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EXECUTIVE SUMMARY

This is an intermediate report related to terminal consideration and investigations related to
6G-NTN. In the initial evaluation, the user requirements and the related KPls identified in
context of deliverable D2.1, D2.2 and D2.3 are mapped against potential different terminal
types.

For the lower frequency ranges (sub 6GHz), narrowband communication being integrated into
terminals seems to be a logical decision for price/bill of material, wide user acceptance and
distribution reasons for 6G-NTN capable terminals.

For wideband communication, terminals in a higher frequency range (>10GHz) are considered.
When evaluating the related requirements in terms of throughput and other requirements, it
becomes obvious that today’s terminal designs done for 5G terrestrial networks in FR2 suit to
a large extend the required needs especially concerning throughput processing capability and
performance. A certain frequency adaptation to operate in C or Q/V band needs to be done
but overall todays existing terminals include most of the parts required to fulfill such
performance needs.

This similarity and the ability of re-use of existing terminal concepts is also a key factor to
success, when re-using hardware components known from other commercial terminal designs
(e.g., 5G terrestrial).

The main difference and component bringing most innovation and improvement potential
compared to existing terminal concepts, was identified to be the antenna design. New and
innovative antenna design can bring the required gain to increase the throughput performance
while respecting the geometry dimensions assessed and evaluated for several of the analyzed
use cases (e.g., automotive, drones).

Consequentially antenna simulations and design, considering the user and use case
requirements (geometry) and their corresponding realization including corresponding
measurements will be the main focus to achieve the ambitious performance/throughput
increase intended for 6G-NTN wideband communication.
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1 INTRODUCTION

In relation to the work performed in WP2, and its deliverables: use cases (D2.1), user
requirements (D2.2) as well as system requirements (D2.3) related to terminal expectations,
the requirements and identified terminal types for user perspective will be translated to
technical terminal types and their characteristics will be further analyzed and evolved.

The requirements on user equipment results in various technical terminal options. The
terminal options found to be most relevant will be further assessed especially with regard to
new technical challenges and innovation potential.

In addition, implementation constraints related to common TN and NTN usage terminals and
separate standalone NTN usage especially for broadband use cases have to be considered.
Similarity to existing TN terminals, such considerations are important for mass production and
success of NTN. Therefore, adaptation and implementation to cell phones is one aspect.

Even for challenging wideband NTN throughput realization in higher frequency ranges (Q and
V band), a similarity of most terminal components regarding amplifiers is deemed beneficial.
The usage of state of the art-components for most of the terminal parts in the various terminal
designs is important to allow for potential mass production. Consequentially, the antenna
design is identified as the terminal component bearing the most innovative potential for leading
to higher throughput and coverage values for 6G-NTN.

Antennas are identified as main improvement area and hence will be main contribution section
to 6G NTN performance and consequentially being in major focus for terminals.

The state of the art and existing requirements are recapitulated keeping in mind the use case
and requirement-driven constraints, evaluated and captured in the deliverables D2.1, D2.2 and
D2.3, especially with respect to dimensioning are considered.

The major task is to identify new antenna design concepts having advantageous
characteristics for broadband NTN usage. As previously mentioned, such designs are
susceptible to convey major improvement potential.

It needs to be noted that this is an intermediate report and not all wideband antenna options
(C band, Q/V band) will be captured in this report. In this first phase, the emphasis was on
technological developments, and further investigations will be made based on these
intermediate results. Necessary conclusions on efficiency, sustainability and recyclability will
be captured in the final report and only briefly assessed here within. Finally, only first feedback
from EAB (External Advisory Board) on the conducted antenna analysis and dimensioning
activity will be captured.

1.1 SCOPE AND OBJECTIVES

In general, the NTN frequency range can be divided into the lower frequency range i.e. sub
6GHz consisting of S, L and also C band (which is in current consideration for NTN), and a
higher frequency range above 6GHz consisting of the Q/V band compare table 1. The 6G NTN
frequency band study work is treated in detail in context of deliverable D2.5 “Policies and
Regulatory analysis”.

Each of these frequency ranges has its own constraints with respect to the terminal design
and is adopted in different use cases. The sub-6GHz range for NTN is mainly intended for
handhelds, being often dual design with terrestrial usage. Hence the used components and
antenna design are mainly the same as those used for the TN usage, as NTN in these devices
only gets widely adapted if no further hardware (HW) constraints impacting terminal cost are
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placed. However, in these scenarios as well, 6G-NTN achieves new throughput experiences.
However, they are not centered at the terminal side but rather from the 6G-NTN system design.
Hence, they will be evaluated in general in context of the 6G-NTN project but are not in the
scope of the terminal studies.

For the Q/V and C band most likely assumptions of technical realization with respect to
amplifier in receiving and transmitting path are considered being based on state-of-the-art, as
amplifiers have a slow innovation slope being already followed since years within other studies
and projects.

The major investigation scope to fulfill the user requirements and achieve increased throughput
compared to state-of-the-art NTN systems is within new antenna designs for Q/V and C band
fulfilling the user requirements concerning size and throughput needs.

The achieved antenna performance will be compared to existing state-of-the-art antenna
performance requirements and will serve as further basis for link-level and system-level
assessment of 6G NTN within the further project.

In this first report, especially the study results on antenna investigations for the Q/V band are
presented starting with the larger dimensioning size for the user requirements.

1.2 STRUCTURE OF THE DOCUMENT

This deliverable is structured as follows:

< Section1

< Introduction and scope.

S Section 2

< A closer examination of UE types, their characteristics and potential implementation and

band usage in devices. Translation of the findings into an investigation scope and
consideration of existing 3GPP requirements for comparison.

A look at the relevant bands for the 6G NTN project and the bandwidth and RF
characteristics and requirements.

2 Section 3

< A survey on antenna technology for the C and Q/V band outlining the state of the art. A
focus are the different types of beam forming implementations and how they are realized.
Followed by a critical analysis for the Q/V and C band solutions and resulting challenges.

o Section 4

Description and results of the antenna investigation with the objectives based on the
considerations of Part 2 and Part 3 of the D2.3 document. The investigation explores the usage
of Metasurface for the antenna design. Simulations as well measurements of the antenna
samples are documented.

0
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2 SELECTED UE TYPES, CAPABILITIES AND SWAP
CHARACTERISTICS

2.1 INTRODUCTION

Mobile communication terminals exist for various technologies and purposes, however a
terminal for mobile communication typically consists of some commonly used building blocks.
A terminal typically consists of a modem, a receiver and transmitter circuitry and corresponding
antennas. For a better understanding a schematic is depicted below.

Figure 1: SCHEMATIC DRAWING OF A TERMINAL

The modem has the task to process the received data and even though modulation and coding
for 6G-NTN may not be clear be now, based on expected throughput for 6G-NTN today’s
modem processing capabilities for 5G terrestrial networks also including frequency range 2
(FR2) are able to cope with such high throughputs and even much higher data capabilities.

The receiving and transmit circuitry mainly consists of receive and transmit amplifier providing
corresponding amplification and noise figure (receiver) being suitable for mobile
communication. Transmitter and receivers of various sizes exist today, also in the considered
frequency ranges. Hence the state-of-the-art of such receivers and transmitters can be referred
to., The selection for the respective terminal types used within a certain use case, also depends
on additional aspects such as deployment, usage conditions or power consumption. Amplifier
development is a separate general evolution topic and hence in context of 6G-NTN terminal
considerations, reference will be made to available state-of-the art for the respective terminal
types and use case scenario.

Receive and transmit antennas are a crucial topic with respect to use case KPIs and user
acceptance giving that their performance directly impacts achievable data throughput, and its
dimension and weight directly impacts use case scenario and user experience.

Public

LA L Page 150f 75  © 2023-2025
the European Union



6G-NTN | D3.2: User Requirements (r1.0) @ 6 8 N T N

Furthermore, the requirements for the antenna heavily depend on the use case, intended
throughput, level of integration and further use case dependent aspects, hence playing a major
role and for new or enhanced 6G NTN use cases being a key element for innovation.

In this section the outcome of WP 2.1 and WP 2.2. will be analyzed and translated/classified
into technical terminal requirements. It will be shown that several of the UE types identified in
WP 2.1 and WP2.2 will translate into the same technical terminal type and just will fulfill
different use needs by different packaging. Especially a grouping of the terminals with respect
to the usage as broadband or integrated narrowband communication terminal and their
characteristics with respect to terminal antenna requirements will be made. Furthermore, the
state-of-the-art terminal/UE requirements of 3GPP for existing NTN systems will be referenced
to guide towards the innovative field of antenna analysis and show the increase in throughput
and coverage that can be achieved with a 6G NTN system making use of such new antenna
designs.

2.2 OVERVIEW ON UE TYPES AND THEIR REQUIREMENTS

In context of D2.2 following UE types were distinguished handheld, drone and mounted
devices. Each of the types is differentiated into two subclasses: commercial and professional
handheld, respectively small or large drones and first responder stationery or mounted
devices. The corresponding segmentation is depicted in the figure below

Consumer Handheld

Handheld
Professional Handheld

Light Drone
Drone

Heavy Drone

First Responder Stationary

Mounted
Vehicular Mounted Moving (e.g., Train, Car, First Responder)

Figure 2: UE types according to D2.2

When analyzing the characteristics, it can be seen that only two basic terminal types need to
be distinguished where one of these types can further be distinguished by a slight
differentiation concerning acceptance for size and weight.

The commercial handheld refers to a design which has dual-use capabilities for TN and NTN
networks intended for the sub-6GHz range i.e., being based on a classical integrated front end
on handhelds. In that context, the used components (receive and transmit amplifiers as well
as the antenna design) are bound to the typical values which are achievable for today’s
commercial handhelds i.e. 23dBm amplification, 9dB receiver noise figure and -3dBi antenna
gain. Such a terminal design making use of commercial handheld constraints allows for NTN
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narrowband communication by making use of the satellite bands in the sub-6GHz range (S
and L band). As being bound in its components to commercial used terrestrial handheld
designs and being limited in antenna design due to dimension limitation of the UE type a
performance increase for this device type in 6G NTN will mainly come from other system
elements besides the terminal. Even though being an important type for 6G NTN, this UE type
is of lower interest in the further terminal study due to its design limitations and the economy
of scale pressure for this type of handheld devices.

Also, the professional handheld can be considered as being part of that category, being a
slightly larger dimensioned handheld terminal allowing for slightly more weight than consumer
handhelds and providing slightly increased RF performance with power amplifiers (26dBm)
acceptable for use in proximity of a human head for limited time and intensity.

Mounted devices (e.g., cars, trains) or stationary first responder devices refer in principle to
the same terminal type being larger in dimension especially for the antenna design and heavier
in weight. In this regard, it is worth highlighting that mounting antennas of mounted devices or
stationary installations on a roof top can ensure better visibility to the satellite C band for
vehicular, light drone, train and maritime backup can be considered with slightly improved
antennas on 0dBi and larger power amplifiers (typically 26dBm), where the additional antenna
gain is mainly due to improved efficiency.

Wideband and ultra-wideband communication mounted devices (e.g., trains, large drones and
vessels) is a second terminal where achieving a high throughput is one of the major KPIs. This
type of device can be heavier in weight and larger in dimension (which, in the context of Q/V
band usage for wideband and ultra-wideband communication, can allow larger RF amplifier
and antenna to overcome the higher attenuation). The mounted devices can be distinguished
in a intermediate variant allowing for 20X20cm design and a smaller variant allowing for
10x10cm design. The dimension also refers to the acceptable antenna size being far larger
than modem and respective device design (including amplifiers). These devices also need to
support wideband communication, which includes at least C or even Q/V band i.e., realization
of the support of higher frequency ranges and having superior antenna characteristics being
directly related to the achievable throughput.

For wideband support in the Q/V band, even though larger power amplifiers can be used (up
to 34 or even 37dBm) for certain use cases such as trains and vessels or large drones, i.e.
allowing for mounting not in proximity of the human head because of healthcare
considerations. The corresponding sustainability requirements are expressed in D2.3 page 55
(§4.4) : STR-SUST-07 ("The 6G-NTN system shall be able to assess and minimize its impact
regarding EMF exposure") and STR-SUST-08 ("The 6G-NTN system shall follow the existing
international and national 6G EMF-awareness guidelines (e.g., those of ICNIRP [12] [13]). Itis
obvious that a larger benefit for link level/throughput considerations, especially for these bands
is related to the usage of corresponding high performing antennas.

See also D2.3 page 55 (§4.4) : STR-SUST-07 ("The 6G-NTN system shall be able to assess
and minimize its impact regarding EMF exposure") and STR-SUST-08 ("The 6G-NTN system
shall follow the existing international and national 6G EMF-awareness guidelines (e.g., those
of ICNIRP [12] [13])."

A mapping of the UE types assessed in 2.2. to the terminal types described with their main
characteristics is presented in the table hereafter. See also to D2.3 section 3.4.1 Considered
UEs, with Table 1 "TARGET UE DESIGNS DEFINED IN T3.2 (COLUMN 2), WITH A
MAPPING OF THE USAGE-BASED UE CATEGORIES FROM D2.2"
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Table 1: Mapping of UE types to terminal types and their characteristics

Communication . RF Frequency
HEETEE characteristics UEITlEl (T2 characteristic | band
classical integrated -0 Gain - | Sub6GHz
Handheld narrowband front end on ° E)é%B[i\lFTxizeisag]B.m
handheld ’ Sand L band
Professional NI Enhanced RF front | typ. NF=7 Gain : Sub 6GHz
handheld medium end -3dBi, Tx=26 dBm C band
Drone; car , Enhanced Rfand | typ. NF=7 Gain : Sub 6GHz
(small mounted | medium antenna 0 dBi. Tx =26 dBm
UE) ’ C band
Drone, train Enhanced RF and | typ.
vessel wideband improved noise NF=5; Tx =25,5 Q/V band
(mounted UE) figure performance | dBm
Drone, train Enhanced RF and typ
vessel Ultra-wideband gxtreme noise NF=4: Tx =28 dBm Q/V band
(mounted UE) figure performance

Handheld fully integrated, has not been within the scope of D3.2 Terminals.

For professional handled and car C band is not yet studied in the antenna section and may be
referred to in the final report for antenna evaluation.

Drone, train and drone, vessel to be studied in this report.

As can be seen from the table above, for commercial handhelds, their tight restrictions set on
the used components being used for classical integrated frontends. But also, for other terminal
types with respect to receive or transmit amplifiers/circuitry to state-of-the-art levels achievable
with commercially available devices is made. Only be relying for those devices also majorly
impacting the terminal BOM (Bill Of Material) it will be feasible to enhance existing handhelds
by integrations and serving further standalone or combined use cases with terminals available
at a reasonable price point.

For wideband and ultra-wideband communication not being bound to common TN/NTN
handheld or general designs constraints, an improved antenna characteristic within the
dimensions given for the use cases (D2.2) and UE types to be acceptable, i.e. 10x10 or 20x20
cm respectively also for the antenna design directly relates to the achievable maximum
throughput. Antenna design is a key parameter to achieve higher throughput and increase
coverage and hence maximize the usage of the 6G-NTN system.

Relevant terminal types are further investigated especially with respect to the antenna analysis
for wideband Q/V designs standalone, thus covering a broad enough space matching the
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assessed use cases where innovative antenna design can lead to improved terminal
performance for 6G NTN.

The assessment and studies shall be conducted for the different acceptable dimensions i.e.
10x10cm and 20x20cm focusing first on Q/V band with maximum dimension.

At a later stage, the analysis shall be performed for the smaller dimension as well, and
potentially also for the C band.

2.3 TRANSLATION INTO INVESTIGATION SCOPE

As shown by the analysis performed above, there are mainly 2 device types. The adaptation
to the use case scenarios referenced in D2.2 and the UE types named in D2.3 is done via the
way of implementation.

These 2 device types have the following characteristics:

Terminal 1 narrowband sub-6GHz (S and L band partially C band), design is common
with mobile terminals used for terrestrial communication or the terminal is often a dual-
use having full alignment in design. Using state-of-the-art is key for distribution and
availability for 6G-NTN communication terminals when being fully integrated into
handhelds. Existing handheld terminals need small adaptations for frequency range for
NTN but in general frequency range is feasible as being part of the sub-6 GHz frequency
range. The increased performance and throughput for 6G-NTN for these devices will
mainly come, compared to state-of-the art systems, from other systems and design
benefits of the 6G-NTN or from improved antenna performance in C band (which, as
was already mentioned, will be studied in a later stage).

Terminal 2, wideband and ultra-wideband communication needs achieving multiple
125/250MBits of throughput. Special reference is made here for the performance
requirements in D2.3, especially STR-PERF-08 (§4.3.4) in which we very generally
state "The 6G-NTN system SHALL be able to serve USAT UE with the performance
specified in Table 10 via User Traffic Profile UTP2". Traffic Profile UTP2 is, exhibiting
experienced user data rate of 250/125 Mbps. Terminal will operate in mainly Q/V
bands. In general, the used frequency range and hence related front-end is not that
different from today’s terrestrial terminals operating in 5G FR2. The higher pathloss
and attenuation in 6G-NTN needs to be compensated/counteracted mainly by the
antenna, as in the area of amplifier design and improvements only moderate
improvements can be expected.

Especially terminal type 2 which can further be distinguished by the amplifier to be available
and sensible for the various use cases is in the major evaluation field. The required amplifier
and modem design concerning processing and throughput is considered to be available.
Identified use cases and key performance characteristics as identified in D2.2 and D2.3
correspond with today’s state —of-the-art terminal designs.

The main gain increase concerning throughput, especially when using Q/V or C band needs
to come from new and innovative/improved antenna designs respecting the geometry
limitations as analyzed in the user requirements geometry constraints identified in D2.2.

Key performance indicators expressed in D2.3 such as data rate, network performance and
throughput are directly related to reception/transmission characteristics, due to similarity and
device component constraints only limited gain can be expected from terminal RX/TX
modification and hence major performance increase related to the terminal for 6G-NTN needs
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to come from antenna design especially in wideband scenarios respecting the UE constraints
especially with respect to dimension (small 10x10 and large 20x20cm) as analyzed in the user
requirements (D2.2) for the various D2.1 use cases.

The aforementioned focusing of the investigations and studies for the 6G-NTN terminal
towards the antenna design and system to be used for 6G-NTN has several reasons and
justifications, besides being major impacting factor for throughput and user experience also
due to size and weight, bearing highest innovation potential, staying for the other components
on state-of-the-art designs and available components is key for allowing classical integrated
handhelds for consumers and also stay with more specialized terminals for other use cases
ensures sufficient availability at reasonable price being key for 6G-NTN can make it to a mass-
market.

Refined investigation scope for the terminal is the antenna design for wideband communication
exploiting Q/V and C-band based on deeper survey of today’s state-of-the-art and existing
NTN requirements (by 3GPP) contained in the next section and new antenna design studies
and its design characteristics conducted (chapter 3).

The study on Q/V band antenna performance and new designs will be conducted first based
on the larger geometry (20x20cm).
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2.4 EXISTING 3GPP REQUIREMENTS FOR NTN UE

In this section, we present a set of existing technical requirements for terminals operating in
3GPP-based non-terrestrial networks. The 3GPP requirements have been defined by 3GPP's
RAN4 work group in [32] and refer mainly to the minimum radio frequency (RF) and
performance requirements for a UE supporting satellite access operation.

In addition to the 3GPP UE related requirements, we also present requirements defined by
ETSI for antennas in fixed radio services operating in frequencies overlapping with the Q/V
bands [40].

One of the main advantages of 5G NTN and a target for 6G NTN is to provide service to normal
smartphones (handheld) from flying nodes (e.g., LEO satellites). Given that their main use
case is to be in coverage from the terrestrial network component, the requirements for
smartphones are driven by a different set of documents than [32], namely [37][34][38][39].
Here, we then focus on the specific NTN requirements for terminals.

As mentioned in the previous subsections, , handhelds, in the 6G-NTN project context are
expected to be used in the C-band, while very small (VSAT) and ultra small aperture terminals
(USAT) are expected to be used in the Q/V bands.

For the mass-market, the form factor and power constraints in a smartphone are expected to
be similar in the 6G timeframe. Given the intended use in the C-band, and form factor
constraints we expect that such aspects as the antenna design will resemble their counterparts
in 5G. This is not true for (mounted) terminals in the Q/V band, as exemplified by the advanced
antenna design described in chapter 4].

Given the above, we will focus on presenting the minimum requirements for terminals operating
in Q/V bands, with the assumption that the terminal does not have a traditional smartphone
form-factor. In other words, the focus is on terminals that can be mounted on vehicles or
provide fixed-wireless access, including USAT.

One note about the content that follows is that the requirements are collected from the 3GPP
requirements for 5G-NR, since equivalent ones for 6G will be defined later than the time-
horizon for 6G-NTN's project conclusion. While possible, we focus on the requirements that

e may be relevant to VSAT/USAT terminals,
e are not dependent on a specific band (e.g., 3GPP band n256),
e are influenced by the choice of antenna design.

This approach is chosen so that for the remainder of the project, we can perform feasibility
evaluations that are realistic, with a set of requirements that are likely to resemble their
upcoming 6G NTN counterparts.

In a few instances, we list requirements that refer to operation in the FR2-NTN band. While not
including the target Q/V bands, these are the highest frequencies considered for 3GPP NTN
services so far. In these cases, the requirements are included here as an indication or
illustration of what performance or receiver/transmitter characteristics could be expected.

Unless noted, the requirements presented next originate from [32]. In the remainder of this
section, we use the term user equipment (UE) to represent both smartphones and access
terminals with other form factors.
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2.4.1 Bands of interest for the 6G-NTN project

The frequency bands below are considered for research activities in the 6G-NTN project [41],
a detailed study on the 6G NTN frequency bands is conducted within D2.5.

2.4.1.1 Q/V bands

The Q/V-bands have been identified as candidate for use in the service link as part of 6G NTN,
with the following frequency ranges for both NGSO and GSO satellite services:

e Downlink: 37.5 — 42.5 GHz (Q-band).
e Uplink: 47.2 — 50.2 GHz and 50.4 — 51.4 GHz (V-band).

241.2 C band

The C-band is a new NTN frequency band opportunity for direct connectivity to smartphones
and cars to be considered for the 6G-NTN project

e Downlink NTN satellite communications could potentially use TN TDD (Time Division
Duplex) frequency bands n77 (3,300 — 4,200 MHz) / n78 (3,300 — 3,800 MHz).

e Uplink NTN satellite communications could potentially use the upper frequency
spectrum (around 6 GHz) or lower frequency spectrum (e.g., UL n255 or UL n256).

2.4.2 Operating bands and channel arrangement

The channel arrangements presented in this section are based on the operating bands and
channel bandwidths defined in [32].

Requirements throughout the RF specifications are in many cases defined separately for
different frequency ranges (FR). The frequency ranges in which NTN satellite can operate
according to 3GPP release 18 specifications are identified as described in Table 2.

As specified in [32], the bands in Table 2 only support frequency division duplexing (FDD)
operation.

Table 2: Definition of NTN frequency ranges

Frequency range designation | Corresponding frequency range

FR1-NTN' 410 MHz — 7125 MHz

FR2-NTN? 17300 MHz — 30000 MHz

NOTE 1: [NTN bands within this frequency range are regarded as a FR1 band
when referenced from other 3GPP specifications.]

NOTE 2: [NTN bands within this frequency range are regarded as a FR2 band
when referenced from other 3GPP specifications.]
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§

24.21

Non Terrestrial Network operating bands

Below are current bands that have been designated for FR1-NTN and FR2-NTN.

Table 3 Designated operating bands for FR1-NTN and FR2-NTN

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

FuLiow — FuLhigh FoLiow — FbL high
n256 1980 MHz — 2010 MHz 2170 MHz - 2200 MHz FDD
n255 1626.5 MHz — 1660.5 MHz 1525 MHz — 1559 MHz FDD
n254 1610 — 1626.5 MHz 2483.5 — 2500 MHz FDD
n512" 27500 MHz - 30000 MHz 17300 MHz - 20200 MHz FDD
n5112 28350 MHz - 30000 MHz 17300 MHz - 20200 MHz FDD
n510° 27500 MHz - 28350 MHz 17300 MHz - 20200 MHz FDD
NOTE: NTN satellite bands are numbered in descending order from n256.
NOTE 1: This band is applicable in the countries subject to CEPT ECC Decision(05)01 and

ECC Decision (13)01.

NOTE 2:
NOTE 3:

This band is applicable in the USA subject to FCC 47 CFR part 25.
This band is applicable for Earth Station operations in the USA subjectto FCC 47 CFR

part 25. FCC rules currently do not include ESIM operations in this band (47 CFR 25.202).

Below is a figure describing the designation of the 3GPP specified NTN bands together with
the bands that are studied in 6G-NTN.

S-band

L-band / C-band Ka-band Q-band V-band
N I/

’ l/ \l . -
2 10 20 30 40 50

€FR1-NTN® &

M NTN bands specified by 3GPP
M Bands studied in 6G-NTN

60 GHz

FR2-NTN »

Figure 3. 3GPP specified NTN band together with the bands studied in 6G-NTN
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§

2.4.2.2 Terrestrial Network operating bands

The designation of operating bands for the terrestrial network (TN), defined in [34] is different
and listed below for reference. For terrestrial networks, the FR1 frequency supports both FDD
and TDD usage.

Table 4: Frequency range designation for TN

Frequency range designation | Corresponding frequency range

FR1 410 MHz — 7125 MHz
FR2-1 24250 MHz — 52600 MHz
FR2
FR2-2 52600 MHz — 71000 MHz

Details for the definition of bands in the FR2-1 range [34] are listed in Table 5.

While the frequencies of interest for 6G-NTN (see Section 2.4.1) are not covered by Table 4,
they overlap with the definition for TN FR2 according to Table 5. Some of the requirements
defined in [34] may be applicable to UEs in the Q/V bands, with the caveat that they are
specified for TN TDD systems in addition to the parameters in [32] which are specifically
tailored toward the satellite use case.

Table 5: Band designation for FR2-1 (TN)

Operating | Uplink (UL) operating band | Downlink (DL) operating band | Duplex
Band BS receive UE transmit BS transmit UE receive Mode
FuLiow® — Fuinigh® FoLiow — FbL high
n257 26500 MHz — 29500 MHz | 26500 MHz — 29500 MHz TDD
n258 24250 MHz — 27500 MHz = 24250 MHz — 27500 MHz TDD
n259 39500 MHz — 43500 MHz | 39500 MHz — 43500 MHz TDD
n260 37000 MHz — 40000 MHz | 37000 MHz — 40000 MHz TDD
n261 27500 MHz — 28350 MHz | 27500 MHz — 28350 MHz TDD
n262 47200 MHz — 48200 MHz = 47200 MHz — 48200 MHz TDD
n263 57000 MHz — 71000 MHz | 57000 MHz — 71000 MHz TDD'
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NOTE 1: This band is for unlicensed operation and subject to regional and/or
country specific regulatory requirements.

NOTE 2: FuL_iow, FoL_1ow indicate the lower limit for the uplink and downlink
bands respectively

NOTE 3: Fuc nigh, FoL nigh indicate the upper limit for the uplink and downlink
bands respectively

2.4.2.3 UE channel bandwidth

2.4.2.3.1 General

The UE channel bandwidth (BW) supports a single radio frequency (RF) carrier in the uplink
or downlink at the UE. From a Satellite Access Node (SAN) perspective, different UE channel
bandwidths may be supported within the same spectrum for transmitting to and receiving from
UEs connected to the SAN.

From a UE perspective, the UE is configured with one or more bandwidth parts (BWP) /
carriers, each with its own UE channel bandwidth. The UE does not need to be aware of the
SAN channel bandwidth or how the SAN allocates bandwidth to different UEs.

The placement of the UE channel bandwidth for each UE carrier is flexible but can only be
done completely within the SAN channel bandwidth.

The relationship between the channel bandwidth, the guardband and the maximum
transmission bandwidth configuration is shown in Figure 4.

Channel Bandwidth [MHz]

J |
I I
Transmission Bandwidth Configuration Ny [RB]
I
00)1) I < > I @)
'UC_]’ | l Transmission l | g
= | Bandwidth [RB]| | 2
= I S st I=
Sl ’° |%
|} |
| 3 |
__________ : \ y, | e >
------------- !<—>| Active Resource !f
Blocks

Guardband, can be asymmetric

Figure 4: Definition of the channel bandwidth and the maximum transmission bandwidth
configuration for one channel

2.4.2.3.2 Maximum transmission bandwidth configuration
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The maximum transmission bandwidth configuration is defined in resource blocks (Nrg ) for
each UE channel bandwidth and subcarrier spacing (SCS) in Table 6 for FR1-NTN and Table
7 for FR2-NTN. A resource block is a group of 12 subcarriers with the given subcarrier spacing.

Table 6: Maximum transmission bandwidth configuration NRB for FR1-NTN

5MHz | 10 MHz | 15 MHz | 20 MHz | 30 MHz
SCS (kHz)
Nrs NrB Nrs NrB NrB
15 25 52 79 106 160
30 11 24 38 51 78
60 N/A 11 18 24 38

Table 7: Maximum transmission bandwidth configuration NRB for FR2-NTN

SCS 50 MHz 100 MHz | 200 MHz | 400 MHz
(kHz)
NrB NrB NrB NrB
60 66 132 264 N/A
120 32 66 132 264

2.4.3 Radiated Transmitter Characteristics

2.4.3.1 General

Unless otherwise stated, the transmitter characteristics are specified over the air (OTA) with a
single or multiple transmit chains.

2.4.3.2 Transmitter power

2.4.3.2.1 UE maximum output power

2.4.3.2.1.1 General

The UE classes are specified based on the assumptions of certain UE types with specific
device architectures including antenna beam steering types. The requirements are specified
for different UE types. And for hybrid beam steering capable UE, which can adjust its
antenna(s) or beam(s) in both electronic steering and mechanical steering ways, the applicable
requirements should follow either electronic or mechanical beam steering requirements
depending on the UE type it declared. The UE types can be found in Table 8 below.
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Table 8: Assumptions of UE Types

UE class UE type Type description
1 Fixed VSAT communicating with GSO and LEO with mechanical steering
antenna.
Fixed VSAT 2 Fixed VSAT communicating with GSO and LEO with electronic steering
antenna.
3 Fixed VSAT communicating with LEO only with electronic steering antenna.
Mobile VSAT 4 Mobile VSAT communicating with GSO with mechanical steering antenna.
5 Mobile VSAT communicating with GSO with electronic steering antenna.
Note 1:  The UE types are assuming UE has only one antenna beam towards one satellite at a given time in
this release.
Note 2:  The Mobile VSAT communicating with non-GSO is not considered in this release.

2.4.3.2.1.2 Minimum requirements for Fixed VSAT

The following requirements define the maximum output power radiated by the UE for any
transmission bandwidth within the channel bandwidth for non-carrier aggregation (CA)
configuration, unless otherwise stated. The period of measurement shall be at least one sub
frame (1ms). The minimum output power values for Equivalent Isotropic Radiated Power
(EIRP) are found in Table 9. The requirement is verified with the test metric of EIRP (Link=TX
beam peak direction, Meas=Link angle).

Table 9: UE minimum peak EIRP for Fixed VSAT

Operating band UE Type Min peak EIRP (dBm)
1 70
n512, n511, n510 2 70
3 61
Note: Minimum peak EIRP is defined as the lower limit without tolerance.

The maximum output power values for EIRP are found in Table 10 below.

Table 10: UE maximum output power limits for Fixed VSAT

Operating band | Max EIRP (dBm)

n512, n511, n510 76.2

2.4.3.2.1.3 Minimum requirements for Mobile VSAT

The following requirements define the maximum output power radiated by the UE for any
transmission bandwidth within the channel bandwidth for non-CA configuration, unless
otherwise stated. The period of measurement shall be at least one sub frame (1ms). The
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minimum output power values for EIRP are found in Table 11. The requirement is verified with
the test metric of EIRP (Link=TX beam peak direction, Meas=Link angle).

Table 11: UE minimum peak EIRP for Mobile VSAT

Operating band UE Type Min peak EIRP (dBm)

4 70
n512, n511

5 70

Note: Minimum peak EIRP is defined as the lower limit without
tolerance.

The maximum output power values for EIRP are found in Table 12 below.

Table 12: UE maximum output power limits for Mobile VSAT

Operating band Max EIRP (dBm)

n512, n511 76.2
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2.4.3.3 Transmitter signal quality

2.4.3.3.1 Frequency Error

The VSAT UE basic measurement interval of modulated carrier frequency is 1 uplink (UL) slot.
The VSAT UE pre-compensates the uplink modulated carrier frequency by the estimated
Doppler shift according to 3GPP TS 38.300 [33] clause 16.14.2. The mean value of basic
measurements of VSAT UE modulated carrier frequency shall be accurate to within £ 0.1 parts
per million (PPM) observed over a period of 1 ms of cumulated measurement intervals
compared to ideally pre-compensated reference uplink carrier frequency.

[NOTE: The ideally pre-compensated reference uplink carrier frequency consists of the UL
carrier frequency signaled to the VSAT UE by SAN and UL pre-compensated Doppler
frequency shift. For the test case, the location of the VSAT UE is explicitly provided to the
VSAT UE from the test equipment.]

Requirement will be verified for at least two cases of which one has zero Doppler conditions.

The frequency error is defined as a directional requirement. The requirement is verified in beam
locked mode with the test metric of Frequency (Link=TX beam peak direction, Meas=Link
angle).

2.4.3.3.2 Transmit modulation quality

The requirements for transmit modulation quality defined in 3GPP TS 38.101-2 [34] clause
6.4.2 except clause 6.4.2.6 shall apply for VSAT UE.
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2.4.3.4 Output RF spectrum emissions

2.4.3.41 Occupied bandwidth

Occupied bandwidth (OBW) is defined as the bandwidth containing 99 % of the total integrated
mean power of the transmitted spectrum on the assigned channel. The occupied bandwidth
for all transmission bandwidth configurations (Resources Blocks) shall be less than the
channel bandwidth specified in Table 13.

The occupied bandwidth is defined as a directional requirement. The requirement is verified in
beam locked mode with the test metric of OBW (Link=TX beam peak direction, Meas=Link
angle).

Table 13: Occupied channel bandwidth

Occupied channel bandwidth / Channel bandwidth

50 MHz 100 MHz 200 MHz 400 MHz
Channel
bandwidth 50 100 200 400
(MHz)

2.4.3.4.2 Out of Band Emissions

2.4.3.4.2.1 General

The out of band (OoB) emissions are unwanted emissions immediately outside the assigned
channel bandwidth resulting from the modulation process and non-linearity in the transmitter
but excluding spurious emissions (SE). This OoB emission limit is specified in terms of a
spectrum emission mask and an adjacent channel leakage power ratio. Additional
requirements to protect specific bands are also considered.

The requirements in subsection 2.4.3.4.2.2 only apply when both UL and DL of a VSAT UE
are configured for single component carrier (CC) operation, and they are of the same
bandwidth.

2.4.3.4.2.2 Spectrum emission mask

The spectrum emission mask of the VSAT UE applies to frequencies starting from the + edge
of the assigned NR channel bandwidth.

2.4.3.4.2.2.1 General NR spectrum emission mask

The power of any VSAT UE emission shall not exceed the levels specified in

Table 14 for the specified channel bandwidth. The requirement is verified in beam locked mode
with the test metric of total radiated power (TRP) (Link=TX beam peak direction, Meas=TRP

grid).
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Table 14: General NR spectrum emission mask for NTN-FR2

Frequency Frequency Basic limits (dBm) Measurement
offset of offset of bandwidth
measurement | measurement
filter -3dB filter centre
point, Af frequency,
f_offset
0 MHz < Af < 0.5 MHz < max (ss Limit, Pygteq ug - 1010g10(BW) - 40 X log10 <%x2+1))d8m 1 MHz
2x BW f offset < 2x
BW + 0.5 MHz

NOTE 1: Prateq,ue is TRP for VSAT UE;

NOTE 2: Transmission BW is in the unit of MHz;

NOTE 3: SE limit 11dBm/1MHz is spurious emission limit specified in spurious emission
clause 2.4.3.4.4, and is converted from the SE limit requirement defined on 4 kHz to a value

defined over 1 MHz;

NOTE 4: Power Spectrum Density (PSD) attenuation as in [35], Annex 5, OoB domain
emission limits for earth stations.

2.4.3.4.3 Adjacent channel leakage ratio

Adjacent Channel Leakage power Ratio (ACLR) is the ratio of the filtered mean power centred
on the assigned channel frequency to the filtered mean power centred on an adjacent channel
frequency. ACLR requirement is specified for a scenario in which adjacent carrier is another
NR channel.

NR Adjacent Channel Leakage power Ratio (NRacLr) is the ratio of the filtered mean power
centred on the assigned channel frequency to the filtered mean power centred on an adjacent
channel frequency at nominal channel spacing. The assigned NR channel power and adjacent
NR channel power are measured with rectangular filters with measurement bandwidths
specified in Table 15 for FR2-NTN.

If the measured adjacent channel power is greater than —35 dBm then the NRacLr shall be
higher than the value specified in Table 154. The requirement is verified in beam locked mode
with the test metric of TRP (Link=TX beam peak direction, Meas=TRP grid).
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Table 15: General requirements for NRac.r for FR2-NTN

Channel bandwidth / NRacL.r/ Measurement
bandwidth

50 MHz 100 MHz 200 MHz 400 MHz

NRactr for band n512, n511, n510 | (14) dB (14) dB (14) dB (14) dB

NR channel measurement 47.58 95.16 190.20 380.28
bandwidth (MHz)

Adjacent channel center frequency | +50/-50 | +100/-100 | +200/-200 | +400 / -400
offset (MHz)

2.4.3.4.4 Spurious Emissions

2.4.3.4.4.1 General

Spurious emissions are emissions which are caused by unwanted transmitter effects such as
harmonics emission, parasitic emissions, intermodulation products and frequency conversion
products, but exclude OoB emissions unless otherwise stated. The spurious emission limits
are specified in terms of general requirements in line with SM.329 [36] and NR operating band
requirement to address UE co-existence. Spurious emissions are measured as TRP.

To improve measurement accuracy, sensitivity and efficiency, the resolution bandwidth may
be smaller than the measurement bandwidth. When the resolution bandwidth is smaller than
the measurement bandwidth, the result should be integrated over the measurement bandwidth
in order to obtain the equivalent noise bandwidth of the measurement bandwidth.

Unless otherwise stated, the spurious emission limits apply for the frequency ranges that are
more than Foos (MHz) in Table 16 starting from the edge of the assigned NR channel
bandwidth. The spurious emission limits in Table 17 apply for all transmitter band
configurations (NRB) and channel bandwidths. The requirement is verified in beam locked
mode with the test metric of TRP (Link=TX beam peak direction, Meas=TRP grid).

NOTE: For measurement conditions at the edge of each frequency range, the lowest frequency
of the measurement position in each frequency range should be set at the lowest boundary of
the frequency range plus MBW/2. The highest frequency of the measurement position in each
frequency range should be set at the highest boundary of the frequency range minus MBW/2.
MBW denotes the measurement bandwidth defined for the protected band.
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Table 16: Boundary between NR OoB and spurious emission domain

Channel bandwidth 50 MHz 100 MHz | 200 MHz 400 MHz

OOB boundary Foos (MHz) 100 200 400 800

Table 17: Spurious emissions limits

Maximum | Measurement

Frequency Range Level bandwidth

30 MHz < f < 2" harmonic of the upper frequency

edge of the UL operating band in GHz -13 dBm 4 kHz

2.4.4 Radiated Receiver Characteristics

2.4.41 General

Unless otherwise stated, the receiver characteristics are specified over the air (OTA) at the
Radiated Interface Boundary (RIB) for Ka bands fixed and mobile VSAT. The reference
effective isotropic sensitivity (EIS), wanted signals and interference are defined assuming a 0
dBi reference antenna located at the center of the quiet zone.

2.4.4.2 Polarization characteristics

The minimum requirements on the receiver characteristics apply under one polarization.
2.4.4.3 OTA reference sensitivity level

2.4.4.3.1 General

The OTA reference sensitivity (REFSENS) requirement is a directional requirement and is
intended to ensure the minimum OTA reference sensitivity level at the centre of the quiet zone
in the receive (RX) beam peak direction. The OTA reference sensitivity power level EISrersens
is the minimum mean power received over the air at the RIB, at which the throughput shall
meet or exceed the requirements for a specified reference measurement channel.

24.43.2 Minimum requirement for mobile VSAT

The throughput shall be = 95 % of the maximum throughput of the reference measurement
channels as [specified in Annexes A.2.3.2 and A.3.3.2 of [32] (with one sided dynamic
orthogonal frequency-division multiple-access (OFDMA) Channel Noise Generator (OCNG)
Pattern OP.1 Frequency Division Duplexing (FDD) for the downlink (DL)-signal as described
in Annex A.5.2.1) with peak reference sensitivity specified in Table 187]. The requirement is
verified with the test metric of EIS (Link=RX beam peak direction, Meas=Link Angle).
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Table 18: OTA reference sensitivity requirement for mobile VSAT

Operating | VSAT channel UL/DL RB OTA reference sensitivity level, EISrersens
band bandwidth (MHz) allocation (dBm)
Full RB
n512, allocation Nrg EISrersens_somHz + 10log1o(Nrs x SCS x 12 / factor)
n511 50, 100, 200, 400 as specified in (NOTE 1)
clause 2.4.2.3.2

NOTE 1: The “factor” represents the normalized factor to scale EIS for different (Channel bandwidth,
SCS) configurations. The value of factor is 66 RBs x 60 kHz SCS x 12, i.e. 47520 kHz.

For Mobile VSAT communication with GSO, EISrersens_somH is [-126.8] dBm.

2.4.43.3 Minimum requirement for fixed VSAT

The throughput shall be = 95 % of the maximum throughput of the reference measurement
channels as [specified in Annexes A.2.3.2 and A.3.3.2 of [32] (with one sided dynamic OCNG
Pattern OP.1 FDD for the DL-signal as described in Annex A.5.2.1) with peak reference
sensitivity specified in Table 18 The requirement is verified with the test metric of EIS (Link=RX
beam peak direction, Meas=Link Angle).

Table 19: OTA reference sensitivity requirement for fixed VSAT

Operating | VSAT channel UL/DL RB OTA reference sensitivity level, EISrersens
band bandwidth (MHz) allocation (dBm)
Full RB
n512, allocation Nrs
n511. 50, 100, 200, 400 = as specified in EISrersens_somHz + 10log1o(Nre X SCS x 12 / factor)
(NOTE 1)
n510 clause
24232

NOTE 1: The “factor” represents the normalized factor to scale EIS for different (Channel
bandwidth, SCS) configurations. The value of factor is 66 RBs x 60 kHz SCS x 12, i.e. 47520 kHz.

For fixed VSAT communication with GSO and LEO, ElSrersens_somHz is [-126.8] dBm.

For fixed VSAT communication with LEO only, EISrersens_somHz is [-115.6] dBm.
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2.4.5 fixed radio service requirements applicable for antennas in the Q/V band

Another source of requirements applicable to terminals operating in the Q/V bands is the ETSI
specification EN 302 217-4 [40]. It covers fixed radio services for frequencies in the Q/V band
and describes requirements for antennas in frequency ranges between 1 GHz and 86 GHz.

For co-existence and general spectrum compliancy, the radiation pattern envelope (RPE) for
an antenna is an important parameter. It provides, e.g., the requirement on allowed side lobe
level in azimuth degrees from the main lobe. The RPE for frequencies between 30 and 47 GHz
is illustrated in Figure 5 below, adapted from [40].

The fixed radio services use FDD, so the duplexing distances that are specified in [40] for the
bands coinciding with the 6G-NTN Q/V could also be used as an input for future analysis of
the UE antenna requirement specification (See chapter 4).
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Figure 5: RPEs for class 1 antennas in the frequency range from 30 to 47 GHz

It should also be observed that in the 6G-NTN deliverable 4.4 [41] there are assumptions given
for the radiation pattern when simulating interferences into other systems. The requirement put
on antennas based on new technologies for the radiation pattern could as a first approach, be
required to stay within the limits for the antenna radiation pattern used in the co-existence
simulations in [41].
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3 ANTENNA TECHNOLOGY SURVEY IN C AND Q/V BAND

3.1 INTRODUCTION AND INVESTIGATION SCOPE FOR ANTENNAS

The aim of this chapter is to provide a survey on Q/V and C-Band antenna technologies,
focused on moving terminal applications, nicknamed as Satellite On-The-Move (SOTM), Earth
Station in Motion (ESIM) and/or Earth Station on Moving Platform (ESOMP),and considering
the requirements already derived in previous section for mounted devices, which are the main
object of study in 6G-NTN project. The critical join analysis of the State-of-the-Art technologies
and the terminal requirements allows identifying promising solutions determining short and
mid-term research paths. Therefore, the next two sections provide an antenna technology
survey and a critical analysis of potential solutions for both Q/V and C-band, taking into account
the specific requirements of identified 6G-NTN terminal types.

Let us remark that for satellites terminals, the term “antenna” is often not limited to the device
radiating/receiving the intended signals but it includes everything between the modem
output/input, typically at L-band, and the radiating elements themselves. Since satellite
systems typically operate in frequency division duplex (FDD) scheme, these may include two
different antenna apertures containing the radiating mechanisms for Tx and Rx as well as their
corresponding up and down conversion circuits. In addition, an Antenna Control Unit (ACU)
featuring a more or less sophisticated inertial system is responsible for controlling the antenna
pointing in close collaboration with the modem. This modem-antenna interface is often
standardized using OpenAMIP [1] solution. The analysis performed here will be focused on
the radiating apertures, since for the rest of components, the use of the Q/V band or the specific
6G-NTN requirements does not imply significant changes.

3.2 ANTENNA TECHNOLOGY SURVEY IN Q/V BAND

A quick analysis of the state-of-the-art reveals that there is only one pre-commercial SOTM
terminal in Q/V band provided by ThinKom. Remarkably, it implements a passive mechanical
steering solution, based on the ThinKom patented Variable Inclination Continuous Transverse
Stub (VICTS) technology [3]. As depicted in Figure 6, it consists of two panels placed one on
top of the other supporting a parallel plate waveguide transmission. The lower panel
implements parallel plate mode feeding lines, and the upper transverse stubs that create a
leaky wave that is responsible of the radiation of a narrow pencil beam. By controlling the
relative rotation between both panels, the beam can be steered in both azimuth and elevation
angles.

200\
RELATIVE PLATE
ROTATION
APPARATUS

210

COMMON PLATE
ROTATION
APPARATUS

Figure 6: ThinKom pre-commercial Q/V- band terminal. Left: Terminal picture from [2];
right: VICTS technology from [3]
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The fact that the first pre-commercial product is based on mechanical steering may be just a
coincidence, obeying the ThinKom strategy to be the first announcing a product in the market,
but it exemplifies the challenges of developing a cost and power efficient low-profile antenna
with electronic steering at millimetre wave ranges. It is foreseen that once the market demands
them (note that nowadays Q/V are mostly considered for the feeder link), more players will
develop antenna terminals in different technologies, as is the case today for Ka and Ku bands.
Indeed, the jump between Ka and Q/V is not that high, so it could be envisaged that the same
technologies will be used and adapted to the Q/V range. Therefore, we analyse next the
evolution of SOTM antenna terminals in commercial Ku/Ka bands.

Firstly, let us remark that the antenna has been traditionally the main barrier for the massive
spread of SOTM terminals. It represents 90% of the terminal cost [4], and their size, power
consumption and weight represent also challenges for their deployment on smaller platforms
like cars. The move to LEO orbits opens new opportunities since lower pathloss require
reduced antenna sizes, so reduced costs. Indeed, Starlink terminals can be seen as a massive
deployment of beam scanning antennas, though in this case they are fixed terminal, not SOTM
ones. Wide reviews on antenna technologies for SOTM [5], LEO terminals [6], beam steering
solution for satellite communications (SATCOM) and 5G [7] or just for 5G [8] have been already
published.

Initial SOTM terminals relayed on mechanically steered parabolic reflectors, resulting in heavy
and bulky systems not suitable for smaller platforms. Nowadays they still have applications in
large platforms like vessels. The need for more aerodynamic low-profile solutions went through
the use of modified reflectors to the implementation of single or multiple rectangular panels.
Passive mechanical steering, as already explained for the VICTS case, is still a suitable
technology when considering cost and power efficiency. A review on recent passive steering
solutions is presented in [4], which includes the discussion of low profile near-field meta-
steering antenna systems. They can be seen as an extension of the VICTS concept in which
a low layer excites an upper layer consisting of a metasurface creating a radiating leaky wave
mode. The mechanical interaction between the two layers controls the beam steering. In that
regard, Figure 7evolution of mechanically steered antennas.

™2

O Gneweb

d A\ /
Intellian /ﬂ

Figure 7: Mechanically steered technology examples. Left: parabolic reflector from [9]); center:
flat rectangular panel (from [10]); and right: near-field meta-steering (from [4])

Beam steering reconfiguration rates in mechanically steered parabolic reflectors were in the
order of seconds, so the need for fast steering motivated the use of electronic steering
solutions. Although initially hybrid systems providing electronic elevation steering and
mechanical azimuth steering were issued, nowadays full electronic steering is a reality. Indeed,
it experienced a huge progression in the last decade, driven by the needs of both SATCOM
and 5G applications, and relying in technological improvements in integrated circuits (IC) and
metasurface technologies. Three main steering solutions have been developed: array-based,
reflector/lens-based and leaky-wave (metasurface) based. They are further discussed next.
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Array-based electronic steering

Electronic steering with array-based antennas has been demonstrated with multiple
configurations: tile and brick, digital, analogue and hybrid beamforming, for analogue it has
been implemented in RF, intermediate frequency (IF) or local oscillator (LO). For hybrid,
partially connected and fully connected solutions have been investigated [7]. For SOTM
terminals, the major trend is the tile configuration with analog beamforming at RF. Phasor, now
Hanwha-Phasor [11], was one of the pioneering companies demonstrating this technology in
a commercial product, as shown in Figure 8. Nowadays, there is a large set of companies
using this technology in Ku and Ka bands (e.g., ViaSat, Rockwell Collins, Qest, OneWeb,
SpaceX, Boeing, Coxsat, etc.). The main enablers for this solution are the multi-channel
beamformer IC and the printed circuit board (PCB) advancements. Specifically, beamformer
ICs typically implement amplification (low noise amplifier or power amplifier) and phase and
magnitude control for beam steering, for dual polarization and for multiple elements from 4 to
16. This provides the required level of integration for the tile configuration, placing the IC
underneath the set 4 or 16 array module. The combination of multiple modules permits
realizing large antenna apertures. Several companies like Renesas, Analog Devices or
Anokiwave offer Commercial off-the-shelf (COTS) beamformer IC that can be used by system
integrators to realize their own antenna solutions. The drawbacks of analog beamforming
include the large feeding networks required that imply significant losses, the single-beam
operation, and the beam squint in large apertures. All of them can addressed by using digital
or hybrid beamforming. Digital beamforming has been demonstrated by Satixfy [12], which
developed their own application-specific integrated circuit (ASIC) suitable for given antenna
configurations. In the case of hybrid-beamforming, the partially connected solution in which
each antenna element is only connected to on RF chain is the preferred choice due to the large
apertures. Note that a full-connected solution would require having large combining networks
for each antenna element, significantly increasing losses. Losses in feeding networks can be
overcome by amplifiers, but it not only worsens the thermal management of the antenna but
also the power consumption, which is already a limiting factor in some moving platforms.

Figure 8: Tx (left) and Rx (right) apertures for Hanwha-Phasor analog RF beamformer antenna

The move to Q/V bands would increase the integration level required, and complicate the
thermal management due to the denser element distribution. Still, arrays at 40 GHz have been
designed for 5G [7], and it is expected that solution for SATCOM will come if the market
demands them.

Reflector/lens-based electronic steering

A potential alternative in order to get rid of the large losses in array feeding networks is the use
of spatial feeding configurations of transmit/reflectarrays [13] . In this case, a single feed or a
very small array illuminates a reflector or lens surface made of phase shifting
reflecting/transmitting elements. Therefore, the beam steering is performed in the spatially
illuminated lens/reflector surface and there is no need for feeding networks. However, this
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solution requires having the distanced between the feed and the lens/reflector surface similar
to the lens/reflector diameter resulting in high profile antennas. They can be reduced by the
use of folded reflect array configurations but still the profile is no low enough to be considered
as a planar antenna (e.g., [14]).

Leaky-wave/metasurface-based electronic steering

To get rid of large feeding networks and keep low profile configurations, the alternative is to
illuminate a metasurface through a parallel plate waveguide mode or a surface wave
(metasurface antennas) or a Fabry-Perot cavity (Fabry Perot antennas (FPA)). The
metasurface illumination excites a leaky-wave forming the radiation beam at the antenna far-
field. This process can be also explained by holographic theory [15]. Leaky-wave antennas
inherently scan their beams with the change in frequency, so fixed frequency scanning requires
changing the surface impedance of each metasurface unit cell. For metasurface antennas,
typically the reconfiguration has been obtained through varactor diodes of liquid-crystal (LC).
It must be noted that the size of the metasurface unit cells need to be well below the
wavelength, increasing the number of unit cells with respect to array-based systems where
half-wavelength is enough. However, the use of simple varactors or LC still provides important
power and cost improvements with respect to active arrays. Metasurface antennas has been
demonstrated for SOTM applications using LC by Kymeta [16] or for 5G applications using
varactor diodes by Pivotal [17], depicted in Figure 9 . Remarkably, Kymeta solution interleaved
transmits and receive unit cells on the same metasurface realizing a shared Tx/Rx aperture
[7]. For FPA, beam steering at mm-wave has been demonstrated using beam switching with a
focal -plane array instead of a single feed element [18]-[19]. In lower frequencies varactor, and
PIN diodes, LC or eval liquid-metal has been used but the achieved beam steering was limited
and not covering 360° in azimuth and 50° in elevation.

VoY
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Figure 9: Commercial metasurface antennas. Left: Kymeta from [7]; right: Pivotal from [17]

In this case, moving to Q/V band would again imply a denser grid of unit cells, increasing the
number of reconfigurable elements.

Hybrid solutions

Other companies developed terminal antennas using a combination of the aforementioned
technologies. This is the case of Isotropic systems, now All. Space, which uses an array of
lenses illuminated by focal-plane arrays. The beam steering is achieved by exciting different
elements in each focal-plane array. Shared Tx-Rx and multibeam operation is supported by
exciting more than one element in each focal-plane array at the same time. Alcan systems is
another example, realizing a phased array antenna with LC distributed phase shifters
underneath of the radiating elements, providing improvements in terms of power consumption,
thermal managements and cost with respect to IC-based phased arrays.
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Figure 10: Hybrid commercial metasurface antennas. Left: All. Space array of lenses from [22]; right: Alcan
Systems phased array with distributed LC phase shifters from [23]

3.2.1 Critical analysis of Q/V band solutions

The main requirement imposed by the 6G-NTN considered terminals is to have a maximum
size of 20x20cm or even 10cmx10cm for the smaller variant. Fixing the antenna size, the
antenna design must ensure a minimum aperture efficiency in order to reach a given antenna
gain, which was considered to be 32 dBi (20x20cm case) and 28 dBi (10x10cm case) in D3.5.
Figure 11 plots the required aperture efficiency for different antenna sizes at 40 GHz. It can be
observed that for a 20cmx20cm aperture, the required gain is achieved even for efficiencies
as low as 20%. However, considering that the available size needs to be shared by Tx and Rx
apertures, the required efficiency increases to 35%. Moreover, if two beam need to be realized
in order to implement make-before-break hand overs, the efficiency becomes as high as 70%.
The numbers get worser if the smaller variant of 10cm x 10cm is used as a baseline. In this
case, only the use of the full aperture allows efficiencies below 50%, whereas with TX -RX and
two beams, the required gain is not realizable. Beam steering antennas at Q band may provide
rather low aperture efficiencies below 50% so there is a need to exploit efficiently the available
area. It can be done through using the same aperture for both Tx and Rx, or even for dual-
beam transmission in each direction. As described before, Kymeta or ALL.Space solutions
already support shared Tx/Rx aperture, whereas other examples with leaky wave and array
solutions can be found in [24] and references therein. Otherwise, link budgets need to be re-
analysed if the available area needs to be shared by Tx and Rx and two beams per direction.

0. 34

381 32
36 30+
) 28
T 34 e
c £ L
T 32 ® 26 - /
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30 / — 20x20cm? 24 t 10x10cm?
10x20cm? ——5*10cm?
28 Requirement 22 ¢ Requirement
56 ‘ | | — 10x10cm? 50 ‘ ‘ | 55 cm?2
0.2 03 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
aperture efficiency aperture efficiency

Figure 11: Required aperture efficiencies for different antenna sizes: left 20cmx20cm baseline;
right 10cm x10 cm baseline [24]
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Array solutions provide accurate control on the phase and amplitude of each array element,
and so the best radiation pattern control. However, at this technological stage, their
implementation at Q/V present almost unaffordable challenges. First, they need to rely on
beamformer IC driving multiple elements and performing both amplification and phase-
amplitude variation. These IC will most likely be available in the next future when the use of
Q/V band for user link is targeted by the market, but right now there is no availability. Therefore,
the implementation of array-based antennas is mostly shifted to the development of highly
integrated beamformer ICs. In addition, for an array of 20cmx20cm, more than 2000 elements
would be required considering a separation between elements slightly larger than half-
wavelength, to avoid the appearance of grating lobes. Hence, large feeding networks would
represent another issue to deal with.

Bearing this in mind, leaky-wave antennas are identified as a more suitable solution. Besides
the low profile, they provide lower costs and low power consumptions at the price of reduced
radiation pattern control, since unit cells are fed from travelling waves that do not permit an
exact amplitude control. In the case of metasurface antennas, these unit cells typically have
subwavelength sizes ranging between A/6-A/8 [25]. As a result, a 20cmx20xm aperture would
require tenths of thousands of reconfigurable unit cells, which may be only feasible considering
LC technology as in LCD TV monitors. Fabry-Perot architectures may allow alleviating this
issue by using larger unit cells, enabling the use of varactor diodes for reconfigurations, which
constitute not only a more mature solution but also provide faster beam-steering
reconfiguration.

In conclusion, leaky-wave beam steering antennas based on Fabry-Perot excitation and
varactor diodes for beam steering reconfiguration seem to be a priori a suitable solution
to be further developed in 6G-NTN. In a longer term, the implementation of shared Tx-
Rx apertures and dual-beam operation will be also of high interest to make the most
efficient use of the available area.

3.3 CRITICAL ANALYSIS OF C BAND SOLUTIONS

C-band has been traditionally used for satellite broadcast or communications, and still have
special significance in certain regions due to its lower losses in case of rain and bad weather
conditions. In these cases, the considered terminals where VSATS equipped with rather bulky
parabolic reflectors. 6G-NTN targets a different use case based on the transmission to/from a
VLEO satellite to a handheld terminal or a mobile platform terminal like a drone or a car.
Antennas for handheld terminals are well covered by state-of-the-art technology and are not
discussed here. Similarly, the set of identified requirements for the mobile platform case,
namely a frequency of operation of 3.4 GHz (Rx) and 3.9 GHz (Tx), gain of 0 dBi and bandwidth
of 100 MHz (see D3.5), do not require any specific advance over the state-of-the-art. However,
depending on the size constraints, the placement location on the platforms and the targeted
type of connectivity (only NTN or dual TN-NTN), not so standardized antenna solution would
be required. We next discuss four different use cases:

1. Available area for C-band of 20 cm x 20 cm (10 cm x 10 cm) and NTN only
connectivity

For this case we consider that the available areas discussed previously for the Q/V band are
here available only for C-band. In addition, the antenna, needs to connect only with NTN
platforms with a minimum elevation of 40°, as considered in D3.5. In these conditions a simple
microstrip patch antenna would satisfy all requirements. It may occupy less than 4 cm x 4 cm
and require a ground plane around 13.6 cm x 13. 6 cm. So two elements, one for transmission
and the other for reception can be easily deployed for both 20 cm x 20 cm and 10 cm x 10 cm
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cases. They would provide gains in the range from 5 dBi to 8 dBi and 3dBi to 0dBi at low
elevation angle, representing a large improvement on the link budget margin with respect to
the requirement of 0 dBi at low elevation angle. They are considered to be placed in a
horizontal surface such as the roof of a car, covering the upper half hemisphere with a -3 dB
beamwidth around 90°. For the 20 cm x 20 cm case, it may be even possible to include two
arrays of 2x2 elements, increasing the gain in 4-5 dB (taking into account implementation
losses), but requiring a beam steering solution due to a lower beamwidth. Note that for the 10
cm x 10 cm case, the ground plane size is not an issue, the car rooftop can be used as a
ground plane or in the drone case, a reduced ground plane of 10 cm x 10 cm would just imply
a slight gain reduction but also would bring a wider beamwidth for a better coverage. In any
case, circular polarization can be easily used by exciting two ports with 90° phase difference
or by cutting diagonal corners or slits in each patch. A review of compact microstrip patches
can be found in [26]

2. Available area shared with Q/V band of 20 cm x 20 cm (10 cm x 10 cm) and NTN
only connectivity

In this case, we consider that the available areas for deploying the antennas need to be shared
by both Q/V and C- band solutions, providing dual-connectivity. Since the analysis of Q/V band
solutions revealed that there is a need of fully using the whole available area, the only suitable
solution here is to consider multi-functional shared aperture solutions. They represent a
research goal that further requires advancements beyond the state-of-the-art. A recent review
of multifunctional apertures was provided in [24]. They are of special relevance the included
references on dual-frequency shared apertures with high frequency ratios. Some basic
solutions are based on using a large structure acting both as a patch for the lower band and
as a support for the radiating elements at the higher band like a slot array [27] or a partially
reflecting surface forming part of a Fabry-Perot cavity [28]. Interestingly, there are different
references proposing solutions including Fabry-Perot cavities, which can be more
straightforward used to combine the target C-Band with the already identified Q/V band
solution. Note however, that keeping large aperture efficiencies with beam steering
functionality at Q/V band and at the same time sharing the aperture with a large C-band patch
becomes a research challenge.

=N
U T IS
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=

Bottom layer Top layer
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Figure 12: Examples of mm-wave/sub 6GHz dual frequency shared apertures from [24]

In the case of terminals in cars, a potential alternative to shared aperture antennas is to co-
locate the C-Band antenna with the antennas of other systems (e.g., Global Positionning
System (GPS), frequency/amplitude modulation (FM/AM) radio), which usually are all
integrated in a shark fin radome (e.g., Figure 13). The option here would be to resort to
miniaturized patch solutions [26] or dielectric loaded helical antenna [29] with low number of
turns [30]. The compatibility with the other antennas within the radome would again represent
a research challenge.
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Figure 13: Shark fin antenna system
3. Dual NTN-TN connectivity

In the case of dual NTN-TN connectivity, the antenna not only needs to point towards the sky
supporting a minimum elevation of 40°, but also needs to be able to connect to terrestrial
infrastructure. If simultaneous dual-connectivity is targeted, quasi omni-directional patterns are
required, which result in reduced directivities and gains, thus not providing link budget margin
improvements with respect to the specified 0 dBi gain antennas. For cars, monopole-like
structures would permit covering the required half hemisphere while drones need to rely on
dipole-like solutions to cover upper and lower hemispheres. Note that both monopoles and
dipoles have radiation nulls in their main axis, so using architectures with slanted 45° crossed
dipoles would avoid placing a radiation null towards 90 ° elevation and at the same time,
providing some polarization diversity.

If sequential dual-connectivity is targeted, pattern reconfigurable antennas can be envisaged.
For instance, for cars, microstrip patches capable of switching from patch-like to monopole-
like patterns can be of interest (e.g. [31]). Note however, that pattern reconfiguration may
include some extra losses due to reconfiguration mechanisms, and need to be combined with
the size constraints discussed in the previous two points, becoming another open research
challenge.

In conclusion, for C-Band, suitable antenna architectures depend on the considered use
case. Three open research challenges have been identified: (i) dual frequency Q/V- C-
band shared apertures; (ii) Integration of C-band antennas (e.g. patch or helix) in shark
fin radomes for cars; and (iii) reconfigurable pattern solutions combined with dual-
frequency shared aperture solutions.
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4 ANTENNA INVESTIGATION

4.1 INTRODUCTION

The continuous advancement of digitization and technology, including wireless
communications and service infrastructure, is reshaping every sector of our economy and
society. Expectations are high for 6G to supersede 5G-Advance (5G-A) and user in a new era
of enhanced connectivity, pushing the boundaries of communication networks even further
[42].

Non-Terrestrial Networks (NTNs) are expected to play a key role in many applications of 6G
[43] , facilitating further enhancement of connectivity in rural areas. This is fuelling the need for
cutting-edge components for NTNs that can deliver high throughput and low latency services
seamlessly integrating with future 6G terrestrial telecommunication networks. These
components are expected to enhance system capacity, flexibility, and adaptability to address
uncertainties and market changes while also improving system availability, scalability, and
resilience. Moreover, they aim to reduce costs and energy consumption [44].

High throughput, increased coverage and ecological trends require designing a low SWaP-C
(size, weight, power and cost) components of mobile network like electronically steerable
antenna (or commonly called dynamic Metasurface (MTS) antenna-DMA) and reconfigurable
intelligent surfaces (RIS)[45], [46], [47], [48]. operating in the new spectrum of the mmWave
bands, namely Q-band (37.5 GHz to 42.5 GHz) for receive signals (Rx) and V-band (47.2 GHz
to 50.2 GHz) for transmit signals (Tx).

A promising solution for a low cost and low power consumption DMA antenna is antenna
based on leaky cavity concept [49], [50].

This antenna relies on wave control inside a cavity rather than wave emission from antenna
array. Hence it becomes standard and protocol agnostic, can be compatible with any back-
end, and is easily scalable to the required frequency band.

The beamforming of the antenna does not result from the synchronization of many elementary
sources such as in phased-array, but rather on the shaping of a wavefield inside a cavity. That
is, the same antenna can work for 5G mmWaves or Ka-band satellite communications without
need to adapt the radiating elements or the feeding. Moreover it doesn’t require the phase
shifting elements, individual amplifiers and hence complex and expensive electronics. The
beamforming is realized in a passive way (the Metasurface is direct current (DC) active but RF
passive). The antenna consumes very little energy to beamform.

Compared to phased arrays, this design approach is much more energy efficient since there
are no dissipative circuits or materials to guide the waves, and it can switch beams at the
speed of electronics just like active phased arrays. Furthermore, the cavity of the antenna can
be made of any shape, meaning that the antenna is perfectly conformable to the surface of an
object ( vehicule, drones, plane). The Metasurface remind the main part of the DMA leaky
cavity antenna and RIS. The technology requires low dissipation in reflection and independent
control of the reflected phase for both vertical and horizontal polarizations. The control of the
reflected phase is provided by the switching element. In this paper, we introduce the design of
the Metasurface for Q- and V-bands exhibiting low dissipation and providing the binary control
of the phase of the reflected wave for two polarisations.
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4.2 OBJECTIVE

The following table summarizes design and characterization of Q and V band Antenna System
for future 6G Non terrestrial Network (NTN) with KPIs:

Table 20: The KPI's Specification of the QV band Antenna System

Q-Rx Q-Tx
size 20cm x 20cm size 20cm x 20cm

i.e. 30 dBW @ 2w BUC

~5 dB/K at 90° Elev
target: -0.5 dB/K @ 2dB LNB
NoiseFigure
best: +1 dB/K

G/T with LNB noise figure of 1.5 dB

N/A

37.5-42.5 GHz 47.2-50.2 GHz
20cm x 20cmx 3cm 20cm x 20cmx 3cm
~27x27\ @ 40 GHz ~33x 331 @ 50 GHz

Bandwidth poe—
nstantaneous
First sidelobe -15 dB typical First sidelobe -15 dB typical
ScanLoss (power cos): ScanlLoss (power cos):
Scan Angle target: TBD £70°, 1.4 +50° target: TBD +£70°, 1.4 +50°
best: 1@ +50 best: 1@ £50

4.3 ANTENNA COMPONENTS

The full antenna system consists of four main components:

Metasurface
Antenna Feeder System

Antenna Mask

LN~

Antenna Cavity

4.3.1 Metasurface

The concept of the Metasurface is based on the original design, proposed in [8]. As illustrated
by Figure 14, the design can be broken down into three separate parts: a microstrip patch
resonator (outlined in a red rectangle), a parasitic resonator (outlined in a green rectangle) and
the interconnection region with the active switching component (outlined in a blue rectangle).
The phase shift for each pixel of the MTS is controlled by the coupling between the patch and
the parasitic element. The resonance frequencies of patch and parasitic elements are defined
correspondingly by their electrical length (proportional to physical size) and initially tuned to
lay close to each other. The resonance frequency of the parasitic element is fine-tuned by its
length. Due to the coupling of the close positioned resonance frequencies, the resonance
frequency of the patch resonator depends on and is affected by the resonance of the parasitic
element.
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To control the operating states of the 1-bit reconfigurable MTS, the parasitic element and the
patch are connected through a low-cost active switching component. This component
operating as a switch has two states, ON-state and OFF-state. It either allows the current to
pass through or isolates its passage, essentially making an electrical connection between the
patch and the parasitic or isolating the two. In the general case, different components can be
used as active switching element such as PIN diode, micro-electro-mechanical systems
(MEMS), photo-diode, VO2, liquid crystal or any other active component which has a switching
functionality, meaning it can be put in a conductive or isolating state, ON and OFF state
respectively. The selection of the element is dictated by the cost, switching speed, power
handling, dissipation, and other requirements. In case of the binary 1-bit control, we deal with
OFF and ON states only of the switching component. In the OFF state, the switching
component is opened and the phase of the pixel will only be that of the resonating patch. In
the ON state the switch is closed and the phase of the pixel will change due to the introduction
of the parasitic element of a certain electrical length. During the design process, we are aiming
to maximize the reflecting property of the MTS i.e., providing the maximum amplitude of the
reflected wave in both states. Perfect binary MTS should provide 0 dB reflection loss, and the
180- or 11 phase shift between the two operating states.

The proposed design ensures the necessary amplitude levels and phase shifts for both TE
(horizontal) and TM (vertical) polarization’s. As the operational mechanism remains identical
for each polarization, the pixel was initially developed to function solely in one polarization.
Subsequently, the parasitic element and the active switching component were mirrored along
the diagonal axis of the pixel, and optimized to accommodate both polarization’s. The
subsequent optimization of the design is necessary to minimize the cross-polarization effect,
when reflected wave partially converted to the orthogonal polarization. For this reason the
patch have truncated corners (see Fig. 1). This also prevents direct shorting to ground via
contact with grounding vias. To provide efficient control of the reflected wave and avoid the
appearance of the grating lobes, the density of the elements at the Metasurface should not
overcome half of the operating wavelength. The size of the designed pixel is 0.5\ x 0.5\, The
pixel was designed using a low-loss substrate, METEROWAVE 8300 from AGC ¢r = 3, tan 6
= 0.0025). The rest of the substrate layers are placed behind the radiofrequency ground and
can be fabricated with a conventional FR-4 substrate. The 3D electromagnetic model with
floquet boundary conditions was simulated and optimized using a Frequency Domain solver in
CST Studio Suite software. The main challenge of the pixel design is to provide a low cost
layout suitable for a conventional PCB manufacturing technology.

4.3.1.1 Design and Schematic of the V-Tx Metasurface

1. The Designed unit cell consist of 3 main important elements which could generate the
response mentioned in the objectives:
I.  Patch — Main radiating element

Il.  Parasitic element — helps generate the phase shift between the two
states
[ll.  Diode — To switch between the two states

2. The phase shift between the two pixel states is obtained by introducing a longer
electrical length element, a parasitic element, in the ON state.

The parasitic element is shorted directly to a GND via.

The main reflector patch, couples to a coupler which is connected to the
complementary metal-oxide semiconductor (CMOS) footprint and the parasitic
element. The length of the coupler can be adjusted to either increase or decrease the
coupling strength.

w
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5. The main reflector patch also has truncated corners, this is done for 2 reasons. Firstly,
to make sure that the patch doesn’t short directly to ground by touching the vias and
second, is to reduce cross coupling.

6. Each switch has 4 GND vias and 1 enable via. The two switches share 1 GND via to
save space on the unit cell.

7. Bigger vias were used to reduce the cost per pixel.

8. The detailed dimensions of the whole structure vary depending on the desired
frequency band. It will be presented in the following sections.

9. Parameter details:

I.  Substrate heigh = 0.5 mm
II.  Via diameter = 0.25 mm
lll.  Via pad diameter = 0.5 mm
™ Parasitic
1

I ] —— Jﬁ'l —~\ Resonator

|

Patch
Resonator
Y
y Active
N ™~ Switching
Component

Figure 14: Design of a single unit cell divided into three parts, patch resonator (red), parasitic resonator (green)
and active switching component (blue)

4.3.1.2 Simulation Result of V-Tx Unit cell

During the design of a dual polarized pixel, the switch is mirrored with respect to the center of
the patch to keep the symmetry for each polarization. During the mirroring process two of the
via pads, highlighted below, overlap. Since it wouldn’t be feasible to fabricate a design with
two vias so close to each other, the design had to be modified to include only one common
via.

RESULTS — DISSIPATION AND PHASE DIFFERENCE
CO-POL Dissipation level (S11 Vs Frequency) — 47.2 to 50.2 GHZ: The highest dissipation
level is -2.9dB seen at 50.2GHz

L L 1

47.5 48 48.5 49 49.5 5

Frequency (GHz)

Public

L DL L Page 47 of 75  © 2023-2025
the European Union



6G-NTN | D3.2: User Requirements (r1.0) @ 6 8 N T N

Figure 15: Simulated reflection coefficient versus frequency. The highest dissipation level is -3 dB seen at 50.2
GHZ.

CO-POL Phase difference level — 47.2 to 50.2 GHZ: The phase difference is over
160° across the band

180 ——— \ T

Degrees
>
o
I

120

100 L 1 1 L 1 1
47.5 48 48.5 49 49.5 50

Frequency (GHz)

Figure 16 Simulated Phase difference versus frequency across the frequency band of Interest

CO-POL Dissipation level (S11 Vs Frequency) — 40 to 56 GHZ: The highest dissipation level
is -2.9dB seen at 50.2GHz

(dB)

40 42 44 46 48 50 52 54 56
Frequency (GHz)

Figure 17: Dissipation versus. Frequency for wide frequency range

CO-POL Phase difference level — 40 to 56 GHZ: The phase difference is over 160° across
the band
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Figure 18: Phase difference versus Frequency

Cross-POL Dissipation level (S11 Vs Frequency) — 40 to 56 GHZ: The X-pol levels in most
of the frequency range is below -10 dB.

1D [Magnitude]

—— OFF_xpol
=51 71— ON_xpol [

Frequency / GHz

Figure 19: Simulated Cross polarization Dissipation versus Frequency

The simulation results show better than -3 dB and more than 160> phase difference in the
band of interest (47.2- 50.2 GHz). The average dissipation is above —-2.6 dB in the middle of
the operational band.

4.3.1.3 Design and Schematic of the Q-Rx Unit Cell

Based on the V-Tx pixel design presented in the previous sections, the unit cell was modified
in order to meet the specifications of the Q-Rx antenna

4.3.1.4 Simulation Result of Q-Rx Unit cell

CO-POL Dissipation level (S11 Vs Frequency) — 37.5 to 42.5 GHZ: The highest dissipation
level is -2.5dB seen at 38 GHz
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Figure 20: Simulated reflection coefficient versus frequency

CO-POL Phase difference level — 37.5 to 42.5 GHZ: The phase difference is over 140° across
the band.

0 1 1 1 1 1 1 1 1
35 36 37 38 39 40 41 42 43 -

Frequency (GHz)

Figure 21: Simulated Phase difference versus frequency across the frequency band of Interest

Cross-POL Dissipation level (S11 Vs Frequency) — 37.5 to 42.5 GHZ : The X-pol levels for
over the all the frequency band is below -20 dB. It meets the project KPI's Specification of

below -15 dB
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Figure 22: Simulated Cross polarization Dissipation versus Frequency
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The simulation results show better than —2.5 dB and more than 140- phase difference in the
band of interest (37.5—- 42.5 GHz). The average dissipation is above —2 dB in the middle of the
operational band.

METASURFACE AND MINI-METASURFACE LAYOUT DESIGN

In a standard MTS, one shift register controls 4 pixels. However, due to the small dimension
of the unit cell in the Q/V band (3.4mm), placing the pixels in their standard layout orientation
would result in the enable vias going directly through the shift register on the other side of the
PCB. To prevent that, an alternative layout option was proposed, see figures below. In this
orientation, the distance between the patches is uneven.

Figure 23: Layout Design of the Pixel Design

4.3.1.5 Bistatic Measurement Setup and Results

Before fabricating the complete Metasurface, we employ a Mini-Metasurface for preliminary
validation. This ensures that we assess key design parameters such as dissipation level, phase
difference, and resonance frequency alignment with simulation results. The Mini-Metasurface
comprises a 6x6 unit cell configuration. To characterize this Mini-Metasurface, we use a
Bistatic measurement setup that has essential components. This setup includes the Mini-
Metasurface itself, two horn antennas for transmitting and receiving electromagnetic waves,
various holders for holding different components, a dielectric lens for focusing, a Vector
Network Analyzer (VNA) for precise measurements, and a power supply to control the ON/OFF
states of CMOS-based switch.
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Figure 24: Bistatic Measurement Setup

Figure 25: 6x6 mini-Metasurface
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RESULTS — DISSIPATION AND PHASE DIFFERENCE:

a)
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Figure 26: Measured results of the designed sample at 20> angle of wave incidence 60 for the TE & TM
polarization of the incident wave: (a) dissipation levels and (b) phase response

CONCLUSION

Overall, the proposed design along with the fabricated and measured samples, demonstrates
an acceptable dissipation level and good phase difference between two states for two
orthogonal polarizations of the incident wave. The selected Mini-Metasurface will be used for
the fabrication of the full size Metasurface to be used in the leaky wave antenna technology
for the proof-of-concept demonstration of the antenna operating at Q/V bands.

4.3.2 Antenna Feeder System: Simulation
The designed antenna feeder system has two subsystems:

1. H-plane splitter.
2. Radiating unit-cell (Tx and Rx).
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4.3.2.1 H-Plane Splitter

It is the most critical subsystem, as it is the main building block of the entire corporate feeding
network. The design is shown in Figure 16.

Three M4 matching sections are used. The cutoff frequency of the waveguide (WG) is 31.3336
GHz. The band of interest for this project is from 37.5 GHz to 50.2 GHz. The subsystem is
simulated, and its results are reported in Figure 17. A reflection coefficient that is lower than -
35 dB over the whole band of interest is noticed. This ensures a very stable operation, and
results in a semi-transparent subsystem.

Figure 27: H-plane splitter with three A/4 matching sections.

S-Parameters [Magnitude]
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Figure 28: Simulated reflection coefficient of H-plane splitter. A reflection coefficient that is lower than -35 dB over
the whole band of interest is noticed.

4.3.2.2 Radiating Unit-Cell

This section presents the radiating unit cell (subsystem) design and simulation results. Figure
29. shows images of the subsystem. Two radiating unit cells were designed, one for the RX
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antenna and the other for the TX antenna. The RX subsystem is matched using four A/4
sections, The TX subsystem is matched using three A/4 sections, A 6 mm, why 6mm aperture
is considered for both subsystems. The radiating unit cell can also be referred to as a discrete
source (DS).

Figure 29: RX DS showing WG and aperture dimensions (a) and (b) cross-section (four A/4 matching sections
are considered).

1. RX Q BAND (37.5-42.5 GHZ)
The RX band of interest is from 37.5 GHz to 42.5 GHz. The reflection coefficient of the RX
element is lower than -27.5 dB, over the band of interest as shown in Figure 19.

o S-Parameters [Magnitude]

37.5 38 38.5 39 39.5 40 40.5 41 41.5 42 42.5
Frequency / GHz

Figure 30: Simulated reflection coefficient of RX DS. A reflection coefficient of lower than -27.5 dB, over the band
of interest is noticed.

2. TX V BAND (47.2-50.2 GHZ)
The TX band of interest is 47.2 GHz to 50.2 GHz. For the TX, the reflection coefficient is lower
than -28.5 dB over the band of interest as shown in Figure 20.

S-Parameters [Magnitude]
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Figure 31: Simulated reflection coefficient of TX DS. A reflection coefficient of lower than -28.5 dB, over the band
of interest is noticed.

4.3.2.3 KPIs
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Two leakage KPI's are computed either using the magnitudes of the E-field (1) or using the
square of the magnitudes of the E-field (2). The results will be presented in the following
subsections.

Leakage KPI (%) = — Faverturel 1000, (1)

IEAperture|+|EMTS|

2
Leakage KPI (%) = —Zavereuwrel 4000, @)

2 2
IEAperturel +|EmTsl

Where |EApermre| is the magnitude of the E-field at the aperture level and |Eyrs| is the
magnitude of the E-field at the metasurface (MTS) level. What does it mean aperture level,
and Metasurface level

To compute the leakage KPI's, we considered 2 cases where the distances from the aperture
or MTS to the DS is either (d_stp) is either 3 mm or 3 cm.

4.3.24 RXKPIs

The KPIs are calculated for the following frequencies: 37.5 GHz (minimum), 40.5 GHz and
42.5 GHz (maximum). Results are reported in Table 1. (below) where d_stp is the distance
from the aperture or MTS to the DS.

Table 21: RX Leakage KPIs for different frequencies and d_stp

Frequency 37.5 38.5 39.5 | 40.5 41.5 42.5
[GHz]

Leakage KPI 10.1 9.85 9.52 9.24 8.9 8.59
[%] (1) [d_stp=3
mm]

Leakage KPI 1.25 1.18 1.1 1.03 0.94 0.87
[%] (2) [d_stp=3
mm]

Leakage KPI 12.3 11.8 11.4 10.94 10.38 9.96
[%] (1) [d_stp=3
cm]

Leakage KPI 1.91 1.76 1.63 1.49 1.33 1.21
[%] (2) [d_stp=3
cm]

43.2.5 TXKPIs

The KPIs are calculated for the following frequencies: 47.2 GHz (minimum), 49.2 GHz and
50.2 GHz (maximum). Results are reported in Table 21. (below) where d_stp is the distance
from the aperture or MTS to the DS.

Co-funded by

P 56 of 75 © 2023-2025
the European Union agesbo




6G-NTN | D3.2: User Requirements (r1.0) @ 6 G N T N
Table 22: TX Leakage KPIs for different frequencies and d_stp
Frequency [GHz] 47.2 49.2 50.2
Leakage KPI [%] (1) [d_stp=3 mm] | 7.563 6.37 6.10
Leakage KPI [%] (2) [d_stp=3 mm] | 0.66 0.46 0.42
Leakage KPI [%] (1) [d_stp=3 cm] | 7.46 7.13 7.37
Leakage KPI [%] (2) [d_stp=3 cm] | 0.65 0.59 0.63

4.3.2.6 Full Antenna Feeder System
The two antenna feeder systems designed and analysed are the:

1. Rx antenna feeding system (37.5-42.5 GHz)
2. Tx antenna feeding system (47.2-50.2 GHz)

4.3.2.7 Tx antenna feeding system (47.2-50.2 GHz)

Figure 32 shows the Tx Antenna Feeder System, The cavity measures (210 mm % 210 mm x 43.78
mm). The Return loss of the feeding system is shown in Figure 22. A reflection coefficient that is lower

than -20 dB over the whole band of interest is noticed.

Figure 32: Tx Feeding System: (a) cavity dimensions (b) cavity with 16 DS
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S-Parameters [Magnitude]
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Figure 33: Simulated reflection coefficient of the Tx Feeding system. A reflection coefficient that is lower than -20
dB over the whole band of interest is noticed.

V-TX FEEDING SYSTEM KPIS

Two KPIs are evaluated for the AFS are the Uniformity of the field (UOF) and Leakage. UOF
is defined as the ratio of the standard deviation of E-tan and its mean value measured at the
MTS plane. Leakage is the ratio of the power measured at the Aperture plane and the total
measured power (at both planes).
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Figure 34: TX Uniformity of the Fields at (a) 47.2 GHz (b) 48.2 GHz (c) 49.2 GHz and (d) 50.2 GHz.
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Table 23: TX Feeding System Leakage KPlIs for different frequencies.

Frequency [GHz] 47.2 48.2 49.2 50.2
UOF 0.45 0.45 0.45 0.45
Leakage KPI [%] 4.93 3.88 3.82 3.36

4.3.2.8 Rx antenna feeding system (37.5-42.5 GHz)

Figure 35 shows the Rx AFS. The cavity measures (210 mm x 210 mm x 43.78 mm). The
Return loss of the feeding system is shown in Figure 25. A reflection coefficient that is lower
than -20 dB over the whole band of interest is noticed.

210.00 mm

210.00 mm

43,78 mm l
(a) (b)

Figure 35: Rx Feeding System: (a) cavity dimensions (b) cavity with 16 DS

S-Parameters [Magnitude]

B

37.5 38 38.5 39 39.5 40 40.5 41 41.5
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Figure 36: Simulated reflection coefficient of the Rx AFS. A reflection coefficient that is lower than -20 dB over the
whole band of interest is noticed.
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Q-RX FEEDING SYSTEM KPIS
Two KPls are evaluated for the AFS are the UOF and Leakage.
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Figure 37: RX UOF at (a) 37.5 GHz (b) 38.5 GHz (c) 39.5 GHz (d) 40.5 GHz (e) 41.5 GHz and (f) 42.5 GHz

Table 24: RX Feeding System Leakage KPIs for different frequencies.

Frequency 37.5 38.5 39.5 40.5 41.5 42.5
[GHz]

UOF 0.49 0.48 0.49 0.48 0.49 0.48
Leakage KPI [%] 7.75 8.13 9.08 6.63 6.15 5.20

For the Rx AFS best UOF of 0.48 was observed at (38.5 GHz, 40.5 GHz, and 42.5 GHz).
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4.3.3 Antenna Feeder System: Characterization

4.3.3.1 S11 (Return Loss)

The Return Loss and the mismatching factor are shown in Figure 38(a) and in Figure 38(b),
respectively.

Q Tx Return Loss

0 0 Q Rx Return Loss
-10 -10
=20 =20 \q
T 2
- -
& —30 % -30
—-40 -40
-50
-50
475 48.0 485 49.0 49.5 50.0 33 39 40 41 42
freq [GHz] freq [GHz]
a) b)

Figure 38: Measured return loss (a) Tx (b) RXx.

The measured return loss shows a good result which is below the -15 dB for almost the whole
frequency bands of interest for the Tx and Rx AFSs.

4.3.3.2 Near-Field Planar Scan Results
The planar near-field (NF) scans are performed at the desired planes.

The Tx near-field scan plots are presented in the tables provided below, along with the far-field
plots (near-field to far-field transformation) at 47.2 GHz (3.1.2.1) and 49.2 GHz (3.1.2.2)
covering the whole desired V band.

The Rx near-field scan plots are presented in the tables provided below, along with the far-
field plots (near-field to far-field transformation) at 37.5 GHz (3.1.2.1) and 40.5 GHz (3.1.2.1)
covering the whole desired V band.

4.3.3.3 FREQUENCY 47.2 GHZ

1. NORMALIZATION WITH -10 DB

The NF measured results which are normalized with -10 dB are shown in Figure 39.
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Figure 39: NF scan results at 47.2 GHz normalized with -10 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane. (d) Total tangential E-fields at the mask plane.

2. NORMALIZATION WITH -20 DB

The NF measured results which are normalized with -20 dB are shown in figure 40 below.
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Figure 40: NF scan results at 47.2 GHz normalized with -20 dB: (a) V-pol, (b) H-pol and c) Total tangential E-
fields at the MTS plane.

4.3.3.4 FREQUENCY 49.2 GHZ
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1. NORMALIZATION WITH -10 DB
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Figure 41: NF scan results at 49.2 GHz normalized with -10 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane. (d) Total tangential E-fields at the mask plane.

2. NORMALIZATION WITH -20 DB

The NF measured results which are normalized with -20 dB are shown in Figure 31.
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Figure 42: NF scan results at 49.2 GHz normalized with -20 dB. (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane.
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4.3.3.5 Frequency 37.5 GHz

1. NORMALIZATION WITH -10 DB

The NF measured results which are normalized with -10 dB are shown in Figure 43 below.
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Figure 43: NF scan results at 37.5 GHz normalized with -10 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane. (d) Total tangential E-fields at the mask plane.
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2. NORMALIZATION WITH -20 DB

The NF measured results which are normalized with -20 dB are shown in 44 below.
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Figure 44: NF scan results at 37.5 GHz normalized with -20 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-

fields at the MTS plane.

The normalized field at the aperture level is not shown here since it has no interest.
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4.3.3.6 Frequency 40.5 GHz
1. NORMALIZATION WITH -10 DB

The NF measured results which are normalized with -10 dB are shown in Figure 34 below.
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Figure 45: NF scan results at 40.5 GHz normalized with -10 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane. (d) Total tangential E-fields at the mask plane.

2. NORMALIZATION WITH -20 DB

The NF measured results which are normalized with -20 dB are shown in Figure 35 below.
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Figure 46 NF scan results at 40.5 GHz normalized with -20 dB: (a) V-pol, (b) H-pol and (c) Total tangential E-
fields at the MTS plane.
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The normalized field at the aperture level is not shown here since it has no interest.

4.3.3.7 KPIs and Direct leakage

The UOF is defined by the ratio of the standard deviation of E-tan and its mean value measured
at the MTS plane.

Table 25: Summary of Tx AFS KPI: UOF and spillover at predefined frequency points

47.2 GHz | 48.2 GHz | 49.2 GHz 50.2 GHz

UOF 0.41 0.39 0.39 0.39

Spillover (%) 8.0 8.13 9.1 8.73

Table 26: Summary of Rx AFS KPI: UOF and spillover at predefined frequency points.

37.5GHz | 38.5GHz | 39.5GHz | 40.5GHz | 41.5GHz | 42.5 GHz

UOF 0.41 0.42 0.41 0.41 0.40 0.40
Spillover 9.16 8.9 9.18 6.4 7.36 8.57
(%)

4.3.3.8 Conclusion

N

The measured return loss is below -15 dB for almost the entire QV band.

2. Tm

3. The best Rx KPI (0.40) was found at 41.5 GHz and 42.5 GHz with a direct leakage
of around 7.36 % and 8.57% respectively. Meanwhile, the lowest direct leakage
(6.4 %) can be found at 40.5 GHz with a KPI of about 0.41.

4.3.4 Antenna Mask

This part of the antenna allows us to fix a desired transmitted level of power and reflect the
remaining part towards the Metasurface. Multiple reflections accrue then between the
Metasurface and the mask.
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43.41 QRx and VTx masks design
The technical details of the two masks are:

1. Frequency of interest: Q-Rx =>[37.5 GHz — 42.5 GHz]
Q-Tx =>[47.2 GHz - 50.2 GHZz]

Geometry: Flat, uniform and one layer PCB based.
Dissipation: 0.01

Transmission: 65%

CrossPol <-20 dB

Material: Rogers 4003C

o0k WM

Some KPIs need to be reached in order to validate the designed masks. The fabrication of the
mask is based on a fixed goal (% of transmission) and KPlIs reflecting the TE and TM modes
symmetry as function of incidence angle Theta.

4.3.5 Antenna Mask Characterization

Figure 47: VTx (left) and QRx (right) masks

Figure 48: Masks characterization setup
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Both masks transmission coefficients were measured for different angles [0°-50°]. Results are
presented in table below and compared to simulation.

Table 27: QRx and VTx characterization results compared to simulation
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The desired transmission level of power was 0.65% (0.8% S21 level).

Both masks present good coherence between measurement and simulation result with a larger
dispersion in measurement estimated around 5% for both masks.

4.4 CONCLUSION

A novel Q/V-band 1-bit reconfigurable metasurface for 6G-NTN applications has been
designed, simulated and measured. Overall, the proposed design along with the fabricated
and measured samples, demonstrates an acceptable dissipation level and good phase
difference between two states for two orthogonal polarisations of the incident wave. The
selected mini-metasurface will be used for the fabrication of the full size metasurface to be
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used in the leaky wave antenna technology for the proof-of-concept demonstration of the
antenna operating at Q/V bands.

Both Q/V masks present good coherence between measurement and simulation result with a
larger dispersion in measurement estimated around 5% for both masks.

Antenna Feeder System for both Q and V band has been designed, simulated and measured.

Overall, the proposed design along with the fabricated and Measured sample meet the
Specification of the project and already for the Full antenna systems.

4.5 FUTURE WORK

1. The full antenna characterization will be performed.
2. The second iteration of the Metasurface design using PIN diodes will be completed.
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5 SERVICE CAPABILITY OF UE TYPES

For the final report feedback from the EAB will be incorporated related to the service
capabilities of UE types depending on antennas and their applicability for the various use
cases. Furthermore, the identified challenging areas and operation modes will be assessed
and discussed.

Note: The overall considerations may also be included in the general 6G-NTN system
evaluation part, as more aspects than only the terminal need to be considered here.

Public

L DL L Page 70 0of 75  © 2023-2025
the European Union



6G-NTN | D3.2: User Requirements (r1.0) @ 6 B N T N

6 OUTLOOK TO FINAL VERSION OF THE REPORT

The current version of the report reflects the intermediate state concerning terminal analysis.
especially focusing on innovative antenna design and the investigations thereof. In alignment
with use case and project requirement analysis (WP2.1, WP2.2 and WP2.3) side conditions
for said analysis were considered and first simulations and measurements. These promising
results were compared against today’s state-of-the art antenna performance considered by
3GPP for NTN. A clear performance improvement leading to higher throughput in the analyzed
area could be observed.

Further studies will be conducted for smaller geometry, as also indicated by the use case
analysis in WP2.2, to be able to address more use cases being important for economic scale
of 6G-NTN besides fully integrated designs. In addition, C-band analysis, which was concluded
on first analysis to be second priority, will be performed if time allows. Furthermore, general
aspects related to terminal sustainability (e.g., energy efficiency and recyclability) will be
addressed in more details for the final delivery.
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7 INTERMEDIATE SUMMARY

The future work in this project part will proceed with identified major antenna investigation for
terminals as innovative field offering most improvement potential for 6G NTN. First promising
design and measurements were made, further tasks will study different maximum sizes for the
so far addressed Q/V band, but also perform adaptations to the design to make it suitable for
further bands to be able to address a larger amount of use cases.

Based on the achieved terminal results calculations and studies will be made to evaluate the
6G NTN system throughput and capacity. These considerations and evaluations will not only
be made for the new and innovative antenna designs, but also for the group of NTN terminals
which have a fully integrated common front-end design for handhelds (NTN/TN dual use). The
common design for handhelds was identified to be a major driver for distribution and hence
also critical for the 6G NTN system even though not preparing any innovation potential on the
terminal side but 6G NTN performance improvements will be delivered from other 6G NTN
system components.

The so far observed performance increase in Q/V band antenna simulation results and
measurements indicates that with geometrical dimension and weight being acceptable for
many use cases (20x20cm) and use case scenarios, a significant performance increase
especially for 6G wideband NTN services can be achieved. Further investigation will focus on
smaller geometries and additional bands to further enhance the market potential for 6G overall
systems by innovative antenna design for terminals.
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