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Abstract

Direct-to-Device (D2D) communication in Non-Terrestrial Networks (NTNs) en-
ables smartphones to connect directly to satellites, extending wireless coverage
beyond terrestrial networks. This thesis presents the design of a smartphone
antenna optimized for NTN operation, followed by a link budget analysis and
Electromagnetic Field (EMF) exposure assessment.

The proposed solution is a dual-band circularly polarized antenna operating in
the S-band NTN frequency ranges. The antenna is specifically optimized to pro-
vide radiation towards the upper hemisphere, while satisfying the size constraints
of a smartphone. In addition, a linearly polarized C-band antenna is obtained as an
extension of the S-band structure, enabling additional functionality. The antenna
performance is evaluated in terms of impedance matching, radiation characteristics
and efficiency, and its impact on system performance is evaluated by a link budget
analysis based on a Low Earth Orbit (LEQO) satellite scenario. The results demon-
strate that the optimized S-band antenna achieves data rates ranging from several
kbps to several Mbps, depending on transmit power and elevation angle, demon-
strating its suitability to enable NTN communication with significant data rates.
In the C-band, the system can provide additional connectivity, supporting low
data rate services, due to higher propagation losses and reduced antenna gain in
the skywards direction. Electromagnetic exposure is assessed through Specific Ab-
sorption Rate (SAR) simulations. The results show that SAR levels remain within
international limits when using certain duty cycle transmission period, needed at
certain phone positions relative to the body and higher transmit power levels.

The findings provide insights into the trade-offs between antenna design, link
performance, and user exposure in the context of smartphone-based NTN commu-
nication.



ii



Popular Science Summary

Today’s mobile networks allow people to stay connected in many places around the
globe, but some regions still lack reliable communication. This can be particularly
problematic in emergency situations, where a connection may be critical to safety.

A promising solution to this challenge is to use satellites that provide com-
munication services directly to smartphones. Instead of relying on ground base
stations, a phone could connect directly to a satellite orbiting the Earth, enabling
coverage in any location on the planet. However, in order to make this possible,
improved antennas in the smartphones are required, as the current systems are
not designed to communicate over such large distances between the user and a
satellite.

In this thesis, a specific type of antenna was designed to enable connectivity
between the smartphone and the satellite. The antenna is designed to fit within
the limited space of a modern smartphone, while directing the signal towards the
sky, where the satellites are located. In addition, the amount of information that
can be transmitted over this link was analyzed, and electromagnetic field exposure
is evaluated as it is needed to ensure compliance with limit values.

The results show that it is possible for a smartphone to establish a connection
with a satellite, particularly at certain frequencies that are specifically reserved for
this use. However, the large distance between the phone and the satellite leads to
a very weak signal, making a robust antenna design essential.

Overall, this work demonstrates that direct satellite communication with mod-
ern smartphones is technically feasible, but it requires a careful balance between
performance and reliability.
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Chapter ]_

Introduction

1.1 Background

Wireless communication systems have become essential for enabling global connec-
tivity and supporting a rapidly expanding ecosystem of digital services. Modern
networks support applications ranging from autonomous transportation and smart
manufacturing to remote healthcare, immersive media and distributed edge com-
puting [1]. As society and industries become increasingly dependent on continu-
ous and seamless connectivity, the demand for truly ubiquitous coverage continues
to grow. However, despite their maturity and widespread deployment, terrestrial
communication networks remain mainly limited by geographical, economic and en-
vironmental constraints. Large parts of the planet, such as rural regions, sparsely
populated areas, oceans and mountainous regions still lack reliable or affordable
wireless coverage.

To address this coverage limitation, satellite communication systems have
served as a complementary solution to terrestrial networks and traditionally sup-
port a wide range of use cases. These include Fixed-Satellite Services (FSS), which
provide long distance backhaul and international internet connectivity, Broadcasting-
Satellite Services (BSS) which deliver television and radio content directly to end
users, Global Navigation Satellite Systems (GNSS), which offer precise positioning
for vehicles and mobile devices, and Mobile-Satellite Services (MSS), which en-
able communications for mobile users equipped with dedicated satellite terminals,
including applications in emergency response, maritime and aviation communica-
tions, and government or military use [2]. Although these traditional services are
essential, they were not designed to integrate with cellular networks or support
direct communication with standard mobile devices.

Recent technological advancements have enabled a new class of satellite com-
munications systems, known as Non-Terrestrial Networks (NTNs), capable of sup-
porting direct communication between satellites and standard mobile phones [3].
The deployment of LEO satellite constellations combined with advances in mobile
phone antenna systems now make it possible for the User Equipment (UE) ter-
minals to establish communication links from remote or under-served areas. This
emerging capability extends the coverage of terrestrial mobile networks and aligns
with the growing demand for truly global and reliable connectivity.

The introduction of D2D NTN capabilities unlocks a diverse set of use cases
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that extend far beyond traditional satellite communications [4]. One of the most
significant applications is the provision of basic connectivity directly on smart-
phones, without the need for a dedicated terminal, in areas where terrestrial net-
works are not available. NTN can also improve coverage in rural and remote
areas, enabling mobile operators to reach regions where terrestrial networks are
economically unfeasible. Beyond consumer use, NTN offers significant benefits to
sectors such as maritime, aeronautical and railway transportation, where reliable
connectivity across oceans, air routes, and sparsely populated regions is essential
for safety and operational efficiency [3]. Additionally, NTN supports large-scale
Internet of Things (IoT) deployments by connecting sensors and devices in envi-
ronments where terrestrial infrastructure is lacking, including agriculture or envi-
ronmental monitoring. These emerging use cases highlight the potential of NTN
to complement terrestrial networks and serve as an essential enabler for ubiquitous
global coverage [5].

Despite being a key technology, D2D communication presents various chal-
lenges. The large distance between the UE and the satellite results in significant
path losses, leading to a very tight link budget. Establishing a reliable link is
further complicated by the limitations of standard smartphones, which typically
have low-gain, linearly polarized antennas, while satellite links generally rely on
Circular Polarization (CP) to mitigate ionospheric polarization rotation. Further
considerations include the Doppler shift, caused by fast moving LEO satellites,
and increased latency caused by the long propagation distances compared to ter-
restrial networks. These effects introduce synchronization challenges and delay in
the transmission, making it harder to achieve reliable, real-time communication
comparable to terrestrial networks.

Beyond performance considerations, EMF exposure must be assessed after
designing smartphones intended for satellite communication. All wireless de-
vices placed on the market must comply with established EMF exposure lim-
its. The limit values for EMF exposure are set in international guidelines by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) and
the Institute of Electrical and Electronics Engineers (IEEE) or by national au-
thorities, as the Federal Communications Commission (FCC).

To support this evolution, standardization entities like the Third Generation
Partnership Project (3GPP) and the European Telecommunication Standards In-
stitute (ETSI) have incorporated NTN-specific requirements into 5G specifications,
beginning with 3GPP Release 17 [6], which defined the foundational architecture
for New Radio (NR)-NTN and introduced dedicated frequency bands in Frequency
Range (FR) 1 and FR2 to enable satellite-based NR services. Releases 18 [7] and
19 [8] further developed the specification by expanding the supported frequency
bands, improving link performance requirements, and addressing mobility, power
constraints, and waveform adaptations. Ongoing work continues to expand these
features, with the broader objective of enabling seamless integration between non-
terrestrial and terrestrial systems, setting the foundation for future fully unified
6G networks.
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1.2 Motivation

The realization of D2D NTN connectivity depends on mitigating the severe phys-
ical and practical constraints associated with satellite to smartphone communica-
tion links with the use of directive antennas. Compared to terrestrial links, NTN
links suffer from significantly higher path losses due to the long propagation dis-
tances, power limitations at the UE, and propagation effects such as Doppler shift
or polarization mismatch. These factors result in a tight link budget which limits
achievable data rates, coverage and service reliability. Improving link capacity and
robustness is therefore a key factor for the deployment of D2D services.

Among all system components, the UE antenna plays a decisive role in deter-
mining end-to-end link performance. Currently, TN antennas in a UE typically
are omni-directional and have low gain and Linear Polarization (LP). In contrast,
satellite communication benefits from higher gain toward the upper hemisphere
and CP to mitigate polarization rotation and alignment losses. As a result, an-
tenna design emerges as one of the critical components for enhancing NTN link
capacity.

Motivated by these considerations, this work focuses on the design and evalua-
tion of a smartphone-integrated antenna specifically designed for NTN operation.
In parallel, EMF exposure is assessed. Ensuring compliance with international
SAR limits is compulsory, requiring a joint consideration of antenna performance,
radiation characteristics, transmit power and transmission duration. Together,
these aspects aim to enable reliable NTN connectivity for future mobile devices.

1.3 Objectives

The overall objective of this project is to investigate and evaluate a smartphone
antenna solution that enables reliable D2D communication. To achieve this goal,
the project is structured following three main objectives:

1. UE antenna design:

Design and integrate a compact multi-antenna system suitable for smart-
phones, including both a dual-band antenna specifically optimized for NTN
operation, and a wideband antenna covering terrestrial bands and potential
future NTN bands. The specific NTN antenna should provide enhanced
radiation towards the upper hemisphere, increased gain compared to con-
ventional smartphone antennas, and CP to reduce polarization mismatch
losses in satellite links. Design constraints related to device form factor, op-
erational frequency bands, and practical implementation aspects are taken
into account.

2. Link budget analysis:

Evaluate the impact of the proposed antenna designs on the NTN com-
munication link through the link budget analysis. This includes assessing
key parameters such as antenna gain, path loss, and transmission power
limitations in representative LEO satellite scenarios.

3. EMF exposure evaluation:
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Evaluate the electromagnetic field exposure associated with the proposed
antenna, using the SAR metric. The evaluation will assess whether the an-
tenna performance enhancements required for NTN communication comply
with relevant international guidelines on EMF exposure, considering trans-
mit power levels and duty cycles required for compliance.

1.4 Thesis structure

This thesis is structured as follows. Chapter 2 presents the theoretical background
relevant to NTN communication systems, including antenna fundamentals, satel-
lite link characteristics, and electromagnetic exposure metrics. Chapter 3 describes
the methods, simulations, and calculations used in this study. Chapter 4 presents
the results obtained. Chapter 5 discusses the results. Finally, Chapter 6 summa-
rizes the main findings and outlines possible directions for future work.



Chapter 2

Theoretical background

2.1 Antenna theory

This section introduces the antenna concepts relevant to this thesis, including the
main radiation mechanisms, impedance behaviour, and performance parameters
used in the analysis.

2.1.1 Basic antenna concepts

An antenna is defined as the part of a transmitting or receiving system that is
designed to radiate or receive electromagnetic waves [9]. From a circuit perspec-
tive, the antenna can be modelled as a load connected to a transmission line and
characterized by a complex impedance

ZA = [(Rrad + Rloss) +jXA]a (21)

where R,,q is the radiation resistance, representing the conversion of accepted
power into radiated electromagnetic waves, R;,ss accounts for conductive and di-
electric losses within the antenna structure, and X 4 is the reactive part of the
antenna impedance associated with stored electric and magnetic energy [10].

In addition to the intrinsic losses present in the antenna structure, impedance
mismatch between the feed line and the antenna leads to reflection losses, reducing
the power delivered to the antenna. Maximum power transfer is achieved under
conjugate matching conditions, where the antenna impedance is the complex con-
jugate of the source impedance.

While the impedance description captures how power is delivered to the an-
tenna, it does not describe how the radiated power is distributed in space. This
spatial distribution is characterized by the radiation pattern of the antenna, which
represents the radiation properties of the antenna as a function of space coor-
dinates. These properties include power flux density, radiation intensity, field
strength, directivity and polarization.

In the far field, radiation intensity is defined as the power radiated by an
antenna per unit of solid angle [9], and is expressed as [10]

2
U, ¢) = ;“77 E(r,0,0)]%, (2.2)
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where 7 is the intrinsic impedance of the surrounding medium, r is the radial
distance from the antenna to the observation point and E(r, 0, ¢) is the magnitude
of the electric field at position (r, 0, ¢).

To quantify the directional concentration of power, directivity is defined as
the ratio of the radiation intensity in a given direction to the radiation intensity
averaged over all directions [10], i.e.,

U, U,
D(9,¢) = (Uod)) = 4n Ig j’).

Directivity accounts only for the spatial distribution of the radiated power, but
does not include dissipation losses. To incorporate the losses, the antenna gain is
defined as the ratio of the radiation intensity in a given direction to the radiation
intensity that would be obtained if the power accepted to the antenna were radiated
isotropically [9, 10]

(2.3)

U
G(ev ¢) =4r ( 7¢) = nradD; (24)
n
where 7),.44 is the radiation efficiency [10]:
Rrad
g = ——Ted 2.5
fIrad Rrad + Rloss ( )

The impedance matching between the antenna and the feed line is commonly
quantified using the reflection coefficient. The reflection coefficient at the antenna
input is defined as [10]

Za— 2y
Za+ 2y
where Z; is the characteristic impedance of the feed line. A portion of the incident
power is reflected whenever |I'| # 0, reducing the power accepted by the antenna.

Considering mismatch losses between the antenna and the feeding network
leads to the definition of the realized gain, which accounts for both radiation and
mismatch losses

r= (2.6)

Grealized(ga Qb) = G(aa ¢) (1 - |F|2) ) (27)

where I is the reflection coefficient at the antenna input. The realized gain there-
fore represents the effective radiated performance of the antenna under actual
operating conditions.

2.1.2 User Equipment antenna theory

Modern smartphones integrate a large number of antennas to meet increasingly
demanding communication requirements. A typical device incorporates multiple
antennas for the Low Band (LB), Mid and High Band (MHB), and 5G NR, in
addition to two or more millimeter-wave antennas, one or more satellite commu-
nication antenna, two GNSS antennas, several Bluetooth and WiFi antennas, one
Near Field Communications (NFC) and multiple Ultra Wide Band (UWB) an-
tennas [11]. The design of these antennas is primarily constrained by the limited
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space available within the smartphone. They have to occupy only a small portion
of the device’s total volume, while smartphones continue to become thinner and
more compact [12].

Generally, smartphone antennas for TN have low gain and a quasi-omnidirec-
tional radiation pattern, particularly at frequencies below 1 GHz, as they are
designed to minimize the sensitivity to device orientation. Some common antenna
types include patch antennas, the Planar Inverted F Antenna (PIFA), the Inverted
F Antenna (IFA), slot antennas, and loop antennas.

2.1.2.1 Microstrip patch antennas

Microstrip patch antennas consist of a conducting surface of very small thickness ¢
compared to the free-space wavelength (¢t < Ag), printed on one side of a dielectric
substrate and backed by a conductive ground plane on the opposite side. The
substrate has thickness h, typically in the range 0.003\g < h < 0.05)g, and
relative permittivity 2.2 < &, < 12 [10]. A schematic illustration of a rectangular
microstrip patch antenna is shown in Figure 2.1.

The patch can be of several shapes such as rectangular, square, circular or
other more complex geometries. For a rectangular or square patch operating in
the dominant transverse magnetic mode (TMjg), the length of the side L usually
satisfies A\g/3 < L < Ag/2. The resonant frequency is primarily determined by
the effective electrical length of the patch and the effective dielectric constant e.g,
which accounts for fringing fields at the patch edges.

Ground plane Ground plane 4
(a) Top view. (b) Side view.

Figure 2.1: Patch antenna [10].

For rectangular or square patches, radiation is commonly associated with oper-
ation in the dominant transverse magnetic mode TMiq. In this mode, the electric
field varies sinusoidally along the patch length and is approximately uniform along
its width. The resonant frequency f, of the TM;g mode can be approximated as

c

[~ (2.8)

2Leff Eeff,
where c¢ is the speed of light in free space, Leg is the effective electrical length of
the patch, and e.g is the effective relative permittivity, which accounts for the fact
that the electromagnetic fields are partly confined within the substrate and partly
extend into free space due to fringing effects at the open edges.
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Radiation from a microstrip patch antenna is primarily caused by the equiva-
lent magnetic currents at the open-circuited sides of the patch, resulting in a broad-
side radiation pattern. The input impedance is determined by the feed method
and location; impedance matching is achieved by selecting an appropriate feed
offset from the patch edge.

Microstrip patch antennas are inherently resonant structures and therefore ex-
hibit relatively narrow impedance bandwidth. Typical relative bandwidth values
are commonly in the range of approximately 2-5%, depending on the substrate
properties and antenna geometry [10]. In general, thicker substrates and lower
dielectric constants lead to increased bandwidth, while higher permittivity sub-
strates result in more compact antennas at the expense of reduced bandwidth.
Despite their relatively narrow bandwidth, microstrip patch antennas are widely
used due to their low profile, planar geometry, mechanical robustness, and ease of
integration with printed circuit boards.

2.1.2.2 Planar Inverted-F Antenna (PIFA)

Planar Inverted-F Antennas (PIFAs) are compact, low-profile resonant antennas
derived from the microstrip patch antenna by introducing a shorting element be-
tween the radiating patch and the ground plane. A typical PIFA, as shown in
Figure 2.2, consists of a planar metallic patch placed parallel to a ground plane, a
vertical shorting pin or shorting wall that connects the patch to the ground plane,
and a feeding point.

The presence of the shorting element alters the boundary conditions of the res-
onator, transforming the half-wavelength behaviour of a conventional microstrip
patch into a quarter-wavelength resonator. The fundamental resonance of a PIFA
is therefore approximately achieved when the effective electrical length of the cur-
rent path satisfies

Ao
4\/ geﬁ’

where Leg is determined by the combined length of the patch and the shorting
path, and e.g accounts for the substrate and air regions.

Ground plane

Figure 2.2: PIFA.

Electromagnetically, the shorting element enforces a current maximum at its
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location, while the open edge of the patch corresponds to a current minimum.
As a result, the current distribution along the patch is similar to a quarter-wave
monopole folded parallel to the ground plane. Compared to microstrip patch
antennas, this configuration enables significant size reduction while maintaining
acceptable radiation efficiency.

The input impedance of a PIFA is primarily controlled by the relative positions
of the feed point and the shorting element. By placing the feed between the
short and the open edge, impedance values near 50§ can be obtained without
additional matching circuitry. The resonant frequency is influenced by the patch
dimensions, height above the ground plane, substrate properties, and the geometry
of the shorting element. As with microstrip patch antennas, PIFAs are resonant
structures and exhibit limited fractional bandwidth.

Due to their compact size, ease of impedance matching, and favourable in-
tegration with device chassis, PIFAs are widely used for low-band and mid-band
cellular applications [10].

2.1.2.3 Rectangular loop antennas

Loop antennas are wire or printed antennas in which radiation is primarily pro-
duced by a closed conducting loop. Among the various loop geometries, rectangu-
lar loop antennas are of particular practical interest due to their ease of fabrication,
compatibility with planar technologies, and convenient integration into compact
devices and PCBs.

A rectangular loop antenna typically consists of a thin conducting trace form-
ing a closed rectangle of perimeter P = 2(L+ W), where L and W denote the loop
length and width, respectively. The conductor radius or trace width is assumed
to be electrically small compared to the wavelength, such that the current can be
reasonably approximated as flowing along the loop contour. Depending on the
electrical size of the loop, its radiation characteristics differ significantly [10].

For electrically small loops, defined by P < Ag, the current distribution around
the loop is approximately uniform. In this regime, the loop antenna behaves as
a magnetic dipole. As the loop dimensions increase and the loop perimeter ap-
proaches a significant fraction of the wavelength, the current distribution becomes
non-uniform and standing-wave effects develop. For rectangular loop antennas
with perimeter approximately equal to one wavelength, P ~ \g, a resonant con-
dition is achieved, and the loop can be viewed as a folded dipole-like structure
supporting a standing-wave current distribution. In this resonant regime, radi-
ation efficiency increases substantially, and the antenna no longer behaves as a
purely magnetic dipole. Instead, the radiation pattern typically exhibits broad-
side maxima normal to the plane of the loop [10].

The resonant frequency of a rectangular loop antenna is primarily determined
by its perimeter and the effective wavelength supported by the structure. For pla-
nar or printed loops on a dielectric substrate, the resonance can be approximately
expressed as

frr — ¢ (2.10)

)
Pcff Eeff
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where P.g is the effective electrical perimeter of the loop, which is the total cur-
rent path length corrected for fringing-field effects, making the resonant length
slightly larger than the physical perimeter; and e.¢ denotes the effective relative
permittivity. As with other planar antennas, fringing fields and substrate loading
cause the electrical length to differ from the physical dimensions.

Due to their simplicity, robustness, and favourable coupling properties, rectan-
gular loop antennas are widely used in compact wireless devices. With appropriate
scaling and layout optimization, planar rectangular loops can also be adapted for
higher frequency or multi-band operation, including integration into modern wire-
less and non-terrestrial communication platforms [13, 14].

2.1.2.4 Monopole-like antennas

A conventional monopole consists of a single radiating conductor mounted above
a conductive ground plane, which acts as an image plane and effectively forms
the equivalent of a dipole antenna. The most common example is the quarter-
wavelength monopole, whose physical length is approximately A/4, where A is the
wavelength of operation.

Monopole-like antennas include practical antenna structures that resemble or
extend the monopole concept while deviating from the ideal thin-wire geometry.
Examples include planar monopoles, printed monopoles, and other compact wide-
band designs. A key distinguishing feature of these antennas is that the main
radiating element is not placed above a ground plane; instead, a ground-cleared
region is required around or beneath the radiator to support monopole-like op-
eration. These antennas are widely used because of their simple structure, low
profile, ease of fabrication, and good impedance matching over a relatively broad
bandwidth.

The radiation pattern of monopole-like antennas is typically omnidirectional
in the azimuth plane, which makes them suitable for applications requiring wide
coverage. Their polarization is usually linear. The performance of a monopole-like
antenna is strongly influenced by the size and shape of the ground plane, as well
as by the geometry of the radiating element, which affect parameters such as input
impedance, bandwidth, radiation efficiency, and gain.

Due to their compactness and versatility, monopole-like antennas are com-
monly employed in wireless communication systems, including mobile terminals,
and satellite-related user equipment.

2.2  Matching networks

The simplest type of matching network is the L-network, which is composed of two
reactive elements to match any load impedance to a transmission line or source
with specific Zy or Zg, respectively. Two configurations are possible for this kind
of network, as shown in Figure 2.3. The circuit in Figure 2.3a is used if the load
resistance is greater than the transmission line resistance. On the other hand,
if the load resistance is lower than the transmission line resistance, the circuit
configuration in Figure 2.3b is used.

To synthesize the L-match, a series reactance X is cascaded with the load
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(a) Network for Ry > Ryo. (b) Network for Rr, < Ry.

Figure 2.3: L-section matching network configurations [15].

and a shunt susceptance B, is applied at the appropriate node. In normalized
form, the series element transforms z;, = Z1,/Z; along a constant resistance circle
on the impedance Smith chart, whereas the shunt element (implemented as a
susceptance in the admittance domain) transforms y = Y/Yj along a constant
conductance circle until the input impedance is driven to z;;, = 1 4 j0. The L-
match is synthesized in terms of a required series reactance X, and a required
shunt susceptance B,. Once X, and B, are obtained, the component type and
value follow from their sign

wlg, X,>0 wCp, B,>0
X, = 1 , B, = 1 (2.11)
_ -—, B, <0.
wCy’ Xs <0 wk, P

2.3 Propagation and NTN channel characteristics

NTNs are a type of communication network in which radio access is provided
by non-terrestrial platforms, such as satellites, high altitude platforms or un-
manned aerial vehicles. The non-terrestrial platforms considered include satellite
systems operating in LEO, Medium Earth Orbit (MEO), Geostationary Earth Or-
bit (GEO) or Highly Elliptical Orbit (HEO) orbits, as well as aerial platforms such
as High-Altitude Platform Stations (HAPS), including balloons or solar powered
aircraft.

Two main payload architectures are defined for NTN operation: transparent
(bent-pipe) and regenerative. In a transparent payload architecture, no baseband
processing is performed on the platform; instead, the satellite or aerial platform
acts as a Radio Frequency (RF) repeater, with all gNodeB (gNB) functions located
in the ground segment. In contrast, a regenerative payload architecture offers on-
board processing, allowing some or all gNB functions to be implemented directly
on the satellite or aerial platform [3].

2.3.1 NTN system geometry

The geometry of the NTN system describes the relative positioning between the
UE on the Earth’s surface and the non-terrestrial platform, including distances,
angles and orientation. Unlike TNs, NTNs are characterized by large separation
distances between Transmitter (Tx) and Receiver (Rx), which significantly influ-
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ence propagation losses.

Some key parameters are the platform altitude, the slant range between the
user and the platform, and the elevation angle at the receiver. In NTN, LEO
satellites are generally used as the radio access platform [16].

The slant range is defined as the Line-of-Sight (LoS) distance between both
ends of the link

d=\/Rysin?a+ h3 +2Rphe - Rpsina, (2.12)

where Rpg is the mean Earth radius R = 6371 km, hq is the satellite altitude
above Earth’s surface and « is the elevation angle, defined as the angle between
the horizontal plane at the ground terminal and the LoS toward the satellite [17].

Figure 2.4 presents the typical geometry between the UE and satellite, showing
the elevation angle «, the slant range d, the nadir position of the satellite, its height
ho and the Earth radius Rg.

0
s N
, ho
/ horizon
/ o
// nadir
terminal /.-~
///
//
//
Earth surface - Rg
//

/ I

Figure 2.4: Slant range d between a satellite and a ground terminal

3].

2.3.2 Free-space attenuation

Free-Space Path Loss (FSPL) is a physical mechanism caused due to the geometric
spreading of electromagnetic waves as they propagate away from the transmitter
and depends only on the transmission distance and the operating frequency, as-
suming an ideal, lossless medium [18].

From the principle of energy conservation, the total radiated power p; by a
transmitting antenna must equal the integral of the radiated power flux over any
closed surface that surrounds the transmitting antenna. Considering a spherical
surface of radius r centered at the transmitter and assuming isotropic radiation, the
power flux density is uniformly distributed over the sphere and can be expressed
as

_ Y43
A2’

¢

(2.13)
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The receiving antenna is characterized by its effective aperture A.g, which
represents the effective area over which the incident power is captured. Under the
assumption that all power incident on this effective area is received, the received
power at distance r can be expressed as

pr=¢- Aes. (2.14)

By substituting the expression for the power flux density, the FSPL can be

expressed as
Ard\?
Iy = (”) | (2.15)
Ao

where \g is the free-space wavelength and d is the distance between the transmit-
ting and receiving antennas.

For practical link budget calculations, the FSPL is commonly expressed in
decibels. Depending on the chosen units, it can be written as [19]

Ly4[dB] = 32.44 4+ 2010g(rkm) + 2010g; o (fammz), (2.16)

where 7y, is the distance expressed in km, and fypy, is the frequency expressed
in MHz.

For a directional transmitting antenna, the power flux density in the direction
of the receiver is increased by the antenna gain G4. In this case, the received power
becomes

Aeff
=p,Gi——. 2.17
Pr = Pt ) ( )
The effective aperture of the receiving antenna is related to its gain G, by
)\2
Ay = —G,, 2.18
£= (2.18)

where A denotes the wavelength. Substituting this expression into the previous
equation yields:

A \2
pr = ptGiGy <47rd) ) (2.19)

which is known as the Friis transmission equation [18, 20].

The total losses can be expressed as lota1, that adds different loss components,
typically including FSPL, atmospheric attenuation, rain and clouds attenuation,
scintillation fading, polarization effects, and shadowing and blockage.

2.3.3 System noise

Noise is introduced into a satellite communication link at multiple points along
the signal path. Hardware components such as amplifiers, mixers, converters,
filters, switches, and interconnecting elements all contribute to adding noise within
the system bandwidth. In addition to hardware-induced noise, the radiowave
propagation path introduces noise through atmospheric effects, such as thermal
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emission from atmospheric gases, absorption by oxygen and water vapour, rain
attenuation and scattering, and scintillation. Among all sources, noise introduced
at the receiver front end is the most critical, since the received carrier power at
the antenna terminals is extremely low. Therefore, even small noise contributions
at this stage can significantly degrade link performance, making the design of the
receiver components essential to maintain acceptable signal quality.

At radio frequencies, thermal noise is the dominant noise mechanism and arises
from the random thermal motion of electrons in both active and passive devices.
This noise is commonly modelled using an equivalent noise temperature, which
represents the temperature of an ideal resistor that would produce the same noise
power per unit bandwidth. Noise power is characterized by the Nyquist relation
and is independent of frequency. For a system noise temperature Ty and receiver
noise-equivalent bandwidth B, the available thermal noise power can be written
as

pn =n = kT B, (2.20)

where k is Boltzmann’s constant. Noise contributions from cascaded components,
along with antenna and sky noise, are combined and referenced to the receiver an-
tenna terminals to obtain the system noise temperature. This system-level metric
provides a direct measure of the overall noise impact on the satellite link and is
fundamental to the evaluation of link performance [20].

2.3.4 Link performance parameter

Satellite link performance is usually measured by the ratio between the average
carrier power and the noise power, defined as the carrier-to-noise ratio (C/N) [20].
The received power can be expressed as

1
pr = GGy <l ) ; (2.21)
total
where l;:4; is the total link losses.
Considering (2.20), the carrier-to-noise ratio at the receiver terminals is there-
fore [20]

C GG
R N (2.22)
N Ny ltotal kTsB
Alternatively, expressing the result in terms of the Effective Isotropic Radiated
Power (EIRP) and the receive gain over system temperature G,., the carrier-to-
noise ratio can be written as

C _EIRP ( G, > 1 (2.23)

N B kB Tsys ltotal.

For digital communication systems, link performance can also be characterized
by the ratio of energy per information bit to noise power spectral density, denoted
as E,/Ny. This parameter is related to the carrier-to-noise ratio through the bit
rate Ry, as [20]
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E, CB
=22 2.24
No NR, (2.24)

2.3.5 Propagation effects in NTN links

Propagation in Non-Terrestrial Networks (NTNs) differ from terrestrial links be-
cause, with respect to TN, signals travel a longer distance.

Atmospheric gases introduce attenuation primarily through molecular reso-
nance absorption of oxygen and water vapour. This effect is typically modelled
via a specific attenuation v, (dB/km) integrated along the slant path, and strongly
depends on frequency [21].

Rain causes both absorption and scattering, leading to attenuation and depo-
larization. The rain attenuation for a given time percentage can be obtained from
ITU-R models using

Ar = YR Teft, YR = kRau (225)

where R is the rain rate, and k& and « depend on frequency and polarization, and
rog is an effective path length that depends on elevation angle and the rain height.
It has a strong dependence on elevation €, which implies that low-elevation (« = 0)
links may require substantial fade margins or adaptive mechanisms [22, 23].

Small-scale refractive index fluctuations caused by atmospheric turbulence in-
troduce rapid amplitude and phase variations, known as tropospheric scintillation.
Scintillation effects are more pronounced at higher frequencies and low elevation
angles. Scintillation is usually treated statistically and added as a fading margin
in the link budget [22].

At carrier frequencies below a few gigahertz, ionospheric effects are significant,
leading to group delay and phase shift, and Faraday polarization rotation [24].

In addition to atmospheric phenomena, NTN links often experience terrestrial-
like impairments at the UE location. Trees can intermittently block the LoS,
producing excess loss and outage events. This effect strongly depends on the
specific scenario and is commonly modelled with the LoS probability [3].

For system design, the overall propagation contribution is typically represented
as a total loss term

ltotal = lfs lq lr lc lmisc; (226)

where [y, [, and [. correspond to gaseous, rain, and cloud losses, and lynisc may
include scintillation margin, polarization mismatch, pointing loss which accounts
for misalignment between transmit and receive antennas, and shadowing, which
accounts for losses due to large obstacles obstructing the signal path. The relative
importance of each term depends primarily on frequency band, elevation angle,
climate zone, and terminal environment which defines the physical surroundings
and conditions around the UE.
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2.3.6 Doppler shift and propagation delay

Doppler shift arises from the relative radial motion between the transmitter and
the receiver, producing a frequency offset proportional to the LoS velocity. For a
carrier frequency f., the Doppler shift can be approximated as

Ur Ur
/\0 C

where v, is the radial relative velocity, \g is the free-space wavelength, and c is the
speed of light in vacuum. In NTN links, v, varies over time with respect to the
user due to satellite motion, resulting in a time-varying Doppler offset that must
be tracked by the receiver.

Propagation 7 delay corresponds to the time taken by the electromagnetic
wave to travel over the slant range d

fp fes (2.27)

T=". (2.28)

The Round-Trip Time (RTT) is the time required for the signal to propagate
both ways

RTT~ 2% (2.29)
C

Compared to terrestrial systems, satellite links exhibit significantly larger and
time-varying delays as d changes with the satellite position, which impacts syn-
chronization, timing alignment, and latency.

2.4 EMF exposure

Smartphones are typically used in proximity to the human body. During normal
operation, the device antenna transmits electromagnetic fields, part of which is
absorbed into the human body and converted to heat [25]. At frequencies below
6 GHz, international organizations such as the International Commission on Non-
Ionizing Radiation Protection (ICNIRP), the IEEE, and national regulators like
FCC establish exposure limits, with wide margins to avoid excessive heating, in
terms of Specific Absorption Rate (SAR).

SAR is a metric that quantifies the absorbed power per unit mass of human
tissue. It can be calculated as

2
SAR [W] _ 2lE@F (2.30)
kg p
where o denotes the local electrical conductivity of the tissue, p is the local mass
density and E(r) is the rms local electrical field.

From (2.30), it can be observed that SAR is directly proportional to the square
of the rms electric field magnitude inside human tissue. This makes the transmit
power, antenna placement, field distribution, and device orientation critical factors
affecting SAR.
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Figure 2.5: Boundary conditions of electric field in the human body
[26].

Figure 2.5 illustrates the boundary conditions of the electric field at the inter-
face between free space and biological tissue. Part of the incident electromagnetic
field propagates into the dielectric tissue, where the dielectric losses cause the
absorbed energy to be dissipated as heat.

ICNIRP specifies a localized SAR limit of 2.0 W /kg, averaged over a cube of
10 g of tissue and over a 6 minute period, for exposure in the head and trunk.
FCC defines a maximum localized SAR of 1.6 W /kg, averaged over 1 g of tissue
and over a 6 minute period for the same regions.

For exposure in the limbs, both ICNIRP and FCC standards set the limit
for localized SAR of 4.0 W/kg averaged over 10 g of tissue. These limits are
summarized in Table 2.1.

Table 2.1: Maximum localized SAR exposure limits specified by
different international bodies and regulatory organizations for
different body parts [27, 28].

Org. Exposure region Averaging SAR Averaging
mass limit time
Head and trunk lg 1.6 W /kg .
Fee Limbs 10 g L0 W/kg O ™D
[CNIRP Head and trunk 10g 2.0 W/kg 6 min

Limbs 10g 4.0 W/kg
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Chapter 3

Methodology

In this chapter, the main methods used for the study of the different parts of the
project are explained. First, the antenna requirements and design targets are pre-
sented. Then, the link budget model assumptions and calculations are explained.
Finally, the EMF exposure evaluation simulation methods and configurations are
discussed. The antenna is modelled and simulated in the time-domain solver of
CST Studio Suite 2026, including the SAR simulations [29].

3.1 Antenna requirements

In this section, the antenna design is explained and the main steps of the design
process are outlined.

3.1.1 Frequency band selection

NTNs are an emerging type of network that is currently transitioning from stan-
dardization to initial deployment [30, 31]. In this context, 3GPP has already
defined dedicated frequency bands to support non-terrestrial operation. In partic-
ular, satellite access for mobile devices is specified in the S-band, while larger and
higher capacity devices are specified in higher frequency bands in the 10-15 GHz
range [1].

Based on these specifications, the antenna design in this project targets two
of the standardized 3GPP frequency bands for NTN operation. Specifically, a
dual-band configuration covering the n252 and n256 bands is proposed. These
bands correspond to UL frequency ranges of 2000-2020 MHz and 1980-2010 MHz,
respectively, and to Downlink (DL) frequency ranges of 2180-2200 MHz and 2170-
2200 MHz, respectively [8]. The full list of introduced frequencies for NTN in
Release 19 is shown in Figure 3.1.

In addition to the standardized n252 and n256 bands for NTN, the n78 band
between 3.3 and 3.8 GHz is also considered in the antenna design [32]. This fre-
quency band is used for terrestrial 5G NR, making it relevant from an integration
perspective. Moreover, this band provides a good trade-off between available band-
width and FSPL, which makes it attractive for exploring non-terrestrial commu-
nications beyond the currently standardized bands, including cases where antenna
configurations are not specifically optimized for NTN operation. Its suitability for

19
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satellite-to-ground propagation at mid-band frequencies has been investigated in
both analytical and experimental studies, including C-band NTN channel mea-
surements and elevation-dependent path-loss modelling [33, 34]. Furthermore, the
reuse of already standardized terrestrial spectrum could simplify spectrum uti-
lization and enable closer convergence between Terrestrial Networks (TNs) and
NTNs. In this sense, recent system-level studies have demonstrated the feasibility
of operating both TN and NTN links in the same frequency band [35]. From now
on, the antenna covering the n252 and n256 bands will be referred to as S-band
antenna, and the antenna covering the n78 band will be referred to as C-band

antenna.

NTN Uplink (UL) operating band Downlink (DL) operating band Duplex
satellite Satellite Access Node receive / UE Satellite Access Node transmit / UE mode

operating transmit receive
band' Fuilow = FuLhigh FoLiow — FoLhigh
n256 1980 MHz - 2010 MHz 2170 MHz — 2200 MHz FDD
n255 1626.5 MHz — 1660.5 MHz 1525 MHz — 1559 MHz FDD
n254 1610 - 1626.5 MHz 2483.5 — 2500 MHz FDD
n253 1668 MHz — 1675 MHz 1518 MHz — 1525 MHz FDD
n252 2000 — 2020 MHz 2180 — 2200 MHz FDD
n251 1626.5 MHz — 1660.5 MHz 1518 MHz — 1559 MHz FDD
n250 1668 MHz — 1675 MHz 1518 MHz — 1559 MHz FDD
n248 14000 MHz - 14500 MHz 10700 MHz — 1275023 MHz FDD
n247 13750 MHz - 14000 MHz 10700 MHz - 1275023 MHz FDD

NOTE 1: NTN satellite bands are numbered in descending order from n256.

NOTE 2: For Region 2, the downlink is limited to 10700 — 12700 MHz.

NOTE 3: For the US, the downlink is limited to 10700 — 12200 MHz for Mobile VSAT.

NOTE 4: Operating band n200 is a reserved value.

Figure 3.1: Frequency bands for NTN in 3GPP Release 19, indicat-
ing the bands of interest (Table 5.2.2-1: NTN satellite bands
in FR1I-NTN) [1].

3.1.2 Design targets

In addition to frequency coverage, some performance targets have been defined
for the S-band NTN antenna. These targets aim to provide reliable and robust
satellite operation. One of the key design choices concerns polarization. Due to
ionospheric effects, linearly polarized signals experience Faraday rotation when
propagating through the ionosphere [24], which can lead to severe polarization
mismatch and associated link degradation. To mitigate this effect and improve link
robustness, Circular Polarization (CP) is selected for both the uplink and downlink
frequency bands of the S-band antenna (n252 and n256 bands). The quality of
CP is quantified by the Axial Ratio (AR), which represents the ratio between
the major and minor axes of the polarization ellipse. Another critical parameter
is the antenna gain. Higher gain in the region of interest is targeted to help
mitigate the large free-space path loss and to maintain a reliable communication
link. Finally, impedance matching is assessed through the reflection coefficient
S11. A maximum reflection coefficient below -6 dB is set as a target across the
operating bands, which corresponds to 25% of the input power being reflected
back from the antenna. This criterion represents a reasonable trade-off between
bandwidth and design complexity, and is commonly adopted in practical antenna
designs for UEs, where strict volume constraints must be satisfied. The resulting
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S-band antenna performance requirements adopted in this work are summarized
in Table 3.1.

Table 3.1: S-band NTN antenna performance targets.

Parameter Target

Axial Ratio (AR) < 3 dB within operating band and
radiating region of interest

Reflection coefficient (S1;) < —6 dB

Radiation region of interest Upper hemisphere (30° < o < 90°)

For the C-band antenna, only a reflection coefficient below -6 dB is required,
as the aim is not to optimize performance for this band, but to investigate the be-
haviour of a more general antenna configuration in the context of NTN operation.
LP and a broad radiation pattern are therefore considered for this purpose.

3.2 Antenna design

The antenna design process is divided into two stages. First, the S-band antenna
is developed. In a second stage, the design is extended to include the C-band
antenna.

To meet the design targets defined in Section 3.1, different state-of-the-art
antenna solutions for satellite and skyward communication applications have been
reviewed, e.g., [13, 14, 36-40]. These include designs suitable for smartphones
with both metallic and plastic frames.

Different solutions have been proposed in the literature to achieve high gain
and CP under practical design constraints. In [36], a rectangular loop antenna is
proposed to obtain a single-band CP region with radiation in the endfire direc-
tion. In [37], two narrowed crossed dipoles are designed to obtain a single band
CP operation. In [38], an aperture structure combining a PIFA with parasitic
elements is employed to generate CP. A metallic bezel solution is presented in
[39] where LP high gain radiation in the endfire direction is achieved. In [14], a
loop antenna combined with a parasitic metallic element is used to achieve two
CP bands. Similarly, [13] proposes a loop antenna together with a meandered
monopole, while [40] proposes a shared-aperture configuration with perpendicular
antennas to achieve CP.

From this review, several conclusions can be drawn. The main challenge is to
achieve high gain and CP within the limited volume available in a smartphone.
Dipole and aperture-based structures can provide CP and directional radiation,
but they may present limitations in terms of compactness and ease of integration
into the smartphone. Metallic bezel solutions are attractive because they use the
chassis to enhance radiation performance, but they may complicate the genera-
tion of CP or dual-band operation. In contrast, loop-based configurations appear
particularly promising for smartphone integration due to their compact geome-
try, their flexibility in achieving endfire radiation, and their compatibility with
parasitic elements for bandwidth extension, resonance control, and polarization
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shaping.

Based on these conclusions, a loop antenna combined with a parasitic element
approach has been chosen for this work [14]. This topology enables dual-band
operation and dual CP in the endfire direction, making it a suitable candidate for
the integration within the smartphone covering the n252 and n256 NTN frequency
bands.

For the C-band antenna, the available space in the metallic corner of the phone
is utilized to realize a resonant structure, where excitation is achieved through a
coupled feeding mechanism. This approach allows for the use of the chassis and
enables resonance in the desired frequency range.

3.2.1 Design Procedure

The antenna design follows a sequential approach consisting of four main steps:

1. The S-band antenna is first designed and optimized to achieve low AR over
the frequency bands of interest, ensuring CP performance in the target
operating range.

2. The C-band antenna is then designed and integrated with the S-band struc-
ture. This step focuses on achieving the desired resonance in the higher
frequency band.

3. A coupling reduction technique is introduced to mitigate the interaction
between the two antenna structures and improve port isolation.

4. Finally, an external matching network is designed to compensate for the
impedance mismatch resulting from the S-band optimization, ensuring proper
impedance alignment at the target frequencies.

3.2.2 Antenna model

Figure 3.2 shows the geometry of the proposed antennas. The S-band antenna
is located along the top edge of the smartphone in order to improve radiation in
the skywards direction, which is desirable for satellite-oriented links. The C-band
antenna is integrated into the top right metallic corner, seen from the front.

The structure of the S-band antenna consists of a rectangular loop located
at the top of the device (Figure 3.2b) and an additional parasitic branch placed
above it (Figure 3.2¢), separated by a dielectric substrate. Each of these elements
is designed for a specific resonant frequency and optimized to achieve low AR in
both the UL and DL bands. The S-band antenna is excited through a coupled
feeding mechanism, where the feeding line is not directly connected to the radiating
loop. Instead, energy is electromagnetically coupled from the feed to the loop and
parasitic branch. The width, length and offset of the feeding line provide several
degrees of freedom to optimize the phase difference between the horizontal and
vertical field components.

For the C-band antenna, the metallic bezel of the smartphone is used as the
radiating element (Figure 3.2d). To isolate the radiating element from the main
ground plane of the device, cutouts are introduced along the side and back of
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the phone, forming a dedicated metallic region. The antenna is excited through
a coupled feeding mechanism, which is optimized to achieve impedance matching
within the desired frequency range.

An unfolded view of the structure is shown in Figure 3.3. The rectangular
loop is highlighted in green, the parasitic branch in yellow, and the corner antenna
in purple. The notch filters at each port are also shown, along with the matching
network at Port 1. For clarity, the substrates are hidden in this representation.
The central blue region corresponds to the back of the smartphone, while the
orange regions represent the sides of the smartphone.

(b) (c)

(d)

Figure 3.2: Geometry of the proposed S-band and C-band smart-
phone antennas. (a) Overall view of the device and zoomed-in
antennas region. (b) Rectangular loop. (c) Parasitic branch.
(d) Corner bezel antenna.

Two different dielectric materials are used in the design in order to balance



24 Methodology

efficiency and economy. A lower permittivity substrate (ROGERS 5880 with ¢, =
2.2) is placed in the top region, where the antenna is located, to reduce field
confinement and thus improve radiation efficiency [41]. On the left, right, bottom
and back sides of the phone a higher permittivity (FR4 with &, = 4.4) dielectric
has been used [42]. A detailed view of the location of the substrates is found in
Appendix A. FR4 is widely used in consumer electronic devices due to its low
cost and mechanical robustness, and it is the most common PCB material in
user equipment. However, for the NTN antenna, where link performance is more
critical, a lower-loss material is preferred in order to improve radiation efficiency.
Therefore, a higher-performance dielectric is employed in the radiating region,
while FR4 is retained in less critical areas of the device. Table 3.2 shows the
properties of the materials used.

Table 3.2: Materials used in the antenna model.

Material Properties
FR4 er =4.4, tand = 0.02 (@ 2 GHz)
Rogers 5880 gr = 2.2, tand = 0.0009 (@ 10 GHz)

Copper (annealed) Conductivity o = 5.8 x 107S/m

The antennas are fed through electromagnetic coupling using a 50 {2 microstrip
line implemented on the FR4 substrate. The line width is calculated from stan-
dard microstrip design equations. For a substrate thickness of h = 0.5 mm, the
corresponding normalized width is approximately W/h & 1.91, resulting in a feed
width of W =~ 0.96 mm. This value is used as an initial estimate and is later
refined in simulation.

Finally, all the antenna dimensions are presented in Figure 3.4, where top, side,
front and back views are provided; and the feeding line dimensions are presented
in Figure 3.5. In addition, the optimized values of the dimensions corresponding
to the final proposed antenna structure are summarized in Table 3.3.
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Table 3.3: Main antenna dimensions.

Parameter Description Value (mm)
%4 Overall antenna width 70
L Overall antenna length 150
1 Length of loop 52.5
12 Length of parasitic branch 44
13 Length of top corner branch 18
I _gap Gap between ground and top corner 1.5
branch
l _gap 2 Gap between ground and loop 3
I _gap 3 Gap between side ground and top cor- 1
ner branch
w_loop Width of the loop 1
12 offset x Horizontal offset of parasitic branch 8.85
12 offset y Vertical offset of parasitic branch 26.15
w__front_loop  Width of loop in the front part 3
I _sep Side separation between loop and 2.9
ground
l _sep 2 Vertical separation between loop 3
front side and the substrate
feed of fset 1 Port 1 offset from the center axis 4.75
feed of fset 2 Port 2 offset from the top edge 6
h_sub 1 ROGERS dielectric height 0.508
h_sub 2 FRA4 dielectric height 0.5
w_feed 1 Width of feeding line 1 0.94
I _feed 1la Length of feeding line 1 section a 6
I _feed 1b Length of feeding line 1 section b 4
l feed 1c Length of feeding line 1 section ¢ 8.4
w_ feed 2 Width of feeding line 2 0.94
I _feed 2a Length of feeding line 2 section a 5
Il feed 2b Length of feeding line 2 section b 4
l_feed 2c Length of feeding line 2 section ¢ 2.5
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r

Figure 3.3: Proposed antenna design, including the S-band (green
and yellow regions) and C-band antenna (purple region).
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3.2.2.1 Design of notch filters

To improve the isolation between the two antenna ports, notch filters have been
designed. A notch filter is a frequency-selective circuit that strongly attenuates
signals within a frequency range while having a smaller effect outside that range.
This filter can be used to suppress unwanted currents at specific frequencies and
thereby reduce mutual coupling between radiating elements situated close to each
other.

Each notch filter is implemented as a series LC resonator connected in shunt
to ground, as shown in Figure 3.6. The input impedance of the series branch is
given by

1

ZLseries = R + ]UJL + jwc, (31)
where Ry represents the equivalent series losses of the inductor, capacitor and con-
nections. At the resonance frequency, the reactive terms cancel and the series LC
presents a low impedance, providing a path to ground for currents at the specific
frequency. Each filter, one for each port, is tuned to the operating frequency of
the opposite port, reducing the mutual coupling between the antennas. Neglecting
losses and parasitics, the series resonance frequency is

1
2mVLC'

Given a target frequency fy and selecting a capacitor value C, the correspond-
ing inductance can be estimated as

fo= (3.2)

1
L=~ GrfEC (3.3)

For a series-loss model Z = Rg 4 j X, the unloaded quality factor is defined as
the ratio between the imaginary and the real part of the impedance. A higher Q
results in a narrower and deeper attenuation notch, whereas lower QQ increases the
notch bandwidth but reduces the maximum achievable isolation.

The analytical estimates in (3.2)—(3.3) provide a first design iteration. In the
final design, the resonance frequencies were refined in simulation. The component
values were iteratively tuned to place the attenuation notches at the desired fre-
quencies in the complete structure. The final implemented values are summarized
in Table 3.4, and correspond to commercially available component values [43-45].

Table 3.4: Notch filter component values for the two operating
frequencies.

Port Inductor Capacitor
P1 L1 =3.9nH Cl =1.3 pF
P2 LQ =4.1 nH CQ =0.43 pF
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Figure 3.6: Series LC notch filter in parallel with the antenna
impedance Z,nt,, where (L;, C;) correspond to port P;, with
1 =1 and i = 2 representing ports P, and P, respectively.

3.2.2.2 Design of matching network

As described in Subsection 3.2.1, the design of the S-band antenna is primarily
optimized to achieve low AR values in the two bands of interest. As a result, its
input impedance is not initially matched to the target frequency bands. Therefore,
an external matching network is required to match the resonant frequencies with
the desired operating frequencies.

The antenna impedances at f; = 2 GHz and fo = 2.185 GHz, denoted by
Zant(f1) and Zani(f2), are extracted from the results presented in Section 4.1.
These impedances are located in the capacitive region of the Smith chart and
exhibit resistive parts below 50 2. This impedance behaviour indicates that the
antenna presents both insufficient resistance and negative reactance at the fre-
quencies of interest. Following the matching theory introduced in Section 2.2, a
first-order matching network composed of a series inductor and shunt capacitor is
therefore selected, as shown in Figure 3.7.

The role of the series inductor is to compensate for part of the capacitive reac-
tance of the antenna. In impedance terms, adding a series inductance contributes
a positive reactance

X, =wl, (3.4)

which shifts the impedance point upwards along a constant resistance circle in the
Smith chart. After this transformation, a shunt capacitor is introduced to further
move the impedance towards the center of the chart. Since a shunt element is more
conveniently interpreted in admittance form, the transformed impedance is first
viewed in the admittance Smith chart, where the shunt capacitor adds a positive
susceptance,

Be = wC. (3.5)

The incorporation of the shunt capacitor modifies the conductance and suscep-
tance of the input, enabling the overall impedance seen at the input to approach
50 Q.
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The use of this topology is motivated by the initial position of the impedance
points on the Smith chart, as presented in Section 4.1. Because both frequencies lie
on the capacitive side and are below the normalized resistance of unity, the series
inductor provides the required compensating reactance, while the shunt capacitor
offers an additional degree of freedom to bring the transformed impedance closer
to the matching condition. However, since only two reactive elements are used, the
network provides limited control over the impedance behaviour across frequency.
As a result, it is not generally possible to simultaneously obtain a perfect match
at both f; and f,. Therefore, the component values are chosen as a compromise
that provides good impedance matching in both bands.

The final component values selected for the matching network are Ly = 2.7 nH
and C3 = 3.2 pF, and correspond to commercially available component values
[46, 47]. These values were obtained through tuning to achieve the best trade-off
between the two operating frequencies. At the two frequencies of interest, the input
impedance becomes Ziy, ant(f1) = 26.95 — 529 Q and Zin ane(f2) = 41.3 + j40.3 Q
for fi =2 GHz and fo = 2.185 GHz, respectively.

Zin,ant I
3

o (YYY

B /
CB ant

O

Figure 3.7: L-section matching network with a series inductor and

a shunt capacitor, used to match the antenna impedance Z! ,.
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3.3 Link budget analysis methodology

To study the NTN link, this section evaluates the smartphone to satellite communi-
cation scenario through a link budget analysis. The link is modelled and simulated
in MATLAB [48], accounting for the main propagation and system contributions.

The method followed to evaluate the link viability is summarized as follows.
First, a smartphone-to-satellite geometry is defined. The satellite elevation angles
« are swept from 30° to 90°, as shown in the red region in Figure 3.8. This range is
selected as lower elevation angles are less likely to be used in practice and typically
result in reduced link performance [22]. The choice is also consistent with 3GPP
NTN evaluation and test examples in which a minimum elevation angle of 30° is
adopted as a reference assumption [8]. The work evaluates the UL under outdoor
and Line-of-Sight conditions. The UE is assumed to be located in Lund, Sweden,
at 55.704°N, 13.195°E [49]. However, since the analysis is based on elevation
angle, the specific geographical location would only affect specific rain attenuation
results, which are not considered in this study as rain attenuation is relatively small
compared to other propagation losses in the frequency bands considered [22, 23].
The selected satellite constellation type for this study is LEO, with an approximate
altitude above the Earth’s surface of 550 km, which lies within the typical LEO
range considered for NTN [50]. This choice is motivated by ongoing NTN and
direct-to-device developments that predominantly rely on LEO constellations due
to their comparatively lower propagation delay and more favourable link budget
than higher orbits [50-53|. In addition, recent industry activity shows a rapid
growth in N'TN satellite operator partnerships and commercial trials, with leading
initiatives focused on LEO-based connectivity [54].

For each scenario, the received power P, at the satellite is computed from the
transmitted power P, transmit antenna gain Gy, and the propagation losses. The
noise power is derived from the receiver bandwidth and system temperature, which
is implicit in the G,./T term. The resulting C/Ny, E;,/Ng and R, are calculated.
Finally, these metrics are compared to the required thresholds to determine the
quality of the link.
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Figure 3.8: Elevation diagram.

3.3.1 Link budget calculations

The link budget analysis is first carried out for the 2 GHz UL case, which cor-
responds to signal transmission from UE’s S-band antenna to the LEO satellite.
The main simulation parameters are summarized in Table 3.5. The UL bandwidth
corresponds to B = 20 MHz [1], and the receiver G,./T value of a LEO satellite
has been chosen following 3GPP recommendation for these systems [16]. The
transmit power P; is swept over 23, 26 and 29 dBm in order to compare the link
performance with a possible power increase from the standard Power Class 3 of
23 dBm [32].

In the simulations, only user geometries with elevation angle o > 30° are
calculated, which avoids excessively low-elevation links and focuses the analysis
on the practically usable part of the visible satellite pass.

For the 3.5 GHz UL case corresponding to transmission from the C-band an-
tenna, the same orbital altitude and receiver G,./T are maintained, since the same
satellite system is assumed. Thus, the main differences between the two carrier
frequencies are the wavelength, which directly affects the FSPL, and the transmit
antenna pattern.

The link-budget model intentionally includes only FSPL, while additional
losses such as atmospheric attenuation, ionospheric losses, rain attenuation, re-
ceiver losses, and transmitter losses are neglected to isolate the effect of link ge-
ometry and antenna patterns. At S-band and C-band frequencies, these effects
are negligible compared with FSPL, supporting the use of a simplified propaga-
tion model for a baseline analysis. These additional propagation losses are evalu-
ated in Appendix E, where the maximum total loss is shown to be approximately
0.4 dB. Polarization loss is implicitly accounted for through the simulated antenna
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Table 3.5: Main parameters used in the link-budget simulations.

Parameter Value
Carrier frequency fo 2.0 GHz / 3.5 GHz
Satellite altitude h 550 km
Earth radius Rg 6371 km
Receiver G, /T 1.1 dB/K
Uplink bandwidth B 20 MHz
Transmit power P, 23,26,29 dBm
Elevation angle « > 30°
Polarization LHCP

radiation patterns. Therefore, the results should be interpreted as a baseline prop-
agation case [22].

Since the angular region of interest is not uniformly represented by the eleva-
tion angle values, area-weighted statistics are used in the simulation. In spherical
coordinates, equal increments of elevation angle do not correspond to equal surface
areas on the sphere. As a result, directly sampling angles would over-represent
directions close to the horizon and under-represent directions near the zenith. To
compensate this, each sample is weighted proportionally to cosa, which corre-
sponds to the differential surface of a sphere. This ensures a more uniform and
physically meaningful representation of the results.

To evaluate the link performance under these conditions, in addition to C'/Ny,
the link is also evaluated in terms of energy per bit over noise power spectral
density, Ej/Ny, since satellite uplinks are typically power-limited rather than
bandwidth-limited [55, 56]. The relationship used to convert the simulated carrier-
to-noise-density ratio into an information-rate metric was introduced in (2.24).
Rearranging (2.24) gives the maximum feasible bitrate for a selected threshold on
Ey/No

(NL)_(%>1"QQ

Ry max = 10 10 . (3.6)

(<)

This expression is used in the thesis as a link-budget level relation used to map
the simulated C'/Ny to the maximum supportable bitrate.

The considered uplink can be characterized as operating in a power-limited
regime, meaning that the achievable bitrate is primarily constrained by the avail-
able received power, not by the system bandwidth. This can be seen from the re-
lationship between C'/Ny, Ep/Ny and the achievable bitrate. Since C/Ny depends
on the received carrier power and receiver noise spectral density, but not on the
communication bandwidth, the achievable bitrate is fundamentally constrained by
the available received power. This behaviour can be further understood through
the Shannon capacity expression

S
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where the term % represents the signal-to-noise ratio (SNR) over the bandwidth
B [56]. In the considered uplink scenario, the received signal power is relatively
low, such that ﬁ < 1, corresponding to a low-SNR regime.

Under this condition, the logarithmic term can be approximated using the

first-order expansion logy(1 + ) ~ 75 for 2 < 1, which reduces to

~B 1S 1S
T T In2NgB  In2 Ny

In this regime, the capacity becomes independent of bandwidth and is de-
termined by S/Ng, or equivalently on C'/Ny in the adopted link-budget notation
[20].

A target Bit Error Rate (BER) of 107° is selected as a representative per-
formance criterion for uncoded digital communication systems. This value pro-
vides a reasonable compromise between reliability and required Signal-to-Noise
Ratio (SNR), and is commonly used as a reference point in link-budget analyses.
While lower error rates can be achieved in practice through Forward Error Cor-
rection (FEC), a BER of the order of 10~° is typically considered acceptable for
baseline performance evaluation in the absence of coding. The use of this thresh-
old therefore enables a conservative and technology-independent comparison of
achievable data rates [56].

Consistent with this assumption, no coding gain is introduced in the through-
put mapping. Instead, a conservative uncoded low-order PSK reference is adopted.
The corresponding required threshold is obtained from the analytical error proba-
bility of coherent BPSK/QPSK in Additive White Gaussian Noise (AWGN), given

by:
BER — Q(,/ﬁ’)), (3.9)

where Q(-) denotes the Gaussian @-function. Solving this expression for BER =
107 yields a required ratio of energy per bit over noise power density of

(f:) = 9.55 dB, (3.10)
0 req

which corresponds to the uncoded coherent BPSK/QPSK performance in an AWGN
channel.

Figure 3.9 presents reference uncoded BER curves in the AWGN channel for
different modulation orders. These curves are used as a theoretical benchmark
to relate the available E;,/Ng values to the corresponding error-rate requirement
and explain the choice of the uncoded threshold (3.10). As expected, lower-order
modulation schemes such as BPSK and QPSK exhibit superior noise robustness,
achieving low error rates at comparatively low E;, /Ny values. Higher-order modu-
lation schemes require progressively larger Ey, /Ng values to achieve the same error
performance, due to the reduced Euclidean distance between constellation points.

The curves in the figure can also be interpreted in terms of practical service ca-
pabilities. Low-order modulations such as BPSK or QPSK provide highly reliable
links that are well suited for low-rate but robust applications such as text messag-
ing, or basic voice communications. As the available E}, /Ny increases, transition-
ing to higher-order modulation schemes allows for increased throughput, enabling

C (3.8)
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more demanding services such as voice calls with higher quality or low-resolution
video streaming.

|—e—BPsSK —&—QPSK 8PSK —é— 160AM_—%— 64QAM |

E /N, [dB]

Figure 3.9: BER for different Ey, /N values for different modulation
schemes.
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3.4 Exposure scenarios and phantom models

This section presents the EMF exposure evaluation methodology and scenarios.
The simulations are carried out in the time-domain solver of CST Studio Suite
[29]. The test cases are those specified for handheld devices in [57].

EMF exposure is evaluated for head, torso and extremities. Extremities and
trunk exposure is evaluated using a flat phantom, whereas head exposure is eval-
uated using the SAM phantom [57]. The exposure metric used in this work is the
SAR, averaged over 1g or 10g of tissue and six minutes. The limit values for 1g
and 10g SAR are given in Table 2.1.

The phantom consists of two layers: a tissue equivalent medium and an outer
shell, as shown in Figure 3.11. The dielectric properties assigned to the tissue
equivalent medium are shown in Figure 3.10, defined by the IEC/TEEE 62209-
1528 standard [57].

[—e— Tissue ¢’ - - - Tissue " —A— Shell ¢ - < - Shell ¢"]
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>
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Figure 3.10: Tissue-simulating liquid and shell material properties.

Shell Tissue-simulating
liquid
Shell Tissue-simulating !
liquid
(a) Flat phantom shell and tissue- (b) SAM phantom shell and tissue-
simulating liquid. simulating liquid.

Figure 3.11: Detailed views of flat phantom and SAM phantom.
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3.4.1 Extremity and trunk exposure scenario

Extremity and trunk exposure is evaluated, and the geometry of the flat phantom
is shown in Figure 3.12.

Five different device orientations are considered: front, back, left side, right
side and top orientations, as presented in Figure 3.13. These configurations are
intended to capture different realistic placements and to assess the exposure for
different orientations between the device and the body.

For the left side, right side, and top configurations, the SAR assessment is
performed using the limits defined for extremities, as these positions are considered
to primarily expose localized parts of the body. In contrast, for the front and back
configurations, the SAR limits applicable to the trunk are used for evaluation in
these scenarios.

The flat phantom thickness is chosen to be at least three times the penetration
depth, §, in order to ensure sufficient absorption of the power penetrating the
phantom model. The penetration depths at 2 GHz and 3.5 GHz are 24.3 mm and
11.4 mm, respectively [57]. Therefore, the phantom thickness is set to 72.9 mm.
The height and width of the phantom are selected to be at least one wavelength of
the lowest considered frequency of the device, to ensure enough attenuation before
reaching the boundary; in this case, both are set to 300 mm.

2.0 mm,_72.9 mm

(a) Flat phantom axonometric view. (b) Flat phantom side view.

Figure 3.12: Geometry and dimensions of the flat phantom used in
the EMF exposure assessment.
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(a) Back down (b) Screen down (c) Top edge

(d) Right side (e) Left side

Figure 3.13: Phone placement configurations used in the flat phan-
tom exposure scenario.
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3.4.2 Head exposure scenario

The device is positioned at both the left and right ear using the two standardized
placements defined for head SAR assessment: the cheek position, corresponding to
0° tilt relative to the cheek, and the tilt position, corresponding to 15° tilt relative
to the cheek [57].

These configurations are intended to represent realistic phone usage conditions
and to ensure that the maximum SAR value is assessed. Figure 3.14 illustrates
the different configurations.

(a) Right ear, 0° tilt (b) Right ear, 15° tilt

(c) Left ear, 0° tilt (d) Left ear, 15° tilt

Figure 3.14: Phone placement configurations used for the head
exposure scenario with the SAM phantom.
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3.4.3 EMF simulation setup

The EMF exposure simulations are carried out for two operating frequencies, 2
GHz and 3.5 GHz, in order to evaluate SAR for both considered UL bands. For
each frequency, three transmit power levels are analyzed: 23 dBm, 26 dBm, and 29
dBm. These values are selected to represent different operating conditions suitable
for the NTN link scenario.

Table 3.6: Summary of the EMF exposure simulation configurations.

Phantom Frequency (GHz) Transmit power (dBm)
Flat phantom
SAM phantom

2.0, 3.5 23, 26, 29

The reported SAR results are normalized to the accepted power at the antenna
port. The accepted power corresponds to the portion of the input power that is
effectively delivered to the antenna after accounting for reflection losses caused
by impedance mismatch, and coupling. The use of this power assumes that a
dynamic tuner is available before the antenna ensuring that it is perfectly matched,
which add some conservativeness to the results. In all EMF studies, the UE was
positioned 0.5 mm further away from the phantom to account for any plastic covers
not part of the simulated structure.

The SAR results are extracted in terms of peak spatial-average SAR over 1 g
and 10 g of tissue, and then compared with the corresponding exposure limits. A
separation distance of 0 mm is used for the 10g SAR, while 5 mm is applied for
the 1g SAR. These quantities are used to assess the dependence of the frequency
on the exposure level under the considered standardized usage scenarios.

The SAR results are obtained and compared with the exposure limits, and a
maximum duty cycle to ensure compliance is calculated if the exposure is above
the limit. This duty cycle represents the fraction of the time, over a six-minute
averaging period, during which the UE can transmit while remaining below the
limits. Since the simulated SAR values differ among the different configurations,
the resulting duty cycle constraint also varies from case to case.
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Results

4.1 Antenna design results

4.1.1 Working principle

To achieve dual-band CP, the rectangular loop and the parasitic element are de-
signed to produce different radiation modes.

Figure 4.1 shows the surface current distributions at the three main resonant
frequencies. Based on the estimated resonant lengths, mode 1, appearing around
1.9 GHz, is shown in Figure 4.1a. This mode corresponds to the A/2 folded-dipole
mode supported by the rectangular loop, shown in Figure 3.2b, with resonant fre-
quency frolded(l = A/2) = 1.9 GHz. It produces a horizontal current distribution.
Mode 2 is associated with the loop resonance of the rectangular loop, shown in
Figure 3.2b. It appears at around fioop(! = 1A\) &~ 2.1 GHz, and produces a verti-
cal current distribution, as shown in Figure 4.1b. Mode 3, located near 2.40 GHz,
is attributed to the A/2 mode of the parasitic branch, shown in Figure 3.2c, with
resonant frequency fparasitic(! = A/2) =~ 2.4 GHz. This mode produces a horizontal
current distribution, as shown in Figure 4.1c.

e — —  im
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(@) Mode 1 (f =1.9 GHz)  (b) Mode 2 (f = 2.1 GHz) (c) Mode 3 (f = 2.4 GHz)

Figure 4.1: Current distribution of the three main modes.

The surface current direction of mode 2 is orthogonal to those of mode 1
and mode 3, so that two orthogonal field components with 90° phase difference are
generated around the two operating regions. As a consequence, two AR minima are
produced at f; = 2 GHz, from the combination of Modes 1 and 2, and fo = 2.185
GHz, from the combination of Modes 2 and 3, obtaining two CP bands that satisfy

|EJ_1| ~ |EJ_2‘ and (E 15— /F 1~ +90°. (41)

41
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4.1.2 Parametric analysis

To better understand the influence of the main geometrical parameters on antenna
performance, a parametric analysis was carried out. The study focuses on the
dimensions that most strongly affect impedance matching, resonance positioning,
and CP. The dimensions studied are the length of the rectangular loop 1, the
length of the rectangular parasitic branch (2, the horizontal offset of the parasitic
branch 2 of fset _x abbreviated as [ o, and the offset of the feeding port 1 from
the center axis feed of fset abbreviated as f o, previously shown in Figure 3.4.

Figure 4.2 shows the S1; and AR result of the sweep of values for I1 between
50.5 and 54.5 mm. This parameter affects both the loop resonances as well as the
parasitic branch resonance, consequently both AR minima are affected.
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(a) Reflection coefficient. (b) Axial ratio.

Figure 4.2: Parametric analysis of /5.

Figure 4.3 shows the results of the sweep of values for [2 between 42 and 46
mm. This parameter mainly affects the parasitic branch resonance, providing a
good way to set the upper frequency AR minima to the frequency of interest f,
without having an effect on the lower frequency.
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(a) Reflection coefficient. (b) Axial ratio.

Figure 4.3: Parametric analysis of [5.

Figure 4.4 shows the results of the sweep of values for the horizontal offset
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of the parasitic branch [ o, between 6.85 and 10.85 mm. This parameter mainly
affects the parasitic branch resonance. It also strongly affects the higher frequency
AR minima, being a key parameter for optimization. From Figure 4.4b it can be
seen that for some dimensions, the 3 dB target AR is not satisfied.
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Figure 4.4: Parametric analysis of I 2 of fset (I_o).

Finally, Figure 4.5 shows the results of the sweep of values for the feed offset
from the center axis f o, between 2.75 and 6.75 mm. This parameter mainly
affects the parasitic branch resonance. It also slightly affects both AR minima.
This parameter is used for fine tuning the results.
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(a) Reflection coefficient. (b) Axial ratio.

Figure 4.5: Parametric analysis of feed of fset (f o).

These dimensions have been key to optimize the results of the antenna to
meet the specified targets in Table 3.1. A compromise between the lower and
higher frequency bands has been chosen, balancing AR performance between f;
and fy to achieve values below 3 dB at both frequencies. Impedance matching is
not explicitly optimized at this stage, as the primary objective is to achieve low
AR} it will be addressed subsequently through the design of an external matching
network.

In the case of the C-band antenna, the main tuning parameter (3 is analyzed.
As shown in Figure 4.6, this parameter directly controls the resonant frequency
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of the antenna. This provides a direct tuning adjustment of the resonance to the
desired operating frequency.
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Figure 4.6: Parametric analysis of [3.

4.1.3 Performance of S-band antenna

In Step 1 of the design procedure, the S-band antenna is designed and optimized, as
described in Subsection 3.2.1. The reflection coefficient and AR results are shown
in Figures 4.7 and 4.8, respectively. These two metrics provide insights of whether
the antenna satisfies the two main targets of the design, impedance matching and
CP. The antenna is optimized to achieve low AR within the frequency bands of
interest, while good impedance matching will be achieved in Step 4 of the design
process.

The AR results are evaluated in the endfire direction, which provides a refer-
ence for the optimization process. Although the endfire AR does not fully represent
the whole CP behaviour over the entire angular region of interest (elevation > 30°),
it is a useful metric for optimization during the design process, as it describes the
performance in the direction of the intended NTN operation.

To better show the polarization performance over the full angular region of
interest, highlighted in red in Figure 3.8, the 2D AR distributions are shown in
Figures 4.9 and 4.10, while the corresponding Cumulative Distribution Function
(CDF) is shown in Figure 4.11. These results provide a more complete view of
how the CP behaviour evolves with elevation and azimuth, and therefore allow the
antenna performance to be better assessed.

The 2D AR maps show that the lowest AR values are obtained at higher
elevation angles. This means that the antenna exhibits better CP performance in
directions closer to the endfire direction, while the polarization quality gradually
degrades towards lower elevation angles. This is consistent with the fact that
the antenna has been optimized to radiate most effectively towards the upper
hemisphere, particularly in directions close to the endfire direction.



Results 45

10
— _. 8
m m
) )
o) o 6
o =
2 4
2 N S I O ——
s <,
-15 0
16 18 2 22 24 26 16 18 2 22 24 26
Frequency [GHZ] Frequency [GHz]
Figure 4.7: Reflection coefficient. Figure 4.8: Axial ratio at bore-
sight angle.

The CDF provides a compact way of summarizing the polarization perfor-
mance over the considered angular region, and facilitates the comparison between
both links. It represents the probability that a given metric falls below a certain
value across the considered angles. From Figure 4.11, where the 3 dB target is
marked with a dashed line, it can be seen that the 50th percentile is 3.2 dB at 2
GHz and 12.9 dB at 2.185 GHz. This indicates that the antenna provides better
CP performance over a larger angular region at 2 GHz than at 2.185 GHz.

These results represent a design choice compromise. The antenna has been
optimized primarily to favour the UL frequency band at 2 GHz, which is more
constrained from a link-budget perspective and therefore requires enhanced an-
tenna performance. As a consequence, the polarization quality at 2.185 GHz is
not as strong over the full angular region.
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Figure 4.11: CDF of AR of Antenna Structure 1 across the angles
of interest (6§ > 30°, —180 < ¢ < 180).

4.1.4 Performance of the integrated S-band and C-band antennas

Once the S-band antenna is designed, the C-band antenna is integrated in the top
right corner of the structure, as shown in Figure 3.3, corresponding to Step 2 of
the design procedure. Port 1 feeds the S-band antenna, while Port 2 feeds the
C-band antenna.

The integration of the second antenna introduces electromagnetic interaction
between the two ports. As a result, the impedance response of the S-band antenna
is slightly modified, and the mutual coupling between the two radiating structures
becomes a critical design constraint. The following results therefore focus not only
on the matching of each port individually, but also on the isolation between the
two ports.

The reflection coefficient and mutual coupling of both antennas are shown in
Figure 4.12. This figure shows the results of both structures, where S7; corre-
sponds to the reflection coefficient of Port 1, and Ss2 corresponds to the reflection
coeflicient of Port 2. The matching values of port 1 are slightly affected compared
to the previous result in Figure 4.7 of the isolated S-band antenna structure, with
frequency dips now obtained at 2.01 and 2.34 GHz. In the case of the new inte-
grated C-band antenna, the matching results show a pronounced resonance with
Soo values below -6 dB covering 3.13-3.92 GHz.

A limitation of this intermediate configuration is the mutual coupling between
the two ports, which reaches values of -13 dB at 2.01 GHz. While this level
of coupling indicates some interaction between the ports, it remains within the
range typically observed in compact multi-antenna designs. Nevertheless, further
reduction of the coupling would be beneficial to minimize undesired power transfer
and to improve the independence of the two antennas [11].

A simple way to reduce the coupling between the antennas could be to increase
the separation distance between them; however, this is not preferred due to the



Results 47

—o—18,,| —=—IS,,| 1S5l

Magnitude [dB]

1.5 2 25 3 3.5 4
Frequency [GHz]

Figure 4.12: Scattering parameters of the first iteration of the inte-
grated antenna structure.

(a) Port 1 (1.7 — 2.3 GHz) (b) Port 2 (3 — 4 GHz)

Figure 4.13: Smith chart of the first iteration of the integrated
antenna structure.

volume and size limitations of the smartphone. An alternative way of reducing
coupling without strongly affecting impedance matching is to introduce a notch
filter, also called a band reject filter, in each of the ports. These filters are de-
signed to suppress the undesired coupling, while preserving the desired impedance
response [15].

Once the filters have been designed following the methodology described in
Subsection 3.2.2.1, they are integrated into each port of the antenna structure,
corresponding to Step 3 of the design procedure, as illustrated in Figure 3.3. In the
integrated antenna model, the effective resonance frequencies of the notch filters
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are shifted by the layout and component parasitics. After tuning the values of the
capacitor and inductor, the simulated notches appear around the frequencies of
interest (2.1 GHz and 3.5 GHz), as shown in Figure 4.14, improving the isolation
between the two ports. The results now show a higher isolation between both
ports, with coupling values |Sa1| < —15 dB.

Comparing Figure 4.13a with 4.15a, and Figure 4.13b with 4.15b, it can be
seen that the impedance at the frequencies of interest is only slightly affected by
the effect of the filters.
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Figure 4.14: Scattering parameters of the integrated antenna struc-
ture after the introduction of notch filters.

(a) Port 1 (1.7 — 2.3 GHz) (b) Port 2 (3 —4 GHz)

Figure 4.15: Smith chart of the integrated antenna structure after
the introduction of notch filters.
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After introducing the matching network, previously explained in Subsection
3.2.2.2, the final antenna results are presented in Figure 4.16. It can be observed
that both resonant frequencies of S1; are located within the frequency bands of
interest. The obtained -6 dB impedance bandwidth is 80 MHz (1.92-2 GHz) for
the 2 GHz UL band and 40 MHz (2.18-2.22 GHz) for the 2.185 GHz DL band.

At the same time, the C-band antenna covers the n78 band with a reflection
coefficient S9o of -6 dB across the entire band, while the isolation between port 1
and port 2 along the band is improved, with obtained coupling values below -25 dB.
These results indicate that the combined use of notch filters and matching elements
is effective for this structure. The final impedances of port 1 are Zin ant(f1) =
26.95—329 Q and Ziy ant(f2) = 41.34+540.3 Q for f; = 2 GHz and f, = 2.185 GHz,
respectively, and at port 2 at the center frequency of 3.55 GHz it is Zgt(f =
3.55 GHz) = 29.3 + j10.3 , as shown in Figure 4.17b.
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Figure 4.16: Scattering parameters of the final antenna structure
after the introduction of notch filters and matching network.
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(a) Port 1 (1.7 — 2.3 GHz) (b) Port 2 (3 —4 GHz)

Figure 4.17: Smith chart of the final antenna structure after the
introduction of notch filters and matching network.

4.1.4.1 Radiation patterns

The IEEE gain radiation patterns for the S-band and C-band antennas at the fre-
quencies of interest are presented in this section. For reference, Figure 4.18 shows
the coordinate system used. For the S-band antenna, the results are presented at
2.0 GHz and 2.185 GHz in Figures 4.19 and 4.20, respectively. For each frequency,
two principal cuts are included: the ¢ = 0° cut, corresponding to the front-to-back
plane, and ¢ = 90°, corresponding to the side-to-side plane of the smartphone.
As this antenna is specifically targeted for NTN communications, the angles with
elevation higher than 30° are shaded in blue. The corresponding gain patterns for
Antenna Structure 2 at the lower, center and upper frequencies of the n78 band
are presented in Figures 4.21, 4.22 and 4.23, respectively.

The CP of the S-band antenna at the UL frequency of 2 GHz exhibits a wide
beam with Left-Hand Circular Polarization (LHCP) directed toward the zenith.
The cross-polarized component, which in this case is the Right-Hand Circular
Polarization (RHCP), remains low within the angular region of interest shaded in
blue. The maximum gain is 3.5 dBi and is slightly offset from the zenith direction.

At the DL frequency of 2.185 GHz, the highest gain is obtained for the RHCP
in the lower hemisphere, reaching 4.47 dBi. Since this region is not relevant for
the intended use case, this component is not of high interest. The LHCP com-
ponent, which is relevant for the analysis, reaches a value of 1.13 dBi. Although
this represents a reduction in useful gain compared to the UL case at 2 GHz, the
performance can still be considered acceptable. The desired polarization is main-
tained in the relevant angular region, and the radiation pattern provides coverage
toward the upper hemisphere. A good compromise is achieved between the two
frequencies. The UL frequency provides higher gain performance, which helps
compensate for the low transmit power of the smartphone resulting in a tight link
budget. In contrast, the performance at the DL frequency is less favourable as the
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Figure 4.18: Spherical coordinate system used, where 6 is the polar
angle measured from the positive z-axis, and ¢ is the azimuth

angle.
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Figure 4.19: Gain patterns of Antenna Structure 1 at 2 GHz for the
¢ = 0° and ¢ = 90° cuts.

main beam achieves lower gain. This is acceptable, as the downlink is generally
less constrained due to the higher transmit power available at the satellite [58].
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Figure 4.20: Gain patterns of Antenna Structure 1 at 2.185 GHz for
the ¢ = 0° and ¢ = 90° cuts.

In the case of the C-band antenna, since the antenna is linearly polarized, the
two linear field components, 6 and ¢, are presented in the radiation pattern plots
(i.e., Figures 4.21-4.23) instead of circularly polarized components.

The design of the C-band antenna was aimed for simplicity, compact size and
ease of integration into the smartphone bezel, therefore the requirements of the
radiation pattern are relaxed. As a result, the radiation patterns at the different
frequencies do not exhibit a clearly defined main lobe. Unlike NTN scenarios,
terrestrial communication environments are typically characterized by multipath
propagation, reflections, scattering and polarization changes [18]. Therefore, a
highly directive radiation pattern is not required in this case. Moreover, in a
general scenario, the antenna is not intended to be oriented towards the base
station. The implications of this radiation behaviour for a satellite communication
scenario will later be analyzed.
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(a) 3.3GHz, ¢ = 0° (b) 3.3GHz, ¢ = 90°

Figure 4.21: Gain patterns of Antenna Structure 2 at 3.3 GHz for
the ¢ = 0° and ¢ = 90° cuts.
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Figure 4.22: Gain patterns of Antenna Structure 2 at 3.55 GHz for
the ¢ = 0° and ¢ = 90° cuts.
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Figure 4.23: Gain patterns of Antenna Structure 2 at 3.8 GHz for
the ¢ = 0° and ¢ = 90° cuts.
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4.1.4.2 Directivity and gain values across frequency

To further evaluate the performance of the antennas, the maximum directivity,
IEEE gain and realized gain are analyzed as a function of frequency within the
angular region of interest (elevation angles « > 30°). The results are presented in
Figure 4.24a for the S-band antenna and in Figure 4.24b for the C-band antenna.

For the S-band antenna, in the frequency region around the UL band, the an-
tenna exhibits good performance, with a maximum directivity of 4 dBi, maximum
gain of 3.5 dBi, and maximum realized gain of 2.5 dBi at 2 GHz. The difference
between gain and realized gain reflects the impact of impedance matching. At
2.185 GHz, corresponding to the DL frequency, a degradation is observed, where
the maximum directivity for the angular region of interest drops to 0.7 dBi, the
maximum gain to 0 dBi, and the maximum realized gain to -0.8 dBi.

In the case of the C-band antenna, with the results considering the maximum
values over the angular region of interest (elevation angles o > 30°), the directiv-
ity, gain and realized gain remain relatively constant. The overall performance is
limited compared to the S-band antenna UL frequency, as the maximum directiv-
ity, gain and realized gain values are 1.5 dBi, 1.1 dBi and 0.7 dBi, respectively.
Compared to the DL frequency of the S-band antenna, slightly higher values are
observed. However, it is important to note that the S-band antenna employs CP,
while the C-band antenna uses LP, which limits the direct comparison of the
results.

In both figures, the difference between directivity, IEEE gain, and realized gain
provides additional insight into the antenna performance. The relatively small
gap between directivity and IEEE gain in the S-band antenna indicates limited
conductive and dielectric losses, whereas the larger deviation between IEEE gain
and realized gain at some frequencies points to mismatch losses.

—6—D —8—Cgee Grealized 0—D —8— G G realized

2 . . . . i
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(a) S-band antenna. (b) C-band antenna.

Figure 4.24: Maximum directivity, gain and realized gain as a func-
tion of frequency for o > 30°.
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4.1.4.3 Efficiency results

Finally, the efficiency values as a function of frequency are presented in Figures
4.25a and 4.25b for S-band and C-band antenna, respectively.

For the S-band antenna, the radiation efficiencies at the UL and DL frequencies
are 88.4% and 84.8%, respectively, which indicate that the antenna radiates effi-
ciently at both operating frequencies and conductive and dielectric losses remain
limited. The corresponding total efficiencies are 70.5% at 2 GHz and 70.3% at
2.185 GHz. The difference between the total efficiency and the radiation efficiency
is due to mismatch losses.

For the C-band antenna, the radiation efficiency and total efficiency at the
center frequency are 90.3% and 83%, respectively, and remain relatively stable
across the operating bands. These values show that the antenna has good radi-
ation performance and better matching compared to the S-band antenna. The
small difference between radiation and total efficiency is due to mismatch losses.
Therefore, although the C-band antenna does not provide strong radiation toward
the zenith, its overall efficiency is high.
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Figure 4.25: Efficiency as a function of frequency.
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4.2 Link budget analysis results

First, the FSPL is evaluated for both the 2 GHz and 3.5 GHz UL scenarios, as
shown in Figure 4.26. The higher frequency link experiences a larger free-space
path loss. In addition, the figure shows that lower elevation angles suffer from
higher losses, since the slant path d is longer. This will have a direct effect on the
received power at the satellite, which depends strongly on the relative geometry
between the user and the satellite. These FSPL values are used as the propagation
loss component in the following link-budget results.

[—e—206Hz —B—35GH]

Free-space path loss [dB]
= =
wn w
[} e}

154

152 Il Il Il Il Il I}
30 40 50 60 70 80 90

Elevation angle [deg]

Figure 4.26: FSPL along different elevation angles for frequencies
f=2GHz and f = 3.5 GHz.

4.2.1 Link budget results at 2 GHz

The link-budget results for the 2 GHz uplink are first analyzed in terms of the
carrier-to-noise-density ratio, C'/Ny, since this metric provides a description of the
received link quality independently of the selected bitrate. Figure 4.27 shows the
CDF of C/Ny over elevation angles from 30° to 90°, including the effect of the
designed UE’s antenna pattern. This representation is more informative than a
value for a single direction, as it captures the variation of the link budget over the
full useful angular region.

As expected, increasing the transmit power shifts the C'/Ny distribution to-
wards higher values. A 3 dB increase in transmit power produces a 3 dB im-
provement in C'/Ny, so the three curves exhibit the same overall shape but are
shifted horizontally, as shown in Figure 4.27. The slope of the CDF curves reflects
the variability of the link conditions across the considered angular region. In the
present case, the total spread is of the order of 10 dB, indicating a significant
dependence on the antenna gain pattern and by the increase in FSPL at lower
elevation angles, where the slant range is longer.

To interpret the uplink under different bitrate assumptions, the available
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Figure 4.27: Cumulative distribution function of carrier power over
noise power density for different P, for the UL at 2 GHz.

E, /Ny is evaluated for three representative bitrates: 10 kbps, 100 kbps, and
1000 kbps. These values were selected to represent a range of possible services,
from low-rate messaging to voice-like communication and higher data-rate appli-
cations like video calls [59], [60].

Figure 4.28 shows the CDF curves of the available Ej, /Ny for a transmit power
of P, = 23 dBm under these three bitrate assumptions. The relative position of the
curves reflects the physical meaning of Ej,/Ny: for a given received C/Ny, a lower
bitrate implies that the available energy is distributed over fewer information bits,
resulting in a larger E},/Ny. Consequently, the 10 kbps curve appears at the highest
values, while the 1 Mbps curve is shifted towards the lowest values. This figure
therefore provides a direct interpretation of which bitrate ranges are supported by
the available UL received power P,.

Finally, the specific maximum bitrate values that can be achieved for each
E, /Ny value are presented in Figure 4.29. A +3 dB increase in transmit power
results in a doubling of the achievable bitrate, leading to a consistent factor of two
difference across all CDF values.

To estimate the maximum feasible bitrate, the available C'/Ny at the receiver
is compared against a fixed required Ej,/Ny threshold corresponding to an un-
coded coherent low-order Phase-Shift Keying (PSK) reference at a target bit error
rate of BER = 107°. Since no coding gain is introduced in this work, the re-
sulting bitrate should be interpreted as a conservative energy-limited benchmark.
The corresponding CDF of the maximum feasible bitrate, Rp max, is shown in
Figure 4.29.

The feasible bitrate doubles with a +3 dB increase in transmit power P,
since the selected bitrate metric is energy-limited and therefore strongly dependent
on the available C/Ny. A convenient way to summarize the findings through
the distributions is through representative percentiles. In particular, the 10th
and 90th percentiles are used to characterize poor and good operating conditions,
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Figure 4.28: Cumulative distribution function of energy per bit over
noise power density for P, = 23 dBm and BER = 1075 for the
UL at 2 GHz.
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Figure 4.29: Cumulative distribution function of maximum bitrate
Ry, for different P, and BER = 107" for the UL at 2 GHz.

respectively, and the obtained values are reported in Table 4.1.

These values indicate that, even under the conservative uncoded assumption
adopted here, the 2 GHz uplink is capable of providing non-negligible data rates
over a substantial fraction of the considered coverage region (30 < v < 90). How-
ever, it must be emphasized that Rj max in this form is a link-budget-level bitrate
estimate only. It does not include coding gain, adaptive modulation and coding,
protocol overhead, retransmissions, or multi-user resource sharing. Therefore, it
should be interpreted as a reference for comparing the impact of antenna radiation
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Table 4.1: Representative values of the maximum feasible bitrate
Ry max at the 10th and 90th percentiles for the 2 GHz uplink
case.

Transmit power P, 10th percentile 90th percentile

23 dBm 205 kbps 1.32 Mbps
26 dBm 410 kbps 2.64 Mbps
29 dBm 820 kbps 5.30 Mbps

pattern and transmit power effects, rather than as the final user throughput of a
complete 5G NR NTN system.

4.2.2 Link budget results at 3.5 GHz

The 3.5 GHz case is analyzed as a comparative case study.

Figure 4.30 shows the CDF of the carrier-to-noise-density ratio, C//Ny, for the
3.5 GHz UL case. Compared with the 2 GHz results, the distribution is shifted
to lower values. This degradation comes from the higher carrier frequency, which
leads to larger FSPL for the same propagation distance. The difference also comes
from the antenna pattern used in this case, which is not optimized for the upper
hemisphere region. Therefore, the available gain over the angular region of interest
is less favourable.
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Figure 4.30: Cumulative distribution function of carrier power over
noise power density for different P, for the UL at 3.5 GHz.

This behaviour is also seen in the available E}, /Ny distributions shown in Figure
4.31. For the same transmit power and same bitrate, the lower C//Ny values
translate directly into lower available Ej,/Ny. Consequently, the C-band antenna is
less capable of supporting the same bitrates over the considered range of elevation
angles. This confirms that the antenna radiation pattern has a clear impact on
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the energy available per information bit.
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Figure 4.31: Cumulative distribution function of energy per bit over
noise power density for P = 23 dBm and BER = 1075 for the
UL at 3.55 GHz.

The effect is also clear when considering the maximum feasible bitrate, shown
in Figure 4.32. The achievable rates are lower than in the 2 GHz case, which is a
direct consequence of the reduced C/Ny. This result demonstrates that antenna
design is a critical element in NTN terminal performance. It shows that using an
antenna for both TN and NTN in a satellite link leads to a substantial deterioration
of the results, even if the transmit power remains the same.
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Figure 4.32: Cumulative distribution function of maximum bitrate
Ry, for different P, and BER = 1075 for the UL at 3.55 GHz.
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The specific values for the 10% and 90% percentiles are summarized in Table
4.2. Compared to the results obtained at the 2 GHz UL, the bitrate suffers a
degradation of 97.1% and 95.3%, for the 10th and 90th percentile, respectively.

Table 4.2: Representative values of the maximum feasible bitrate
Rp max at the 10th and 90th percentiles for the 3.5 GHz uplink
case.

Transmit power P, 10th percentile 90th percentile
23 dBm 6 kbps 62 kbps
26 dBm 12 kbps 125 kbps
29 dBm 24 kbps 250 kbps
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4.3 EMF exposure results

This section presents the EMF exposure results obtained for the flat phantom
and SAM phantom models. The purpose is to evaluate the exposure behaviour
in representative body and head scenarios, and assess the duty-cycle required for
compliance at any distance from the device. A complete overview of all simulated
SAR and duty-cycle results for the flat and SAM phantoms at all investigated
transmit powers is provided in Appendix D. For clarity, only a few of the cases are
summarized in the main text.

4.3.1 Flat phantom results

The results for the flat phantom configurations described in Section 3.4 are pre-
sented in this subsection.

SAR depends on the relative orientation between the device and the phantom
surface, as well as on the separation distance.

For the top and side configurations the limits applicable for limbs are used,
and for the front and back configurations the head and trunk limit is used.

For the 2 GHz antenna, the highest SAR is observed when the smartphone is
positioned with its back side facing the flat phantom. For this case, the ICNIRP
defines a limit of 2 W /kg for averaged over 10g of tissue for a separation distance
of 0 mm, and the obtained value is 5.9 W /kg. The FCC defines a limit of 1.6 W /kg
averaged over 1g of tissue for a separation distance of 5 mm, and the obtained value
is 4.57 W /kg. The corresponding 10g SAR distribution is shown in Figure 4.33. As
expected, the peak values are concentrated in the region closest to the location of
the 2 GHz antenna. To ensure compliance, a duty cycle of 34% over a six minutes
transmission interval must be applied to comply with the ICNIRP limit, and of
35% to comply with the FCC.

dB(W/kg)

Figure 4.33: Simulated 10g spatial-averaged SAR distribution for
the flat phantom configuration with back down at 2 GHz, 23
dBm and separation distance of 0 mm.
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For the 3.5 GHz antenna, the configuration with the back side of the phone
facing the flat phantom at 5 mm separation results in the highest 1g SAR with an
obtained value of 4.35 W /kg, whereas the highest 10g SAR values are obtained for
the configuration with the front side of the phone facing the flat phantom at 0 mm,
with an obtained value of 7.09 W/kg. Due to the antenna placement at the top
right corner of the phone, seen from the front, the region of maximum absorption
is located in proximity to that area, as shown in Figure 4.34. A temporal duty
cycle of 34% must be applied for EMF compliance with ICNIRP limits and of
37% to comply with FCC limits. The simulated SAR values and corresponding
duty cycle for compliance for all configurations are summarized in Tables 4.3 and
4.4, for both considered frequencies. The tables include both 1g and 10g results,
which are applicable depending on the regulatory body. The previously discussed
configurations leading to the highest exposure and thus lowest duty cycle are
shown in the tables, as well as the rest of the configurations. A duty cycle of 100%
indicates that no reduction of duty cycle is needed to ensure compliance with the
limits.

dB(W/kg)

Figure 4.34: Simulated 10g spatial-averaged SAR distribution for
the flat phantom configuration with back down at 3.5 GHz, 23
dBm and separation distance of 0 mm.
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Table 4.3: 1g and 10g SAR (W/kg) and DC results for the flat
phantom at 2 GHz (P; = 23 dBm) and different separation
distances (mm).
Configuration Sep.|1g SAR | DC |10g SAR | DC
Screen against phantom 0 - _ 2.79 72%
5 4.07 39% - -
. 0 - - 5.90 34%
Back against phantom 5 157 357 - -
Top against phantom 0 - - 3.04 100%
Right side against phantom 0 - - 1.87 100%
Table 4.4: 1g and 10g SAR (W/kg) and DC results for the flat
phantom at 3.5 GHz (P; = 23 dBm) and different separation
distances (mm).
Configuration ep.|(1lg SAR | DC |10g SAR | DC
Screen against phantom 0 ~ _ 4.80 42%
5 4.35 37% - -
. 0 - - 7.09 28%
Back against phantom 5 367 4% - -
Top against phantom 0 - - 1.15 100%
Right side against phantom 0 - - 7.08 57%
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4.3.2 SAM phantom results

All the results for the different configurations at 2 GHz and 3.5 GHz are shown in
Tables 4.5 and 4.6, respectively.

At 2 GHz, the configuration that presents the highest peak spatially averaged
1g SAR corresponds to the left-ear position at a tilt angle of 0°, as shown in
Figure 4.35. The distribution indicates that the most localized absorption occurs
when the antenna is placed closest to the head, which corresponds to a tilt angle of
0°. In contrast, the highest 10g spatially averaged SAR is obtained for the left-ear
position with a tilt angle of 15°, as shown in Figure 4.36. Although in general
both 1g and 10g SAR can be expected to reach their peak values under the same
configuration, the present results show that this is not always the case. Therefore,
the maximum SAR configuration not only depends on the antenna location, but
also on the averaging mass used in the SAR computation.

dB(W/kg)

b

Figure 4.35: Simulated spatial-average 1g SAR distribution for the
SAM phantom configuration leading to highest SAR, at 2 GHz
and 23 dBm (Left ear, 0° tilt angle).

At 3.5 GHz, the configuration with the highest values for both the 1g and 10g
SAR corresponds to the left ear position at a tilt angle of 0°, as shown in Figures
4.37 and 4.38, respectively. This indicates that, at this frequency, the highest SAR
for this antenna occurs when the smartphone is closest to the cheek.

Figure 4.39 illustrates the farfield gain radiation pattern of the antenna in the
presence of the SAM phantom for left-ear configuration. In both frequency bands,
the phantom perturbs the radiation pattern, as part of the transmitted energy is
reflected and part is absorbed by the tissue-equivalent material, instead of being
transmitted into free space.

At 2 GHz, this effect leads to reduced radiation toward the upper hemisphere
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Figure 4.36: Simulated spatial-average 10g SAR distribution for the
SAM phantom configuration leading to highest SAR, at 2 GHz
and 23 dBm (Left ear 15° tilt).
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Figure 4.37: Simulated spatial-average 1g SAR distribution for the
SAM phantom configuration leading to highest SAR, at 3.5 GHz
and 23 dBm (Left ear 0° tilt).
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dB(W/kg)

Figure 4.38: Simulated spatial-average 10g SAR distribution for the
SAM phantom configuration leading to highest SAR, at 3.55
GHz and 23 dBm (Left ear 0° tilt).

Table 4.5: SAR and DC results for the SAM phantom at 2 GHz

Py =23 dBm, f =2 GHz

Simulation Configuration |1g SAR | DC |10g SAR | DC
Tilt 0° left ear 7.53 21% 2.71 4%
Tilt 0° right ear 5.32 30% 1.98 100%
Tilt 15° left ear 7.39 22% 2.80 71%
Tilt 15° right ear 6.35 25% 2.45 82%

SAM phantom

Table 4.6: SAR and DC results for the SAM phantom at 3.5 GHz

P; =23 dBm, f =3.5 GHz

Simulation Configuration |1g SAR | DC |10g SAR | DC
Tilt 0° left ear 9.89 16% 3.58 56%
Tilt 0° right ear 5.08 |32% 1.89 100%
Tilt 15° left ear 5.91 27% 2.17 92%
Tilt 15° right ear 1.98 | 81% 0.76 100%

SAM phantom
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and redistributes the transmitted power towards other directions. This effect is
very relevant for NTN operation, since the intended link relies on efficient radiation
towards the sky. Any reduction in gain in this region directly impacts the available
link budget and may therefore reduce the achievable uplink performance.

A similar perturbation is observed at 3.5 GHz, although the resulting pattern
distortion is more irregular. In this case, the presence of the SAM phantom has a
strong influence on the field distribution. The results therefore confirm that the
human head modifies the radiation characteristics of the antenna.

z dBi
101

-5.55

(a) 2 GHz from Antenna Structure 1.

z' dBi
295

-0.684

116
-15.2
-189

-26.1

-29.8

(b) 3.5 GHz from Antenna Structure 2.

Figure 4.39: Gain radiation pattern of the antennas in the presence
of the SAM phantom.
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4.3.3 EMF exposure discussion

Every wireless device going to market has to be tested for compliance with the
EMF regulations and must meet the EMF limits.

The results indicate that SAR levels are strongly influenced by antenna place-
ment. In particular, the highest SAR at 3.5 GHz is obtained at the left-ear, 0°
tilt configuration. For P, = 23 dBm, the peak spatially averaged 1g SAR is 9.89
W/kg. A duty cycle of 16% is therefore required to ensure compliance with EMF
exposure limits at any distance from the device, including direct contact (i.e.,
touch compliance). When the accepted power is increased to 26 dBm, the 1g SAR
rises to 19.55 W /kg and the duty cycle is reduced to 8%. For P, = 29 dBm, the 1g
SAR reaches 39.09 W /kg, and the corresponding duty cycle drops to 4%, which
is the lowest value obtained in all considered scenarios. For the 10g SAR, the
resulting duty-cycle of 14% is higher than that for the 1g case.

At 2 GHz, the highest SAR case is also obtained for the left-ear, 0° tilt con-
figuration. For P, = 23 dBm, the peak spatially averaged 1g SAR is 7.53 W /kg,
which corresponds to a duty cycle of 21%. When the accepted power is increased
to 26 dBm, the 1g SAR rises to 15.06 W /kg and the duty cycle is reduced to 11%.
For P; = 29 dBm, the 1g SAR reaches 30.12 W /kg, and the corresponding duty
cycle decreases to 5%, which is the lowest value obtained at 2 GHz.

The antenna assumptions also influence the obtained results. Due to the sim-
plified UE model, additional efficiency losses present in practical implementations
caused by internal components are not considered. As a result, the simulated
antennas exhibit relatively high total efficiencies, reaching -1.5 dB (70.5%) for
the 2 GHz antenna and -0.8 dB (83%) for the 3.5 GHz antenna. In compari-
son, smartphones operating in FR1 are typically associated with the nominal UE
Power Class 3 limit of 23 dBm, although their measured free-space Total Radiated
Power (TRP) at 3.5 GHz is generally lower due to antenna and implementation
losses; for example, values ranging from 9.53 dBm to 18.55 dBm were reported in
[61]. For a transmit power of 23 dBm, a lossless antenna would transmit 23 dBm;
the difference between the transmit power and the TRP reflects the total antenna
efficiency. For the reported devices, this corresponds to an efficiency ranging from
-13.5 dB to -4.5 dB. Compared to these values, the antennas considered in this
work exhibit higher efficiency, and the obtained results can therefore be regarded
as conservative. In practice, higher losses would mean that higher transmit power
or duty cycle are achieved while maintaining touch compliance. Additionally, ad-
vanced power control techniques [62, 63] can further increase instantaneous power
over short intervals while ensuring that time-averaged SAR remains within limits.

If data transmission is only allowed during a fraction of the time while keeping
a fixed bitrate during active periods, the overall amount of data transmitted over
time is reduced proportionally to the fraction of time the transmitter is active.
However, these duty-cycle levels may still be sufficient for certain applications,
such as data exchanges or calls. In this context, intelligent proximity sensing
could be used to relax duty-cycle constraints while maintaining EMF compliance,
by enabling dynamic adjustment of the duty cycle according to the use position
instead of relying on a fixed value.

The differences observed between the flat and SAM phantom results highlight
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the influence of geometry and curvature on the exposure scenario.

The presented SAR results are based on the highest exposure scenarios. How-
ever, in practice, a wide range of operating scenarios lead to significantly lower
SAR levels. For instance, changing the device location in the head position from
one ear to the other. As a result, the duty-cycle limitations derived from the high-
est SAR configurations should be interpreted as conservative bounds. In many
situations, higher duty cycles, and therefore more continuous transmission may
still be possible while remaining compliant with exposure limits, especially if the
human body proximity and its orientation can be detected.



Chapter 5

Discussion

This chapter discusses the main findings of this thesis in relation to the initial
objectives. The main goal of this work was to investigate the feasibility of Direct-
to-Device Non-Terrestrial Network communications by using a smartphone inte-
grated antenna, while ensuring compliance with electromagnetic exposure limits.
To achieve this, three main topics were addressed: antenna design, link budget
analysis and EMF exposure evaluation.

The combined analysis of the three main topics is essential to understand
the overall viability of the proposed solution. The antenna performance directly
affects the link budget through the achievable gain and polarization, while the
required transmit power puts limitations on the transmit time in order to ensure
compliance with EMF limits. Therefore, the discussion focuses on the interaction
between antenna characteristics, link budget, and EMF exposure, highlighting the
main trade-offs and practical implications of the design.

One of the proposed antennas successfully achieves dual-band CP in the tar-
geted NTN frequency bands through the interaction of different resonant modes.
The results show a better CP performance in the UL band at 2 GHz than in the
DL band at 2.185 GHz. This behaviour is explained by the interaction of different
modes, which change their behaviour depending on the main tuned geometrical
parameters, better optimized for the lower frequency band. Specifically tuned
parameters help improve the UL performance, which is limited by UE transmit
power, at the expense of DL performance.

A key observation is that the AR has lower values at higher elevation angles,
which means that the CP performance is better in directions close to the zenith.
This characteristic is desired for NTN links, due to the relative position of the
satellite to the user. Greater advantage of this behaviour could be achieved if
position awareness were to be introduced to the user, where the user could point
to the satellite direction to attain the best CP performance.

The gain results show a difference between the UL and DL performances. At
2 GHz, the antenna achieves a maximum gain of 3.5 dBi in the upper hemisphere,
with a radiation pattern directed toward the zenith. In contrast, at the DL fre-
quency of 2.185 GHz, the gain in the upper hemisphere is reduced to around 1
dBi. This difference reflects an implicit design trade-off that prioritizes uplink per-
formance. In NTN scenarios the downlink benefits from the significantly higher
transmit power at the satellite. Therefore, the resulting gain difference between
UL and DL are not necessarily a limitation but a reasonable design choice that
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aligns with system-level constraints.

The antenna exhibits high radiation efficiency, exceeding 80% across the bands
of interest, while the total efficiency is reduced to around 70%, which reflects the
effect of mismatch losses. These losses can be attributed to the compromise in the
design of the matching network. Due to the size constraints and the cost efficiency
needed in smartphones, a simple LC network was chosen.

The integration of the C-band antenna introduces additional challenges, espe-
cially due to the mutual coupling between the two antenna elements. The initial
coupling levels were relatively high, but were successfully reduced through the
introduction of notch filters specifically designed to suppress radiation from the
opposite antenna.

The link budget analysis demonstrates that an NTN at 2 GHz is feasible under
the considered conditions. The results show that the link is power-limited, which is
consistent with the large propagation distances and low transmit power of the user
equipment. The elevation angle has a strong impact on the results, with higher
elevation angles resulting in lower path losses and improved link performance. This
leads to variations in the achievable link quality. In a real implementation of this
system, this variability would need to be addressed through adaptive modulation
and coding schemes.

The analysis of the achievable bitrates shows that at 2 GHz the system can
support data rates ranging from hundreds of kbps to several Mbps, depending
mainly on transmit power and elevation angle. This indicates that the proposed
antenna is capable of supporting several NTN use cases, including emergency mes-
saging, voice communication, and potentially low rate data services such as online
browsing or standard resolution video calls, depending on system-level implemen-
tations. In contrast, the results at 3.5 GHz show reduced performance. The higher
path losses, combined with the lower antenna gain in the endfire direction result
in a substantial degradation of the link budget. Nevertheless, the results show
that emergency messaging could still be supported. Improved antenna designs,
specifically optimized for NTN requirements, could enhance the link performance
at 3.5 GHz and support a broader range of services.

The results clearly demonstrate that antenna performance plays a critical role
in determining the feasibility of NTN communications. Improvements in antenna
gain and use of CP directly translate in higher carrier-to-noise ratio and thus
increased data rates. This confirms the importance of an NTN specific antenna
design, which clearly improves the system performance and provides a feasible
solution for future implementation in 6G systems.

The EMF analysis shows that SAR values depend on the device position and
proximity to the human body. The highest SAR values are observed in head
exposure scenarios. The comparison with international exposure limits shows that
compliance can be achieved, but may require the implementation of duty cycle
limitations, especially at higher transmit power levels. This finding is particularly
relevant for the studied system, as higher transmit power significantly improves
the link quality, and it might be beneficial to maximize the transmit power while
ensuring EMF compliance.

Overall, the results demonstrate that direct-to-device communication using
a smartphone-integrated antenna is technically possible. The proposed S-band
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antenna provides suitable radiation characteristics that enable good link perfor-
mance, while the C-band antenna achieves a lower level of performance for low-rate
applications. However, the analysis also shows that the performance depends on
transmit power while ensuring EMF compliance. These findings reveal that the
viability of NTN links is not determined by a single stage, but by the joint inter-
action of the multiple system parameters.
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Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis has demonstrated the feasibility and limitations of enabling direct-to-
device NTN communication using a smartphone-integrated antenna, considering
both link performance and electromagnetic exposure. A circularly polarized dual-
band antenna and a wideband linearly polarized antenna were designed and eval-
uated, and their impact on system performance was studied through link budget
analysis and EMF exposure analysis.

The proposed S-band antenna successfully achieves the dual-band operation
in the 2 GHz NTN bands defined by 3GPP, and the C-band antenna provides an
additional wideband operation with LP. The results show that the S-band antenna
has a radiation pattern directed to the upper hemisphere, enough gain and CP
to support NTN communication. There is a performance difference between the
UL and DL bands. However, from a system-level perspective, UL performance
is typically more affected by the lower transmit power available at the UE, and,
therefore, is prioritized.

The link budget analysis demonstrates that D2D NTN communication at 2
GHz is feasible under the considered assumptions. System performance is depen-
dent on elevation angle and transmit power. The achieved data rates are in the
range of hundreds of kbps to several Mbps, indicating the potential to support
voice calls and medium data rate services such as web browsing or video calls. On
the other hand, the 3.5 GHz band exhibits reduced performance, mainly due to
higher propagation losses, lower antenna gain in the relevant directions, and po-
larization loss, although still being able to support text messaging or emergency
services.

The EMF exposure analysis shows that the proposed antenna meets inter-
national SAR limits, but the use of duty cycle constraints in some smartphone
positions relative to the human body and for higher transmit power might be
needed.

6.2 Future work

Although this thesis has addressed the design of an NTN antenna, the analysis of
the link budget, and the evaluation of EMF exposure, several directions for future

75



76 Conclusions and future work

work could be conceived.

First, the proposed antenna design has only been validated through simula-
tions. Fabricating and measuring a prototype would therefore be an important
next step in order to verify its performance under real-world conditions. In ad-
dition, the influence of internal smartphone components and the display on an-
tenna behaviour should be investigated, since these elements may affect impedance
matching, radiation characteristics, and overall efficiency.

Second, the link budget analysis could be extended by considering more re-
alistic and dynamic conditions, such as satellite movement, Doppler effects, and
additional propagation losses. Furthermore, a more in-depth bitrate evaluation
could be carried out through the analysis of specific 5G packet structures and
protocols, to get more precise values of the achievable throughput. A worst-case
analysis including the combined effect of all relevant losses would also provide valu-
able insight into system performance under more limiting conditions. Additionally,
the DL case could be computed to get the whole-system performance results.

Finally, the radiation pattern obtained using the SAM phantom should be in-
corporated into the link budget analysis to quantify how human-body proximity
affects the achievable bitrate due to its impact on the antenna performance. Ad-
ditional investigations could also examine different hand configurations and usage
scenarios, as these may influence antenna performance.
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Appendix A

Antennas substrates layout

Appendix A illustrates the substrate configuration in the smartphone structure.
ROGERS 5880 substrate is highlighted in green, and FR4 substrate is highlighted
in blue.

Figure A.1l: Substrates layout of the proposed structure.
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Appendix B

Surface currents of S-band antenna

This Appendix presents the surface currents of the S-band antenna for instanta-
neous phase values 0°, 90°, 180° and 270° for the relevant resonant modes.

dB (A/m)
50
40
L - 20
10
0
(a) f=1.9 GHz (b) f=2.1GHz (c) f=24GHz
Figure B.1: Surface current distribution for excitation phase 0° at
the three main mode frequencies.
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Figure B.2: Surface current distribution for excitation phase 90° at
the three main mode frequencies.
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88 Surface currents of S-band antenna
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Figure B.3: Surface current distribution for excitation phase 180°
at the three main mode frequencies.
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Figure B.4: Surface current distribution for excitation phase 270°
at the three main mode frequencies.



Appendix C

3D gain radiation patterns

This Appendix presents the 3D IEEE gain radiation patterns of both S-band and
C-band antenna at their working frequencies.

Figure C.1: 3D far-field gain pattern of Antenna Structure 1 at
f=2.0 GHz.
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90 3D gain radiation patterns

Figure C.2: 3D far-field gain pattern of Antenna Structure 1 at
f = 2.185 GHz.

Figure C.3: 3D far-field gain pattern of Antenna Structure 2 at
f=3.5 GHz.



Appendix D

SAR simulation results

91



SAR simulation results
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Pt=23 dBm Pt=26 dBm Pt=29 dBm
=2 GHz =3.5 GHz =2 GHz .5 GHz f=2 GHz =3.5 GHz il e
[ SAR| SAR | SAR [ SAR
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Figure D.1: Complete SAR and DC results for the flat phantom and head SAM phantom simulations at
P, =23, 26, and 29 dBm, including FCC and ICNIRP limits.




Appendix E

Atmospheric effects calculations

The propagation losses shown in Figure E.1 were calculated as the sum of rain
attenuation, atmospheric gaseous absorption, and tropospheric scintillation

Atot = Arain + Agas + Ascintv (El)

for the 0.01% time percentage for which the scintillation fade depth and rain
attenuation are exceeded.

Rain attenuation was estimated following the ITU-R recommendation. The
specific rain attenuation is

Yr = kRG o1, (E.2)

where Ry o1 is the rainfall rate exceeded for 0.01% of an average year, and k and «
are the frequency- and polarization-dependent coeflicients from ITU-R P.838 [23].
The rain attenuation exceeded for 0.01% of the time is then

Arain,0.01 = YRLet, (E.3)

where Leg is the effective slant path length through the rain region, calculated
according to ITU-R P.618 [22].

Atmospheric gaseous absorption was calculated according to ITU-R P.676 [21].
The total gaseous specific attenuation is

’Ygas(f) = WO(f) + Y (f); (E.4)

where 7, and 7,, are the oxygen and water-vapour contributions, respectively. The
slant-path gaseous attenuation is approximated by

A ith
A ~ gas,zenit ) E5
gas sin « (E-5)
Tropospheric scintillation was calculated using the ITU-R P.618 model [22].
The scintillation fade depth exceeded for p% of the time is:

Agcint (p) = a(p)o'scinta (EG)

where a(p) is the time-percentage factor and ogcnt is the scintillation standard
deviation.
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94 Atmospheric effects calculations

The parameters used in the calculation were D,y = 0.05 m, 7, = 0.7,
p = 0.01%. Here, D,y is the assumed effective smartphone antenna, 7., is
the antenna efficiency, and p is the scintillation time percentage. The surface
meteorological parameters were temperature Ty = 283.15 K, atmospheric pres-
sure Py = 1013.25 hPa, and relative humidity RHy = 80%. These correspond
to a temperature of approximately 10°C, standard atmospheric pressure, and a
humid-climate assumption [64]. These values were used as representative surface
conditions in Lund, Sweden for the propagation-loss results in Figure E.1.

—O6—Rain2GHz —8—Gas2GHz —#A—Scint2GHz =——#—Total 2 GHz
— © —Rain35GHz — B —Gas 3.5GHz — A —Scint 3.5 GHz = # =Total 3.5 GHz
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Figure E.1: Rain, gas and scintillation caused attenuation for the 2
GHz and 3.5 GHz links, for a UE located in Lund, Sweden.
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