes with the same spatial
averaging requirements (see Table 5.1). A summary of the ICNIRP exposure limits
above 6GHz relevant for this article is given in Table 5.1.

5.1 Challenges and Advancements

The above-introduced new EMF metrics result in a set of practical challenges
for the EMF compliance assessment. First, for APD assessment, as frequencies
increase, the presence of the human body with high dielectric permittivity imposes
severe computational burdens on full-wave simulations, and it introduces physical
complexities for accurate field measurements due to the superficial penetration.
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Table 5.1: ICNIRP EMF Exposure Limits From > 6 GHz to 300 GHz for General Public
and for Local Exposure [10]

Basic Restrictions (Evaluated in body)

Quantity APD (W/m2) AED (kJ/m2)

Limit Value 20 7.2[0.05 + 0.95(t/360)0.5]

Time Req. 6 minutes t < 360 seconds

Reference Levels (Evaluated in free space conditions)

Quantity IPD (W/m2) IED (kJ/m2)

Limit Value 55/f0.177 55/f0.177 × [0.05 + 0.95(t/360)0.5]

Time Req. 6 minutes t < 360 seconds

Note: APD/AED/IPD/IED is to be averaged over the square of 4 cm2. In addition, above 30
GHz, the square 1 cm2 averaged APD/AED/IPD/IED is restricted to two times that of the 4 cm2

limit value.

Second, APD limits may constrain the total transmitted power for UE when
achieving touch compliance. An upper bound on the device’s uplink transmitted
power and equivalent isotropically radiated power (EIRP) needs further study.

Unlike the previous chapters looking into below 6 GHz that focus on performance
evaluation and device design to achieve EMF touch compliance, the EMF studies
for FR2 and FR3 are at an early stage, several research gaps are summarized as
follows:

(1) How to conduct the EMF assessment accurately: the first question is how to
accurately assess IPD and APD for a DUT. Several studies have proposed different
methodologies for simulating or measuring APD/IPD.

(2) What equipment can be used for EMF assessment: new equipment that
includes more advanced probes, high-frequency human phantoms, and/or new
post-processing algorithms is needed.

(3) What are the implications of the new EMF constraints: since the EMF
exposure affects the transmission of the RF devices, with the new EMF metrics, it
is also important to get insights about the maximum transmitted power or EIRP
based on the new EMF limits.

For the above-mentioned issues, the main challenges and the current research
gaps for FR2 and FR3 are summarized in Fig. 5.2. The topics that are covered in the
following sections are highlighted in Fig. 5.2. First, reviews the state-of-the-art EMF
assessment methods for mobile handsets operating above 6GHz are conducted. The
review provides a comprehensive understanding of current IPD and APD evaluation
techniques, as detailed in Paper 6 and Paper 7, respectively. The review identifies
the critical open challenges in FR2 and FR3 EMF assessment. Subsequently, Paper
8 proposes a novel and easy-to-fabricate solution of human phantoms in FR2 and



32
CHAPTER 5. FR2/FR3 EMF EXPOSURE ASSESSMENT AND

DEVELOPMENT

IPD assessment
• Goal: obtain phasor E-field in free space.
• Challenge:

• Measurement at close distance:
• Strong probe–device interaction.

• Simulation:
• IPD assessment in large city scenarios.

APD assessment
• Goal: obtain E- and H-field on body surface.
• Challenge:

• Measurement:
• Probes capture the superficial field.
• Realistic phantom representation.

• Simulation
• Computational cost.

EMF implications on link budgets
• Power and/or EIRP levels.

New EMF metrics for FR2 & FR3
• Assessment methods for APD and IPD.

Figure 5.2: Main challenges and the current research topics for EMF research in FR2 and
FR3. The topics that are studied in this chapter are highlighted in orange.

FR3 based on metasurfaces for EMF measurement. At last, the impact of APD
limitation on the maximum allowed time-averaged transmitted power and EIRP
levels for handheld UEs is analyzed in Paper 9 for the new bands from 6 to 15GHz.

5.2 Review of IPD and APD Assessment Techniques

IPD Assessment

From Eq. (5.3), the fundamental objective in assessing IPD is to acquire the
complex vector fields transmitted from the device under test (DUT) to calculate
the maximum exposure level. In practice, the IPD maxima can be at any distance
due to constructive interference, especially in antenna arrays. Thus, the assessment
must cover a sufficiently large volume to capture maxima. Measuring magnitude
and phase at every point in such a volume is highly time-consuming. Additionally,
at mmW and higher frequencies, conventional probes are often electrically large,
leading to strong probe–DUT interactions and impacting near-field distribution [59].
Thus, a main challenge in IPD assessment is to reconstruct the complex vector
field in the volume of interest from a limited set of low-coupling measurements.
The prevailing reconstruction techniques can be broadly categorized into three
families based on their physical principles and measurement setups, as summarized
in Fig. 5.3:

1. PTP-PR for Phaseless Measurement Systems:
For measurement systems lacking phase-acquisition capabilities, the plane-to-

plane phase reconstruction (PTP-PR) algorithm can be utilized. The fundamental
principle relies on iteratively retrieving phase information from amplitude measure-
ments solely taken on two or more closely spaced parallel planes. To accurately
evaluate the complete Poynting vector at very close distances, this algorithm is
enhanced by enforcing polarization ellipse constraints [60], which inherently capture
the relative phase differences among all three Cartesian field components. This
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Figure 5.3: Existing IPD measurement methods for the systems that cannot obtain the
phase information, including (a) an enhanced PTP-PR method [60] and (b) the enhanced
PTP-PR with equivalent source reconstruction [61]. For the systems that can obtain the
phase information, it includes (c) the plane-wave spectrum expansion method [62, 63], (d)
the spherical-wave spectrum expansion to plane-wave spectrum expansion method [64], (e)
the planar source reconstruction method [65–67], and (f) the multi-probe spherical source
reconstruction method [68]

method can also be integrated with equivalent source reconstruction to calculate
IPD at unmeasured planes to reduce the number of measurement cases [61]. How-
ever, the iterative phase retrieval process is highly sensitive to the initial phase
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guess. Additionally, it strictly requires miniaturized probes to mitigate probe-DUT
coupling at such close distances.

2. Back-Propagation with PWE/SWE:
To entirely avoid probe-DUT coupling, back-propagation methods measure the

fully complex (magnitude and phase) electromagnetic fields at a relatively large
distance and mathematically propagate the waves backward to the evaluation plane.
The back propagation is achieved via plane-wave spectrum expansion (PWSE) for
planar measurement systems [62, 63] or via spherical-wave spectrum expansion
(SWSE) in spherically measurement systems [64], where the later subsequently trans-
formed into a PWSE representation (SWSE-to-PWSE) for close distance evaluations.
In these methods, PWSE inherently suffers from truncation errors, as the finite
measurement plane cannot capture the field outside its boundaries, introducing
undesired ripples and edge discontinuities. More critically, evanescent (non-radiative)
components decay exponentially and cannot be captured at the distant measurement
plane. Thus, they are irretrievably lost, causing the reconstruction accuracy to
deteriorate rapidly as the evaluation plane approaches the reactive near-field of the
DUT.

3. Equivalent Source Reconstruction:
Based on the measured electric field, equivalent electric and/or magnetic surface

currents are mathematically reconstructed on a surface enclosing the DUT by
inverting spatial dyadic Green’s functions. Once optimized using regularization
techniques (e.g., truncated singular value decomposition), these equivalent currents
allow the forward mapping of fields to any evaluation plane. The equivalent source
reconstruction can be conducted on both planar [65–67] and spherical measurement
systems [68]. Compared with back propagation methods, which do not include
non-radiative components, this method can generate them. However, they may not
reflect the true ones, due to the ill-conditioned nature of inverse problems and the
physical non-uniqueness of the source.

APD Assessment

When the UE operates in close proximity to the human body (with in the reactive
near field), IPD is no longer a valid metric and APD must be assessed according
to [10]. For APD assessment, the presence of human tissue impacts antenna
performance (e.g., antenna detuning, mutual coupling, and multiple reflections), and
alters the radiated field and introducing additional challenges for both simulations
and measurements.

Efficient APD Assessment with Phantom in Simulation:

At FR2 and FR3 frequencies, the electrical size of human phantom increases rapidly.
Direct full-wave simulations of the DUT alongside a phantom impose large computa-
tional memory and time. To circumvent this, hybrid numerical strategies have been
developed. The key idea is to replace the detailed device geometry with equivalent



5.2. REVIEW OF IPD AND APD ASSESSMENT TECHNIQUES 35

(a) Hybrid SNFT/FDTD method (b) Equivalent source with PEC reflector

antenna(s)

Tissue

1. measurement sphere 

for complex fields 

2. Obtain equivalent 

source (digital twin)

PEC

3. Simulation with 

PEC reflector at 

various positions

Simulation area

Multiple reflectionsDUT

antenna(s)

Tissue

2. SNFT

3. Simulation area
FDTD

1. measurement sphere 

for complex fields 

Figure 5.4: Methods for efficient APD simulations, including (a) a hybrid method using
wave propagation based on SNFT and full wave simulation [69], and (b) using equivalent
source and a PEC reflector considering multiple reflections [71].

representations and simplify the simulation for air gaps between the antenna and
the phantom.

Several studies introduce various techniques for efficient APD assessment when
the phantom is to be simulated. First, a realistic antenna can be replaced by
its measured field representation. Then, with spherical near-field transformation
(SNFT), the measured fields are propagated towards the phantom plane and used
as an incident source to simulate APD [69]. An alternative approach is to replace
the UE directly with an equivalent source [70], and more advanced, adding a PEC
reflector inside the source box [71] to reconstruct the multiple reflections between the
antenna and phantom, as summarized in Fig. 5.4(b). The equivalent source with the
PEC reflector is then propagated toward the phantom to calculate APD. However,
other antenna-phantom interactions, including antenna impedance mismatch and
antenna-body detuning effect, are ignored.

Measurement Implementations:

Standardized sub-6GHz SAR measurements utilizing liquid-filled phantoms, while
for APD measurement, the systems are still under development. Several state-of-
the-art APD measurement systems are summarized as follows, and their principles
are given in Fig. 5.5:

1. From SAR to APD:

This method mathematically convert measured volumetric SAR to APD using
density-based conversion factors [72]. However, this is applicable up to 10GHz.

2. Direct Near-Surface Measurement:

Recent state-of-the-art systems utilize specially fabricated low-loss phantoms
using skin-simulating liquid. The phantom accurately mimics the surface reflection
coefficient of human skin but intentionally minimize internal dielectric loss to
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artificially increase the penetration depth, allowing a pseudo-vector probe to measure
fields roughly 1 mm beneath the surface [73,74].

3. Back-Propagation:

This technique is similar to the back propagation approaches for IPD, while
for APD the measurement plane is behind the phantom [75]. The issues of IPD
assessment with this method also exist for APD assessment. To enhance measurable
signal strength and mitigate severe in-tissue attenuation, advanced configurations
replace thick tissues with a thin, reflectivity-based solid phantom [76], allowing the
fields to be measured in the air behind the phantom. The fields are subsequently
back-propagated to the air/phantom interface using spectral transmission and
reflection operators.

4. Equivalent Source Reconstruction:

Similar to the equivalent source approaches for IPD, this approach calculates
the field on the tissue surface by representing the antenna and its electromagnetic
interaction with the phantom using retrieved equivalent surface currents [77]. Com-
pared to the equivalent source method in the previous section of efficient APD
assessment with phantom in simulation, when the DUT and a physical phantom
are co-located to generate the equivalent source, the input data inherently contain
the antenna–phantom interaction, and the APD level is obtained via different post-
processing methods. An initial method proposed in [77] only reconstructed equivalent
currents on the antenna surface, reconstruction errors become non-negligible in the
reactive near-field when the phantom is placed too close. To accurately capture the
strong mutual coupling, more advanced techniques simultaneously reconstruct both
equivalent electric and magnetic currents on the surfaces of both the DUT and the
phantom [78]. By solving for these unknown currents, the internal electric fields of
the phantom can be derived for APD evaluation.

Discussion

As reviewed in this chapter, both IPD and APD assessment methodologies have
matured through various techniques. For APD assessment, a notable shift has
emerged in the design of human phantoms. Rather than pursuing conventional
phantoms (like the liquid phantom for SAR) that attempt to replicate the exact
same dielectric properties of human tissues, current research demonstrates a clear
trend toward developing tailored models. Specifically, the right column of APD
measurement systems in Fig. 5.5 utilizes low-loss phantoms. These phantoms
are meticulously engineered to accurately reproduce only the surface reflection
coefficients of human skin.

However, these low-loss phantoms [76, 79, 80], typically based on silicone or
carbon-loaded composites, rely on complex fabrication processes or 3D printing
with limited choices of available materials to accurately mimic tissue dielectric
properties [81]. To address this limitation, the following section proposes a novel
phantom fabrication method, which is based on metasurfaces.
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Figure 5.5: Existing APD measurement methods, including (a) post-processing from
SAR measurements [72], (b) direct near-phantom surface measurements [73, 74], (c) back-
propagation from a measurement plane inside the phantom [75], (d) back-propagation from
a measurement plane in air behind a thin reflectivity-based phantom [76], (e) equivalent
source reconstruction with currents defined on the DUT [77] and (f) equivalent source
reconstruction with currents defined on both the DUT and phantom surfaces [78].
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5.3 Metasurface-Based Conformal Human Phantom Design

Beyond EMF exposure assessments, human phantoms are also widely employed
across a broad range of wireless communication measurement scenarios, including
OTA testing [82–84], propagation channel studies involving human blockage, scat-
tering and multipath fading [85–87]. Conventional phantoms, as partially reviewed
previously, face a fundamental trade-off: liquid and semisolid types offer high dielec-
tric accuracy in wideband but suffer from dehydration, degradation, and handling
complexity [88–92], while solid types, silicone or carbon-based [76, 79, 80, 87, 93],
provide stability but require complex fabrication or 3D printing with limited material
choices.

To overcome these limitations, Paper 8 proposes a novel, easily designed,
metasurface-based approach to fabricate a conformal and durable human phantom,
which is well-suited for the diverse 6G human-involved testing scenarios.

Design Principle

The core idea of the proposed phantom is to reproduce the electromagnetic response
of the human body, including the reflection coefficient, scattered far-field pattern,
and antenna detuning effects, rather than replicating the exact dielectric properties
of biological tissues. This is achieved by engineering the input impedance of the
phantom structure. As shown in Fig. 5.6, the proposed phantom consists of two
functional layers: a lossy resistive layer (Eccosorb BSR-1) that determines the real
part of the input impedance, and a periodic square-slot metallic metasurface printed
on a thin flexible substrate (F4BM265, εr = 2.65, t1 = 0.254 mm) that regulates the
imaginary part. The square-slot structure provides a hybrid LC equivalent circuit
model essential for broadband impedance matching [94]. By jointly optimizing the
unit-cell geometry (a = 2.35 mm, s = 0.16 mm, t2 = 0.8 mm, p = 3.46 mm), the
phantom is tuned to match a three-layer skin-fat-muscle reference tissue model,
shown in Fig. 5.6. The geometry of the metasurface unit cell can be tuned to match
different body parts or frequency bands, offering significant design versatility.

This phantom design brings several practical advantages. The phantom is
thin and mechanically flexible, allowing it to conform to both flat and curved
surfaces representative of different body regions, such as the torso or forearm. It
is fabricated entirely using commercially available materials and standard PCB
technology, avoiding the stability and complexity issues inherent to liquid, semisolid,
and bulk solid phantoms. Moreover, the phantom is insensitive to the choice of
underlying support material, enabling straightforward integration into structured
measurement setups.

Simulation and Measurement Results

The simulated reflection coefficients agree well with the reference tissue model shown
in Fig. 5.6(a) for both TE- and TM-polarizations at incidence angles up to around
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Figure 5.6: Simulation setup with unit-cell boundary condition for (a) the reference phantom
and (b) the metasurface-based phantom. The thickness of the skin, fat, and muscle are set
as 0.5mm, 3mm, and 20mm, respectively, as an example. The electromagnetic properties
of these tissues are from the data in [95]. The relative permittivity of the skin, fat, and
muscle in the studied frequencies (10 to 40GHz) varies from 31.3 + j14.4 to 11.7 + j14.3,
8.8 + j3.1 to 5.2 + j3.0, and 42.8 + j19.0 to 18.2 + j19.4, respectively. These settings
represent general human body tissues, and other specific human reference models can also
be used without affecting the proposed phantom method.

60◦, as shown in Fig. 5.7. For TM-polarization, the relative magnitude error remains
below 10% across 11.3–37.0GHz, while for TE-polarization, the corresponding
bandwidth spans 12.9–30GHz. A fabricated prototype shown in Fig. 5.8 using
standard PCB technology was measured, and the results agree well with simulations.

To validate the phantom in realistic scenarios, planar and cylindrical configura-
tions are simulated alongside a dipole antenna at 20 GHz, at distances of 2–15 mm
from the phantom surface. The scattered far-field patterns given in Fig. 5.9(e)–(l),
and antenna detuning effects given in Fig. 5.9(m) and (n), both show strong agree-
ment with the reference tissue model, confirming accurate near-field electromagnetic
interactions.

In summary, the proposed metasurface-based phantom offers a thin, conformal,
and durable alternative to conventional phantoms, accurately reproducing reflection
coefficient, scattered fields, and antenna detuning over a wide band spanning over
FR3 and FR2. The advantages are listed as follows:

• Wideband: Accurately reproduces the reflection coefficient of human tissues
for both TE- and TM-polarizations over a broad frequency band and wide
range of incidence angles.

• Tunable: Adjusting the unit-cell geometry adapts the phantom to different
tissues and frequencies. A spatially graded unit-cell distribution further enables
smooth emulation of transitions between adjacent body regions (e.g., head,
neck, chest, torso).
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Figure 5.7: Comparison between the simulated and measured reflection coefficient of the
designed metasurface-based phantom and reference human tissue model for TE-polarization
and TM-polarization at different incident angle θin.

• Conformal: The thin-profile metasurface can be flat or bent and remains
effective when backed by various common support materials.

• Low-cost and durable: Based on solid materials and standard PCB tech-
nology, avoiding the aging issues (dehydration, microbial degradation) of
liquid/semisolid phantoms and the complex fabrication of silicon-based ones.

The other considerations and future work for the proposed design are as follows:

• Internal field measurement: Unlike liquid or semisolid phantoms, the
metasurface-based phantom does not support volumetric field measurements
inside the phantom. Nevertheless, for EMF assessment above 6GHz, the
APD can be retrieved from the transmitted fields via back-propagation tech-
niques. Since the proposed phantom also supports a large transmitted field, it
has potential for APD assessment, though this application requires further
verification.

• Medical applicability: As the phantom does not reproduce internal tissue
fields, it is not directly applicable to microwave tumor imaging or similar studies
involving embedded anomalies. Extending the metasurface methodology to
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Figure 5.8: Manufactured metasurface-based phantom.

incorporate localized pathological inclusions would require a substantially
different design approach and is left for future investigation.

5.4 Implications of APD Limits on 6G User Equipment

The emergence of the upper mid-band (6–15GHz) [4] in FR3 as a candidate spectrum
for 6G has already motivated a series of system-level performance studies, examining
aspects such as link budget, coverage, channel capacity, and interference [96–99]. In
a mobile network, the uplink performance is strongly dependent on the transmitted
power levels and the resultant EIRP of the UE. However, to conduct these system-
level evaluations, current literature frequently assumes that the transmitted power
level or SNR of the UE in this new spectrum will be identical to those currently used
for FR1 (below 6GHz). However, these parameters have not yet been standardized
for the new upper mid-band, and the assumption that FR1 values needs to be
checked.

Above 6GHz, handheld UEs must comply with the APD touch compliance
limits prescribed by ICNIRP 2020 guidelines [10], which impose limitations on the
time-averaged radiated power. Paper 9 investigates the implications of APD limits
on the power and EIRP of handheld UE operating across the 6-15 GHz spectrum.
Three types of canonical UE antennas, e.g., planar dipoles, inverted-F antennas
(IFA), and planar inverted-F antennas (PIFA) are evaluated, as shown in Fig. 5.10.
At the touch position, APD and the resultant maximum allowed time-averaged
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Figure 5.9: Simulations for large flat and curved metasurface-based phantom and reference
phantom near a dipole antenna. (a)-(d) show the simulation setups. The corresponding
scattered far-field patterns at d =2mm and 15mm are shown in (e)-(h) and (i)-(l),
respectively. (m) and (n) are the simulated reflection coefficient comparison of the dipole
antenna loaded with planar and cylindrical cases, respectively.

transmitted power and maximum time-averaged EIRP are evaluated for both single
and dual antenna scenarios consisting of the designed radiators.
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Figure 5.10: The simulation model, including a cut plane, of a UE mock-up equipped with
a dipole, IFA, or PIFA.

Single Antenna Scenario

As given before, APD is calculated as [10]:

Sab =
1

A

∫∫

A

dxdy

∫ zmax

0

ρSAR(x, y, z) dz, (5.4)

Then, the maximum allowed time-averaged transmitted power, Pmax,avg, is calculated
as:

Pmax,avg =
PportSab,limit

Sab,max
, (5.5)

where Pport is power at the antenna connector, and Sab,max is the peak 4 cm2-
averaged APD level. Using Pmax,avg, the maximum time-averaged EIRP can be
calculated as:

EIRPmax,avg = Pmax,avgGmax, (5.6)

where Gmax is the peak realized gain of the antenna.

Dual Antenna Scenario

When multiple antennas are implemented in a UE, they can provide better system
performance through spatial diversity or multiplexing. As 6G devices can be
equipped with uplink MIMO architectures to meet high data-rate and reliability
demands, the assessment of the EMF exposure from all antennas needs to be
performed. When multiple antennas transmit signals simultaneously, the total EMF
exposure can be combined in two different ways depending on whether the signals
from different antenna ports are correlated or uncorrelated. Understanding the
physical distinction between these two working modes is crucial, as it dictates the
assessment of APD and resultant EIRP.

• Uncorrelated Signals (Spatial Multiplexing): In spatial multiplexing
mode, the UE transmits independent data streams simultaneously from differ-
ent antenna ports to increase the overall channel capacity. Because the signals
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carry no fixed phase relationship with one another, the electromagnetic fields
radiated by each antenna do not maintain a coherent superposition in space.
Consequently, the total power absorbed by the human body is simply the
linear sum of the power distributions produced by each individual antenna
port. In this case, the APD is calculated as [100]:

Sab =
1

A

∫∫

A

dxdy

∫ zmax

0

ρ
N∑

i=1

SARi (x, y, z) dz, (5.7)

where N is the total number of antenna ports, and SARi (x, y, z) represents
the SAR distribution produced by the ith antenna port, with others terminated
with matched loads. Then, the maximum EIRP combined for different ports
transmitting with uncorrelated signals is calculated as:

EIRPmax,avg,un = max
i=1,...,N

Pmax,avg,port(i)Gmax(i), (5.8)

where Gmax(i) and Pmax,avg,port are the peak realized gain and the Pmax,avg

of the ith antenna port.

• Correlated Signals (Beamforming and Spatial Diversity): When
the UE employs transmit diversity or beamforming mode, the baseband
data stream is precoded, where all antenna ports transmit with determined
amplitude and phase so that the radiated fields add coherently in a desired
direction. Because the signals share correlated information content, the phase
relationship between the radiating elements remains stable over time. The
fields from individual ports interfere constructively, and the total absorbed
power cannot be obtained by simple linear power superposition. Instead, the
coherent field distribution must be summed first, and then squared to obtain
the power. This correlated model yields a higher peak APD for the same
per-port input power compared to uncorrelated power summation. At the
same time, correlated beamforming produces a higher combined EIRP due to
the additional beamforming gain.

For different ports transmitting with correlated signals, APD is calculated
as [100]:

Sab =
1

A

∫∫

A

dxdy

∫ zmax

0

ρ

(
N∑

i=1

√
SARi (x, y, z)

)2

dz, (5.9)

And the maximum EIRP with correlated signals is calculated as:

EIRPmax,avg,co =

max
θ,ϕ

Pmax,avg,port



(

N∑

i=1

√
Gθ(i)

)2

+

(
N∑

i=1

√
Gϕ(i)

)2

 ,

(5.10)
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where Gθ(i) and Gϕ(i) are the θ- and ϕ-component of the realized gain pattern
of the ith antenna port.

Results and Discussions

Simulation Results

The obtained Pmax,avg and EIRPmax,avg results for the single-antenna scenario are
shown in Fig. 5.11. For touch compliance, the average Pmax,avg across all three
antenna types over the 6–15GHz range is approximately 14.0 dBm, which is nearly
9 dB below the 23 dBm connector power currently specified for FR1 Class 3 handheld
UEs [11]. The corresponding average peak EIRPmax,avg across the three antenna
types is 18.6 dBm, with a maximum of 21.8 dBm. Notably, the spread across antenna
types reaches up to 6 dB at certain frequencies, e.g., between the PIFA and dipole at
6GHz, and 4 dB between the IFA and dipole at 15GHz, indicating that the choice
of antenna topology has a non-negligible impact on EIRP budget ensuring touch
compliance.

(a) (b)

Figure 5.11: (a) The Pmax,avg and Sab,max levels and (b) EIRPmax levels for the single-
antenna scenario. The Sab,max is normalized to Pa = 23dBm.

For the dual-antenna scenarios, two placement topologies are evaluated, as shown
in Fig. 5.12. In Placement A, one antenna is positioned on the short edge and the
other on the long edge of the device, providing dual polarization. In Placement B,
both antennas are positioned on the same long edge. The results show that for
correlated combining, the peak EIRPmax,avg reaches 24.1 dBm, which is 2.3 dB
higher than the single-antenna case, owing to the combined effect of higher total
port power and beamforming gain. For uncorrelated combining, the maximum EIRP
range remains similar to that of the single-antenna scenario; however, the dual-
antenna configuration still offers additional spatial diversity gain, which is beneficial
for link reliability. Comparing the two placements, the maximum EIRP ranges
are broadly similar when antenna separation is sufficiently large, but Placement A
exhibits a polarization diversity advantage.
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Figure 5.12: The simulation model of (a) Placement A and (b) Placement B. (c) and (e)
are the obtained ranges of Pmax,avg,port and maximum EIRP for Placement A, respectively,
while (d) and (f) represent the corresponding ranges for Placement B.

Discussions

Beyond these simulation results, several practical hardware and operational factors
must be considered:

• TDD Duty Cycle: For time division duplexing (TDD) systems, the uplink duty
cycle significantly impacts the final EMF compliance assessment. Assuming
a 25% TDD uplink duty cycle, both the configured maximum transmitted
power and instantaneous peak EIRP can be proportionally scaled up by 6 dB.

• Hardware Efficiency Constraints: The simulated canonical antennas utilized
in this study exhibited high total efficiencies of approximately 80% (-1 dB).
In contrast, commercially available smartphones operating in FR1 typically
exhibit total efficiencies that are 3 to 5 dB lower. If we consider the potential
differences between the total efficiencies ηsim of the simulated antennas in this
mock-up and the total efficiency ηreal of the commercially-available smart-
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phones operating in FR1, Pmax,avg can potentially be increased according
to:

P ′
max,avg = Pmax,avg ·

ηsim
ηreal

, (5.11)

where P ′
max,avg is the adjusted maximum power at the antenna connector

accounting for the total efficiency decrease. Furthermore, the maximum
time-averaged radiated power Prad,max,avg can be determined by [101]:

Prad,max,avg = Pmax,avg · ηsim. (5.12)

• Current 3GPP Standards: The current maximum transmitted power limits
for 3GPP UE Power Class 3 (handheld devices) operating in FR1 and FR2
are 23 dBm and 23 to 25 dBm, respectively [12]. Additionally, the minimum
peak EIRP required for Power Class 3 in FR2 is 22.4 dBm [12]. The obtained
data indicate that UEs operating in the 6 to 15 GHz band can reach these
minimum peak EIRP levels while remaining compliant with APD limits when
accounting for TDD and for typically lower total efficiency.

• Cumulative Exposure from Other Bands: If future 6G UEs will be required to
transmit simultaneously in the new 6 to 15GHz range alongside the sub-6 GHz
bands, it must account for cumulative exposure, which may further impact
the distributed power across different frequencies considering on their EMF
limits.





Chapter 6

Conclusion, future work, and
discussion on sustainability

6.1 Conclusion

The main research gaps are summarized as follows:

• Existing research primarily focused either on maximizing communication per-
formance or on separately evaluating EMF exposure levels after the hardware
had already been developed. The tools to quantitatively evaluate the trade-off
between communication performance and EMF constraints for device design
are needed.

In particular, there was no holistic framework that combined realistic indoor
propagation environments, antenna radiation characteristics, and EMF-related
power limitations into a unified system-level evaluation methodology.

• On the hardware design side, conventional EMF mitigation tools, such as
reducing input power or enlarging the antenna radome, conflict with the
demands for high capacity and miniaturization, while existing antenna designs
for SAR reduction were developed for handheld UE rather than for indoor
small-cell BSs, and they were rarely evaluated under realistic deployment
scenarios.

Furthermore, antenna design providing touch compliance for certain power
levels is passive. Its potential to serve as a proximity sensor and enable
dynamic, sensing-based power control has remained largely unexplored, and
existing antenna-based sensors have been designed exclusively for sensing,
failing to meet the wideband requirements of communication antennas.

• For systems operating at emerging FR2/FR3, the researchers and hardware
developers proposed various exposure assessment methodologies and practical

49



50
CHAPTER 6. CONCLUSION, FUTURE WORK, AND DISCUSSION ON

SUSTAINABILITY

measurement platforms. A unified understanding of these methods is neces-
sary for researchers, standardization bodies, and 5G/6G handset developers.
Additionally, system-level design benchmarks under APD/IPD regulations
have not been studied.

The thesis addressed the above scientific and methodological gaps by introducing
an evaluation framework, passive and active EMF strategies for achieving touch
compliance, and new exposure assessment tools and design benchmarks for the FR2
and emerging FR3 bands. The contributions of each chapter are summarized below.

Chapter 2 established the evaluation framework to support device development,
accounting for the impact of EMF exposure on the used power levels when touch
compliance is desired. The power-related multiplexing efficiency was introduced,
which integrates three critical factors: the antenna’s far-field radiation characteristics,
the propagation scenario, and the maximum transmitted power. Monte Carlo channel
simulations provide antenna designers with a rapid comparison of MIMO antenna
systems without link- or system-level network simulations.

Chapter 3 explored antenna design solutions that allow for touch compliance.
Starting from the simplified models of antenna, air gap and phantom for either
surface-electric-current-driven radiators or aperture-based radiators, two design
strategies were derived and validated. For monopole antennas, widening the radiating
element and trimming triangular notches from the ground plane redistributed the
surface current density, spreading the SAR distributions and reducing the peak
10-g SAR levels. For patch antennas, a multi-even-mode strategy was introduced:
by engineering the resonance frequencies of three higher-order even modes, the
out-of-phase equivalent magnetic currents at the radiation apertures cancel in the
near field, splitting the SAR hotspots into multiple lower-level peaks. Both designs
are validated with the process in Chapter 1, achieving EMF touch compliance while
maintaining high communication performance.

Chapter 4 introduced an active EMF solution that complements the passive
strategies by enabling the BS to operate at its rated power during normal conditions
and triggering power back-off only when a human body enters the compliance
boundary. By repurposing a dedicated 5G communication antenna as a proximity
sensor to monitor variations in the reflection coefficient, a sensing system with a
dynamic power back-off system was implemented. This approach differs from other
solutions targeting on touch compliance, allowing indoor BSs to operate at their
maximum desired transmit power under normal conditions.

Chapter 5 shifted the focus to the higher frequency ranges relevant for 5G FR2
and the emerging 6G FR3. Three contributions were made. First, a comprehensive
review of current IPD and APD assessment methodologies was provided, identifying
the challenges for EMF assessment and research gaps. Second, a novel metasurface-
based conformal human phantom was proposed that can reproduce the reflection
coefficient, scattered far-field pattern, and antenna-detuning characteristics of human
tissues. Such a phantom approach provides a promising candidate for various 6G
testing scenarios. Third, the implications of APD touch compliance limits on 6G
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handheld UE were quantified across the 6–15GHz band, providing uplink benchmarks
of maximum allowed transmitted power and EIRP for future hardware design and
system-level evaluations.

6.2 Future Work

The contributions presented in this thesis open several directions for continued inves-
tigation. For instance, the present work demonstrates that EMF touch compliance
can be addressed effectively at the device and antenna level. A natural extension
is to lift this intelligence to the network control layer. EMF exposure levels below
the limits (similar to the power level under the total power limit) can be treated
as a device budget and exposed to the network as an input parameter for channel
capability or throughput. The base station scheduler can potentially account for
EMF exposure with resource allocation: adapting the number of allocated resource
blocks (bandwidth) and power, the MIMO transmission rank (layer), or the beam
direction in real time so that the cumulative time-averaged exposure remains below
limits without unnecessarily sacrificing throughput.

6.3 Discussion on Sustainability

The integration of advanced telecommunication systems into society must be con-
ducted with long-term sustainability in mind. The contributions of this thesis
align with sustainable development on hardware and material sustainability. Tradi-
tional EMF compliance testing often relies on liquid, semisolid, or chemical-based
phantoms that dry out, degrade rapidly, and require continuous, wasteful replace-
ments. The novel metasurface-based human phantom proposed in this thesis offers
a highly durable, low-cost, and reusable alternative constructed from standard PCB
materials.

6.4 Declaration of Use of Generative AI

This section shows how generative AI tools were used in preparing this thesis.

Grammarly and the Writefull assistant integrated in Overleaf were used to check
grammar, spelling, and phrasing throughout the manuscript. The use of these two
tools also helps improve sentence readability.

Large language models, specifically Gemini 3 Pro and Claude Opus 4.7, were used
to assist with LaTeX-related tasks, including refining table layouts and formatting,
and to help with the linguistic phrasing of summaries of the appended publications
and other portions of the thesis text. As a researcher writing academic work in a
second language, the author found that these tools substantially reduced the time
required to produce the thesis at the intended level of clarity.
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SUSTAINABILITY

No generative AI tool was used to produce the underlying research, the scientific
operations, the simulation and measurement results, or the analysis and conclusions
presented in this thesis.
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