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User Equipment antenna design for Non-Terrestrial Network communication
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Abstract
Non-terrestrial networks (NTN) are emerging as an important component of future
wireless communication systems, with 3GPP standardization efforts increasingly fo-
cused on enabling direct to device (D2D) connectivity for standard user equipment
(UE). A key challenge in this context is the impact of different UE antenna designs
on the link budget and regulatory compliance with electromagnetic field (EMF) ex-
posure limits. This thesis addresses that challenge through a three part investigation
of antenna design, EMF exposure assessment, and uplink link budget performance
for NTN-capable UE. Three antenna designs were implemented and characterized
at 3.5 GHz, a Bezel antenna, an inverted-F antenna (IFA), and a circularly polar-
ized (CP) patch antenna. Key antenna parameters including peak realized gain and
impedance bandwidth that were assessed and compared by simulations. EMF com-
pliance was evaluated in terms of specific absorption rate (SAR) in accordance with
IEEE/IEC standards and the impact of increasing transmit power to 26 dBm was
also assessed. Uplink link budget analysis was subsequently performed for all three
antennas and benchmarked against an isotropic radiator. Results indicate that the
Bezel antenna provides the strongest link budget performance and all three anten-
nas show compliance to EMF limits when power duty cycles are considered. The
results collectively highlight a fundamental trade-off in NTN UE antenna design
between ensuring EMF compliance and link performance, and provide quantitative
data directly relevant to ongoing 3GPP standardization discussions. The findings
suggest that transmit power class specifications for NTN UE cannot be decoupled
from antenna design.

Keywords: UE Antenna, Electromagnetic field exposure, NTN, Link budget, Satel-
lite communication, .
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1
Introduction

This chapter presents the background for the thesis and introduces the aim.

1.1 Background
The mobile communication system have been evolving towards 5G, delivering high
data rates, ultra-reliable low-latency communication, and near-ubiquitous connec-
tivity across large portions of the globe [1]. Nevertheless, 5G remains fundamentally
terrestrial in its architecture, relying on densely deployed base station networks that
inherently limit coverage in remote environments such as rural regions, maritime
corridors, and airspace [2].

Non-terrestrial networks (NTN) have emerged as a strategic solution to this coverage
gap and are increasingly recognized as a foundational component of the forthcom-
ing 6G system [2]. NTN communication introduces a distinct set of propagation
challenges. Whereas conventional user equipment (UE) antennas are designed for
terrestrial links spanning distances on the order of kilometres, NTN links must
maintain stable communication with satellites operating at altitudes of hundreds
to thousands of kilometres, across a wide range of elevation angles [3]. This gives
rise to substantially greater free-space path losses and imposes new requirements on
both the link budget and the antenna characteristics of the UE [4].

A cornerstone of the global telecommunications industry has been the role of stan-
dardization, which ensures interoperability between any compliant UE and any con-
forming network, regardless of vendor or geography. The principal bodies respon-
sible for this work include the International Telecommunication Union (ITU), the
European Telecommunications Standards Institute (ETSI), and the 3rd Generation
Partnership Project (3GPP) [5]. With respect to NTN, 3GPP has conducted initial
feasibility studies and begun establishing system-level requirements [4]. However,
these efforts have largely relied on simplified antenna assumptions, in terms of radia-
tion pattern, that may not accurately reflect the characteristics of current or future
UE designs [6]. This represents a gap with potential impact in the standardiza-
tion foundation, as antenna behaviour directly influences link performance, power
requirements, and regulatory compliance.

Another critical dimension of this is the transmit power of the UE. The power class
prevalent in current deployments is limited to 23 dBm, and investigating whether

1



1. Introduction

higher power classes could improve NTN link budgets is therefore, of practical inter-
est [6]. However, any increase in transmit power must be evaluated against electro-
magnetic field (EMF) exposure that needs to be assessed against the internationally
established limits to ensure compliance [7].

A further dimension of this investigation concerns the potential to utilize higher
frequency bands for NTN operation. The frequency bands currently standardized by
3GPP for NTN in Release 17 and onwards are the n254- (Uplink: 1980 - 2010 MHz,
Downlink: 2170 - 2200 MHz), n255- (Uplink: 1625.5 - 1660.5 MHz, Downlink: 1525
- 1559 MHz) and n256-band (Uplink: 1980 - 2010 Mhz, Downlink: 2170- 2200 Mhz)
[4]. However, to avoid congestion, the industry continues to study the possibilities
to expand to higher frequency bands [8].

1.1.1 Aim
The aim of this thesis is to design and simulate different UE antennas for the use in
direct-to-device (D2D) NTN communication and to evaluate the power levels ensur-
ing EMF compliance and the corresponding implications on the link performance.

2



2
Theory

This chapter will present all the necessary background information as well as the
theory for understanding the report.

2.1 Non Terrestrial Networks
A NTN is considered to be a network utilizing uncrewed aircraft systems (UAS) such
as unmanned aerial vehicles (UAV), high altitude platforms (HAPs) or satellites for
communications purposes and has of recent become a discussed topic, both as part of
5G and 6G. The discussion of implementing NTN as a compliment to the terrestrial
network (TN) began in 3GPP release 15 where the organization outlined use cases
mainly focused on enhancing coverage and emergency communication from remote
areas or relief during disaster events [4].

2.2 Satellite communication
This sections aims to explain the basics of satellite communication, starting from
orbits and ending in the theory behind a communication link.

2.2.1 Orbits
Fundamental to satellite communication is understanding orbital mechanics and
more specifically the implications of the orbital height. Based on Newtonian me-
chanics and Einstein theory of relativity the path of a satellite can be calculated with
great precision given six initial conditions which can be described in two different
ways, both of which will be supported in 3GPP. Firstly using position and velocity
vectors (x, y, z) and (vx, vy, vz) respectively or secondly using the so called six or-
bital elements; Semi-major axis (a), Eccentricity (e), Epoch of perifocus pass (tp),
Inclination of the orbital plane (i), Argument of perifocus (ω) and the Rectascension
of the ascending node (Ω). Using these six elements we can describe the orbits that
follows the three Kepler laws and are only valid for objects of much smaller size than
the body which the orbits is around. For most astronautical efforts such as satellite
orbits this approximation holds well [9].

Orbits around earth are mainly divided into three groups called low earth orbit
3



2. Theory

(LEO), medium earth orbit (MEO) and geostationary earth orbit (GEO). Each
orbit comes with different characteristics which makes them more or less ideal for
different purposes. GEO are circular orbits with an orbital height of 35 786 km above
the earths equator and orbital period of one sidereal day, or 23 hours, 56 minutes
which makes any object in a GEO appear stationary from an earth observer. This
characteristic makes them ideal for purposes where the antenna on earth needs to
be fix, such as for television broadcasting or when a specific area of the earth is of
interest such as for weather satellites [10]. A distinct advantage of GEO satellites
apart from their stationary nature is that only four satellites are necessary for true
global coverage and their relatively low speed compared to other orbits give rise to
minimal Doppler shifts [11]. GEO are a special subset of orbits pertaining to the
class geosynchronous orbits (GSO) which share the same orbital height and period
but can be inclined of the equatorial plane which makes the ground track a figure
eight and thus returns to the same position in the sky for the same time of day but
does not appear fix [12].

LEO are a group of inclined circular orbits that orbit around 180 km to 2000 km
above the Earths surface where the upper limit is constrained such that the inner
Van Allen belt is avoided and the lower limit is a consequence of Earths atmosphere.
Satellites positioned in LEO have an orbital period of around 90 minutes which is
an orbital velocity of 7.8 km/s with respect to earth. This velocity gives rise to sig-
nificantly larger Doppler shifts than the GEO but simultaneously suffers much less
delay in the signal propagation due to the much lower altitude. Since propagation
delay is a physical constraint, LEO makes for an ideal candidate for communications
systems that value low latency, such as voice or video calls. Whereas GEO constella-
tions could achieve global coverage with only four satellites, the same would require
hundreds of LEO satellites [10], [13]. Reduced launch costs and the development of
small form factor LEO satellites still gives economy in large constellations as cost
per satellite and launch is significantly reduced compared to their GEO counterpart
[14].

The MEOs are positioned in between the LEO and GEO, but again with emphasis
on avoiding the Van Allen belts. Most of our navigation satellites resided in these
orbits as they offer a middle ground between needing large constellations, cost and
delay [10].

2.2.2 Payload
The payload of a satellite refers to the internal components that are used for the mis-
sion specific purpose while the satellite bus refers to the vehicle itself, i.e. propulsion,
power supply, telemetry, tracking and command, etc. For communications satellite
there are two subtypes of payloads, transparent and regenerative. A transparent or
bent-pipe payload acts as a radio repeater which receives the signal and transmits
it back to earth at the correct frequencies thus also allowing any noise to propagate
throughout the link. Regenerative payloads are capable of signal processing onboard
the satellite which allows for isolation between the uplink and downlink signal and
capabilities beyond simply amplifying and returning the signal. The key difference
4
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being the superior performance for the regenerative payload not allowing noise from
the uplink to propagate to the downlink by recovering the baseband signal and re-
modulating it for transmission in the downlink. However, this comes at the expense
of increased complexity and cost, power demands and less flexibility as each system
is design only for selected data formats [15].

2.2.3 Link budgets

For satellite communication systems it is of great importance to assure oneself of
the systems performance before launching the satellite into orbit and the prevail-
ing tactic is to evaluate the systems link budget which tracks the power level of
the signal from transmission to reception. The fundamental equation in wireless
communication is the so called Friis equation which evaluates the received power
according to:

Prx = PtxGtxGrxλ2

(4πd)2 (2.1)

where Ptx and Prx is the transmitted power and received power, respectively, Gtx

and Grx are the gains of the transmitting and receiving antenna, respectively, λ is
the carrier wavelength and d is the distance between the transmitter and receiver.
The term:

(4πd)2

λ2 (2.2)

here shown inverted compared to equation 2.1 is called the free space path loss
(FSPL) and causes the largest attenuation in a satellite communication system. For
a system operating at 3.5 GHz in a 600 km LEO orbit and GEO orbit the FSPL
values in dB are 159 dB and 194 dB, respectively.

The distance between the UE and satellite is not constant and fluctuates with ele-
vation angle. The elevation angle is defined as the angle between the horizon and
the satellite and is illustrated in figure 2.1. The distance d, often refereed to as slant
range can be calculated using equation 2.3 where RE is the radius of the earth, α is
the elevation angle and h0 is the orbital height of the satellite.

d =
√

R2
Esin2(α) + h2 + 2hRE − RE sin(α) (2.3)

5
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Figure 2.1: Schematic drawing of slant range [16]

To assess the communication link, the noise in the system should be considered
therefore, the metric carrier to noise ratio (CNR or C/N) or the carrier to noise
density ratio (C/N0) which relates the carrier power level to the noise power level
(N) or noise power density (N0), respectively is used [17]. The C/N and C/N0 is
defined as

C/N = Prx − PL − N (2.4)
C/N0 = Prx − PL − N0 (2.5)

, respectively where PL is a lumped term representing all losses in the system, which
will be explained in later sections, N and N0 can be calculated as:

N = kTB (2.6)
N0 = kT (2.7)

where k is the Boltzmann constant, T is the system noise temperature and B is the
bandwidth of the signal. The CNR allows for characterization of the overall quality
of the link by describing how well the carrier can be discriminated from the noise.
Another closely related metric is the energy per bit to noise spectral density (Eb/N0)
which is the ratio of energy in one bit to the noise power density. Eb/N0 is related
to CNR via

C

N
= Eb

N0

Rb

B
(2.8)

where Eb is the energy per bit and Rb is the bit rate. This metric allows for com-
parison between the bit error rate (BER) and the effectiveness of digital modulation
schemes without considering actual bandwidth allowing insights into performance
of power limited systems [17].

BER is the ratio between faulty bits to total transmitted bits and for modern day
communication systems the targeted number is dependent on the application, how-
ever for D2D the lowest acceptable BER is typically between 10−5 or lower [18]. In
6
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figure 2.2 the relation between BER and Eb/N0 is shown for different modulation
schemes and as shown higher order schemes require higher Eb/N0 for the same BER
compared to lower order schemes.

Figure 2.2: BER versus Eb/N0 for lower order digital modulation schemes [19].

2.2.4 Noise

From the previous section it is noted that the performance of the link is dependent
on the noise which is related to the system noise temperature T. The concept of
a noise temperature is related to blackbody radiation where sources noise power is
equated to that of a blackbody of temperature T which equals said noise power.
The system noise temperature is a lumped term that accounts for all noise sources
in the receiving system and is measured by convention at the input of the receiver,
marked with an arrow as seen in figure 2.3 [20]. The system noise temperature can
be calculated according to

T = (Tant + TF D.in)(1/LF D) + Trx.in (2.9)

where Tant is the antenna temperature which is the noise temperature the antenna
picks up and not the physical temperature of the antenna itself. TF D.in is the
effective temperature of the feeder measured at the input of the receiver, LF D is
the attenuation in the feed and Trx.in is the cascaded temperature of the entire
receiver chain measured at the input. In figure 2.3 the receiver chain is limited to a
Low noise amplifier (LNA), down converter (DC), and IF amplifier.

7
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Figure 2.3: Schematic drawing of an earth station receiver[20].

The antenna temperature is dependent on the brightness temperature Tb of an object
in the view of the antenna and the gain of the antenna in the objects direction, thus
the temperature can be obtained by integrating the product over a sphere [21]:

Tant =
∫ 2π

0

∫ π

0
G(θ, ϕ)Tb(θ, ϕ)sin(θ)dθdϕ (2.10)

An important metric used in satellite communication is a ratio called antenna gain
to system noise temperature G/T which relates the antenna gain to the system
noise temperature measured at the receiver input [22]. Its importance lies in char-
acterizing the quality of the receiving station and also signifies an important area of
improvement in communication system where the uplink is power limited as a higher
gain and lower noise temperature can yield significant performance enhancements.

More commonly is for components or systems to be given using the noise figure F,
which relates to the noise temperature T as:

F = 1 + T

T0
(2.11)

where T0 is the reference temperature set to 290 K.

2.2.5 Atmospheric effects

One important attenuator to consider is earths atmosphere. The impact of the
atmosphere is highly frequency dependant. One such dependence is due to absorp-
tion from atmospheric gases, mainly oxygen, with peak absorption at 60 GHz and
water vapour that peaks at 22 GHz [23]. Figure 2.4 illustrates the opacity of the
atmosphere and also shows that there are gaps in the atmosphere where certain
frequencies are less affected, such as those in the radio frequency domain.
8
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Figure 2.4: Atmospheric opacity as a function of wavelength [24]

The atmosphere can be subdivided into layers based on dominating effects and
conditions. Two layers which are of importance are the Ionosphere and Troposphere.
The Ionosphere ranges from around 80 − 5000 km from earths surface and consists
of predominantly atomic oxygen as well as free electrons and plasma. The chemical
makeup of the Ionosphere makes it behave as a dispersive media which will make
the refractive index frequency dependant affecting the phase and group velocity of
the incoming wave. Dispersive media also has an attenuating effect and a phase
shifting effect which corresponds to a slight increase in path length. Another effect,
which is influenced by the total electron content (TEC) and earth’s magnetic field
is the so-called Faraday rotation which causes a rotation of the state of polarization
in linearly polarized electromagnetic waves [23].

The Troposphere extends from the surface up to around 10 km and contains the
majority of all the atmospheres water vapour and weather phenomena. Rain and
other forms of precipitation becomes the dominating issue at this level as it both
absorbs and scatters energy, especially for frequencies above 10 GHz [23]. Since rain
is not a constant occurrence, it’s impact on communication links has to be dealt
with statistically and is often calculated with respect to probability of link failure
and is frequency dependant [23] [25].

2.3 Microwave theory
This sections aims to provide the necessary theoretical framework to understand
design decisions as well as the fundamental working principles of radiating structures

9
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such as antennas.

2.3.1 Electromagnetic field theory
The understanding of electromagnetic field theory is central to the field of antenna
engineering, therefore a short introduction follows. Large portions of the following
sections are based on the two books, Microwave Engineering by Pozar [26] and Foun-
dations of antenna engineering, a unified approach for line of sight and multipath
by Kildal [27].

2.3.1.1 Maxwells equations

Most fundamental to understanding electromagnetic fields are Maxwells equations,
which are a set of four coupled equations that, combined describe the behaviour
of electromagnetic fields. Here presented in their time varying differential form in
equation 2.12:

∇ · E = ρ

ϵ0
(Gauss’ law) (2.12a)

∇ · B = 0 (Gauss’ law for magnetism) (2.12b)

∇ × E = −∂B
∂t

(Faraday’s law) (2.12c)

∇ × B = Jµ0 + ∂E
∂t

ϵ0µ0 (Ampère–Maxwell law) (2.12d)

where E is the electric field, B is the magnetic flux density, ρ is the electric charge
density, ϵ0 is the permittivity of free space, µ0 is the permeability of free space and
J is the current density. The set of equations can analogously be describe in their
integral form. Another way to express the equations is via related fields like the
electric flux density D:

D = ϵ0E + P = ϵE (2.13)

where P is the electric polarization and ϵ is the permittivity and the magnetic field
H:

H = 1
µ0

B − M (2.14)

For most applications in microwave engineering the only time variance is of sinusoidal
or harmonic nature whereby it is convenient to express this set of equations in
complex form using phasors:

∇ · E = ρ (2.15a)
∇ · B = 0 (2.15b)

∇ × E = −jωB − M (2.15c)
∇ × H = jωD + J (2.15d)

10
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where j is defined as:
j =

√
−1 (2.16)

and ω is the radian frequency. The current density is related to the electric field via

J = σE (2.17)

where σ is the conductivity. From this definition, combining with the expansion of
the permittivity into a real and imaginary part ϵ = ϵ′ − jϵ′′ where the imaginary
part accounts for losses, equation 2.15d becomes

∇ × H = jω(ϵ′ − jϵ′′ − j
σ

ω
)E = jωϵ′E + (ωϵ′′ + σ)E (2.18)

where the term ωϵ′′ + σ can be considered as the total effective conductivity and a
ratio can be defined as

tan δ = ωϵ′′ + σ

ωϵ′ (2.19)

which is called the loss tangent. Dielectric materials are often characterized by their
loss tangent and another quantity called relative permittivity ϵr, defined as:

ϵ′ = ϵrϵ0 (2.20)

2.3.1.2 Boundary conditions

The previous section describes electromagnetic fields in free space and expands into
dielectric media, however, to understand the effects at the intersection of two media,
boundary conditions are required. These boundary conditions can be derived from
Maxwells equation by investigating what happens in a enclosed infinitesimally small
volume at the intersection between two mediums. One group of such medium which
is of importance to microwave engineering is good conductors such as metals, often
considered to be lossless. For the idealised case of a perfect electrical conductor
(PEC), all fields inside of the conductor are zero which yields the following set of
conditions:

n̂ · D = ρs (2.21a)
n̂ · B = 0 (2.21b)

n̂ × E = 0 (2.21c)
n̂ × H = Js (2.21d)

where n̂ is the normal vector to the surface, ρs and Js are the electric surface
charge density and current distribution, respectively. These equations states that
the tangential component of the electric field and the normal component of the
magnetic field are extinguished at the interface.

For the general case of a non PEC interface the equations expands to:
11



2. Theory

n̂ · (D2 − D1) = ρS (2.22a)
n̂ · B2 = n̂ · B1 (2.22b)

(E2 − E1) × n̂ = Ms (2.22c)
n̂ × (H2 − H1) = JS (2.22d)

where Ms is the magnetic surface current density and the subscripts 1 and 2 denote
two arbitrary mediums 1 and 2. These equations state that the normal component
of the electric flux density is shifted by an amount equal to the surface charge
density, and in the case of a lossless dielectric with ρs = 0 it’s continuos across the
boundary. Similarly the normal of the magnetic flux density is always continuos
across the boundary. The tangential component of the electric field is for most
mediums continuos across the boundary as Ms = 0, however the magnetic field is
affected by the surface current density.

2.3.1.3 Wave equation and plane waves

The behaviour of electromagnetic waves can be derived from Maxwells equations by
taking the curl of the result from 2.15c and 2.15d under the conditions of a source
free, linear, isotropic and homogenous region, which yields the result:

∇2E + ω2µϵE = 0 (2.23)
which is called the Helmholtz equation or the wave equation. Following the same
logic an expression can be derived for the H-field:

∇2H + ω2µϵH = 0 (2.24)

Expanding this into a more general region can be done by first considering the term
ω2µϵ which we can call k and is commonly referred to as the propagation constant
and replacing it with another complex propagation constant

γ = α + jβ = jω
√

µϵ

√
1 − j

σ

ωϵ
(2.25)

where α is the attenuation constant, β is the phase constant. Considering a wave
travelling in the z-direction of a Cartesian coordinate system and an E-field contain-
ing only components along the x-axis, the wave equation simplifies to

∂2Ex

∂z2 − γ2Ex = 0 (2.26)

which has the solution:
Ex(z) = E+e−γz + E−eγz (2.27)

consisting of a superposition of the forward and backwards travelling waves where
E+ and E− denote amplitude constant of the forward and backwards component,
respectively. The associated H-field is expressed as

Hy(z) = −jγ

ωµ
(E+e−γz − E−eγz) (2.28)
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These assumptions form the basis for the mathematical concept of a plane wave
which have the properties of entirely planar wavefronts with equal amplitude and
phase.

2.3.2 Transmission lines
Transmission line theory is the bridge between the computationally heavy field anal-
ysis and circuit theory. The necessity for the theory becomes apparent when con-
sidering the size of components and the electrical wavelength of the signal, as in
conventional circuit theory the size of the components are significantly smaller than
the wavelength, whereas at microwave frequencies this is no longer the case and
circuit theory is no longer applicable.

2.3.2.1 Transmission line model

Transmission lines are modelled using two wire lines as the condition for wave prop-
agation demands at least two conductors and their behaviour can not adequately
be described by a single lumped inductor, capacitor, or resistor. However, a in-
finitesimally small length ∆z can be modelled as a lumped element circuit. Using
Kirchoff’s laws on said circuit two important results can be derived:

V (z) = V +
0 e−γz + V −

0 eγz (2.29a)
I(z) = I+

0 e−γz + I−
0 eγz (2.29b)

where V (z), I(z) are the voltage and current, respectively and V0 and I0 are ampli-
tude constants. This means that both the voltage and the current can be represented
as travelling waves along the transmission line, here assuming the direction of propa-
gation is along the z-axis. Akin to ohms law, the so called characteristic impedance
Z0 of the line can be expressed as the ratio between the voltage and current as
follows:

V +
0

I+
0

= Z0 = −V −
0

I−
0

(2.30)

For practical applications, transmission lines have to be connected to a load, such
as an antenna with it’s own load impedance ZL which will reflect the incoming wave
back such that

V −
0 = ZL − Z0

ZL + Z0
V +

0 (2.31)

The amount of reflections can be determined by the ratio

Γ = V −
0

V +
0

= ZL − Z0

ZL + Z0
(2.32)

where Γ is the reflection coefficient. This imposes a condition on the line. To achieve
zero reflections back, Γ has to be zero, meaning that ZL = Z0 and the load is said
to be matched to the line. When the load is not perfectly matched, not all of the
energy is transferred to the load and the amount of this loss of power is defined as
the return loss (RL), given in dB as:

RL = −20 log10 |Γ| (2.33)
13
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When a forward travelling wave is reflected in a load mismatch, the superposition
of incident and reflected waves creates a standing wave pattern along the transmis-
sion line. The voltage standing wave ratio (VSWR) is defined as the ratio of the
maximum to minimum voltage amplitude along the line:

V SWR = Vmax

Vmin

= 1 + |Γ|
1 − |Γ|

(2.34)

which is a number between 1 and infinity, with V SWR = 1 implies a perfectly
matched load.

2.3.2.2 Scattering matrix

At microwave frequencies, it is often impractical to measure total voltages and cur-
rents at circuit ports, therefore its beneficial to characterize the system in terms of
incident, reflected and transmitted waves. One such way is via the so called scat-
tering matrix which provides complete knowledge of the system as seen from any
port.

Consider an N -port linear system. Let the incident wave be defined by the vector

V+ =


V +

1
V +

2
...

V +
N


and the reflected wave amplitudes by:

V− =


V −

1
V −

2
...

V −
N

 .

The scattering matrix S is defined by the linear relation

V− = SV+. (2.35)

Explicitly, 
V −

1
V −

2
...

V −
N

 =


S11 S12 · · · S1N

S21 S22 · · · S2N
... ... . . . ...

SN1 SN2 · · · SNN



V +

1
V +

2
...

V +
N

 . (2.36)

Each scattering parameter is defined as

Sij = V −
i

V +
j

∣∣∣∣∣
V +

k
=0, k ̸=j

, (2.37)
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that is, the ratio of the outgoing wave at port i to the incident wave at port j, with
all other ports terminated by matched loads (i.e., V +

k = 0 for k ̸= j).

For passive systems like an antenna element, the S11 is the return loss and since it
is highly frequency dependent, it is often hard to achieve a good return loss for a
large bandwidth. For antenna systems a S11 < −10 dB corresponding to a VSWR of
about 1.9 is considered acceptable at the centre frequency. The frequency range for
which the system achieves an S11 below −10 dB is called the impedance bandwidth.
Systems that operate with lower efficiencies, like phones often target −6 dB.

2.3.3 Antenna theory
This section aims to elucidate some of the core concepts of antennas and antenna
engineering which have their origin in Maxwells equations and are based on [27].

2.3.3.1 Field regions

From previous sections it is already noted that at a far enough distance from a
source, waves behave as plane waves. This distance from the source is defined as
the far field region:

r >
2D2

λ
(2.38)

where r is the distance from the source and D is the diameter of the smallest sphere
encompassing all structural elements of the antenna. For r smaller than equation
2.38, the region is called the near field and can be further subdivide into two regions,
the reactive near field and the radiating near field. The former is closest to the
antenna element, whereas the latter makes up the rest.

Assuming a wave is propagating along the z-axis in the far field region, the polariza-
tion of the electromagnetic wave can be used to encode different signals on different
polarizations. To detect the desired signal, the system thus has to be able to dif-
ferentiate between the two polarizations and the desired polarization is called the
co-polar, whereas the undesired is called the cross-polar. The polarization is defined
with respect to the electric field. The desired component of the electric field, denoted
Eco, is aligned with the co-polar unit vector ĉo. Similarly, the cross-polar compo-
nent Exp is aligned with the cross-polar unit vector x̂p. The general expression of
ĉo and x̂p in a Cartesian coordinate system is defined for an angle ξ

ĉo = cos ξx̂ + sin ξŷ (2.39a)
x̂p = sin ξx̂ + cos ξŷ (2.39b)

where two notable cases are for ξ = π/2 and ξ = 0 gives polarization aligned with
the y- and x-axis in a Cartesian coordinate system, respectively. The definitions
in equation 2.39 relates to linear polarization and from convention in antenna en-
gineering, the polarization parallel to the ground is referred to as the horizontal
polarization and the orthogonal then referred to as the vertical polarization.
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Similarly, circular polarization can be defined by

ĉo = x̂ − jŷ√
2

(2.40a)

x̂p = x̂ + jŷ√
2

(2.40b)

Equation 2.40 is for the case of right hand circular polarization (RHCP), similarly
left hand circular polarization (LCHP) is defined by

ĉo = x̂ + jŷ√
2

(2.41a)

x̂p = x̂ − jŷ√
2

(2.41b)

If we define the electric field as:

E = (Ecoĉo + Expx̂p)e−jkz (2.42)

where e−jkz is a propagation factor, then the co- and cross-polar components can be
found as

Eco = E · ĉo∗ (2.43a)
Exp = E · x̂p∗ (2.43b)

Circular polarization is a special case of elliptical polarization and characterization
of wave can thus be done in terms of the maximum and minimal values of the electric
field strength of the wave in a ratio called the axial ratio (AR) in dB

AR = 10 log10 |Emax

Emin

|2 (2.44)

where an AR of 0 dB is an ideal circularly polarized wave and an AR of ∞ dB is
linearly polarized. For practical engineering purposes an AR below 3 dB is often
taken as acceptable for circular polarization in literature. An AR above 3 dB then
indicates an elliptically polarized wave.

2.3.3.2 Antenna parameters

Antennas that can radiate power in all directions, are called isotropic antennas and
antennas that concentrate more power in a certain direction, are called directive
antennas. The ratio between the radiated power in a direction compared to the
isotropic case is defined as the directivity D of the antenna. A closely related
parameter is the realized gain G of an antenna which depends on the directivity
and the efficiency of the antenna system:

G = εantD (2.45)
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where εant denotes the realized efficiency of the antenna. Both directivity and gain
have angular dependencies which relate to the far field pattern G(θ, ϕ) as:

D(θ, ϕ) = 10 log10(4π|G(θ, ϕ)|2/P ) (2.46)

where P is the radiated power in the isotropic case and D is the directional gain.

The far field function G describes how the radiated power is distributed over the
unit sphere and relates to the electric field as

E(r, θ, ϕ) = 1
r

e−jkrG(θ, ϕ) (2.47)

where r is the distance from the antenna and k is the wave number. Depending on
the geometry and current distribution of the antenna, the resulting far-field pattern
may take on different forms. Omnidirectional patterns exhibit uniform radiation
all planes perpendicular to the antenna axis, broadside radiation patterns direct
maximum power perpendicular to the antenna axis or plane and endfire patterns
radiate strongest along the axis of the antenna, achieving maximum radiation in the
forward or backward direction. Hemispherical pattern are constrained to one side
of the unit sphere.

2.3.3.3 Arrays

Antenna arrays are formed by combining multiple radiating elements in a controlled
geometric arrangement to achieve radiation characteristics that cannot be obtained
from a single antenna alone. The overall far field pattern of an array can be expressed
as the product of the element far field function and the array factor:

GA(r̂) =
N∑

n=1
AnejΦnG(r̂)ejkrn ·̂r (2.48)

where the array factor (AF) is the term

AF (r̂) =
N∑

n=1
AnejΦnejkrn ·̂r (2.49)

An is the amplitude and Φn is the phase of the excitation of element n. This equa-
tions holds for arrays with identical individual elements. By adjusting these exci-
tation parameters, arrays enable control over main beam direction and beamwidth,
making them highly versatile for applications requiring directional enhancement or
tracking. By combining far fields of multiple elements, arrays can achieve higher
gain than their single element counterpart.

2.3.4 Antenna types
This section aims to describe the fundamentals of the radiating structures considered
in this thesis.
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2.3.4.1 Microstrip patch antennas

Microstrip patch antennas are among the most common antenna types, in part due to
their good performance but also their low fabrication cost. They have hemispherical
radiation patterns, typically achieve lower gains around 6 dBi and can achieve both
linear and circular polarization in a low volume form factor. However, they have
limitations, such as narrow bandwidth and large ohmic and dielectric losses [28].

The microstrip patch antenna consists of a ground plane, substrate and a metallic
patch, commonly feed either by a microstrip line or coaxial cable, as shown in figure
2.5. The radiating mechanism can be understood from transmission line theory
where microstrip lines share many similarities. For microstrip lines, a thin substrate
with high dielectric constant will limit the radiation coming off the line, thus for
a patch antenna the opposite is desirable. The main driver of the radiation comes
from the fringing fields which add in phase along the top of the patch whereas the
current on the top of patch is mirrored on the ground plane, effectively cancelling
out radiation from current sources [28][30].

Figure 2.5: Schematic view of a rectangular microstrip patch antenna with fields
visible [29].

The microstrip patch can be modelled as an open ended transmission line and the
resonance frequency can be determined as

fr = c

2(L + ∆L)√ϵeff

(2.50)

where c is the speed of light in vacuum, L is the patch length, ∆L is the electrical
length added due to the fringing fields, and ϵeff is the effective permittivity of the
substrate. Both ∆L and ϵeff has been empirically determined as

∆L = 0.412h
ϵeff + 0.300
ϵeff − 0.258

W/h + 0.0264
W/h + 0.813

(2.51)

ϵeff = ϵr + 1
2

ϵr − 1
2 (1 + 12 h

W
)−1/2 (2.52)
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where h is the height of the substrate, W is the width of the patch and ϵr is the
relative permittivity of the substrate [28].

2.3.4.2 Inverted F antennas

Two of the most common antenna types found in phones are the inverted F antenna
(IFA) and the planar inverted F antenna (PIFA), shown in figure 2.6. The basic
geometry of both antennas is a element parallel to the ground and a short connected
to the ground, with the feed offset from the short.

(a) Schematic drawing of an IFA (b) Schematic drawing of an PIFA

Figure 2.6: Schematic drawing of the basic geometry for the IFA and PIFA antenna
element [31].

The basic radiating properties of the IFA is that of a monopole which radiates at a
quarter wavelength with odd multiples of the fundamental frequency also available.
The radiation pattern given by an IFA is typically directional with heavy influence
from the ground plane whereas the PIFA displays a more omnidirectional pattern.
Both variations main advantage is their low profile and in the case of the IFA, ability
to be etched directly onto the PCB which have made them a staple in modern phones
and internet of things (IoT) devices [32], [33].

For the IFA, no universally accepted design equations exist, except in a few highly
specific configurations. Nevertheless, a commonly cited rule of thumb states that
the total length of the shorting stub should be approximately 20–30% of a quarter
wavelength, while the combined length of the shorting stub and the top arm should
be close to one quarter of the operating wavelength [33].

2.3.5 Electromagnetic field exposure
Electromagnetic field (EMF) exposure is an important part of device verification.
Every wireless device going to market has to be tested for compliance with the
EMF regulations. EMF limits, which must be met by all wireless devices available
on the market, are set in international guidelines by the International Commission
on Nonionizing Radiation Protection (ICNIRP) and the Institute for Electrical and
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Electronical Engineers (IEEE) or by national authorities, like the Federal Commu-
nications Commission (FCC) and Innovation, Science, and Economic Development
Canada (ISED).

2.3.5.1 Specific absorption rate

The ICNIRP and IEEE set exposure limits that have been adopted by the majority
of countries, whereas the FCC sets limits for the USA and a few other countries [34].
The EMF limits for frequencies below 6 GHz are defined by the specific absorption
rate (SAR), defined as:

SAR = σ | E |2

ρ
(2.53)

where σ is the electrical conductivity of the tissue in S/m, E is the rms electric
field in the tissue in V/m and ρ is the mass density of the tissue in kg/m3 [35].The
local SAR limits are measured for a time averaged period of 6 minutes and either a
spatially averaged 1 g or 10 g cubic mass by the FCC and ICNIRP, respectively [35],
[36].

The limits for SAR are defined with large safety margins and differ depending on the
body part. Limits are lower when measured against the head and torso compared
to the extremities. In the case of head and torso, the ICNIRP limits are 2 W/kg
over a 10 g mass and the FCC limits are 1.6 W/kg over a 1 g mass. For the limb
limits, the ICNIRP and FCC specifies a SAR limit of 4 W/kg over a 10 g mass.[35],
[37]. In table 2.1 the relevant limits for each organization are presented.

Table 2.1: RF EMF exposure limits

SAR (W/kg)
Head and Torso Limbs
SAR 1g SAR 10g SAR 10g
ICNIRP N/A ICNIRIP 2 ICNIRIP 4.0
FCC 1.6 FCC N/A FCC 4.0

The International Electrotechnical Commission (IEC) and IEEE have specified two
standardized phantom models for SAR evaluation. Firstly the the so called Specific
anthropomorphic mannequin (SAM) is to be used for evaluation of exposure to the
head, and for the torso and limbs a flat phantom model is used, both containing two
dielectric slabs [38].
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This chapter will describe the design process for the antenna elements as well as the
simulation setup used for the EMF exposure evaluation and the link budget.

3.1 Literature study on UE antenna design

With increasing integration of satellite connectivity into consumer devices indicates
that D2D communication is expected to become a core capability of future 6G archi-
tectures. From an original equipment manufacturer (OEM) perspective, this transi-
tion carries significant implications: satellite connectivity is progressively viewed less
as a premium feature and more as a baseline requirement for future handsets [39].
Accommodating this functionality, however, poses substantial challenges due to the
already severe space constraints of modern smartphones. Contemporary handset
platforms typically integrate on the order of 20–30 distinct antenna elements, each
optimized for specific cellular, short-range, and positioning services, leaving minimal
margin for additional hardware [31].

As a result, recent antenna research for NTN has converged on configurations that
either reuse existing handset structures, minimize volume, or serve multiple roles
without disrupting legacy antenna systems. A unifying observation across the liter-
ature is that classical mobile antenna archetypes, most prominently the IFA, PIFA,
slot, and loop antennas remain foundational, but are increasingly modified or hy-
bridized to meet NTN-specific radiation and polarization constraints [31]. Rather
than introducing fundamentally new antenna classes, published work largely focuses
on re-engineering familiar geometries to support upper-hemispherical coverage, cir-
cular polarization, or enhanced beam shaping.

One of the most pronounced trends is the migration of radiating structures from the
interior of the handset toward the metallic bezel. This shift is motivated both by the
scarcity of internal volume and by the bezel’s favourable properties as an extended
radiating and current-guiding structure [31]. Across multiple studies, the bezel is
exploited either as an active radiator or as a parasitic element to improve radiation
efficiency and angular coverage. Despite differences in implementation, these designs
share a common objective: achieving reliable upper-hemispherical radiation suitable
for satellite links while preserving compatibility with dense multi antenna handset
layouts [40], [41], [42], [43], [44], [45], [46], [47] and [48]. Importantly, several works

21



3. Methods

Figure 3.1: Schematic view of a modern handset device with approximate antenna
configurations [31].

demonstrate that acceptable hemispherical or end-fire radiation can be obtained
without requiring significant protrusions or back-cover real estate, reinforcing the
bezel-integrated antenna as a pragmatic solution for NTN inclusion in commercial
devices.

A closely related and recurring theme in NTN antenna research is the importance of
polarization control, with circular polarization widely adopted to mitigate orienta-
tion mismatch between the handset and the satellite. Across both bezel-integrated
and compact internal designs, CP is typically realized through multimode excita-
tion, orthogonal current paths, or controlled phase relationships between radiating
modes [40], [43] - [47] and [49]. Circular polarization has also been extensively
demonstrated within PIFA based and IFA derived handset antennas, where CP per-
formance is achieved either through dual-feed arrangements with a 90◦ phase offset
or through integrated slots and matching networks that combine common and dif-
ferential modes within a single compact element [50], [51] and [52]. Taken together,
these results indicate that polarization robustness can be attained without aban-
doning well-established handset antenna geometries, reinforcing the feasibility of
CP NTN antennas within the constraints of commercial smartphone platforms.

Beyond bezel integration, several studies revisit conventional handset antennas such
as IFAs and ILAs, examining their suitability for NTN use when evaluated against
different performance metrics. While IFAs are traditionally optimized for terrestrial
links, recent work highlights that with appropriate placement, grounding strate-
gies, or nearby parasitic structures, their radiation can be biased toward the upper
hemisphere [53]. This suggests that IFAs remain a compelling baseline for NTN
exploration, particularly when simplicity, robustness, and integration with existing
feed and matching networks are prioritized. In contrast to more specialized CP
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designs, such antennas emphasize coverage enhancement without radical departure
from established handset antenna practices.

A further, but comparatively less explored, aspect in NTN literature is explicit beam
control and radiation shaping. While many designs successfully achieve hemispheri-
cal coverage, fewer address the directional controllability or orientation sensitivity of
the antenna relative to satellite elevation angles. The limited but growing attention
to metrics such as upper hemisphere ratio (UHR) indicates an awareness that raw
polarization or bandwidth performance alone may be insufficient for robust D2C
operation [53] and [54]. This gap suggests room for alternative antenna types that
inherently favor controlled broadside or end-fire radiation.

In this context, patch-based antennas, though less common in contemporary smart-
phones, remain semi relevant in NTN research due to their well defined radiation
characteristics and natural compatibility with CP generation. Recent contributions
demonstrate that compact or folded patch variants can provide hemispherical CP
coverage or high gain end-fire performance when appropriately engineered [55] and
[56]. While their integration cost in terms of volume and mechanical constraints
is non-trivial, these antennas offer a valuable point of comparison by representing
a more classical satellite oriented radiation approach within a handset scale form
factor.

3.2 Antenna design

This section presents the design methodology and underlying rationale for the an-
tennas proposed in this thesis. The selected antenna configurations are directly
informed by the findings of the preceding literature study and are chosen to col-
lectively span a range of radiation and polarization characteristics. This deliberate
selection enables a systematic investigation of how antenna choice influences both
the EMF exposure assessment and the associated link budget performance in NTN
scenarios.

Three antenna types are considered: a bezel-integrated antenna, an IFA, and a CP
patch antenna. The bezel-integrated antenna reflects the dominant design trend
identified in recent literature, wherein the metallic bezel is exploited as an active
radiating structure, and represents a purpose oriented NTN UE antenna solution.
The IFA is included as a compact and well established handset antenna geometry
whose radiation characteristics differ from NTN targeted designs, thereby providing
a complementary point of comparison in terms of radiation pattern. Finally, the
CP patch antenna is included to capture the prominent trend of employing CP to
enhance link performance, while also offering well defined radiation characteristics
for comparative analysis.

All design and simulation work done on the proposed antennas has been carried out
in CST Microwave suite 2025 using the FIT time domain solver.
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3.2.1 Bezel antenna

This section describes the rationale and design process for the henceforth named
Bezel antenna as well as a parametric study on key design parameters.

3.2.1.1 Antenna concept and configuration

The concept for the Bezel antenna focus on achieving integration of the antenna
element into the metallic bezel of modern handset devices as seen in the previous
section. The main conceptual design of the antenna comes from [42]. The design
goals was to create a simple radiating structure that integrates into the metallic bezel
of a modern phone with a widebeam, hemispherical radiation pattern, that closely
resembles the prevailing design ideologies for NTN integrated antennas identified in
the literature study.

The fundamental idea, from [42] was to use a coupled L shaped branch feed structure
to excite the bezel. Antenna 1 shown in figure 3.2 was constructed as rectangular
patch coupled to a branch feed with a small ground clearance of 0.5 mm. In figure
3.2a the patch, located at the of the UE is shown in a dark yellow, with the large
metallic ground in a shade lighter yellow and the substrate, made of FR-4 set to
fully transparent. Figure 3.2b shows the L-shaped feed structure in brown, located
at a distance of 0.5 mm from the patch.

(a) Perspective view of Antenna 1. (b) Front view of Antenna 1.

Figure 3.2: Schematic view of Antenna 1.

The reflection coefficient of Antenna 1 can be seen in figure 3.3 with a simulated
impedance bandwidth of 215 MHz.

The radiation pattern can be seen in figure 3.4 and it exhibits a endfire radiation
pattern with peak realized gain of 4.1 dBi. These characteristics are promising.
However, Antenna 1 utilizes only a small part of the top bezel, the Bezel antenna
thus seeks to improve upon the utilization of the top bezel by implementing an two
element array.
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Figure 3.3: Return loss of Antenna 1

Figure 3.4: Perspective view of the radiation pattern of Antenna 1

The final optimized version of the Bezel antenna is shown in figure 3.5 for both
the perspective view and the front view. The antenna is constructed on a FR-4
substrate and modelled out of PEC for all components, including the ground plane,
bezel and feeding line. Each of the two antenna elements are placed on either side
of the top bezel and extends via a bend onto the sides of the bezel to achieve the
correct length for resonance at 3.5 GHz. The elements are separated from the rest
of the bezel via a 1 mm slot on either side. Around the antenna elements on the
bezel runs a 0.4 mm wide cut out of the ground plane.
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(a) Perspective view of the Bezel an-
tenna. (b) Front view of the Bezel antenna.

Figure 3.5: Schematic view of the Bezel antenna.

In figure 3.6 the parametrized design is shown, for which W and W2 denote the
width of the patch elements on the top bezel, L1 and L2 denote the length of the
bend section of each element, WF and LF is the length of the horizontal feed and
vertical feed respectively. The width of the horizontal feed is denote by k1 and k2
and the size of ground plane cut out is denote by d. The final optimized values for
each of the parameters are found in table 3.1.

Figure 3.6: Schematic view of the Bezel antenna with complete information on
parameters used.

Table 3.1: Optimized parameter for the Bezel antenna, all values presented in mm.

Parameter Value Parameter Value
W 26.725 W2 26.725
L1 2.34 L2 2.34
LF 20 WF 1.9
k1 13 k2 15
d 0.4
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3.2.1.2 Parametric study

The parametric study was conducted for the impact of the parameters on the single
element on the reflection coefficient S11. Figure 3.7 illustrates the influence of the
width (W1) of the top radiating section of the bezel on the antenna performance.
This parameter primarily governs the resonant frequency of the antenna, with in-
creasing width shifting the resonance toward lower frequencies due to the increased
effective electrical length of the radiating structure. Notably, variations in this width
result in large changes to the input impedance in the region around 3.5 GHz, as a
result of the matching indicating that the parameter offers rough frequency tuning
capability.

In contrast, the length of the side bend (L1) exhibits a simpler behaviour, as shown
in figure 3.8. While changes in the side bend length similarly adjust the resonant
frequency, this parameter also has a lessened impact on the impedance matching
compared to the width. This shows that the length of the side bend can effectively
be used to control the resonant frequency.

Figure 3.7: Parameter sweep over W for the Bezel antenna, renaming parameter
set to values in table 3.1.
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Figure 3.8: Parameter sweep over L1 for the Bezel antenna, renaming parameter
set to values in table 3.1.

The final key parameter is the size of the ground plane cutout, d which is shown in
figure 3.9. The figure shows a strong correlation between the impedance matching
and the size of d. Notably, the parameter shows little impact on the resonance
frequency, which makes it ideal to optimize the efficiency of the antenna.

Figure 3.9: Parameter sweep over d for the Bezel antenna, renaming parameter
set to values in table 3.1.

To optimize the Bezel antenna for operation in the array configuration, a parametric
study was conducted on the active S11 for both the length of the first and second feed
line. The Bezel antenna has been optimized for a phase feed offset of 180◦ between
the first and second element, which is chosen such that the radiation pattern can be
steered more towards either element by applying a lower or higher phase offset.
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The effects of the feed-related parameters, namely the feed lengths k1 and k2, are
presented in figures 3.10 and 3.11, respectively. These parameters have only a mi-
nor influence on the resonant frequency but play a dominant role in controlling
the impedance matching. Adjusting the feed lengths effectively modifies the input
impedance between the feed and the radiating bezel structure, thereby enabling
fine impedance tuning without altering the fundamental electrical size of the an-
tenna. Consequently, k1 and k2 serve as key matching parameters during the final
optimization stage of the antenna design.

Figure 3.10: Parameter sweep over k for the Bezel antenna, renaming parameter
set to values in table 3.1.

Figure 3.11: Parameter sweep over k2 for the Bezel antenna, renaming parameter
set to values in table 3.1.

3.2.2 Planar inverted F antenna
This section describes the rationale and design process for the inverted F antenna.
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3.2.2.1 Antenna concept and configuration

The IFA is a widely adopted design choice in modern UE and is inherently nar-
rowband as bandwidth is proportional to the antenna aperture. However, given the
small size of the antenna, ease of integration due to it’s planar nature and radia-
tion pattern, it has become a popular choice for UE antennas [57]. In this context,
the IFA serves as an appropriate reference design against which the two other pro-
posed antenna concepts may be systematically evaluated with respect to impedance
bandwidth, radiation characteristics, and link performance.

The proposed IFA is located at the top edge of the simulated UE ground plane. The
antenna geometry and its spatial relationship to the UE chassis are illustrated in
figure 3.12. The radiating arm of length L is oriented parallel to the ground plane
and elevated by a height h, while the shorting pin establishes a direct electrical
connection between the radiating element and the ground plane at one end of the
arm. Excitation is provided by a 50 Ω coaxial feed applied at a position intermediate
between the shorting pin and the open end of the radiating arm. The distance
between the shorting pin and feed location is parametrized by g and the width of
the radiating arm, short pin and feeding pin is parametrized by W. Figure 3.13
shows the parametrized IFA

Figure 3.12: Perspective view of the IFA.

Figure 3.13: Front view of the IFA with parametrized dimensions.

All metallic components, including the radiating arm, shorting pin, feed structure,
and UE chassis are modelled as PEC, and are visually differentiated in figure 3.12 to
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distinguish the antenna structure from the surrounding ground plane. The antenna
is mounted on a FR-4 dielectric substrate of thickness t with a ground plane cutout
spanning the full width of the UE and size of the IFA as shown in figure 3.13.
The UE is then enclosed by a partially metallic bezel with a plastic gap above the
radiating arm to facilitate radiation.

The design procedure was initiated through the selection of the radiating arm length,
chosen initially to correspond to approximately one quarter wavelength at the target
operating frequency of 3.5 GHz. The effective electrical length of the structure is,
however, influenced by several secondary geometric factors including the arm height
above the ground plane h, the width of the radiating strip, and the proximity of the
shorting element. The final optimized values for the parametrized IFA is presented
in table 3.2.

Table 3.2: Optimized parameter for the IFA antenna, all values presented in mm

Parameter Value Parameter Value
L 20.8 W 2.81
h 6.22 g 7.89
t 1.6

3.2.3 Circular polarized patch antenna
This section explains the rationale and design process for the microstrip patch an-
tenna.

3.2.3.1 Antenna concept and configuration

Circular polarization is a desirable property for antennas onboard satellites for much
of the aforementioned properties such as mitigation of Faraday rotation and multi-
path fading. It is therefore of interest to investigate how CP antennas can be imple-
mented on the UE side to mitigate the LP-CP polarization mismatch. Microstrip
patch antennas are a natural candidate for CP operation owing to their low profile,
ease of fabrication, and compatibility with planar circuit integration. Among the
various techniques available to achieve circular polarization from a patch antenna,
corner truncation offers a simple solution. By introducing a deliberate geometric
truncation to a square patch, two orthogonal degenerate modes are excited with
equal amplitude and a 90◦ phase separation, producing a circularly polarized far
field without the complexity of a dual-feed network [28].

Although microstrip patch antennas are not commonly employed in contemporary
UEs, they are widely used in satellite communication systems and can be integrated
into the device back cover in a manner similar to PIFAs. Owing to their well-defined
broadside radiation characteristics and favourable CP performance, microstrip patch
antennas also provide a useful reference for comparative evaluation against the two
other proposed antenna concepts and for assessing overall link-budget performance.

The designed antenna realizes circular polarization through diagonal corner trunca-
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tion of a square patch, fed by a single 50 Ω coaxial probe, offset from the centre of
the patch and can be see in figure 3.14. This approach was selected for its structural
simplicity, as it requires no external phase shifting network or hybrid coupler. The
antenna is designed to operate at 3.5 GHz and is implemented on a FR-4 substrate.
All metallic surfaces as realized using PEC, shown in figure 3.14 as grey or brass
colour to distinguish between UE metallic parts and antenna elements, respectively.

Figure 3.14: Perspective view of the circular polarized microstrip patch antenna.

The initial patch dimensions where derived from equations 2.50 - 2.52 and placed in
the middle of the UE ground plane towards the top edge. The truncated version was
realized by two orthogonal triangles cut with side length a on the same diagonal.

The key geometric parameters governing antenna performance are the patch width
W, the truncation size a, the feed position FX and FY , offset from the patch centre
and the substrate of thickness h. The full set of design parameters and their final
optimized values are summarized in table 3.3.

Table 3.3: Design parameters and optimized values.

Parameter Value
W 22.08
a 2.47
FX -7.13
FY 1.96
h 3

3.3 Electromagnetic field exposure evaluation
This section explains the methodology used to numerically evaluate the EMF expo-
sure of the proposed antenna designs. The evaluation has been carried out in CST
studio suit 2025 using the FIT time domain solver with a hexahedral mesh with a
density of 15 cells per wavelength, which satisfy the requirements in [58]. The aim
of this part of the study is to assess the EMF exposure of each antenna design.

3.3.1 Flat phantom
To evaluate the EMF exposure for the antenna elements towards the torso and
limbs a flat phantom is used as specified in [38]. The flat phantom is made up of
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a 2 mm thick shell with a low relative permittivity in the range 3 ≤ ϵr ≤ 5 and
loss tangent less than 0.05 and a tissue equivalent liquid with frequency dependent
relative permittivity and conductivity. At 3.5 GHz a relative permittivity of 37.9 and
conductivity of 2.91 S/m shall be used as specified in [38]. The flat phantom can be
seen in figure 3.15, where the 2 mm thick shell in blue can be seen and the tissue
equivalent medium with a depth of 75 mm shown in yellow. Finally the density of
the tissue equivalent medium was set to 1000 kg/m3, in accordance with [38].

(a) Side view of the flat phantom.
(b) Perspective view of the flat phan-
tom.

Figure 3.15: Flat phantom with the shell in blue and tissue equivalent medium in
yellow.

The dimensions of the flat phantom have to be large enough to avoid any back
reflections at the boundary and an extra 0.6λ to 1λ of space on either side of the
UE model has been tested and verified to be enough. Since the EMF will decay
rapidly inside the tissue equivalent medium, the maximum SAR value will be at
the surface layer. However the tissue equivalent medium should be thick enough to
ensure the absorption of the penetrated field within it. To ensure this, the depth of
the tissue equivalent medium was chosen to be seven times the penetration depth of
the electric field at 3.5 GHz which showed complete decay of the propagating field,
well before the boundary of the phantom.

The EMF assessment was done for two different orientations of the UE in relation
to the flat phantom. The first orientation, named herein as the back position orients
the UE parallel to the flat phantom with the back side of the UE facing the shell of
the flat phantom. This position is used to evaluate the local SAR exposure towards
the torso of a user and should be done for a separation distance between the back of
the UE and the surface of the flat phantom of 0 mm when testing for the ICNIRP
limits. When testing for the FCC limits, the separation can be 5 mm [38]. Thus
two positions will be tested, one at 0 mm and one at 5 mm separation. Figure 3.16
shows the back position with the Bezel antenna for a separation distance of 5 mm.
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(a) Front view of back position with
a separation of 5 mm shown

(b) Side view of back position with a
separation of 5 mm shown

Figure 3.16: Views of the back position shown with the Bezel antenna.

The second orientation positions the top part of the UE orthogonal to the flat
phantom shell at a separation distance of 0 mm as shown in figure 3.17 with the
back of the UE facing the view. This orientation is used to evaluate the local
SAR towards a users limbs or extremities, such as hands, arms and legs [38]. This
position of the UE in relation to the flat phantom will be, herein referenced as the
top position.

Figure 3.17: Perspective view of the top position shown with the bezel antenna.

For all positions with the flat phantom, the UE was assumed to be 0.5 mm further
away from the phantom to account for any plastic covers or dielectric layers not part
of the simulated structure.

3.3.2 SAM phantom

To evaluate the local EMF exposure to the head, the SAM phantom model is used,
and is shown in figure 3.18 where the shell, shown in blue encompass the entire outer
layer of the phantom.
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(a) Side view of the SAM phantom
model.

(b) Front view of the SAM phantom
model.

Figure 3.18: The SAM phantom model.

The evaluation of EMF exposure shall be performed for two positions according
to [38], the cheek position and the tilt position referenced herein , shown in figure
3.19 and 3.20, respectively. The difference between the positions is a tilt angle of
15◦ away from the head in the tilt position [38]. The separation between the SAM
phantom and the simulated UE will be set to 0.5 mm to account for any plastic
layers that is not part of the simulated UE. The antennas should be evaluated for
both the right ear (RE) and left ear (LE) if the antenna is asymmetrical around the
centre axis of the UE, otherwise, evaluation to one ear is enough. For the case of
the Bezel and CP patch antenna this is true, however due to time constraints only
the right ear has been studied for the IFA, thus evaluation with the left ear is left
for future work.

Figure 3.19: Schematic view of the cheek position, taken from [38].
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Figure 3.20: Schematic view of the tilt position, taken from [38].

All SAR values in this study are evaluated for an accepted power of 23 dBm as it
is assumed that a dynamic tuner is available before the antenna ensuring that its
perfectly matched. If stimulated power is required, it can be obtained from the
accepted-power SAR via the reflection coefficient, as given by equation 3.1.

SARstim = SARacc(1 − |S11|2) (3.1)

The SAR results obtained for an accepted power of 23 dBm can be scaled to higher
transmit power levels due to the linear dependence of SAR on power. This linear
relationship is particularly interesting, as regulatory SAR limits are specified as a six
minute time averaged quantity. In practical operation, UE typically only transmits
for part of the time and operates with a certain power duty cycle. Therefore, SAR
compliance can be evaluated by scaling the peak SAR according to the transmit
duty cycle. In the case of 5G time division duplex (TDD) for TN, power duty cycles
can be as long as 25 % with shorter duty cycles measured [59].

3.4 Link budget
This section provides the methodology used to evaluate the link budget, beginning
with a thorough description of the basis and assumptions for signal attenuators and
noise in the link.

3.4.1 Losses
Firstly, the relevant losses needed to be determined and the basis for the assump-
tions are based on the 3GPP TR 38.821 report which assumes losses due to the
atmosphere, scintillation, shadowing margin and polarization mismatch [6].

3.4.1.1 Atmospheric losses

At elevation angles above 10◦ the only contributions to atmospheric attenuation
that needs considering are, absorption from gases, rain and cloud attenuation and,
depending on conditions scintillation [60]. ITU-R P.618 outlines a complete method
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to estimate the attenuation due to precipitation and clouds by two ways, either by
measured rainfall rates or by scaling measured attenuation data collected at a set
elevation angle and frequency. Here it is chosen to do the former. The following
methodology is drawn from [60].

To calculate the attenuation caused by rain, it is first important to note that it
is statistically assessed, whereby the attenuation figure acquired is relevant for the
specified worst case scenario regarding rain rate, here chosen for a rain rate which
is only exceeded for 0.01% of a year in Gothenburg. To begin the slant range LS

from the UE position on the ground to top layer of the rain cloud hR is defined as

LS = hR − hs

sin θ
(3.2)

where θ is the elevation angle and hs is the height above sea level for the UE. From
the slant path length, the horizontal projection is obtained as

LG = LS cos θ (3.3)

which is used to calculate the horizontal reduction factor r0.01

r0.01 = 1
1 + 0.78

√
LGγR

f
− 0.38(1 − e−2LG)

(3.4)

where f is the frequency and γR is the specific attenuation which is empirically
determined from the rain rate by two coefficients k and α as

γR = k(R0.01)α (3.5)

The values for k and α are found in the ITU-R P.838 [61] and the rainfall rate for
different regions can be found in ITU-R P.837 [62]. Importantly, the coefficients are
polarization dependent as horizontal is attenuated more than vertical polarization
due to the oblate shape of a falling raindrop. The 0.01% rain rate for the Gothenburg
region is between 30 mm/h and 40 mm/h thus 35 mm/h is chosen.

To calculate the vertical adjustment factor v0.01, several variables have to be defined
along the way, firstly

ζ = arctan(hR − hs

LGr0.01
) (3.6)

for which an intermediate path length can be calculated as

LR = LGr0.01

cos θ
ζ > 0 (3.7a)

LR = hR − hs

sin θ
else (3.7b)
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Then for UEs located on a latitude above 36 deg, Gothenburg at 57.7 deg, the vertical
adjustment factor can be calculated as

v0.01 = 1
1 +

√
sin θ[31(1 − e−θ)

√
LGγR

f2 − 0.45]
(3.8)

Lastly the effective path length LE can be calculated as

LE = LRv0.01 (3.9)

From which the total attenuation exceeded for 0.01% of the year is

A0.01 = γRLE (3.10)

Scintillation is another atmospheric effect that unlike absorption and rain attenua-
tion does have an impact on lower frequencies and behaves differently in the Iono-
sphere and Troposphere. Scintillations are fluctuations in the refractive index of the
atmosphere which are caused by inhomogeneities in the atmosphere that manifest
as rapid amplitude and phase fluctuations of the signal at the receiver. The most
common way to characterize the intensity of fluctuations is through the so called
scintillation index S4

S4 = [⟨I
2⟩⟨I⟩2

⟨I⟩2 ]1/2 (3.11)

where I is the intensity of the signal [63]. Closely related and directly proportional to
the loss incurred by scintillation is the peak-to-peak intensity of the fluctuations Pfluc

which depends on the intensity distribution. The strength of the scintillation can be
classified using the value of S4 where S4 < 0.3 is classified as weak, 0.3 < S4 < 0.6
is moderate and above S4 = 0.6 its classified as strong. In the strong regime,
the intensity follows a Rayleigh distribution, in the moderate regime it follows a
Nakagami distribution, and in the weak a log normal distribution [63].

Scintillation is heavily location, time and solar dependent, varying strongly over the
day with peak values after sunset and over solar cycles. Most importantly is that
the equatorial regions, within ±20 latitude and the polar regions are affected the
most whereas mid latitudes experience it so rarely that it can be neglected [63].

For Tropospheric propagation, the effects of scintillation can be neglected for fre-
quencies below 6 GHz whereas for Ionospheric propagation the effects should only
be considered up to 6 GHz [64]. To evaluate the loss incurred by Ionospheric prop-
agation, one could go via the intensity distributions and treat it statistically or via
the so called gigahertz model which allows for frequency scaling of statistical data
collected for 4 GHz. The data is presented in figure 3.21 and the scaling is done by
the factor (f/4)−1.5 where f is the desired frequency. The corresponding loss is

Lsc = Pfluc√
2

(3.12)
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Figure 3.21: Annual statistics of peak-to-peak fluctuations observed at Hong Kong
earth station (Curves I1, P1, I3-I6, P3-P6) and Taipei earth station (Curves P2 and
I2) [63].

The loss determined from the gigahertz model is valid for equatorial regions, however
for polar regions, with latitude greater than 60◦, the following equation may be used
to predict the peak-to-peak intensity

Pfluc = 27.5 · S1.26
4 (3.13)

under the assumption that S4 = 0.7, i.e. strong regime [63][64].

Tropospheric scintillation can be dealt with using tabulated values that are elevation
dependent, however assumed to be frequency invariant above 6 GHz for link model
purposes [64].

3.4.1.2 Shadowing margin

As mentioned in previous chapters, the FSPL is dominating contribution to the
path loss, however depending on the operational environment of the UE, shadow
fading and clutter loss have significant effect. For line of sight (LOS) scenarios the
clutter loss, that is the attenuation to the signal caused by nearby objects, can be
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neglected, however for non line of sight (NLOS) scenarios the clutter loss can exceed
30 dB [64].

Fading in general is the stochastic variation of the signal strength over time due to,
either small scale phenomenon which vary with short distances and fast time frames
or large scale phenomenon which vary with greater distances and slower time frames,
typically over kilometres and seconds to minutes, respectively [65]. Shadow fading is
then the time varying attenuation due to large objects that partially or completely
block the signal and is modelled as a log-normal distribution. From table 6.6.2-1
through 6.6.2-3 in [64], nominal values for the variance are given for both LOS and
NLOS scenarios. A shadow margin of 3 dB is chosen to cover the two sigma or
95-percentile of LOS scenarios which also aligns with the value used by 3GPP in [6].

3.4.1.3 Polarization loss

Losses due to polarization mismatches can be quite severe. An example of this is
easily shown when considering equation 2.39 for the case of two orthogonal states of
polarization along the x and y-axis, respectively. For an incoming wave, polarized
along the x-axis with an antenna polarized along the y-axis, there will be no trans-
mission of power. This mismatch can be quantified by a polarization loss factor
(PLF) that relates the polarization of the incoming wave P̂i to the polarization of
the receiving antenna P̂r as:

PLF = |P̂i · P̂r|2 (3.14)

[66]. The polarization loss can thus be expressed in dB as

LP = −10 ∗ log10PLF (3.15)

An important consequence of this is that incident linear polarized wave on a circular
polarized antenna, or vice versa only suffers a maximum of 3 dB polarization loss.
The axial ratio can be correlated to the polarization loss, using equation 3.16, where
Rw is the axial ratio of the incoming wave, Ra is the axial ratio of the receiver
antenna and ∆τ is the difference in tilt angle [67]. In this thesis the axial ratio of
the incoming wave is the same as that of the UE antenna, the axial ratio of the
receiving antenna is assumed to be ideal and thus 0 dB and ∆τ is set to 0 for a
more conservative assumption. Figure 3.22 shows the relation between axial ratio
and polarization loss for three different assumptions of receiver antennas.

LP = −10 log10(
1
2 + 4RwRa + (R2

w − 1)(R2
a − 1) cos 2∆τ

2(R2
w + 1)(R2

a + 1) ) (3.16)
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Figure 3.22: Polarization loss compared to the axial ratio for an receiving antenna
with AR 0 dB, 3 dB and 6 dB

The aforementioned Faraday rotation will also influence the polarization mismatch.
The Faraday rotation that a linearly polarized wave suffers is estimated for any
given time as

θF = 2.36 · 10−14 BNT

f 2 (3.17)

where B is the average magnetic field of the Earth, NT is the TEC and f is the
frequency. For a frequency of 3.5 GHz this can equate to several radians depending
on the TEC [63]. For a system where both the transmit and receive antenna are
linearly polarized, this rotation of the plane of polarization can cause a total mis-
match. However if one, or both of the antennas are circularly polarized, this effect
can be mitigated completely as the circular polarization is invariant to the rotation.

3.4.2 Noise
Thus far, losses which affect the power of the received signal has been covered,
however noise has an equally important effect on the overall quality of the link. The
exact G/T figures for commercially available satellite systems are not readily shared,
however some data can be found in FCC fillings. One such FCC filling regarding
the Starlink GEN 2 NGSO satellite systems outlines G/T figures for an Ku- and
Ka-band based service links. The Ku-band antenna reports a minimum gain of
34 dBi and a maximum gain of 44 dBi, with the corresponding worst G/T figures
at maximum slant range of 7 dB/K and 17 dB/k, respectively [68]. The Ka-band
antennas reports a minimum respectively maximum gain of 34.5 dBi and 44.5 dBi
with the corresponding worst slant range G/T figures of 10.5 dB/K and 20.4 dB/K,
respectively [68].
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Extracting the noise temperatures from these figures yields 501 K and 251 K for the
Ku- and Ka-band system, respectively. 3GPP has similarly dimensioned a reference
S-band satellite system with a receiving antenna of maximum 30 dBi gain and a
corresponding G/T figure of 1.1 dB/K [6] which yields a noise temperature of 776 K.
Assuming that each beam of the antenna has max gain and −3 dB contour, the
corresponding noise temperature at the edge of the contour would be 389 K. Com-
paring the noise temperatures of the Starlink system to the 3GPP reference system,
it is clear that the 3GPP assumption airs on the conservative side. This comparison
is done in order to establish a basis for selection of an appropriate G/T, from which
1.1 dB/K will be used henceforth to better compare against 3GPP.

3.4.3 Scenario

Thus far all parts of the link budget have been covered, however in this section
they are all put together to explain the scenario that will be used to evaluate the
performance of the antennas.

Firstly, there are two use cases scenarios for the UE, one where the UE is oriented
in free space with the top of the UE aligned with the zenith and one where the UE
is in proximity to the head in a standard talk position. The talk position defined to
be either the SAM Cheek or SAM Tilt position. For both the free space and talk
position, a single satellite will be assumed and the link budget evaluated against the
angular coverage that the link can sustain a Eb/N0 = 9.6 for 100 kbps using QPSK,
aligning with the 3GPP target of 100 kbps experience uplink data rate for satellite
access in the 5G network [69]. This angular coverage will be analysed by assuming
that the single satellite moves around in the area shown in figure 3.23, which is the
upper hemisphere bounded by elevation angles between 30◦ and 90◦.

The loss scenario considered will be representative for most regions on earth. There-
fore, scintillation regarding the polar and equatorial regions are omitted as of now
and the results from the gigahertz model for mid latitudes gives rise to a negligible
amount of scintillation loss, thus 0 dB is assumed, which also aligns with 3GPP
assumptions in [6]. The shadowing margin was, as discussed assumed to be 3 dB,
the atmospheric losses was calculated to 0.2 dB at 3.5 GHz and finally a 3 dB polar-
ization loss is assumed for the Bezel antenna and IFA. For the CP patch antenna
the polarization loss is calculated by using the axial ratio of the antenna. For CNR
calculation, the bandwidth of the UL was assumed to be 150 KHz to be able to
handle the 100 kbps.
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Figure 3.23: Schematic view of the angular range of interest.
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Results

This chapter will provide the results of thesis in terms of antenna performance, EMF
exposure testing and link budget analysis.

4.1 Antenna results
This section will provide the results for each of the designed antennas.

4.1.1 Bezel antenna
The simulated return loss and mutual coupling (isolation) between the antenna
elements of the bezel antenna are presented in figure 4.1. At the centre frequency of
3.5 GHz, the antenna exhibits a return loss better than −24 dB and an impedance
bandwidth of 197 MHz at the −10 dB level, spanning the frequency range from
3.4 GHz to 3.6 GHz. Furthermore, the isolation between the two elements remains
better than −14 dB at 3.5 GHz. These results are obtained for a 180◦ phase offset
between the antenna elements.

Figure 4.1: S11 and S21 plot for the Bezel antenna.
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The radiation pattern for the Bezel antenna is shown in figure 4.2, where a peak
realized gain of 5.28 dBi is shown.

Figure 4.2: Perspective view of the radiation pattern for phase feed offset of 180◦.

To further illustrate and for comparison between different phase feed offsets, figures
4.3 - 4.6 shows the radiation pattern for the phase feeding offset values of 0◦, 45◦, 90◦

and 135◦. The radiation patterns for feeding offsets greater than 180 are mirrored
versions of the shown patterns. These results shows that the antenna is able to
effectively radiate at lower elevation angles as well as higher elevation angles due to
the beam steering.

Figure 4.3: Perspective view of the radiation pattern for phase offset 0◦.
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Figure 4.4: Perspective view of the radiation pattern for phase offset 45◦.

Figure 4.5: Perspective view of the radiation pattern for phase offset 90◦.

Figure 4.6: Perspective view of the radiation pattern for phase offset 135◦.
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Finally the influence of the SAM phantom model on the radiation pattern was
investigated an the results are shown in figure 4.7. Since the EMF study assumes
dynamic tuning capabilities on the antenna, the figures here are presented for IEEE
Gain and not realized gain, to remove the impact of the matching. The cheek
position shows a peak IEEE Gain of 4.51 dBi whereas the tilt position shows 0.92 dBi
at a phase offset of 180◦. These results show a severe degradation compared to the
free space case in figure 4.2, however, the overall shape of the radiation pattern
remains similar.

(a) Radiation pattern next to SAM
phantom in cheek position

(b) Radiation pattern next to SAM
phantom in tilt position.

Figure 4.7: Radiation pattern in proximity to the SAM phantom for the Bezel
antenna.

4.1.2 Inverted F antenna
The simulated return loss for the IFA is presented in figure 4.8. The minimum return
loss is aligned with the centre frequency of 3.5 GHz and is better than −21 dB with
an impedance bandwidth of 410 MHz, spanning the interval 3.32 GHz to 3.73 GHz.

Figure 4.8: S11 plot for the Inverted F antenna.
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The radiation pattern for the IFA is shown in figure 4.9, where the antenna displays
a lower hemispherical radiation pattern with peak realized gain of 6.21 dB. The
radiation pattern achieved serve as a complement to the ones achieved by the Bezel
antenna, allowing deeper insight from the EMF evaluation and link budget.

Figure 4.9: Isometric view of the radiation pattern for the inverted F antenna.

Finally the influence of the SAM phantom model on the radiation pattern was
investigated an the results are shown in figure 4.10. The cheek position shows
a peak Gain of 4.05 dBi whereas the tilt position shows 4.15 dBi. Unlike the Bezel
antenna, the IFA shows less degradation to the peak gain and maintains its radiation
pattern equally well.

(a) Radiation pattern next to SAM
phantom in cheek position

(b) Radiation pattern next to SAM
phantom in tilt position.

Figure 4.10: Radiation pattern in proximity to the SAM phantom for the IFA.

4.1.3 Circular polarized patch antenna
The simulated return loss of the CP patch antenna is presented in figure 4.11. The
return loss at the centre frequency measures −9.6 dB which is short of the desired
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−10 dB. This is likely due to the choice of substrate with a high relative permittivity
which incurs large dielectric losses. Benchmarking it against the −6 dB level, the
impedance bandwidth measures 250 MHz from 3.35 GHz to 3.6 GHz.

Figure 4.11: S11 plot for the CP patch antenna.

The corresponding axial ratio response is shown in figure 4.12, where a minimum
axial ratio of 0.75 dB is obtained. The 3 dB axial ratio bandwidth measures 50 MHz,
covering from 3.48 GHz to 3.53 GHz.

Figure 4.12: Axial ratio as a function of frequency for the CP patch antenna.

The angular dependence of the axial ratio is illustrated in figure 4.13 using a contour
plot. The results reveal extended angular regions in which the axial ratio remains
below 3 dB, indicating good circular polarization performance. Notably, these re-
gions align with the main lobe direction as azimuth angles between 270◦ and 90◦

span the boresight direction. In this range and for positive elevation angles the axial
ratio is consistently below or close to 3 dB.
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Figure 4.13: Contour plot of the axial ratio over the entire angular range caped
to 10 dB.

In figure 4.14, the radiation pattern is shown with a peak realized gain of 3.72 dB.

Figure 4.14: Perspective view of the radiation pattern from the CP patch antenna.

Finally the influence of the SAM phantom model on the radiation pattern was
investigated an the results are shown in figure 4.7. The cheek position shows a peak

51



4. Results

Gain of 4.5 dBi whereas the tilt position shows 3.9 dBi. Notably, the degradation
compared to the two other antennas is negligible with a slight shift towards more
omnidirectional radiation pattern.

(a) Radiation pattern next to SAM
phantom in cheek position

(b) Radiation pattern next to SAM
phantom in tilt position.

Figure 4.15: Radiation pattern in proximity to the SAM phantom for the CP
patch antenna.

4.2 EMF results

This section will provide the results for the EMF exposure evaluation for each of
the studied antennas. The results are presented for each of the five positions and
100% power transmission for the entire averaging time, which is a very conservative
assumption. Thus a discussion on the duty cycles needed for compliance and power
alteration for 6 minute continuos transmission is provided.

Equally important is the assumptions made on the antenna itself, due to a simplified
UE model, there is no account for efficiency loss that would be present in actual
implementations. As a result, the total efficiencies of the designed antenna remain
very good, reaching −1.1 dB (78%) for the Bezel antenna, −0.4 dB (91%) for the
IFA and −3.8 dB (42%) for the CP patch antenna. A study covering major flagship
phones on the market from 2024 operating in FR1 shows that the total radiated
power (TRP) in free space for 3.5 GHz varies between 18.55 dBm and 9.53 dBm [70].
This means that, the antennas used in this thesis is several dB more efficient than
real world examples, thus meaning that the results regarding EMF compliance,
are on the conservative side. Consequently, the max power could potentially be
increased by several decibels or the duty cycle enlarged, when accounting for higher
losses in the UE designs. The use of additional dynamic time averaged power-control
techniques may allow further short-term increases in instantaneous power by a few
dB under certain user conditions while ensuring that the SAR remains below the
applicable limit.
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4.2.1 Bezel antenna
In table 4.1, the simulated EMF exposure for the Bezel antenna is shown for feeding
of the two antennas 180◦ out of phase. The results are presented for both 23 dBm and
26 dBm. In table 4.2 the maximum duty cycle (DC) that’s needed for compliance
to the relevant limit for both power levels is shown. Looking at 23 dBm, the results
show that the most restrictive duty cycle needed for compliance to the ICNIRP
limits is 47.7% while the corresponding for compliance to the FCC limits is 11.3%,
both of which are for operation in the proximity to the head as indicated by the SAM
phantom. Comparing the results towards to limbs the torso, the results indicate that
the Bezel antenna performs well, with required duty cycles far above the nominal
values used in TDD 5G TN. The same goes for operation in proximity to the head,
however it is noted that for the tilt position, the peak SAR is almost doubled
compared to the cheek position. This behaviour is also consistent with the results
obtained for the bezel position and back position, where more of the main beam is
directed towards the phantom in the tilt and bezel case compared to the cheek and
back case, respectively.

Scaling the results to 26 dBm, also shown in table 4.2 shows that the longest duty
cycle for compliance with the ICNIRP limits is 23.85% while the corresponding duty
cycle for compliance to the FCC limits is 5.65%. Both values are inside the nominal
values used in TDD 5G TN, however, a duty cycle of 5.65% does impose limitations.
This result indicates that a higher power class of UEs could be accessible from an
EMF perspective, however with the low duty cycle needed for compliance with the
FCC limits, it’s not without drawbacks.

Table 4.1: SAR results for the Bezel antenna for the five positions, presented for

23 dBm 26 dBm
Position SAR 1g SAR 10g SAR 1g SAR 10g
Top N/A 6.50 N/A 13.0
Back 0mm N/A 2.13 N/A 4.26
Back 5mm 5.54 N/A 11.08 N/A
SAM Cheek 7.55 2.42 15.10 4.84
SAM Tilt 14.18 4.19 28.36 8.38

Table 4.2: Duty cycle needed for the compliance to the relevant limit for all five
positions, for the Bezel antenna, presented for 23 dBm and 26 dBm.

23 dBm 26 dBm
Position ICNIRP DC FCC DC ICNIRP DC ICNIRP DC
Top 61.5% 61.5% 30.8% 30.8%
Back 0mm 93.9% N/A 47.0% N/A
Back 5mm N/A 28.9% N/A 14.5%
SAM Cheek 82.6% 21.2% 41.3% 10.6%
SAM Tilt 47.7% 11.3% 23.9% 5.7%
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In figure 4.16 the distribution of the local 10 g SAR on the SAM phantom is shown in
dB. The plot shows how the SAR is distributed across the phantom and importantly
shows that the strength has decayed by around 20 dB towards the edges, which
should minimize any back reflections which could artificially inflate peak values.
The distributions for all remaining defined positions are found in appendix A

Figure 4.16: Local 10g averaged SAR distribution of the Bezel antenna for the tilt
position.

An investigation into how the different phase feeds affected the peak SAR values
was conducted for all positions, and the results are presented in table 4.3. The
results show considerable differences in peak SAR with differences as large as over
90% in for the bezel position. This large discrepancy is explained by the shift in
radiation pattern off the main axis and radiation performance at 3.5 GHz, as seen in
the previous section, where specifically for the bezel position this has the greatest
effect. The shift in radiation pattern is also the reason for the differences in the
other positions as well, where notably, the tilt position suffers a 23.7% degradation
in SAR performance between the best performing 180◦ that directs more of the
radiation away from the head and worst performing 90◦ phase offset that directs
more radiation towards the head. This is the second worst degradation after the
bezel position, however since the peak SAR values presented in table 4.1 and 4.2
pertain to the 180◦ phase offset, the conclusions regard the bezel position remains.
For the tilt position, it does mean that the potentially largest duty cycle needed is
decrees to 38.6% for compliance to the ICNIRP head and torso limits at 23 dBm,
or 9.2% for the FCC limits. Since the antenna is intended to work with beam
steering, the unweighted averaged duty cycle becomes 42.1% for compliance to the
ICNIRP limits and 9.9% for compliance to the FCC limits. Scaled to 26 dBm this
means 21.05% and 4.95%, respectively which does pose a degradation to the system,
however the main conclusion regarding the potential of a higher power class UE
remains.
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Table 4.3: Different phase feeding values for the bezel antenna and the peak SAR
for each position.

Tilt Cheek Back 0mm Back 5mm Bezel
Feeding offset SAR 1g SAR 10g SAR 1g SAR 10g SAR 10g SAR 1g SAR 10g
45 17.32 4.93 8.16 2.64 1.66 5.5 3.36
90 17.57 5.18 8.76 2.86 1.88 6.2 4.62
135 16.20 4.84 8.46 2.76 2.07 6.19 5.87
180 14.18 4.19 7.55 2.42 2.12 5.52 6.46

4.2.2 Inverted F antenna
In table 4.4 the simulated EMF exposure for the IFA is shown for both 23 dBm
and 26 dBm. In table 4.5 the necessary duty cycle needed for compliance to the
ICNIRP and FCC limits, respectively are shown. The cases where no duty cycle
is needed are marked with 100%. The results for 23 dBm shows that the longest
duty cycle achievable for compliance is 30.9% according to the ICNIRP limits and
it occurs for the back position at a separation of 0 mm. Similarly, for compliance
to the FCC limits, a duty cycle of 32.2% is the longest possible. Scaling the results
up to 26 dBm means that the longest possible duty cycles are reduced to 15.5% and
16.1% for compliance to the ICNIRP and FCC limits, respectively.

Table 4.4: SAR results for the IFA for the five positions, presented for

23 dBm 26 dBm
Position SAR 1g SAR 10g SAR 1g SAR 10g
Top N/A 1.28 N/A 2.56
Back 0mm N/A 6.47 N/A 12.9
Back 5mm 4.58 N/A 9.16 N/A
SAM Cheek 4.40 2.09 8.80 4.18
SAM Tilt 4.97 2.34 9.94 4.68

Table 4.5: Duty cycle needed for compliance to the relevant limit for all five
positions, presented for

23 dBm 26 dBm
Position ICNIRP DC FCC DC ICNIRP DC ICNIRP DC
Top 100% 100% 100% 100%
Back 0mm 30.9% N/A 15.5% N/A
Back 5mm N/A 34.9% N/A 17.5%
SAM Cheek 95.7% 36.4% 47.9% 18.2%
SAM Tilt 85.5% 32.2% 42.8% 16.1%

The SAR results found in table 4.4 does indicate that for operation close to the
head, as indicated by the SAM phantom is less sensitive then operation close to the
torso, as indicated by the back position. Comparing this to the Bezel antenna, which
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is more sensitive in proximity to the head, a direct implication of the difference in
radiation pattern is observed. Notable is that the results show full compliance to
the limb limits, however, as most of the radiation is directed away from the top, the
statement of fully compliant cant be fully argued. To further strengthen the EMF
exposure evaluation for the limbs, especially for the IFA which directs most of the
radiation downwards, testing for different hand held positions could be included in
future work.

The required duty cycles obtained for compliance are comparable to the reference
of 25% used in 5G TDD TN, with the results for 23 dBm, achieving longer and the
results for 26 dBm, achieving shorter. In [59], comparable duty cycles are achieved
for both voice over internet protocol (VoIP) and voice over LTE (VoLTE) in the
uplink for 5G TN, giving some credence to the notion that a higher power class of
UE is within the realm of possibility.

In figure 4.17, the distribution of the simulated local non-averaged SAR is shown in
dB scale for the SAM Tilt position. The figure shows that the strength of the SAR
has decayed by more than 20 dB, meaning that artificial inflation of peak values due
to reflections at the boundary should be negligible. The remaining distributions for
the defined positions are found in the appendix, and show similar characteristics.

Figure 4.17: Local 10g averaged SAR distribution of the IFA for the SAM Tilt
position.

4.2.3 Circular polarized patch antenna
Table 4.6 shows the simulated EMF exposure for the CP patch antenna with peak
SAR values given for both 23 dBm and 26 dBm. The duty cycles needed for compli-
ance to both the ICNIRP and FCC limits are given in table 4.7 and fully compliant
positions are marked with 100%. The results for 23 dBm show that a duty cycle
of 24.9% is needed for compliance with the ICNIRP limits and duty cycle of 16.7%
for the FCC limits respectively. Scaling these results to 26 dBm gives duty cycles of
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12.5% and 8.4%, respectively. Noteworthy is that for operation in normal talk posi-
tions, close to the head, the antenna is fully compliant and power could be increased
by orders of magnitude. The problematic positions, from a regulatory standpoint is
thus the back positions. Given the broadside radiation pattern with very minimal
back lobes, this is to be expected, as the UE itself shields the user from the main
lobe when the screen side is facing the user. Regarding the limb limits, the results
show full compliance, however as is the case for the IFA, further studies with hand
phantoms would strengthen the results regarding limb limits.

Table 4.6: Peak SAR values for the different position for the CP patch antenna
presented for 23 dBm and 26 dBm accepted Power

23 dBm 26 dBm
Position SAR 1g SAR 10g SAR 1g SAR 10g
Top N/A 0.74 N/A 1.48
Back 0mm N/A 8.03 N/A 16.06
Back 5mm 9.57 N/A 19.14 N/A
SAM Cheek 0.09 0.04 0.18 0.08
SAM Tilt 0.16 0.07 0.36 0.14

Table 4.7: Duty cycle needed for compliance to the relevant limit for all five
positions, presented for 23 dBm and 26 dBm.

23 dBm 26 dBm
Position ICNIRP DC FCC DC ICNIRP DC ICNIRP DC
Top 100% 100% 100% 100%
Back 0mm 24.9% N/A 12.5% N/A
Back 5mm N/A 16.7% N/A 8.4%
SAM Cheek 100% 100% 100% 100%
SAM Tilt 100% 100% 100% 100%

The CP patch antenna thus shows characteristics, that are somewhat different to
the two other antennas. The required duty cycle is comparable to the Bezel antenna
and thus shares the same takeaways regarding higher power class UE. However
it differs in the sense that the Bezel antenna shows fairly uniform SAR values in
the different positions compared to the limits, whereas the CP patch antenna only
displays elevated SAR values for one orientation. It is another aspect that needs
consideration, and a direct consequence of the difference in radiation characteristics.

In figure 4.18, the distribution of the simulated local 10 g averaged SAR is shown
in dB scale for the SAM Tilt position. The distributions shows adequate decay in
strength to avoid boundary reflections. The remaining distributions for the defined
positions are found in the appendix and show similar characteristics.
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Figure 4.18: Local 10 g averaged SAR distribution of the CP patch antenna for
the SAM Tilt position.

4.2.4 Max continuos power results
To put the results into another perspective, here in table 4.8, the maximum continuos
6 minute transmission power is shown for each antenna and position. Noteworthy
is the amount of continuos power that can be sent for the talk positions with the
CP patch antenna.

Table 4.8: Maximum power able to be transmitted for 100% of the time for all
three antennas and positions, results given in dBm.

Bezel antenna IFA CP patch
Position INCIRP FCC INCIRP FCC INCIRP FCC
top 20.9 20.9 27.9 27.9 30.3 30.3
back 0mm 22.7 N/A 17.9 N/A 17.0 N/A
back 5mm N/A 17.6 N/A 18.4 N/A 15.2
SAM Cheek 22.2 16.3 22.8 18.6 40.0 35.5
SAM Tilt 19.8 13.5 22.3 18.1 37.6 33

4.3 Link budget results
Figures 4.19 and 4.20 present the cumulative distribution functions of the CNR and
Eb/N0, respectively, evaluated over all azimuth angles and elevation angles above
30° for a UE transmit power of 23 dBm. Results are shown for the Bezel antenna,
IFA, CP patch antenna, and an isotropic radiator of 0 dBi used as a reference.

The CNR distributions in figure 4.19 pertain to the free space case described in
previous chapters and shows pronounced differences between antenna configurations.
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The bezel antenna provides the highest CNR over the majority of angular directions,
with its distribution shifted toward higher values. The IFA and CP patch antenna
display similar levels of performance in terms of peak CNR. However the IFA shows
a smaller angular dependence as indicated by the narrower distribution whereas the
CP Patch antenna is more sensitive to the orientation of the UE in relation to the
satellite as indicated by the wide distribution. The isotropic radiator results in a
narrow, near-vertical distribution, confirming that the observed variations for the
other antennas are primarily driven by their radiation characteristics.

A corresponding trend is observed in the Eb/N0 CDF shown in figure 4.20. Since
Eb/N0 is derived from CNR using a fixed uplink data rate of 100 kpbs the relative
ordering of the antennas remains unchanged. The bezel antenna achieves the high-
est Eb/N0 across most angular directions, followed by the CP patch antenna and
the IFA. The CP patch antenna exhibits a significant fraction of directions with low
Eb/N0, reflecting the impact of its boresight radiation pattern on link-level perfor-
mance.The results show that for a BER of 10−5, which corresponds to a Eb/N0 of
9.6 dB the Bezel antenna achieves a data rate of 100 kbps for 55% percent of all
angles in bounded upper hemisphere, whereas both the IFA and CP patch antenna
never reach it at 23 dBm. Noticeable, the isotropic radiator never reaches this goal
either. Further analysis of the results show that the 95th percentile peak data rate
achievable at 23 dBm for the Bezel antenna is 224 kbps, 34 kbps for the IFA and
46 kbps for the CP patch antenna. The corresponding 5th percentile data rates for
the three antennas are 25 kbps for the Bezel antenna, 6 kbps for the IFA and 2 kbps
for the CP patch antenna. Dedicated Satellite phones can maintain calls with as
low as 2.4 kbps [71], which means that even at 23 dBm, all three antennas show the
possibility to maintain emergency service.

Figure 4.19: CNR results for all antennas and compared to a isotropic radiator
for 23 dBm UE transmit power.
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Figure 4.20: Eb/N0 results for all antennas and compared to a isotropic radiator
for 23 dBm UE transmit power.

Figures 4.21 and 4.22 show the corresponding CDFs of CNR and Eb/N0 for an uplink
transmit power increased to 26 dBm. Compared to the 23 dBm case, all antenna
configurations experience a uniform rightward shift of approximately 3 dB in both
CNR and Eb/N0, consistent with the increase in transmit power. The angular range
for which an Eb/N0 of 9.6 dB is achieved is increased to 75% for the Bezel antenna,
4% for the CP patch antenna, 50% for the isotropic case and the IFA still does not
achieve it. Correspondingly the peak data rates for all three antennas are doubled
to 448 kbps, 68 kbps and 92 kbps for the Bezel antenna, IFA and CP patch antenna,
respectively. The 5th percentile data rates is equally doubled to 50 kbps, 12 kbps
and 4 kbps, respectively.
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Figure 4.21: CNR results for all antennas and compared to a isotropic radiator
for 26 dBm UE transmit power.

Figure 4.22: Eb/N0 results for all antennas and compared to a isotropic radiator
for 26 dBm UE transmit power.

In Figures 4.23 and 4.24, the influence of the SAM phantom on the link budget is
presented for all antennas in the tilt position, as well as for the Bezel antenna in
the cheek position. As illustrated in Figures 4.10 and 4.15, no significant positional
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dependence in the phantom-induced degradation is observed for the IFA and CP
patch antennas. However, the Bezel antenna exhibits a notable discrepancy between
the two positions. At a transmit power of 23 dBm, none of the evaluated antennas
achieve the target throughput of 100 kbps across any proportion of the angular range.

Figure 4.23: Eb/N0 for the antennas when in proximity to the SAM phantom for
23 dBm.

At 26 dBm, both the Bezel antenna in the cheek position and the CP patch antenna
satisfy the 100 kbps threshold for 10% and 4% of the sampled angles, respectively.
Notably, the CP patch antenna exhibits negligible performance degradation in the
presence of the phantom, while the IFA experiences marginal degradation. In con-
trast, the Bezel antenna undergoes substantial attenuation, particularly pronounced
in the tilt position, whereas the IFA and CP patch antenna show no statistically
discernible difference in performance between the tilt and cheek positions.
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Figure 4.24: Eb/N0 for the antennas when in proximity to the SAM phantom tilt
position for 26 dBm.
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5
Conclusion

This chapter discusses the results and puts them in perspective relative to the
methodology used as well as proposing ideas for future work.

5.1 Discussion

This thesis has taken a holistic perspective rarely seen in literature to the evalua-
tion of UE antenna implementations for NTN connectivity. Rather than treating
antenna design, EMF exposure compliance, and link budget performance as sepa-
rate concerns, all three dimensions have been studied in concert for three distinct
antenna architectures: a Bezel antenna, an IFA, and a CP patch antenna. This inte-
grated perspective reflects the complex reality that OEM and standards bodies face
when designing and regulating UE for NTN scenarios, where the satellite geometry,
user behaviour, and regulatory constraints are fundamentally different from those
of terrestrial networks.

The three antenna types embody three qualitatively different strategies. The Bezel
antenna exhibits a skyward oriented radiation pattern, favouring the upper hemi-
sphere and making it inherently well suited to satellite communication where the
satellite is always above the horizon. The IFA, by contrast, redirects most radi-
ated energy downward, away from the satellite. The patch antenna radiates in
broadside fashion, concentrating energy in a plane perpendicular to the antenna
aperture, which under the assumed free space orientation corresponds to a lateral
direction. These three patterns effectively span the principal radiation directions,
upward, downward, and lateral, and as a consequence produce markedly different
performance profiles across the EMF and link budget metrics. This complemen-
tarity of the antenna set is a deliberate strength of the study as it allows general
design principles to possibly be inferred rather than conclusions that apply to one
particular implementation alone, although some characteristics are antenna specific.

Viewing the three performance dimensions simultaneously reveals a set of inherent
trade-offs that no single antenna fully resolves. The Bezel antenna demonstrates the
most promising link budget results across the upper hemisphere, with the additional
practical advantage of lending itself to integration into the device chassis, a form fac-
tor benefit of considerable commercial relevance. However, it also incurs the highest
SAR levels in the talk positions, and consequently requires the most restrictive duty
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cycle limitations of the three designs. It should be noted that the absolute EMF
levels reported here are a product of conservative modelling assumptions, neverthe-
less, the relative relationships between antennas and evaluation positions remain
informative and physically meaningful. The IFA and CP patch antenna perform
comparably in terms of link budget, though with complementary distributions: the
IFA shows an advantage in the lower percentiles of the upper hemisphere, while
the CP patch outperforms in the upper percentiles, consistent with their respective
radiation patterns. In terms of SAR, both require less restrictive duty cycles than
the Bezel antenna in the worst case, though the margin is modest, particularly for
the CP patch. Notably, despite the CP patch antenna’s significantly inferior link
budget performance relative to the Bezel, it offers no compelling advantage in abso-
lute SAR levels, making it a poor compromise between performance and exposure
when considered in isolation. Its meaningful advantage lies specifically in the talk
positions, where its broadside radiation pattern directs energy away from the head,
resulting in substantially lower peak SAR values compared to the other antennas.
Across all three antennas, the EMF exposure results are broadly comparable in
magnitude, with the IFA showing a marginal advantage overall, however the dif-
fer greatly for which usage scenario they incur their peak SAR values, which is an
interesting insight and a by-product of their respective radiation patterns.

Closer examination of the link budget results reveals several notable observations.
First, the radiation pattern demonstrates a substantial influence on link perfor-
mance, as anticipated. Notably, the Bezel antenna is the only design to exceed the
benchmark established by the isotropic radiator. Second, the results indicate that
sustaining the targeted uplink data rate of 100 kbps for 99% of the time demands
high antenna performance, both in terms of gain and radiation pattern characteris-
tics, at a transmit power of 23 dBm. This suggests that the system operates under
significant power constraints and would benefit considerably from a 3 dB increase in
transmit power. The sensitivity to transmit power is particularly well illustrated by
the isotropic radiator, which achieves 100 kbps over 0% of the upper hemisphere at
23 dBm, rising to just under 50% at 26 dBm. Third, the results at both the 5th and
95th percentiles warrant further discussion. At the 5th percentile, the achievable bit
rates are sufficient to sustain emergency communications, including text messaging,
geolocation, and heavily compressed voice calls across all three antenna configura-
tions. This is directly relevant to ongoing discussions regarding the use of existing
LTE-capable devices for satellite-based emergency services, as well as the 3GPP-
specified purpose-built NTN-capable UE [72]. The limitations of the LTE-enabled
approach become apparent when comparing the 95th percentile performance of the
IFA and CP patch antenna against that of the Bezel antenna, which represents a
more purpose-built design. At 23 dBm, the Bezel antenna achieves a peak data rate
exceeding 200 kbps at the 95th percentile, approaching the threshold for the 300 kbps
uplink rate identified as necessary for adequate time-to-content in web browsing [73].
The peak achievable data rate at 26 dBm for the 95th percentile even surpasses the
384 kbps rates of the early 3G/UMTS network and is close to the 500 kbps needed
for SD-quality video conferencing with Microsoft teams[74]. This highlights that
purpose built UE could be used to extend coverage to remote and hard to reach air
or maritime corridors and not just as emergency backup [75].
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A secondary observation, arising from the broader research context, concerns the
implications of operating at higher frequencies relative to the L- and S-band ranges
specified by 3GPP for NTN. Two aspects merit attention. First, antenna dimen-
sions are substantially reduced at 3.5 GHz compared to designs targeting frequencies
below 2.2 GHz, which is of considerable practical significance given the severe space
constraints within modern UE. Second, the FSPL increases by approximately 6 dB at
the design frequency relative to the n255 band. Although similar power constraints
apply at lower frequencies, a more detailed comparative analysis, taking spectrum
availability into account would be valuable in determining the overall suitability of
higher frequency bands for NTN uplink applications.

Finally, the implications of circular polarization versus linear polarization merit
consideration, particularly given that a substantial portion of the literature surveyed
focuses on CP antenna designs. While the potential to recover 3 dB in polarization
loss is advantageous in power limited systems, CP generation introduces increased
antenna complexity. A common observation from the reviewed works, as well as from
the CP patch antenna evaluated here, is that CP generation typically relies on finely
tuned mechanisms and exhibits narrow axial ratio bandwidths over limited angular
ranges. The link budget results for the Bezel antenna suggest that LP remains a
viable option for UE terminals, and that improvements in radiation pattern control
or increases in transmit power may offer greater performance gains than the adoption
of CP. However, since there are many design that show promising results in terms
of CP generation, it would be of great interest to further study such designs using
the holistic approach taken here to draw more robust conclusions regarding the
polarization choice as there are many advantages to CP. From a spectral efficiency
perspective, dual-polarization capability, whether LP or CP, would nonetheless be
highly beneficial and also worth further research.

5.2 Conclusions

The thesis has presented a holistic system level approach to UE antenna design
for NTN that links together EMF exposure evaluation, with results from an uplink
analysis to the specific antenna design. The results show that the choice of UE
antenna greatly impacts the link performance and therefore needs consideration
when designing the complete NTN communications system. The results also show
that any considerations to the power class of the UE can not be decoupled from the
fundamental antenna design. Finally the results shows that all three antennas are
able to function with emergency text and voice messaging in mind, however also
show that greater care to parameter such as radiation pattern and peak realized
gain, has to be considered if extended coverage with even 3G uplink speeds are to
be realized.
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5.3 Future work

Several directions for future work have already been identified throughout the thesis,
including the adoption of additional body postures and device orientations in the
EMF exposure evaluation to broaden the conclusions, as well as further investigation
into optimal frequency bands and polarisation strategies for NTN operation. The
following sections outline additional areas where the methodology and findings of
this thesis can be extended.

As discussed in the literature review, UE antenna design for NTN applications is
subject to severe constraints imposed by the limited available volume within a hand-
set form factor. Much of the existing research consequently focuses on multiband
operation, pattern reconfigurability, or miniaturisation as primary design objectives.
Future work would benefit from studying antenna architectures that simultaneously
satisfy a broader set of requirements, for instance, designs capable of operating
across both TN and NTN frequency bands without hardware switching, or antennas
that can dynamically adapt their radiation pattern in response to the instantaneous
satellite elevation angle. The latter capability is of particular interest. A pattern
reconfigurable antenna that steers its main lobe toward the serving satellite could
substantially improve link budget performance across the full range of elevation
angles, while simultaneously offering the possibility of reducing off-axis radiation
toward the user’s body, with potential EMF compliance benefits. Investigating such
designs within the holistic evaluation framework introduced in this thesis would be
a natural and valuable extension.

The link budget analysis presented in this thesis is based on a single satellite scenario,
which, while tractable and well defined, represents a conservative and geometrically
limited view of NTN system performance. A more complete picture would be ob-
tained by incorporating the downlink direction, which introduces a distinct noise
and interference environment at the UE receiver, as well as by modelling multiple
interference sources arising from co-channel systems operating in shared frequency
bands. Furthermore, extending the analysis to a full satellite constellation, such
as the SpaceX Starlink or Eutelsat OneWeb LEO networks would enable a more
realistic assessment of coverage continuity, handover frequency, and aggregate link
throughput. A multi satellite analysis of this kind would also allow the computation
of outage probabilities as a function of antenna type and device orientation, provid-
ing a statistically robust characterisation of NTN connectivity that a single satellite
model cannot offer. Such results would be of direct utility to standardisation bodies
seeking to define minimum performance requirements for NTN-capable UE.

A broader objective for future work is the generalisation of the evaluation method-
ology developed in this thesis into a reusable and scalable framework, such that
any candidate antenna design can be rapidly assessed within a standardised link-
level context. This would involve the abstraction of the antenna characterisation,
EMF assessment, and link budget computation into a modular pipeline, potentially
supported by electromagnetic simulation tools and parameterised channel models.
Such a framework would lower the barrier to antenna evaluation for NTN scenarios,
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enabling device manufacturers and researchers to benchmark new designs against a
common set of criteria.
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Appendix 1

Found here in the appendix are the remaining SAR distributions for all phantom
models which are included to support the validity of the numerical evaluation. These
supplementary results document the spatial variation of energy absorption across
different simulation conditions and enable a more detailed examination of local-
ized absorption characteristics, but also show that the phantom models used are
adequately sized to avoid reflections from the boundary.

In figure A.1 through A.3 the distribution of the local 10 g SAR is shown for the
SAM phantom using the cheek position for all three antennas. The results show
that the SAM phantom adequately decays the EM wave inside the tissue.

Figure A.1: Local 10 g averaged SAR distribution of the Bezel antenna for the
Cheek position.
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A. Appendix 1

Figure A.2: Local 10 g averaged SAR distribution of the IFA for the Cheek posi-
tion.

Figure A.3: Local 10 g averaged SAR distribution of the CP patch antenna for the
Cheek position.

Found here in figure A.4 through A.6 are the SAR distributions for the back and top
position for the Bezel antenna. Figures A.4 and A.6 are shown for the 10 g averaged
SAR while figure A.5 is shown for 1 g averaged SAR, as per the limits. All figures
show an adequate decay of the SAR, reaching values below −20 dB from the peak
SAR found in the proximity of the antenna elements.
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Figure A.4: Local 10 g averaged SAR distribution of the Bezel antenna for the
back position with 0 mm separation.

Figure A.5: Local 1 g averaged SAR distribution of the Bezel antenna for the back
position with 5 mm separation.
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Figure A.6: Local 10 g averaged SAR distribution of the Bezel antenna for the
bezel position.

Found here in figure A.7 through A.9 are the SAR distributions for the back and
top position for the IFA. Figures A.7 and A.9 are shown for the 10 g averaged SAR
while figure A.8 is shown for 1 g averaged SAR, as per the limits. All figures show
an adequate decay of the SAR, reaching values below −20 dB from the peak SAR
found in the proximity of the antenna elements.
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Figure A.7: Local 10 g averaged SAR distribution of the IFA for the back position
with 0 mm separation.

Figure A.8: Local 1 g averaged SAR distribution of the IFA for the back position
with 5 mm separation.
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Figure A.9: Local 10 g averaged SAR distribution of the IFA for the top position.

Found here in figure A.10 through A.12 are the SAR distributions for the back and
top position for the CP patch antenna. Figures A.10 and A.12 are shown for the 10 g
averaged SAR while figure A.11 is shown for 1 g averaged SAR, as per the limits.
All figures show an adequate decay of the SAR, reaching values below −20 dB from
the peak SAR found in the proximity of the antenna elements. Notable is that in
figure A.12, the phantom used is of different dimensions compared to the others to
account for the broadside beam, thus extending further in the same direction. While
this does not reach values that have decayed by more then −20 dB, the values across
the entire phantom are in the equivalent range.
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Figure A.10: Local 10 g averaged SAR distribution of the CP patch antenna for
the back position with 0 mm separation.

Figure A.11: Local 1 g averaged SAR distribution of the CP patch antenna for
the back position with 5 mm separation.
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Figure A.12: Local 10 g averaged SAR distribution of the CP patch antenna for
the bezel position.
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