| |EEEso IEEE Open Journal of the
Comdoc  communications Society

Received XX Month, XXXX; revised XX Month, XXXX; accepted XX Month, XXXX; Date of publication XX Month, XXXX; date of
current version XX July, 2024.

Digital Object Identifier 10.1109/0JCOMS.2024.011100

Full-Duplex Techniques for Satellite
Communications: Feasibility Analysis
and Roadmap

Eva Lagunas' (Senior Member, IEEE), Tomas Ramirez-Parracho?, Juan Andres
Vasquez-Peralvo' (Senior Member, IEEE), Jorge Luis Gonzalez-Rios' (Member, IEEE),
Pablo Losada®, Carlos Mosquera? (Senior Member, IEEE), Roberto Lopez-Valcarce?
(Senior Member, IEEE), Praveen Naidu Vummadisetty' (Senior Member, IEEE), Symeon

Chatzinotas' (Fellow Member, IEEE)

"Interdisciplinary Centre for Security Reliability and Trust (SnT), University of Luxembourg, Luxembourg
2atlanTTic Research Center, Universidade de Vigo, Spain
3Gradiant, Vigo, Spain

CORRESPONDING AUTHOR: Eva Lagunas (e-mail: eva.lagunas@uni.lu).

This work has been supported by European Space Agency (ESA) funded activity FDSat: Single Channel Full Duplex Techniques for Satellite
Communications (4000140117/22/NL/CLP). The views of the authors of this paper do not necessarily reflect the views of ESA.

ABSTRACT The non-terrestrial communication industry is required to optimize the use of the available
radio frequency (RF) spectrum and, in turn, lower the cost per delivered bit. Full-Duplex (FD) is a widely
studied technology in the terrestrial domain, which allows the data transmission simultaneously in both
directions of the same frequency channel. In this work, we study and evaluate the feasibility of using
FD techniques within SatCom networks. First, a survey of the current state of the art for self-interference
cancellation (SIC) techniques and technology is presented, to set the baseline of achievable interference
cancellation with currently available technology. Subsequently, different SatCom use cases are identified,
including different satellite orbits and types of links, and a detailed feasibility evaluation is carried out
through analytical models and simulations. The most promising scenarios are shown to be both LEO feeder
and downlink in Q/V and Ka band, respectively, and an on-ground FD between terrestrial and satellite
backhauling in Ka-band. To conclude, we identify the technological shortcomings and outline a possible
roadmap for developing and implementing the necessary self-interference cancellation methods to facilitate

FD communications in the selected use cases.

INDEX TERMS Full-duplex, satellite communications, spectral efficiency, self-interference cancellation

I. INTRODUCTION

OST satellite communication (SatCom) systems op-

erate in a half-duplex fashion, where two separate
frequency channels are used to ensure perfect isolation
between the transmitted and received signal. As data volume
demands continue to rise, along with the pressure to lower
the cost per bit delivered, there is an ongoing need for new
techniques to make more efficient use of the available radio
frequency (RF) spectrum.

Full-Duplex (FD) operation refers to the simultaneous
transmission and reception of information, either within a
single (in-band) channel or across very close frequency chan-
nels. FD has demonstrated promising results in the terrestrial

wireless domain, e.g. [1], [2]. Between 2010 and 2020, FD
technology has advanced significantly, transitioning from a
conceptual laboratory idea to being integrated into certain
telecommunications standards. Driven by the promising re-
sults seen in terrestrial wireless communication, the ESA
project FDSat, ”Single Channel Full Duplex Techniques for
Satellite Communications,” [3] was initiated to examine the
unique challenges of implementing FD in SatCom scenarios.

Orthogonal frequency separation is typically employed in
SatCom systems to achieve interference-free bidirectional
communication links, with proper spectral filtering (Fre-
quency Division Duplexing, FDD). Thus, one has a user
equipment (UE)-to-satellite-to-ground link (uplink) and a

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME



Author et al.: Preparation of Papers for IEEE OPEN JOURNALS

ground-to-satellite-to-UE link (downlink), which are multi-
plexed in different frequency bands. Furthermore, conven-
tional SatCom systems consider a transparent payload, so
that received signals are simply amplified and converted to
a different frequency.

Single-channel bi-directional communication may also be
implemented by Time Division Duplexing (TDD), but is
rarely used in SatCom systems, e.g., the Iridium user and
inter-satellite links. In both cases, the gains of switching
to FD operation are attractive, with the potential not only
to double the spectral efficiency in the case of in-band
FD (IBFD), but also to reduce communication latency with
respect to TDD. However, FD also introduces the problem of
self-interference (SI), as the signal from the transmitter (TX)
leaks into the receiver (RX), which becomes desensitized,
and corrupts the signal of interest.

SatComs have certain characteristics that make FD oper-
ation particularly challenging when compared to that of the
terrestrial counterpart. One key factor is the significant power
imbalance between the transmitted and received signals. Due
to the long propagation distance (e.g. ~36,000 km for GEO
satellites and between 500-1300 km for LEO satellites),
the TX power is very strong while the RX signal is very
attenuated. Such imbalance between TX and RX power
poses serious difficulties at the self-interference cancellation
(SIC) process. Furthermore, neither the user equipment (UE)
nor the satellite payload can support sophisticated hardware
components, as they shall keep cost, mass and volume within
strict limits. In addition, satellite channels generally consider
wide bandwidths and high operational frequencies, which
makes the signal processing for SIC particularly demanding.

The focus of this work is to assess the required level of
SIC that is needed to achieve a given performance level with
the use of IBFD operation. SIC is the key figure of merit to
assess IBFD feasibility, which is the reason why our focus
is on SIC and not on other types of co-channel interfer-
ence. IBFD systems generally utilize a blend of analog and
digital SIC strategies, in addition to careful antenna design
and placement, to obtain the necessary isolation between
transmitted and received signals.

The remainder of the paper is organized as follows. In
Sec. |lIf we first review the basics of FD operation to later
examine the most relevant works related to SIC, as well as
briefly discuss standardization activities. Sec. |IlI| focuses on
SatCom FD use cases and provides the relevant parametriza-
tion of each use case as well as the typical link budget for
a common half-duplex (HD) operation. Sec. presents an
initial feasibility analysis of FD operation, with a shortlisting
of promising use cases based not only on technical feasibility
but also from a practical and business-oriented point of view.
Sec. |V| presents a discussion on alternatives for antenna
passive isolation, and in Sec. a detailed analysis of the
selected use cases considering hardware imperfections is
given. The paper concludes in Sec. with a discussion of
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FIGURE 1. Half-Duplex operation mode: (a) TDD, (b) FDD.

technological gaps and FD-SatCom roadmap, with a focus
on the most promising emerging technologies.

Il. State-of-the-Art

A. Conventional Duplexing Modes: Half-Duplex
Conventional wireless network design has been based on
HD operation, according to which a node either transmits or
receives in a single channel use [1]]. HD designs are typically
based either on TDD, illustrated in Fig. Eka), or in FDD, as
shown in Fig. [T{b).

TDD shows some benefits when compared with FDD [4]],
as it allows to dynamically assign time resources to uplink
(UL) and downlink (DL) depending on the expected traffic
volume of each direction. In this case, DL typically gets more
time resources assigned due to the significantly higher DL
traffic compared to the UL. In addition, channel reciprocity
can be exploited in TDD to obtain the channel state informa-
tion (CSI), eliminating the need to estimate the channel in
both directions, thus reducing the related overhead. On the
downside, there exists a time gap between DL reception and
UL transmission in TDD, which is unavoidably longer than
that in FDD, resulting in acknowledgment feedback delay.
For the same reason, TDD entails a latency in the commu-
nication which is absent in FDD systems. In addition, tight
network synchronization is needed in TDD mode to make
sure that DL and UL segments from different transmissions
do not overlap. This is especially critical in SatCom systems
due to the long propagation delay differentials.

B. Full-Duplex Operation Essentials

FD has attracted significant attention as en effective way
to increase the spectral efficiency. As discussed in [5]], the
simultaneous transmission and reception operations over the
same frequency band (i.e., IBFD operation) provides the
potential benefit of doubling spectral efficiency (information
bits that can be communicated per second and per Hz), and
therefore might represent a significant breakthrough for next-
generation wireless networks.

Initial results with off-the-shelf radios in 2010 evidenced
the possibility to consider practical IBFD [6f], [7], but still
showed the challenge posed by high SI levels. Accurate SI
cancellation was found to be instrumental for IBFD operation
and, more generally, for other FD settings With considerable
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signal leakage from the transmit antenna into the reception
chain, including Out-of-Band Full-Duplex (OBFD). In the
literature, OBFD is sometimes regarded as HD FDD with
reduced guard bands. The different FD modes are illustrated

in Fig.
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FIGURE 2. Different FD modes: (a) Out-of-Band Full-Duplex (OBFD),
similar to HD FDD, (b) In-Band Full-Duplex (IBFD).

C. Recent works on FD operation

The recent special issue published in [8] confirms the poten-
tial of FD to be part of future wireless standards. The purpose
of the present work is not to provide a complete survey on
FD works but rather to present the basics and latest results,
with a focus on application to the SatCom domain.

1) Self-Interference Cancellation

For a successful IBFD operation, the transceiver must
suppress SI to an acceptable level [9]. In particular, a
signal-to-noise ratio (SNR) degradation of less than 1
dB is achieved if the SI is set to be 6 dB (or more)
below the receiver noise floor. In such case, close to x2
spectral efficiency gain can be achieved with respect to
the two-way radio link. SIC techniques should capture all
different sources of distortion affecting the SI signal, from
its origin at the transmission chain and up to the RX end.
Conceptually, the SI signal is often split into different parts:
linear and non-linear components, and thermal noise [10].
From the perspective of FD operation, the degradation in
performance with respect to HD resides in the limited
capability of the SIC processing subsystem to faithfully
replicate the aforementioned SI components.

SIC techniques can be broadly categorized as either pas-
sive or active. Pasive approaches, also known as propagation
domain techniques, are based on careful antenna and/or
circulator designs, antenna placement, the inclusion of ab-
sorbers or electromagnetic shielding (also known as spatial
duplexer [[11]]), or the use of cross-polarization, among others
(10, [12f, [[13]]. Active techniques attempt to synthesize a
replica of the SI and then substract it from the received
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signal; this can be done in the analog (RF) domain, in
the digital (baseband) domain, or using a combination of
both [10]], [[14], [15].

Thus, the mitigation of the linear SI component can be
addressed in either of these domains. This task can be
challenging depending on the structure of the effective SI
channel. SI channel responses comprising multiple echos
spread over a long time interval will require more complexity
in the SIC process. However, not all echos may need to be
suppressed, and a trade-off between suppression accuracy
and complexity can be devised for a target SIC suppression
level. SI channel models are often derived from empirical
characterizations of the SI channel observed by the radiating
elements of a given system when deployed in a controlled
environment or in the field. The non-linear SI component
includes distortion produced by amplifiers, phase noise,
quantization noise, and I/Q imbalances, and is generally
more difficult to address; if feasible, some cases might
require additional linearization in the form of pre-distortion
to limit the impact of SI.

In [16]], it was shown that 30 dB is usually the maximum it
can be achieved with active analog SI cancellation, although
as much as 45 dB have been reported with realistic system
configurations and wideband signals [17]]. The practical
feasibility of these solutions has been questioned by several
companies in the realm of 3GPP discussions on full-duplex
technology, due to the complexity of interconnections be-
tween all TX and RX elements in the case of panel arrays,
as well as the associated losses and the increase in size and
weight [18].

Active digital SI cancellation performance is very sensitive
to the non-ideal characteristics of the transceiver, mainly the
nonlinearity of the power amplifier (PA) at the TX, but also
the I-Q imbalance of the up- and down-converters, as well as
nonlinearities introduced by the Low Noise Amplifier (LNA)
at the RX. For multiantenna systems, complexity can be
very high due to the large number of TX-RX combinations.
For single-antenna transceivers, some reference values have
been given in [[19]], which reports 30 dB of digital SIC over
a 16-MHz bandwidth; in [20], which provides insights on
the digital cancellation performance for the DoubleTalk®
system, with up to 30 dB of digital SIC in the absence of
significant signal impairments and over an unspecified band-
width; and in [10, Ch. 11], reporting 40-45 dB depending on
the bandwidth (between 20 and 80 MHz) and under limited
nonlinear impairments.

From the point of view of passive SIC techniques, three
main antenna architectures may be considered regarding
FD operation, namely the separate-antenna (i.e., bi-static)
architecture, the single-antenna (i.e., monostatic) architec-
ture, and phased arrays. In the separate-antenna architecture,
both TX and RX chains use a dedicated antenna each,
whereas in the single-antenna configuration, they share a
common antenna by means of some appropriate interface
(e.g., circulator, balanced duplexer, etc. [10], [21]). Although
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the single-antenna architecture is simpler from the hard-
ware perspective, it usually yields lower isolation than the
separate-antenna configuration, which provides additional
degrees of freedom for passive SIC design. However, having
separate antenna elements is not always possible due to
real estate constraints. Last but not least, antenna arrays
with beamforming capabilities can be used to form radiation
beams that null out the directions of high interference.

In general, the different cancellation techniques described
above may need to be combined in order to achieve the
intended suppression levels and, depending on the particular
case, they may include the use of circulators, shielding, and
other techniques. Section Sec. of this paper details tech-
nologies that are expected to play a significant role in future
developments, especially for large bandwidth applications.

2) Standardization Efforts
FD radios have been operating in niche markets under very
specific conditions; this is the case, for example, of gap-
fillers for coverage extension in digital terrestrial television
single-frequency networks [22]]. Standards such as the Eu-
ropean DVB-T/T2 and, more recently, ATSC 3.0, enable
the simultaneous use of the same frequency band for both
transmission and reception by certain radio equipment. Other
than that, standards have not openly embraced a technology
with potential implementation issues, despite the promising
spectral efficiency gains.

3GPP considered an early adoption of FD technology
in the first standardization efforts of integrated access and
backhaul (IAB) a decade ago. IAB makes it possible for
operators to use their available 5G spectrum for backhaul as
well as for radio access [23]], [24], and has been part of the
different releases since then. New modifications have been
considered in Release 18, which includes a Study Item (SI)
on FD operation [25]]. The study presents feasibility and per-
formance results of the so-called subband non-overlapping
full duplex (SBFD) (a concept equivalent to OBFD) and
dynamic/flexible TDD, along with the associated regulatory
aspects. In this scenario, high passive isolation values can
be achieved thanks to the use of different array panels for
transmission and reception at the base station, in addition
to the use of adjacent non-overlapping frequency channels.
Spatial isolation within the 60-80 dB range is typically as-
sumed by most participating partners; additionally, up to 45
dB can be achieved thanks to frequency separation, providing
between 105 and 125 dB of overall passive isolation. Most
companies identified the required total isolation to be in the
range of 150-160 dB, so these values are only possible by
incorporating active SIC and/or beam nulling. A work item in
Release 19 has been approved to specify the 3GPP operation
at the base station [[11]].

D. Full-Duplex in SatCom Domain

The principal difficulty in any FD system resides in suc-
cessfully mitigating the self-interference caused by the TX
into the RX. Self-interference occurs typically due to leakage
between the TX and RX in the radio circuitry and antennas,
as well as to back reflections from the nearby environment
[LO]. SI levels are expected to be particularly high in SatCom
systems, due to the power imbalance between the TX and
RX signals. Considering the long propagation distances of
satellite links, the RX signal reaches the device very attenu-
ated, so that the SI generated by the TX is likely to be much
stronger than the desired RX signal. Another characteristic
of SatCom signals with relevance to FD operation is their
large fractional bandwidth, as SIC implementation increases
in difficulty with the bandwidth of the links involved [26].

As discussed in Sec. mitigating SI is a difficult prob-
lem requiring the combination of different passive and active
techniques acting across a number of domains (propagation,
analog, and/or digital). Additionally, satellite platforms are
very limited in terms of size, weight and power: even small
additions to on-board equipment will result in increased size
and weight, with a significant impact on launching costs. In
terms of power consumption, although connected to solar
panels during daylight, on-board batteries are limited and
shared by multiple satellite subsystems (i.e., communication,
but also propulsion, attitude and orbit control, telemetry, etc).
A similar situation is found at the UE side, where cost shall
be kept as low as possible. Due to these constraints, the task
of SI cancellation in SatCom systems can be anticipated to
be extremely challenging.

One of the early works in this area is the DoubleTalk®
C-band echo canceler described in [20], which applies dig-
ital cancellation at the user terminal to attenuate the SI.
However, in this specific SatCom system the signal that
is transmitted and the signal that is expected at reception
show similar powers levels, which significantly alleviates
SIC requirements; in contrast, in many situations of interest
the transmitted signal power may be significantly above in
terms of power level with respect to the received signal of
interest, as will be discussed in the forthcoming sections.
Another early work is [27], which presents a feasibility study
considering a simplified GEO satellite system operating in
Ka-band. In [28], the authors study the use of additional
maritime Very High Frequency (VHF) channels for VHF
data exchange, with a focus on FD and HD comparison at
the satellite. The bandwidth was limited to few tens of KHz
and the study was carried out for LEO. The work in [29]
presented results for an in-lab FD SatCom testbed, reporting
a total cancellation of 105 dB. In [30], an FD feasibility
analysis for inter-satellite links was presented, focusing on
nano-satellites and with a central frequency of 2.4 GHz. In
this context, the desired SIC level was set around 110-130
dB (distance dependent), whereas the authors achieve 80
dB in simulation and 60 dB in measurement (and assuming
orthogonal linear polarization between TX and RX).

VOLUME ,



IEEE Open Journal of the

Communications Society

~IEEE
Comdoc

TABLE 1. SatCom Use Cases

Frequency Band

S-Band User DL

S-Band User UL
Ku-Band User DL
Ku-Band User UL
Ka-Band User DL
Ka-Band User UL
Q/V-Band User DL

Frequency Range
2 GHz (Time-Division Duplex TDD)
2 GHz (Time-Division Duplex TDD)
10.7 GHz - 12.7 GHz
14 GHz - 14.5 GHz
17.7 GHz - 20.2 GHz
27.5 GHz - 30 GHz
37.5 GHz - 38.3 GHz
47.2 GHz - 50.2 GHz;
and 50.4 GHz - 51.4 GHz.

Q/V-Band User UL

TABLE 2. SatCom Spectral Bands

Notwithstanding these previous works on SatCom domain
FD, it is of interest to carry out a comprehensive evaluation
of FD feasibility over a broad spectrum of SatCom use
cases, including a number of frequency bands, SatCom
services, bandwidth of operation, etc., in order to point out
potential gains, describe current limitations, and identify
novel technologies that could move FD to practical and
operational systems in the future.

lll. SatCom FD Use Cases

We consider a series of SatCom use cases for which FD
operation may be attractive in terms of spectral efficiency
gain. We have aimed at keeping this initial selection wide
open, including not only feeder and user links, but also
Telemetry, Tracking, and Command (TT&C) links. The use
cases considered are listed in Table [I] and the corresponding
system models and parameterizations are discussed in subse-
quent sections. Note that the actual FD feasibility analysis is
presented in Section while herein we focus on providing
parameters and typical link budgets for HD operation, which
will serve as benchmarks for the FD case. The spectrum
bands under consideration in these use cases are summarized
in Table 2] Additionally, inter-satellite links are assumed to
operate at 26 GHz [31].
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Subsection Use Case Parameter GEO User DL (Ka-Band)
IILA GEO Ka-band User Backhauling Link Ca”?er Frequefwy 19 GHz
- Carrier Bandwidth [56, 100, 200] MHz
LB LEO User Link Slant Range 35786000 m
e Hand-held access S-band EIRPSD -27 [dBW/Hz] in beam center [32]
° Backhauling Ka-band Avg. Satellite Beam Gain at Beam Center 44.4 dBi |32]
e Advanced-RX Ku-band Free Space Path Loss 209.1 dB
- UE Gain 39.75 dBi (VSAT 0.6 m as example [32)7
1I1.C GEO Q/V-band Feeder Link UE Antenna Noise Temp. 50K |32
LEO Q/V-band Feeder Link Reference Temp. 290 K [32]
II.D GEO Ku-band TT&C Link Noise Figure 2.278 dB [32]
. Boltzmann Constant 1.3806503e-23 J/K
IILE GEO Ka-band Feeder & User Link Noise Power at UE 3.4517e-21 x (Carrier Bandwidth in Hz) [W]
IILF LEO Ka-band Inter-Satellite Links SNR in normal operation 7.9 dB
.G Ka-band Multi-Orbit Inter-Satellite Links
LH GEO Satellite-Terrestrial Backhauling Ka-band TABLE 3. GEO user DL budget parameters (UE VSAT assumed)
IIL.I Satellite - Aerial - Terrestrial links

Parameter GEO User UL (Ka-Band)
Carrier Frequency 30 GHz

Carrier Bandwidth 7 MHz [33]

Slant Range 35786000 m

UE Tx. Power
UE Tx. Antenna Gain

3 dBW (VSAT assumed [34))
43.2 dBi (VSAT assumed [34))

Avg. Satellite Rx. Gain 51 dBi [33]
Free Space Path Loss 213 dB
Noise Power at Satellite Rx —131.78 dBW [33]
SNR in normal operation 15.9 dB

TABLE 4. GEO user UL budget parameters (UE VSAT assumed)

A. GEO Ka-band User Backhauling Link

Most cellular base stations are connected by fiber or mi-
crowave links to the core of the network. However, in
mountainous regions, low-density villages, or for remote
locations, the economics of investing in this infrastructure
are risky. Geostationary (GEO) satellites offer an excellent
alternative to mobile backhaul service — from a single site
to multi-tower aggregation. General link budget parameters
for GEO user downlink (DL) and uplink (UL) are collected
in Table [3 and Table [} respectively. The typical slant range
considered is 35786 km. Since we are dealing with long
propagation distances and high frequency bands, a very-
small-aperture terminal (VSAT) is commonly considered,
which provides enough antenna gain to close the link. It is
seen from Tables [3] and [] that the expected Signal-to-Noise
Ratio (SNR) for GEO Ka-band backhauling link is 7.9 dB
for the downlink, and 15.9 dB for the uplink.

B. LEO User Link

Assuming a Low-Earth Orbit (LEO) satellite, the typical
slant ranges considered are 600 km or 1200 km ([35].
Different parameter sets recommended by 3GPP Technical
Specification Group Radio Access Network to study NTNs
are provided in [35], and are considered as the baseline
for this work. These include backhauling (high-data rate)
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LEO User DL (Ka-Band) Terminal | EIRP [dBm] | RX Gain [dB] | Noise Fig. [dB] | G/T [dB/K]

Parameter LEO-1200 LEO-600 UEret.1 23 0 7 —31.6

Carrier Frequency 20 GHz UEcet2 23 0 4 —28.6

Carrier Bandwidth [56, 100, 200] MHz UBworstene 3 =55 ° —39.1

Slant Range 1200 km 600 km UEsaphone 31 33 3 —

Satellite EIRPSD —58 dBW/Hz [35] —64 dBW/Hz [35,7 . .

- ——  TABLE 7. Handheld terminal characteristics

Satellite TX Beam Gain 38.5 dBi [35]

Free Space Path Loss 180.1 dB 174.0 dB

UE Gain 39.75 dBi (VSAT 0.6 m as example [32])

UE Antenna Noise Temp. 50 K [32] ] LEO User DL (S-Band)

Reference Temp. 290 K [32] Parameter LEO-1200 LEO-600

Noise Figure 2.278 dB [32] Carrier Frequency 2 GHz

Boltzmann Constant 1.3806503e-23 J/K Carrier Bandwidth 30 MHz [36]

Noise Power at UE 3.4517e-21 x (Carrier Bandwidth in Hz) [W] Slant Range 1200 km 600 km

SNR in normal operation 6.34 dB ‘ 6.36 dB Satellite EIRPSD —20 dBW/Hz [35] | —26 dBW/Hz [35r

Satellite TX Beam Gain 30 dBi [35] N

TABLE 5. LEO user DL budget parameters (Ka-band) Free Space Path Loss 160.1 dB ‘ 154.0 dB

LEO User UL (Ka-Band)
Parameter LEO-1200 |  LEO-600
Carrier Frequency 30 GHz
Carrier Bandwidth 7 MHz [32]
Slant Range 1200 km | 600 km
UE EIRPSD —39.82 dBW/Hz
UE EIRP 28.63 dBW
Free Space Path Loss 183.6 dB ‘ 177.6 dB
Satellite RX Gain 38.5 dBi [35]
G/T Satellite 13 dB/K [34], [35]
Noise Power at Satellite RX —134.65 dBW
SNR in normal operation 18.2 dB 24.2 dB

TABLE 6. LEO user UL budget parameters (Ka-band)

applications, with Ka-band spectrum and dish-type UE with
mechanical steering; and direct-to-handheld access appli-
cations, with spectrum typically allocated in S-band (i.e.,
2 GHz). Despite the recommendations of 3GPP [35]], most
of the current operational LEO constellations work on the
spectrum at Ku-band (i.e., 12 GHZ in which case the UE
is assumed to be equipped with some antenna architecture
with beamforming capability or mechanical steering to be
able to track the satellite (e.g., a planar array).

Table [5] shows a general LEO user downlink budget
parameterization for Ka-band (thus assuming dish-type UE).
Typical values of SNR for LEO user DL are indicated in the
last row of Table [5 i.e., SNR = 6.34 dB for LEO at 1200
km, and SNR = 6.36 dB for LEO at 600 km.

Similarly, Table [§] shows a general LEO user uplink
budget parameterization for Ka-band (thus assuming VSAT-
type UE). Note that 3GPP states in [35] an overall system

IThis is mainly because these constellations are not designed to be
compliant with the 5G NR standard (at least as of now).

UE G/T
UE RX Gain

SNR in normal operation

—31.6 dB/K [36] [see UEy,s in Table [7]
0 dB [36] [see UE,r; in Table[T]
17 dB 17 dB

TABLE 8. LEO user DL budget parameters (S-band)

bandwidth of 400 MHz (Ka-band). However, the channel
bandwidth has to be calculated by taking the 400 MHz
system bandwidth and dividing it according to the frequency
reuse factor. The bandwidth parameter can therefore vary,
depending on the design. Regarding the EIRP of VSAT UE,
3GPP states in [35] a value of 46.2 dBW which, according
to multiple references, e.g., [34], [36[, seems to refer to the
system bandwidth of 400 MHz. Considering these numbers
and assumptions, an EIRPSD of 46.2 dBW /400 MHz = 20.2
dBW/MHz = —39.8 dBW/Hz has been assumed. Table [6]
shows the uplink SNR achieved assuming 7 MHz bandwidth
(although the values of SNR would not vary by changing
the bandwidth, because the EIRP adapts to such changes to
maintain a constant SNR).

Regarding the direct-to-handheld access applications in
S-band, several types of handheld terminals exist, each
with different characteristics. Table [/} extracted from [37],
shows a summary of the main handheld types, including
a commercial smartphone with improved noise figure (see
UE,r>) and a satellite-specific handheld with improved EIRP
and G/T (see UEgyphone)-

Table [§] shows a general LEO user downlink budget
parameterization for S-band (thus assuming a handheld-
based UE). The carrier frequency is now 2 GHz, both for
downlink and uplink since TDD is conventionally assumed.
A 17-dB SNR is obtained for the LEO user downlink in
S-band.

Similarly, Table [9] shows a general LEO user uplink bud-
get parametrization for S-band considering a conventional
handheld terminal (see UE,; in Table . As expected, the
uplink exhibits a poor SNR for this class of UE terminals.
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LEO User UL (S-Band)

Parameter LEO-1200 \ LEO-600
Carrier Frequency 2 GHz

Carrier Bandwidth 30 MHz [36]

Slant Range 1200 km \ 600 km

UE EIRP —7 dBW [35][see UEyer, in Table[7]
1 dBW for UESalPthe
0 dB for UEy; [35], [36)

3.5 dB for UES:llPh(me
160.1 dB 154.0 dB

UE Tx. Antenna Gain

Free Space Path Loss
Satellite Rx. Gain
G/T Satellite

SNR in normal operation

30 dBi [35]
1.1 dB/K [35]
—12.1 dB for UEs, -6.1 dB for UE
—4.1 dB for UESalPhone 1.2 dB for UESatPhone

SNR in normal operation

TABLE 9. LEO user UL budget parameters (S-band)

LEO Link Budget (Ku-Band)

Parameter UL DL

Carrier Frequency 14.25 GHz 12.575 GHz [40'4
Carrier Bandwidth 20 MHz [42] 125 MHz [41] |
Free Space Path Loss -177.1 dB -176.0 dB

38.4 dB dBi (TX-UE) [42] | 24.5 dBi (TX-Sat) [41]

Gain 3 !
24.5 dBi (RX-Sat) [41] 36.0 dBi (RX-UE) [42]
EIRP (dBW) 33.6 dBW [42 34.6 dBW (satellite) [40] |
GIT (dB/K) -1 dB/K (satellite) [43] 12.2 dB/K (UE) [42] |
SNR normal operation 4.8 dB 18.5 dB o

TABLE 10. LEO link budget parameters (Ku-band)

On the other hand, the figures become more reasonable when
a satellite-specific handheld terminal is assumed.

Finally, based on the most popular LEO constellation
deployments, we provide the system parameters for the
user link at Ku-band. The UE antenna architecture of such
systems ranges from planar arrays, as Starlink antenna prod-
ucts [38]], to low-profile dish antennas, such as the ones of
Eutelsat-OneWeb [39]]. Note that Eutelsat-OneWeb satellites
orbit at 1200 km [40], thus requiring higher antenna gain
to close the link than Starlink systems, whose orbits are
lower. Focusing on the 1200 km orbit, Table [I0] presents
the parameterization of the Ku-band LEO user link. The
figures therein have been taken mostly from OneWeb LEO
constellation references [40], [41]. The UE RX antenna is
assumed as in [42].

C. GEO/LEO Q/V-band Feeder Link

Feeder links are expected to be deployed in Q/V-band,
due to the expected increase of user link transmissions
in Ka-band. Moreover, the Q/V-band feeder link allocation
allows locating the gateways (GWs) within the service area
minimizing the interference between the feeder and user
links. The frequency allocation for the feeder link in Q/V-
band is provided in Table [T1] [44]]. In particular, up to 4
GHz are available for the uplink (where typically aggregated
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Feeder link DL
37.5-38.3 GHz

Feeder link UL
47.2-50.2 GHz
50.4-51.4 GHz

TABLE 11. Feeder Link Frequency of Operation Q/V-band |44]

amounts of traffic need to be dealt with). Considering 2
polarizations, an overall bandwidth of 8 GHz is available.

The main drawback of having feeder links operate in Q/V-
band is the high sensitivity to weather impairments. As noted
in [435]], heavy rain attenuation can cause a loss of the order
of 15-20 dB. Scintillations are also more pronounced in
Q/V-band with respect to Ka-band, with typical scintillations
varying around 2 dB [46]. Uplink power control may partly
compensate for this loss, although the common approach
is to have GW diversity, i.e., deploying multiple GWs in
different geographical locations to increase the probability
of link availability [45].

Tables [12] and [13] show the link budget parameters consid-
ered for Q/V-band feeder uplink, respectively for the GEO
and LEO scenarios. The data therein have been extracted
from [47, p. 32]. Although [47, p. 32] provides data for
LEO altitudes of 1350 km and 10355 km, we kept only
the figures related to the former, which is more in-line with
current LEO constellations.

Feeder Link (Q/V-band) - GEO

Parameter UL DL

Carrier Frequency 50.2 GHz 38.5 GHz
Bandwidth 2 GHz 300 MHz
Free Space Path Loss 217.5 dB 215.2 dB

59.7 dBi (TX-GW) 53 dBi (TX-Sat)

Gain
53 dBi (RX-Sat) 57.8 dBi (RX-GW)

EIRP (dBW) 80 66.4

G/T (dB/K) 24.4 32.4

SNR normal operation 22.5 dB 27.4 dB
TABLE 12. GEO parameters for feeder link |47} p. 32]

Feeder Link (Q/V-Band) - LEO

Parameter UL DL

Carrier Frequency 50.2 GHz 38.5 GHz

Bandwidth 2 GHz 300 MHz

Free Space Path Loss 189.1 dB (LEO-1350)

49.3 dBi (TX-GW)

186.8 dB (LEO-1350)
40.6 dBi (TX-Sat)

Gain
40.6 dBi (RX-Sat) 47.3 dBi (RX-GW)
EIRP (dBW) 50.5 33.9
G/T (dB/K) 10.5 19.3
SNR normal operation 7.5 dB 10.3 dB

TABLE 13. LEO parameters for feeder link |47, p. 32]
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GEO TT&C (Ku-band)

Feeder Link (Ka-band) - GEO

TABLE 14. GEO TT&C link budget parameters in Ku-band

D. GEO Ku-band TT&C Link

TT&C is a critical spacecraft function ensuring correct
operation of the flying system [48]]. Since commands are
simple data that trigger specific spacecraft actions, tele-
command data (ground-to-space) rates are usually in the
order of some Kbps (or even bps). Telemetry data (space-
to-ground) refers to the monitoring of the spacecraft and
typically is also in the order of some kbps or a few Mbps.
On the other hand, fracking is the function related to the
spacecraft’s flight dynamics (two-way communication link).
Even if the required data rate for TT&C is not high, it is
crucial that TT&C signals be reliably received and without
interruption.

The unique propagation characteristics of C-band make it
an excellent candidate for TT&C. However, the overcrowded
spectrum at C-band is causing many operators to move
TT&C links to higher spectral bands, such as Ku-band. We
shall focus on Ku-band in this use case, as it is envisaged
to be used for TT&C operation of future missions. The link
budget parameters for TT&C links deployed at Ku-band are
summarized in Table [14] where most of the data therein have
been extracted from [49], [50].

The data from USASAT-24K in [49, Tables 6 & 8]
have been considered for the uplink and downlink, which
are deployed between 14.0-14.5 GHz and 11.7-12.2 GHz,
respectively. Note that TT&C Earth Stations are generally
equipped with large dishes (e.g., the dish of USASAT-24K
has a diameter of 9.3 m).

E. GEO Ka-band Feeder & User Link

This use case considers the combination of the user links
defined in Secs. and and the feeder links intro-
duced in Sec. Obviously, the same satellite orbit and
frequency will be assumed for FD operation.

There are no current or near-future plans for user-links
at Q/V-band. Therefore, this use case considers operation in
Ka-band, where it is more likely to encounter both user and
feeder links. One specific characteristic is that feeder links
assume much larger transmission bandwidth than user links,
as they aggregate the traffic from multiple user terminals
[52].

Parameter UL DL Parameter UL DL
Carrier Frequency 14.5 GHz 12.2 GHz Carrier Frequency 30 GHz 20 GHz
Carrier Bandwidth [32, 128] kHz [50! -
Slant Range 35786000 m Bandwidth 2 GHz 300 MHz
EIRP 68 dBW (Earth Station) 5 dBW (Satellite) Free Space Path Loss —209.5 dB —213.1dB
Free Space Path Loss 206.8 dB 205.3 dB Gain 57.5 dBi (TX-GW) | 49 dBi (TX-Sat)
Gain at RX 25 dB (Satellite) 60.01 dB (Earth Station) 49 dBi (RX-Sat) 54 dBi (RX-GW)
G/T 0.0 dB/K [51] 37.5 dB/K (Earth Station) EIRP (dBW) 72.5 (GW) 65 (Satellite)
SNR in normal operation 38.8 dB 14.8 dB G/T (dB/K) 20 (satellite) 31.5 (GW)
SNR normal operation 15.0 dB 30.8 dB

TABLE 15. GEO Parameters for feeder link in Ka-band ( [47] page 16)

Constellation Starlink OneWeb Kepler
Total no. of satellites 1584 (*) 648 140
No. of orbital planes 72 (%) 18 7
Satellites per orbital plane Ny, 22 36 20
Altitude s (km) 550 1200 575
Slant Range d; (km) 1970 1320 2173
Intended Service Broadband | Broadband IoT

(%) Information from the planes reported on initial plans.
TABLE 16. Satellite Constellation Examples |31]

For the user link UL definition, the reader is referred to
the GEO user link UL setting in Table 4} The feeder link
DL is shown in Table which considers Ka-band and a 3
m dish at the GW station.

For the user link DL definition, the reader is referred to
the GEO user link DL setting in Table |3} The feeder link
UL is shown in Table which considers Ka-band and a 3
m dish at the GW station.

F. LEO Ka-band Inter-Satellite Links

Assuming evenly distributed satellites within the same orbital
plane (and same altitude), the corresponding slant range
between two neighboring satellite nodes can be obtained
using the chord length formula of a circle:

dr =2(Rg + ) sin (7 /Np) (1)

where N, is the number of satellites in the orbital plane, [,
is the satellite altitude, and Rg is the earth radius, which is
approximated to 6371 km. Considering the figures provided
in [31]], Table shows the inter-satellite link (ISL) slant
range dj for the most popular LEO constellations.

Table 17| shows a simplified parametrization of ISL links,
with data extracted from [31[]. The predicted SNR for ISL
in Ka-band is 7.2 dB.

G. Ka-band Multi-Orbit Inter-Satellite Links

At the time of writing, ISLs between different orbits are
future-term technology projections, although it may be ex-
pected that, as constellations develop, the popularity of
multi-orbit satellite systems will increase (e.g. IRIS2 [53]]),
bringing forth a demand for inter-orbital links. Inter-orbital
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Inter-Satellite Links (Ka-band)

Carrier Frequency

26 GHz

Bandwidth

500 MHz

Free Space Path Loss

Can be calculated with
slant range of Table

Satellite GEO
Altitude 35786 km
Satellite Backhauling (Downlink) Satellite Backhauling (Uplink)
EIRP 62.4 dBW (satellite) 50 dBW (VSAT)
Frequency 18.7 GHz 28.5 GHz
Bandwidth 62.5 MHz 7 MHz
Gain TX 53 dBi (satellite) 42.1 dBi (VSAT)
Gain RX 42.1 dBi (VSAT) 53 dBi (satellite)
Noise Power —126.46 dBW (VSAT) —131.78 dBW (satellite)

Terrestrial Backhauling

Gain 34.41 dBi (RX and TX)
EIRP 4441 dBW
Noise power —114.99 dBW
SNR normal operation 7.2 dB

TABLE 17. ISL Parameters |31]

ISLs can be established between LEO-MEO, LEO-GEO or
MEO-GEO. The reduced distance of the LEO-MEO config-
uration makes this case attractive, but the relative mobility
of the platforms raises significant challenges. The available
literature on LEO-MEO ISL is scarce, and reduces to high-
level preliminary studies which reflect the low maturity of
the inter-orbital ISL technology [54]. Table [I§] presents a
potential scenario of LEO-MEO ISL considering the altitude
of Starlink shell 1 and the MEO mPower constellation of
SES. Since ISL technology is significantly more mature
for single-orbit scenarios, the evaluation of required self-
interference isolation carried out in Sec. will focus on
the single-orbit ISL use case presented in Sec.

TABLE 18. Ka-band Multi-Orbit ISL

LEO Satellite
Altitude | 550 Km

MEO Satellite
Altitude | 8062 Km

LEO-LEO ISL
Carrier Frequency 26 GHz
Bandwidth 500 MHz
Slant Range 1970 Km

LEO-MEO ISL
Carrier Frequency 26 GHz
Bandwidth 500 MHz
Slant Range 7512 Km

H. GEO Satellite-Terrestrial Backhauling Ka-band

The most obvious application of satellite communication in
a 5G delivery architecture is in the backhaul segment of
the network. To improve the capacity of mobile wireless
backhaul networks, the concept of a seamlessly integrated
satellite—terrestrial backhaul network in the Ka-band capable
of jointly exploiting the terrestrial and satellite links depend-
ing on the traffic demands has been the focus of [55], [56],
where a cooperative frequency assignment approach is as-
sumed that imperatively avoids FD operation. However, FD
at the Base Station (BS) can be considered to simultaneously
operate a satellite link and a terrestrial backhauling link. This
use case is shown in Fig. 3] which illustrates FD operation
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Distance 832.58 meters
Frequency 18.7 GHz

Bandwidth 56 MHz

Transmit PSD —38.13 dBW/MHz

Gain TX 38 dBi

Gain RX 38 dBi

TX Power —20.65 dBW

EIRP 17.35 dBW

Noise PSD —139 dBW/MHz (ITU-R FE.758-6)

TABLE 19. Satellite-Terrestrial Backhauling - Link Budget Parameters

on the satellite downlink. Table [I9] provides the link budget
parameterization for this use case, where data have been
extracted from [33]] and [55].

Satellite

A

BS1 BS 2

FIGURE 3. FD between a satellite backhauling link and a terrestrial
backhauling link in Ka-band (red links).

I. Satellite - Aerial - Terrestrial links

Envisioned Satellite-Aerial-Terrestrial systems consider a
High Altitude Platform (HAP) that supports a network of
ground Internet-of-Things (IoT) nodes by relaying their data
towards a satellite. In this way, a two-step uplink from
ground users to the satellite is established, which is of
interest since direct uplink is generally power-inefficient for
battery-powered IoT devices. Furthermore, satellite back-
hauling can improve the flight-time of the HAP. Whereas
there are a few initial studies for the GEO-HAP-UE com-
munication (downlink), see e.g. [S7], the IoT uplink remains
challenging due to the power levels required to reach the
HAP. For this reason, and due to the low technology readi-
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ness of this use case, it was decided not to include it in the
evaluation carried out in Sec.

IV. Full-Duplex Feasibility Analysis

Following the 3GPP studies for FD communication [|58]] [59]
[[60], we use receiver desensitization as a design metric,
illustrated in Fig. |4 and defined as the degradation of the
Signal-to-Noise-plus-Interference Ratio (SINR) under FD
operation with respect to that under HD operation. Another
important metric, TX-RX isolation (ISO), is also illustrated
in Fig. 4] It is defined as the ratio of the transmit power
to self-interference power at the RX. In practice, to achieve
acceptable isolation values, a combination of different strate-
gies must be applied, as discussed in Sec.

With regard to Fig. [] the reference noise power (dashed
line) corresponds to that under HD operation. Then, under
FD operation, an SI-induced component appears (solid red
line), so that the overall SI-plus-noise power (dotted line)
will be above the original noise floor value. The ratio
between these two values equals the RX desensitization,
which is always larger than 1 (i.e., always positive when
expressed in dB).

Power
(dBm)
Transmitted
power
I1SO
...................................... S| + Noise
¢ Desensitization
SI

FIGURE 4. lllustration of desensitization and isolation (ISO) due to
self-interference (SI).

A. Methodology
Our approach is to set a target RX desensitization value,
and then find the corresponding maximum admissible SI
power at the RX. With this, the required overall isolation
to achieve such target desensitization and SI power will be
obtained. The feasibility of each use case will be assessed
by analyzing the required isolation having as reference the
isolation achievable with current technology. Next we present
the specific steps of this feasibility evaluation process.

Let snr denote the SNR under HD operation (in natural
units), given by

) 2

where psor and py,,, respectively denote the power of the
received signal of interest and of the RX thermal noise.

Parameter Definition
PNLgx Non-linear terms from LNA, RX mixer and Variable Gain Amplifiers (VGAs).
PNLpa Non-linear terms from TX power amplifier (PA)
Pgn Quantization noise
Pnpx RX thermal noise
Pnpx Induced TX thermal noise
PIM Image component from RX and TX mixers

TABLE 20. List of power terms associated with non-linear effects.

Analogously, the SINR under FD operation is given by

PSor

sinr =
Prnpx tTPSITPNLpx ¥PNLp g +PantPnpx FPIMgx FPIMp 5

» 3)

where pg; denotes the power of the SI component, and the
remaining power terms in the denominator of the right-hand
side of (@), corresponding to SI-induced nonlinear distortion,

are summarized in Table Since one has
snr

des’
where des is the desensitization, it follows that

sinr =

“

des — Pnpx TPSITPNLRx TPNLpy +Pan+Pnpx +PIMpx TPIMpx (5)
Prpx ’
From eq. (3) it becomes evident that the performance
degradation is not only caused by the residual SI, but also by
the additional nonlinear terms due to hardware impairments.
The isolation is finally obtained as

S~ , (6)

150 = PSITPNLpx TPNLp o TPqn+tPnpx TPIMpx TPIMp x

where py, is the transmit power of the FD node. The exact
power term expressions employed for the required isolation
computations are presented in the Appendix A.

B. Feasibility Results
As a first step, we consider a favorable setting in which SI-
induced nonlinear distortion is assumed absent. In this way,

@), @) and (©) reduce to

PSor
anx + Psr1

, des=1+ pSI, 0:&.

Pnrx b

sinr =

S1
(M
The motivation is to quickly identify those use cases with
very demanding requirements even under these benign condi-
tions. A more refined analysis including nonlinear distortion
terms will be presented in turn in Sec. only for the most
promising use cases, for the sake of clarity and space.
Considering a target desensitization value of 1 dB, the
required isolation was initially computed for all use cases
under scrutiny, as shown in Table 21] It shall be noted that
we evaluated two FD modes, denoted as Multi-Beam (MB)
and Single-Beam (SB), and illustrated in Fig. [5] for clarity.
In particular, the MB mode only requires SIC on-board the
satellite (denoted as SIC-1 in Fig. [5| and Table [21)), while the
SB mode needs SIC on-board as well as on-ground (denoted
as SIC-2 in Fig. [5]and Table[21)). Note that the use case of FD
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FIGURE 5. Evaluated FD modes: (a) Multi-Beam (MB), (b) Single-Beam
(SB). SIC-1 and SIC-2 operate on-board and on-ground, respectively.

between feeder and user links described in Sec. always
considers different Earth stations for the uplink and for the
downlink, thus only SIC-1 is presented in Table 21| for this
use case. Similarly for the satellite-terrestrial backhauling
case presented in Sec. which only requires SIC-2. Note
that the user-feeder link FD can distinguish two cases: (i) FD
in uplink UL and downlink FL, (ii) FD in downlink UL and
uplink FL. These are indicated in Table [21|as “GEO Ka-band
User Feeder Link Case 1” and “GEO Ka-band User Feeder
Link Case 27, respectively.

The color code in Table [21] indicates promising use cases
in green (good) and yellow (medium), depending on the
required isolation level (i.e., the lower, the better).

For each use case considered, Table also provides the
so-called Figure of Merit (FOM) as defined in [10]:

Dtx
des

where W is the bandwidth in MHz, the FD node transmit
power py, is in mW, and both iso (isolation) and des
(desensitization) are expressed in natural units [[10]]. State-
of-the art FOM values for IBFD operation barely achieve
160 dB [10, Fig. 1.9], a figure which could possibly be
higher if OBFD is considered by operating in adjacent bands.
The required cancellation entails the interplay of several

FOM =10 -log;, (zso w. ) [dBm-MHz], (8)

VOLUME ,

subsystems, which should be carefully integrated in practice.
The high required levels of TX-RX isolation can be more
practically approached in certain cases, e.g., when TX and
RX antennas point at different directions.

As observed from Table 21} coloring of potential use cases
is mostly based on the required SIC suppression or isolation,
and the corresponding relative value of the FOM with respect
to the state of the art.

Besides technical feasibility, there are other aspects to
consider regarding the applicability of FD in the different
use cases:

e From the regulatory perspective: in general, bring-
ing FD operation to SatCom is challenging, as these
systems have traditionally been FDD-based for many
years (analogously, cellular terrestrial systems have
been TDD-based). Still, the need for more spectrum is
pushing classical multiplexing schemes towards novel
and more advanced methodologies. 3GPP is already
considering dynamic spectrum access as a key com-
ponent for the future 6G, and the concept of Integrated
Access-Backhaul (IAB) has been already standardized
for terrestrial networks. Thus, an open mentality in
terms of regulation will be needed for the introduction
of FD in SatCom, as a number of changes will be
required to accommodate simultaneous downlink and
uplink access to the same spectral resources.

e From the business perspective, backhauling is the
classical bandwidth-hungry application of SatCom [|61]].
In this sense, FD can be regarded as a great opportunity;
and similarly for the feeder links, which are known to
be in need of wide bandwidths. On the other hand,
direct access is still under development [[62f], and the
market at the moment is not large enough to motivate
a strong need for FD operation; TT&C does not require
large bandwidths [48]], either. Optical ISL seems to be
slowly taking over the role of RF ISL [63[], and no
spectrum shortage is foreseen for those systems.

Based on the obtained results, which are summarized in
Table we shortlist the following use cases for further
consideration, as described in the following sections:

e LEO user link backhauling at Ka-band (assuming
VSAT UE), SIC-1 only (on-board SIC).

e LEO feeder link at Q/V-band, SIC-1 only (on-board
SIC).

o TT&C for GEO satellites at Ku-band, SIC-1 only (on-
board SIC).

e GEO satellite-terrestrial backhauling in Ka-band, SIC-2
(on-ground SIC).

V. Antenna Passive Isolation

To assess in detail the feasibility of the four use cases
shortlisted in Sec. we first need to have a good
understanding of the isolation that can be achieved from
antenna-based passive techniques. This is of paramount
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Use Case SIC ID SIC Band. [MHz] ISO [dB] FOM [dBm-MHz] Carrier Freq. [GHz]
. . SIC-1 56 134.67 187.23
GEO Ka-Band Backhauling User Link 19
SIC-2 7 137.29 174.96
. . SIC-1 30 149.57 212.11
LEO Handheld Access User Link with UE,f 2
SIC-2 30 121.10 157.87
LEO Handheld Access User Link with SIC-1 30 149.57 212.11 5
UEsatPhone SIC-2 30 133.40 178.17
. . SIC-1 56 114.47 143.93
LEO Backhauling Ka-Band User Link 20
SIC-2 7 135.83 172.32
. SIC-1 125 138.10 198.17
LEO Advanced-RX Ku-Band User Link 12.575
SIC-2 20 132.19 169.25
. SIC-1 300 134.50 201.62
GEO Q/V Feeder Link 38.5
SIC-2 2000 136.36 218.67
. SIC-1 300 106.20 151.67
LEO Q/V Feeder Link 38.5
SIC-2 2000 121.36 184.57
. SIC-1 0.125 138.40 138.47
GEO Ku-Band TT&C Link 12.2
SIC-2 0.125 168.89 196.96
GEO Ka-band User Feeder Link Case 1 SIC-1 300 137.30 207.07 30
GEO Ka-band User Feeder Link Case 2 SIC-1 56 134.07 186.63 30
SIC-1 500 130.86 196.85
LEO Ka-Band ISL 26
SIC-2 500 130.86 196.85
GEO Ka-Band Satellite-Terrestrial Backhauling SIC-2 56 111.18 137.01 18.7

TABLE 21. Required isolation (ISO) for the different use cases. Figure of Merit (FOM) from (8). Desensitization value is set to 1 dB.

Case ID

Technical Regulation Business

GEO Ka-Band Backhauling User Link

feasibility

prospect oportunity

LEO Handheld Access User Link with UEf

LEO Handheld Access User Link with UEguphone

LEO Backhauling Ka-Band User Link

LEO Advanced-RX Ku-Band User Link

GEO Q/V Feeder Link

LEO Q/V Feeder Link

GEO Ku-Band TT&C Link

GEO Ka-band User Feeder Link Case 1

GEO Ka-band User Feeder Link Case 2

LEO Ka-Band ISL

GEO Ka-Band Satellite-Terrestrial Backhauling

TABLE 22. Assessment of use cases. Green: potential viability; Yellow:

recommended.

importance given the strict constraints in terms of size,
weight, and power consumption of SatCom systems, which
may bring into question the applicability of complex active
(RF and/or baseband) SIC techniques. Note that three of the
four use cases to evaluate (LEO backhauling at Ka-band,
LEO feeder link at Q/V-band, and GEO TT&C) require high
isolation values onboard the satellite, whereas for the fourth
(satellite-terrestrial backhauling) the requirement is at the
ground station. Next, we provide simulation results in order
to assess the amount of passive isolation to be expected for

potential viability with some challenges. Red: Extremely challenging, not

on-board and on-ground antennas. In all cases, simulations
were conducted in CST Microwave Studio software.

A. On-board antenna passive isolation

Consider first the scenarios in which high isolation is to be
achieved on-board the satellite. Following recent trends [64],
we have assumed two separated antenna arrays respectively
configured for transmission and for reception. Two different
approaches have been analyzed, depending on whether or
not a ground plane is included between the arrays.
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FIGURE 6. Geometry of the TX and RX phased array configuration
onboard the satellite.

45 50 55 60 65 70 75 80
distance (mm)
FIGURE 7. Simulation results for the configuration of Fig.working at

Ku-Band (11.7 GHz), Ka-Band (18.7 GHz), and Q-Band (40 GHz), using a
separation between antennas in (mm).

1) Passive isolation based on antenna separation alone.

The selected array subsystems consist of 8 x 8 patch an-
tennas, as illustrated in Fig. [} with overall dimensions of
approximately 5.61)\y x 5.61\g. Simulations were performed
for three central frequencies: 11.7 GHz (Ku-band), 18.7 GHz
(Ka-band), and 40 GHz (Q-band). In all cases, Rogers
RO4003C substrates were used, designed for operation in
linear polarization. The results, presented in Fig. [7] are an-
alyzed in terms of inter-array separation distance expressed
in millimeters, specifically within the range of 40-80 mm.
It is worth mentioning that the simulation includes sampling
points at five different distances. To enhance the smoothness
of the curve, we applied an additional processing step.
Although some natural fluctuations occur due to the electro-
magnetic characteristics of the antenna, we observe a general
improvement in antenna isolation with increasing separation.
A noticeable variation in isolation is observed between the
different simulated frequencies, since the physical separation
remains the same across all frequency scenarios. The highest
isolation occurs in the Q-band, as the effective separation in
terms of wavelengths is greater compared to the Ku- and
Ka-bands.
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distance
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FIGURE 8. Introduction of a vertical ground plane between the phased
array antennas to improve isolation.

2) Passive isolation based on antenna separation and ground
plane

To further enhance the isolation between the antennas, we
introduced a vertical ground plane halfway between them, as
illustrated in Fig. 8] and then simulated the revised scenario.
The results, shown in Fig. [0 demonstrate a significant
improvement. On average, for the Ku-, Ka-, and Q-bands,
the isolation improved by 24.54 dB, 21.76 dB, and 13.63
dB, respectively, for separations from 40 mm to 80 mm.

An anomaly was observed in which, for certain separa-
tions, the isolation decreased with increasing distance. This
behavior can be attributed to surface currents that, at spe-
cific distances, constructively interfere, negatively affecting
isolation.

However, introducing a vertical ground plane between the
two antennas may affect their radiation patterns and gain, as
it can introduce unwanted reflections or losses, potentially
generating side lobes or nulls in certain directions. This
effect is particularly noticeable in the results obtained for the
Ku- and Ka-bands, where the initial separation of 40 mm is
insufficient. At these frequencies, the close proximity of the
ground plane alters the radiation pattern, causing deviations
in the main lobe and side lobes, which ultimately enhances
isolation. In contrast, this phenomenon is not observed in
the Q-band, where a separation of 40 mm corresponds to
approximately 6o, providing sufficient distance to prevent
significant distortion of the radiation pattern.

B. On-ground antenna passive isolation

The use case requiring on-ground isolation corresponds to
satellite-terrestrial integrated backhauling, where a VSAT
terminal is receiving a signal from a GEO satellite, while a
co-located drum antenna transmits toward another antenna
on Earth. This scenario is illustrated in Fig. [I0] In this
configuration, for an antenna operating in Ka-band (27.5-30
GHz) we evaluate (i) the impact of antenna separation; (ii)
the effect of the elevation angle of VSAT transmission; and
(iii) the impact of considering a ground plane for improved
isolation. These are detailed below.
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FIGURE 9. Simulation results for the configuration of Fig.working at
Ku-Band (11.7 GHz), Ka-Band (18.7 GHz), and Q-Band (40 GHz), using a
separation between antennas in (mm).

distance

FIGURE 10. lllustration of drum and parabolic antenna separation at
varying distances h.

1) Impact of antenna separation

The apertures of the drum and parabolic antennas are 56.1
and 37.4 )\, respectively, both illuminated by horn antennas.
The parabolic antenna is positioned at ground level, pointing
at elevation angles of 45° and 60°. The height h of the
drum antenna varies between 187 and 935.04 \g, and an
operational frequency of fy = 28.7 GHz is considered.

As shown in Fig. [T] isolation does not increase monotoni-
cally with height due to the reception of a side lobe by one of
the antennas at specific separation values. A closer analysis
reveals that for § = 60°, the isolation is lower, which is
expected as the drum antenna’s illumination is approached.

Finally, the maximum isolation for both results are located
at the largest separation being -109 dB for § = 45°, and -
96 dB for 8 = 60°, which allow us to infer that a possible
scenario for full-duplex is when both terminals are separated
a considerable altitude and pointing away from each other
as much as possible.
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FIGURE 11. Isolation results for drum and parabolic antenna at varying
heights.

FIGURE 12. Antennas at fixed separation, with the parabolic antenna
pointing at different elevation angles 6.

2) Impact of VSAT elevation angle

In this scenario, the drum antenna is placed at heights of
h =935 Xy and h = 300 )\ above the parabolic antenna.
The parabolic antenna is adjusted to various elevation angles
0 between 30° and 57.5° to connect to satellites in different
orbital positions (see Fig. [I2). The results are shown in
Fig. [13]

It is observed that isolation improves as the height in-
creases and as the main lobe moves away from the direction
of the drum antenna, until a side lobe is reached. Since the
drum antenna is positioned above the VSAT, higher elevation
angles result in lower isolation. To complete the analysis, we
see that in the case of h = 300 )\ there is a small ripple
from 6 = 47.5° to 6 = 57°, this variation is again caused by
a side lobe that is receiving this high.

3) Impact of a ground plane between TX and RX antennas

The potential of enhancing isolation by placing a mesh grid
halfway between the two antennas was also considered, as
depicted in Fig. [T4] In this scenario, we considered h = 935
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FIGURE 14. Introduction of a ground plane between the parabolic and
drum antennas.

Ao and an elevation angle of 45°. Simulations revealed that
the introduction of the mesh grid has a negligible effect on
isolation (without grid: 109.47 dB, with grid: 107.37 dB),
indicating minimal effectiveness of this approach under the
tested conditions. This is because both antennas are already
sufficiently separated.

The isolation results for the satellite-terrestrial backhaul-
ing use case are summarized in Table 23]

VI. Detailed Analysis considering HW imperfections
We revisit now the feasibility analysis of the shortlisted
use cases by considering the detrimental effect of hardware
impairments and discussing approaches to achieving the
required values of isolation, in view of the results from
Sec. [V] regarding passive approaches, as well as state-of-
the-art values in terms of active analog (RF) and digital
(baseband) SIC. Note that the desired received signal is not
only masked by the coupled transmit signal, but also by the
impairments alongside [[15].

Following the methodology presented in Sec[IV] {A] and
the definitions in the Appendix A, the required isolation to
achieve 1 dB of desensitization was derived. To do so, the

VOLUME

Separation Passive Isolation
w/o ground plane h =935 Ao 109.5 dB
w/ ground plane h =935 Ao 107.37 dB
Separation Passive Isolation
Worst isolation h =187 Ao 91 dB
Best isolation h =935 X\o 109.5 dB

TABLE 23. Passive isolation results for the Satellite-Terrestrial Backhaul-
ing use case (elevation 45°).

Terrestrial Base Station in TX mode
Parameters Value Notes
DAC Output power 1 dBm To obtain the required TX PA amplification.
Mixer gain -10 dB To obtain the required TX PA amplification.
Mixer IRR 35 dB Adds non-linear components due to 1Q imbalance
PA TX 1IP3 25 dBm Adds non-linear components due to PA
Noise Figure 8 dB Additional induced thermal noise due to TX
VSAT in RX mode
Parameters Value Notes
LNB IRR 45 dB Adds non-linear components due to IQ imbalance
LNB gain 55 dB To obtain the required VGA amplification.
LNB IIP3 -30 dBm Adds RX non-linear component
VGA 1IP3 -12 dBm Adds RX non-linear component
ADC Input power 1 dBm To obtain the required VGA amplification
Signal PAPR 10 dB Quantization noise
ADC bit resolution 12 bits Quantization noise

“Value at maximum gain, 42.5 dB

TABLE 24. On-ground SIC: Parameters related to HW imperfections.

hardware-related parameters from Table [24] for on-ground
SIC, and from Table 23] for on-board SIC, were considered.
They result from a comprehensive analysis of commercially
available devices from RF-components vendors [65]—[74],
values reported in scientific literature [75]—[79]], and require-
ments established in relevant standards [80]]. For clarity,
Table [26] lists the operation frequencies for each use case, as
well as the bandwidths of the signal of interest and of the
self-interference.

Table summarizes our findings, showing the required
isolation for each selected use case assuming 1 dB desen-
sitization. To obtain those values we adopted the following
methodology:

e We compute the required isolation by following analo-
gous steps to those described in Sec. but taking
now into account the Sl-induced nonlinear terms. As
can be seen, the obtained isolation requirements are a
few dB more stringent than those from Table 21}

e Based on the results from Sec. [Vl on one hand we
assume the maximum achievable value of on-board
passive isolation, i.e., 75 dB, corresponding to a con-
figuration with TX-RX array separation of 0.32 m and
with insertion of a ground plane between the arrays. On
the other hand, for the on-ground terminal we assume
a conservative passive isolation value of 91 dB, which

15



Author et al.: Preparation of Papers for IEEE OPEN JOURNALS

On-board TX array antenna Use Case ISO Passive Digital SIC | RF SIC SE Imp.
P Val Not GEO Ka-Band Satellite-Terrestrial Backhauling | 11235 dB | 91 dB 2135d8 0dB 87.29%
arameters aue otes LEO Backhauling Ka-Band User Link 10993 dB | 75 dB 20.03 dB 149dB | 93.83%
DAC Output power 1 dBm To obtain the required TX PA amplification LEO Q/V Feeder Link 10623 dB | 75 dB 20.23 dB 11 dB 90.45%
Mixer gain -10 dB To obtain the required TX PA amplification GEO Ku-Band TT&C Link 14202dB | 75dB 20.32 dB 467 dB | 96.12%
Mixer IRR 35 Adds non-linear components due to IQ imbalance TABLE 27. Summary of results for 1-dB desensitization
PA TX gain 22.98 dB To obtain the required link EIRP.
PA TX 1IP3 0.7 dBm Adds non-linear components due to PA
Noise Figure 25 dB Additional induced thermal noise due to TX Use Case 1SO Passive | Dig. SIC | RF SIC Des SE Imp.
On-board RX array antenna GEO Ka-Band Satellite-

— " Notes Terrestrial Backhauling 111dB | 91dB 20 dB 0dB 13dB  8628%
Parameters Value otes LEO Backhauling Ka-Band User Link | 95 dB | 75 dB 20 dB 0dB 9.5 dB 4136%
Mixer IRR 35 Adds non-linear components due to IQ imbalance LEO Q/V Feeder Link 95 dB 75 dB 20 dB 0dB 6.9 dB 46.31%
Mixer gain -10 dB To obtain the required VGA amplification. GEO Ku-Band TT&C Link 95dB | 75dB 20 dB 0dB 4097dB  -40.57%
Mixer I1IP3 20 dBm Adds RX non-linear component TABLE 28. Summary of results without RF SIC.

VGA 1IP3 -12 dBml”_[ Adds RX non-linear component
LNA gain 20 dB To obtain the required VGA amplification.
LNA 1IP3 0 dBm Adds non-linear components due to LNA
ADC Input power 1 dBm To obtain the required VGA amplification amount of analog RF SIC. In particular, the LEO use cases
Signal PAPR 8 dB Quantization noise require between 11-15 dB of RF SIC while the worst case
ADC bit resolution | 12 bits Quantization noise corresponds to the GEO TT&C, which requires 46.7 dB of

“Value at maximum gain, 42.5 dB

TABLE 25. On-board SIC: Parameters related to HW imperfections.

Use Case Band Sol Bandwidth | SI Bandwidth
GEO Ka-Band Satellite-Terrestrial Backhauling | 17.7-20.2 GHz 62.5 MHz 56 MHz
LEO Backhauling Ka-Band User Link 17.7-20.2 GHz 7 MHz 56 MHz
LEO Q/V Feeder Link 37.5-38.3 GHz 2 GHz 300 MHz
GEO Ku-Band TT&C Link 11.7-12.2 GHz 128 kHz 128 kHz

TABLE 26. Frequency band and bandwidth for the different use cases.

can be achieved with a 3-m separation between the
terrestrial and satellite antennas.

e [f the amount of passive isolation is below the total
isolation requirement, active digital SIC is considered.
As discussed in Sec. ST suppression of up to 20
dB in the digital domain seems to be reasonable based
on the current literature. Note that we give preference
to digital SIC over RF SIC as the latter is significantly
less flexible and more complex to implement, requiring
extra dedicated hardware. The reader is referred to
Appendix B for the accompanying plots accounting for
the interplay of digital and RF SIC in the presence of
hardware impairments. The corresponding curves can
be used to select an appropriate operation point.

o [f the achieved isolation value considering passive and
digital SIC is still insufficient, then active RF SIC
becomes necessary.

The green color in Table [27|indicates feasible values (i.e.,
values that are deemed feasible with current technology),
whereas the red color points out challenging values which
would be difficult to achieve with state-of-the-art technol-
ogy. It can be observed, for instance, that the satellite-
terrestrial backhauling use case is perfectly feasible consider-
ing antenna-based passive isolation (91 dB) plus digital SIC
(21.35 dB), without resorting to analog RF SIC. The other
use cases refer to the on-board SIC for which antenna-based
passive isolation is limited, so that all of them require certain

RF SIC.

In order to better illustrate the impact of the different
domains in which SIC can be applied, we provide results
for the four use cases under the following premises: (i)
RF SIC is deemed too complex to implement, so that it
is absent; (ii) only 20 dB of digital SIC are achievable;
(iii) achievable values of passive isolation are 91 dB for
on-ground and 75 dB (with ground plate separation) for on-
board. These result in 111 dB of total isolation for on-ground
(Satellite-Terrestrial Backhauling use case) and 95 dB for
the remaining three use cases, yielding the desensitization
and spectral efficiency improvement values reported in Table
28] Clearly, the on-board SIC use cases suffer significant
degradation compared to the on-ground SIC use case. While
the user link LEO and the feeder link LEO use cases can
still achieve SE improvements of 41.36% and a 46.31% over
HD operation without RF SIC, the use of RF SIC techniques
become mandatory for the TT&C use case in order to obtain
any SE improvement by adopting FD.

VIl. Conclusions and Technological Gaps

Results from Sec. have evidenced that on-board SIC
remains a significant challenge. The most promising and
close-to-exploitation use case corresponds to the terrestrial-
satellite backhauling scenario, where SIC is implemented on-
ground between a VSAT RX operating at mmWave band (i.e.
Ka-band) and a drum-antenna for terrestrial backhauling,
both mounted in the same base station. In this scenario the
TX and RX antenna elements can be strategically positioned
in the base station, which greatly helps to improve passive
isolation levels. This not only allows to do without any
complex and costly RF SIC stages, but also relaxes the
requirements on digital SIC. In addition, this scenario could
be readily implemented in the near future, as it is fully
compatible with current regulation, although it requires close
collaboration between terrestrial and satellite operators: the
digital SIC module shall connect between the baseband TX
(from the terrestrial backhaul link) and the baseband RX
(from the satellite VSAT receiver). Use cases considering
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FD operation on-board the satellite are challenging for a
number of reasons, the most critical being the moderate level
of passive isolation that can be achieved due to the proximity
of the TX and RX arrays. This poses strong performance
requirements for the digital SIC stage. Moreover, hardware
impairments and complex propagation environments may
significantly affect SIC performance in general, so further
evaluation in more realistic environments may be needed
to confirm the conclusions above. Some considerations with
practical impact can be made:

e Multipath: For those SatCom systems in which very
small aperture terminals (VSAT) were mainly used to
communicate with GEO satellites, multipath was not
of significant concern. However, with the upsurge of
NGSO satellites and the use of less directive antennas
at the user terminal, multipath may become relevant.
The presence of multipath may raise the value of
SIC requirements for target residual self-interference
at the RX side. This is particularly relevant to the
“Satellite/Terrestrial backhauling in Ka-band” use case,
for which SIC is implemented on-ground; the presence
of mobile reflectors in the vicinity of the antennas
(such as vehicles, wildlife, people, or wind-induced
vegetation fluttering) may introduce additional multi-
path components in the SI channel.

e Convergence time: The convergence speed of digital
SIC algorithms may become an issue in practice, es-
pecially in highly dynamic channel scenarios. There is
a clear trade-off between convergence speed and final
SIC performance.

e Nonlinear effects: Even though nonlinear effects were
considered in the analysis, the assumptions and simpli-
fications adopted therein may need further elaboration.

e Passive isolation: The feasibility analysis included
a software-based evaluation of the passive isolation.
However, reduced passive isolation can be experienced
in practice due to unmodelled electromagnetic coupling
between antenna elements.

e Analog-to-Digital Converter (ADC) saturation: The
self-interference signal could drive the RX ADC into
saturation if the characteristics of the hardware and the
signal power are not carefully addressed.

e On-board FD: The anticipated on-board passive isola-
tion is found to be insufficient to avoid the use of RF
SIC, even with the inclusion of elements such as ground
planes which increase payload weight. However, on-
board RF SIC represents a formidable challenge in
terms of complexity, power consumption for payloads,
and the need to handle wide bandwidths and operate at
high frequency bands in the microwave spectrum.

e Regulation: Current radio regulation imposes orthogo-
nal uplink and downlink bands for satellite operation;
hence, the adoption of on-board FD necessarily calls
for changes in current standards.
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The successful implementation of FD technology, at least
for those scenarios aligned with the spectrum regulation,
requires some additional R&D effort in high frequency RF
SIC, antenna passive isolation, and SI channel modeling,
among others. Using electronics, active RF cancellation is
usually limited to about 30 dB under controlled laboratory
conditions [81]], and as much as 45 dB have been reported in
some references [82]]. One way of overcoming the limitations
of time-domain RF cancellation is the use of microwave
photonics, which allow a precise tuning of many tap delays
over wider bandwidths by means of optical processing.
Although performance limitations arise due to losses and
noise figure, the particular application of photonic cancel-
lation systems, based on the microwave photonics (MWP)
technology, is starting to prove successful to overcome
the intrinsic limitations of RF analog processing in terms
of bandwidth, dynamic range, reconfigurability and latency
[I83]-[86]]. While photonics is posed as a very promising next
step for improving SIC performance, numerous challenges
remain in the way toward full implementation in real prod-
ucts. Some of the elements that conform the SIC circuits are
still on the initial development phase, so achieving a higher
readiness level becomes necessary.

The results presented in this paper have been carried out
assuming a 100% frequency overlap between the TX and RX
channels, which can be seen as a worst case assumption. In
the context of 3GPP Release 18, for instance, the concept
of Sub-Band non-overlapping Full Duplex (SBFD) has been
introduced in a study item, where the downlink and uplink
may operate on different non-overlapping frequency sub-
bands but simultaneously within the same carrier bandwidth,
under the conventional TDD multiplexing scheme [1]], [87].
Using non-overlapping sub-bands allows to achieve a 45
dB frequency isolation, which can be added to an antenna
passive isolation (e.g. use of different array panels for
transmission and reception) and together achieve between
105 and 125 dB isolation. This approach, although more
conservative in terms of spectral efficiency, could offer a
short-term solution in line with current trends of FD adoption
by 5G standardization.

Additionally, most commercial solutions focus on the sub-
6 GHz frequency range, with no practical demonstrators of
RF SI cancelers operating in microwave bands (e.g., Ku/Ka).
In order to limit the burden imposed on the active (both
analog and digital) SIC subsystems, the passive isolation
between the transmit beam and the receive radio chain must
be increased for wide bandwidths and different steering
directions. Proper shielding structures need to be designed
alongside the antenna panels, which in the case of satellite
platforms can be more challenging. Novel solutions for these
isolators include, for example, the use of metamaterials
[[88]. Recent works have considered advanced beamforming
strategies for the SI suppression at the ground-user terminal
side, e.g. [89] where a joint transmit and receive beamformer
has been proposed assuming users equipped with active
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antennas. [90] considered circularly-polarized reflectarrays
for satellite FD operation by designing orthogonal reflective
polarizations for the TX and RX links.

Proper SIC design requires a good understanding and
characterization of the propagation conditions of the SI
channel. The geometry and antenna radiation patterns shall
be well characterized, making use of field measurements
to understand potential multipath effects. In this context,
multi-tap SIC architectures are identified as a potential
solution to improve resolution performance of single-tap
SIC when facing multipath environments. Furthermore, RX
antenna placement could be revised with the aim to reduce
the amount of multipath. A hybrid analog-digital multitap
architecture is proposed in [91] to deal with wide bandwidth
and high power FD operation. More recently, the use of
machine learning techniques is being considered for the
digital SIC segment [92]]. On top of the difficult-to-predict
multipath, nonlinearities present in the TX and RX chains
may become more relevant, entailing an accurate character-
ization of hardware components. If nonlinearities are found
to have a strong impact, advanced SI signal estimation may
be required. In this context, certain works such as [93]
showed the performance degradation of the FD scheme under
imperfect SIC by considering the so-called SI cancellation
quality parameter in the achievable SINR expression.

It is worth highlighting the recent trends in research,
which consider the FD operation for Integrated Sensing
and Communications (ISAC) [94], [95]. In these works,
the radar RX operates simultaneously while transmitting, in
a FD manner. The concept of ISAC is slowly moving to
SatCom domain, e.g. [96]], and there is no doubt that the
development of FD SatCom systems could be an enabler
for SatCom ISAC. In line with the latest development of
Reconfigurable Intelligent Surfaces (RIS) in the terrestrial
domain, recent works such as [97] have considered the in-
band FD capabilities for SatCom systems ranging from sub-6
GHz to THz bands by leveraging RIS structures.

Appendix A: Power of nonlinear terms

Next we outline the computation of the power terms from
Table 20 corresponding to the Sl-induced nonlinear terms
due to hardware impairments at the TX and RX of the FD
node. We have basically followed the approach from [98],
where a more comprehensive discussion can be found.

The overall SI suppression in the FD node before the
analog-to-digital converter (ADC) is denoted by aprcaig,
whereas a;, denotes the remaining SI suppression in the
digital domain. Additional parameters featuring in the com-
putations below are listed in Table [29]

e Non-linear terms from LNA, RX Mixer and VGA:

3
PNLrx = kvaa -kmixpx -kina - (Qpredig - PTX)

(kmrxpx - kLNA)2>

L Fina
11P32,

11P33,;x

X 12
IIP31 N A
©)

e Non-linear terms from TX power amplifier:

3
. Apredig " PTx

(10)
11P3%,

DNLpa = kvaa-kmixpx LA
e (Quantization noise:
. Qpredig " PAPT - PTX
3 . 22-bitsADc

an

Pgn = kvaa - kmixpx - kLnva

e Induced TX thermal noise:

Pnrx = kvea kMixpx " KLNA - fTx - Qpredig
Xkpa-kmix,y - pth (12)
pth = kpoits - Wirnt - 290 - 1000 (13)

e Image component from RX and TX mixers:

Piv = kvaa - EMIxpx - BLNA - Qpredig - PTX

1 1
14
x (IRRTX * IRRRX> (14)

e RX thermal noise:
link

Pnrx = kvea - kmixpx " kLna - Doy (15)
e Signal of Interest:
psor = kvea - kmixpy - kva-prx  (16)

Interference signal (linear component):
Ds1 = kvea-kmixpx BLNA Opredig-Qdig-PTx (17)
The gain for the power amplifier (PA) and the variable
gain amplifier (VGA) are computed as follows:

Prx

b)
kymrxox -PpAC
L _ PADC
VGA — Lk L )
MIXgrx " RLNA * Qpredig * PTX

kpa (18)

19)

where prx is the transmitted power corresponding to a given
Equivalent isotropic radiated power (EIRP) from the link
budget configuration. The noise pﬁf;}i and the received power

prx at the input of the RX are taken from the link budget.

Appendix B: Required SIC with HW imperfections

While the results presented in Table have assumed up
to 20 dB of SIC in the digital domain, in this appendix
we present more comprehensive results illustrating the trade-
off between analog and digital suppression, affected by the
front-end imperfections. In particular, Fig. [I5] presents SIC
results for the Satellite-Terrestrial Backhauling use case and
for several values of target desensitization, with required
digital suppression in Fig. [I5(a) and the overall ISO in
Fig. [I5]b). As an example, assuming 20 dB of SIC in
the digital domain when targeting 1 dB of desensitization
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TX
Parameters Definition
PDAC DAC Output power
krIxoy Mixer gain
IRRTx Mixer IRR
kpa PA TX gain
I1IP3pa PA TX 1IP3
Jrx Noise factor (Only TX PA)
Wint Interference signal bandwidth
RX
Parameters Definition
IRRRrx Mixer IRR
kMIXRx Mixer gain
IIP3nrx Mixer I1P3
kvaa VGA gain
IIP3yvga VGA 1IP3
kLna LNA gain
IIP3NnA LNA IIP3
PADC ADC Input power
papr Signal PAPR
bitsapc ADC resolution

TABLE 29. List of hardware-related parameters featuring in the computa-
tion of power terms associated with nonlinear effects.

corresponds to ~ 112 dB of isolation and ~ 90 dB of passive
plus active RF suppression, which is essentially what was
considered in Table Lower values of isolation and passive
plus active RF suppression can suffice if the desensitization
requirement is relaxed, but this will have an impact on the
achieved improvement in spectral efficiency with respect to
HD operation.
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