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Full list of author information remote base-stations (gNBs) located hundreds of kilometers away. This paper addresses
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e such remote interference problem in a 5G new radio (NR) macro deployment context.

Specifically, two potential reference signal (RS) designs for remote interference man-
agement (RIM) are described. The first signal structure, denoted as the one OFDM sym-
bol (10S) based RIM-RS, is building on the channel state information reference signals
of 5G NR. The second candidate is referred to as the two OFDM symbol based RIM-RS
design, which builds on the design principles of LTE RIM-RS. The achievable detec-

tion performance is evaluated by introducing enhanced receiver algorithms together
with three feasible propagation delay based gNB grouping and corresponding RIM-RS
transmissions schemes. The performance results in terms of the receiver processing
gain highlight that the improved detection algorithm assures sufficient performance to
detect the remote interference for both RIM-RSs with all evaluated frequency domain
comb-like patterns. The benefit of grouping corresponding RIM-RS transmissions

from gNBs located on the same area is greater when using same frequency domain
resources per transmitted sequence in practical interference scenarios. Furthermore,
applying a common base sequence for all gNBs within a group allows to identify the
group based on detected sequence and enables adaptive RIM mitigation schemes. On
the other hand, it is shown that the 10S RIM-RS provides smaller overhead and can be
frequency multiplexed with the physical downlink shared channel, which opens up the
possibility of using gNB group wise 10S RIM-RS also for UE interference measurements.

Keywords: Remote interference management, 5G new radio (NR), Atmospheric
ducting, Physical layer design

1 Introduction

1.1 Background and basics

The large number of base stations envisioned for the dense deployment of the fifth gen-
eration new radio (5G NR) mobile networks [1, 2] motivates the development of effi-
cient remote interference management (RIM) schemes. The remote interference appears
even for the case of fully synchronized time division duplexing (TDD) networks, due to
propagation time differences and ducting phenomenon, where all gNBs are using the
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same radio frame configuration. The so-called atmospheric ducting phenomena can
impact the signal-to-interference-and-noise ratio in the uplink (UL) reception of a 5G
NR base station (called gNB) by the downlink (DL) transmissions from a remote gNB. In
particular, the ducting phenomena takes place when the radio waves propagate within a
duct of warm air in the troposphere [3] due to specific temperature and humidity condi-
tions [4—6]. In the event of atmospheric ducting, the radio waves experience a bending
effect propagating within the ducting boundaries even for hundreds of kilometers [7], as
illustrated in the upper part of Fig. 1.

In general, there are experimental studies in the literature addressing and analysing the
effects of the ducting while establishing, e.g., corresponding pathloss and fading models.
In [3, 8], atmospheric duct channel models are proposed, in the context of terrestrial and
maritime communications, establishing statistical large-scale path-loss models for sur-
face ducts based on parabolic equations to predict the distribution of small-scale fading.
It is concluded that the fading in the channel follows a Rayleigh fading model. In [8], it is
observed that an increase of 1 degree on the antenna downtilt can decrease the RI power
by 2 to 3 dB while it is also shown that depending on the distance between aggressor and
victim gNBs, the RI can be stronger for different antenna heights. Additionally, in [9],
an increased RI level in Korea’s LTE-TDD system was shown due to Japan's WiMax gNB
from a distance of 240km, especially in cell radius of 0.5 km compared to smaller cells.
In this practical study, it was observed that the path loss between both gNBs is about 142
dB when the height of both antennas is 30 meters—a path loss value lower than the free
space propagation loss with the same distance.
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Fig. 1 lllustration of the remote interference (RI) problem stemming from the atmospheric ducting
phenomenon
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1.2 RIM and 5G NR

The remote interference problem stemming from the atmospheric ducting phenomena
has been recently investigated in 3GPP 5G NR technical reports, see e.g. [10]. There
the overall aim was to investigate possible mitigation schemes to improve the network
robustness against remote gNB interference, focusing primarily on TDD macro cells
with semi-static DL/UL configurations. To this end, the guard period (GP) between DL
and UL transmissions can already be increased in TDD-based long term evolution (TD-
LTE) networks if an aggressor gNB can be detected and identified [11]. In general, the
longer is the distance to the aggressor gNB, the higher is the number of UL symbols
impacted at the victim gNB as illustrated conceptually in the bottom part of Fig. 1. As
a concrete example, assuming subcarrier spacing (SCS) of 15 kHz mapping to a sym-
bol duration of 66.7 ps, and cyclic prefix (CP) of 4.7 ps, and considering 100 km dis-
tance between the aggressor and the victim gNBs, the propagation delay corresponds to
approximately five OFDM symbols. Relying on synchronized TDD macro cells to divide
UL and DL radio resources, the impact of this ducting phenomena is expected to be
even higher in 5G NR networks when deploying larger number of base stations com-
pared to TD-LTE scenarios [10]. Hence, efficient mechanisms for remote interference
management in NR (NR-RIM) should be investigated due to the large amount of pos-
sible interference sources with different propagation delays.

The fundamental task of NR-RIM is to detect when the remote interference occurs,
to identify the group of interfering gNBs, and finally to measure the propagation delays
between the aggressor and victim gNB or groups of gNBs. To this end, two potential
RIM reference signal (RIM-RS) designs were presented in a previous study [12] and eval-
uated in terms of remote interference detection probability together with the receiver
processing framework. The so-called one OFDM symbol (10S) RIM-RS design is pro-
posed based on the 5G NR channel state information reference signal (CSI-RS), while
the two OFDM symbol (20S) RIM-RS design is built similar to the LTE RIM-RS. The
preliminary findings in [12] show the suitability of the 10S RIM-RS when increasing the
number of gNBs transmitting different RIM-RS sequences, due to the shorter time dura-
tion of this design and the reduced probability for overlapping between sequences in the
receiver, compared to the 20S case. Specifically, both RIM-RS structures were evalu-
ated in the study in [12] to verify the achievable performance with increased number
of transmitting gNBs. Also, it was assumed that a a pool of different RIM-RS sequences
were transmitted from different gNBs within a given propagation delay range and using
the same frequency domain resources based on the 3GPP agreements [10].

1.3 Contributions and novelty

This article comprehensively extends the preliminary work and results in [12] in terms
of detection performance analysis in the RIM framework investigating possible propaga-
tion delay based gNB grouping and corresponding RIM-RS transmission schemes. It is
assumed that the network operator would group gNBs on a specific region to simultane-
ously transmit RIM-RSs, as the atmospheric ducting phenomenon is typically affecting
relatively large regions simultaneously. In the proposed approach, enhanced transmis-
sion schemes are analyzed to evaluate the achievable performance gain when using the
same frequency domain resources to transmit all RIM-RS sequences or when using
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frequency-division multiplexing to transmit either the same or, different base sequences
within a gNB group. In addition, we evaluate the achievable performance gain for both
RIM-RS designs by introducing enhanced receiver algorithms with increased number
of detection windows. The moderate increase in the detection complexity is alleviated
by the low periodicity of the RIM-RS and justified by the observed performance gains.
The obtained results indicate that the improved receiver processing algorithm assures
that both RIM-RS designs, 10S and 20S, can provide sufficient performance to detect
the remote interference under the atmospheric ducting phenomenon. In RIM scenarios
where large number of gNBs are deployed, propagation delay based gNB grouping and
using the same frequency resources for all RIM-RSs is shown to lead to the best detec-
tion performance. The presented methods and results provide novel findings for the first
practical RIM deployment scenarios in the presence of large number of gNBs, which are
not available in earlier studies in the related literature.

The rest of the paper is organized as follows: Sect. 2 describes the NR-RIM framework
at high level, the two RIM-RS designs used to detect the remote inter-gNB interference
and, the three propagation delay based gNB grouping schemes proposed to transmit
the RIM-RS sequences from multiple gNBs in 5G NR networks. Then, in Sect. 3, the
detection algorithm and considered performance metrics are described. In Sect. 4, the
detection performance of the proposed schemes and new detection methodology are
evaluated and analyzed. Finally, Sect. 5 concludes the paper.

2 Methods for RIM in 5G NR

2.1 High level NR-RIM framework

In TD-LTE networks, the RIM framework relies on manual intervention through OAM
(operations, administration and maintenance) to monitor and start or stop transmitting
the RIM-RS. There is therefore significant room for improvement in order to minimize
the manual intervention in the event of ducting phenomena and to increase the net-
work performance and efficiency. Depending on the network configuration, a group of
aggressor or victim gNBs, located in the same area where atmospheric ducting phenom-
enon occurs, may transmit the RIM-RS sequence within the same transmission period
and same ID group. Due to channel reciprocity, the interference can be measured in the
victim or aggressor side. In this context, the first 3GPP specifications for NR-RIM [10]
assume that the whole network with synchronized macro cells has a common under-
standing on the DL and UL transmission and reception boundaries.

Based on the study of different mechanisms [10], static and adaptive RIM schemes can
be considered in 5G NR. Static RIM schemes rely on network planning, i.e., configur-
ing large guard periods to cover long propagation delays that could provide robustness
against the ducting phenomenon. Besides, dynamic TDD configurations can be applied
when the RI takes place, such as UL or DL muting at victim or aggressor side, respec-
tively, as well as using orthogonal frequency multiplexed resources between victim UL
and aggressor DL. However, there is a trade-off between these RI mitigation schemes
and the achievable throughput performance. On the other hand, placing antennas at
lower height, or correcting the antenna tilt to reduce the interference power, may be
applied at victim side at cost of network coverage and average performance. Aiming to
increase the network efficiency, adaptive schemes can be applied only in the event of
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remote interference, such as the use of beamforming to attenuate received signal at the
victim side in the direction of the remote interference. For instance, in [13], it is pro-
posed to perform a beam nulling operation in the direction of the RI or in [14], it is
shown that the tropospheric ducting interference tend to be highly directional so the
interference level can be 10 to 30 dB higher at the antennas pointing towards the RI
source compared to the antennas pointing to other directions. Nevertheless, it should be
noted that although enhanced digital beamforming techniques can be expected to allevi-
ate the remote interference problem to certain extent, they cannot completely remove it.

The adaptive schemes require coordination between victim and aggressor gNBs to be
enabled. In the first NR-RIM framework, a set of victim gNBs located in an area affected
by atmospheric ducting, experience the so-called interference-over-thermal-noise
power response [10], illustrated in Fig. 2, and start RIM-RS-A transmissions using the
same RIM-RS and ID set. In particular, the sloping interference power response over
different UL OFDM symbols is caused by accumulated signals from several remote
aggressor gNBs or groups of gNBs with different distances. The RIM-RS-A signal allows
the aggressor gNBs to recognize the event of ducting and determine how many UL
resources are affected at the victim side. Upon reception of the RIM-RS-A, aggressor
gNBs apply RIM mitigation schemes, such as muting necessary DL resources, and start
to transmit RIM-RS-B signal to assist the victim side to decide whether the ducting phe-
nomena still remains. Victim gNBs continue monitoring the detection of RIM-RS-B and
may stop RIM-RS-A transmissions if RIM-RS-B is not detected and the sloping interfer-
ence power response goes down to normal levels. It should be noted that both RIM-
RS-A and RIM-RS-B carry different functionalities but should follow the same design
principles [10]. On the other hand, a second feasible NR-RIM framework can follow the
same workflow as described above, but the victim gNB set is informed of the reception
of the RIM-RS-A by the group of aggressor gNBs through the backhaul after applying
the corresponding mitigation scheme.

These potential RIM-RS frameworks and possible RIM backhaul-based signalling via
the 5G core network have been discussed in [10]. An example of a conceptual NR-RIM
framework is illustrated in Fig. 2 as captured in 3GPP agreements [10]. In this context,
this paper focuses on possible propagation delay based gNB grouping transmissions,
where gNBs located on the same area may simultaneously transmit the same RIM-RS
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Fig. 2 lllustration of the sloping interference-over-thermal noise power response at the victim side caused
by accumulated signals from several remote aggressor gNB groups located on different areas affected by
atmospheric ducting phenomena
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sequence allowing to differentiate them from other aggressor gNB groups based on
detected time delay or RIM-RS sequence.

2.2 NR-RIM reference signal designs

Two alternative RIM-RS designs are analyzed as exhibited in a previous study [12], fol-
lowing the RS requirements defined by 3GPP specifications [10]. In TD-LTE networks,
the RIM-RS adopts a repetitive structure so that the detection can be done at OFDM
symbol level in the receiver. Symbol level detection is considered also in 5G NR RIM
studies to reduce the detector complexity in the gNB.

2.2.1 10S RIM-RS

The existing NR reference signals support flexible configuration and could thus be con-
sidered as the starting point also for RIM-RS design. Considering the available syn-
chronization signals for the remote interference detection, e.g., primary and secondary
synchronization signals (PSS and SSS), we note that they may not be transparent to a
user equipment (UE) trying to perform initial access procedures and, therefore, they are
not considered for NR-RIM. The demodulation reference signal (DM-RS) is optimized
for channel estimation in synchronized operation and it is never transmitted in the last
DL symbol of a slot in 5G NR Release-15 [15], therefore, it is not considered in the NR
RIM-RS development. On the other hand, especially when considering the backward
compatibility, the NR CSI-RS which is defined only for DL can be mapped to any OFDM
symbol within a slot and can be signaled to be transparent to a UE. The CSI-RS design
also allows several resource allocation densities and may contain a repetitive structure
in the time domain within one OFDM symbol due to the comb-like mapping to the fre-
quency domain resources [15].

The 10S RIM-RS design, which builds on the 5G NR CSI-RS, supports a repetition
structure in the time domain within one OFDM symbol [15]. The so-called comb-like
mapping can be directly adopted in frequency domain for RIM-RS designs, where the
RS is transmitted in every Nyepth subcarrier, which corresponds to a Niep wise repeti-
tion structure in the time domain within one OFDM symbol [12]. In 5G NR Release-15,
the CSI-RS supports a comb-type mapping where the signal is allocated in every fourth
subcarrier in the frequency domain (referred to as comb-4), which is then observed as
4-times repetitive structure in the time domain within one OFDM symbol, as illustrated
in Fig. 3. The signal does not directly supports comb-1 and comb-2 structures, but pre-
liminary results [12] showed that by enabling 3 dB and 6 dB power boosting for comb-2
and comb-4 patterns, respectively, similar detection performance can be achieved for
all comb-patterns with a single sequence transmission from one gNB. In this case, the
CSI-RS power boosting sets the relative power boosting (in dB) of the CSI-RS associ-
ated with the physical downlink shared channel (PDSCH) relative to the PDSCH power.
Hence, the RIM-RS is transmitted without the physical downlink shared channel carry-
ing user data.

2.2.2 20S RIM-RS
In TD-LTE networks, the RIM-RS adopts a repetitive structure similar to the physical
random access channel (PRACH) preamble formats 2 and 3 [16]. The main difference
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Fig. 3 Time domain resource allocation for the comb-1, comb-2, and comb-4 pilot patterns in the case of
10S (left) and 20S (right) RIM-RS designs

between the RIM-RS and UL PRACH preamble designs is that the RIM-RS is assumed to
occupy the full allocation bandwidth. The 20S RIM-RS design, similar to the LTE RIM-
RS, builds on two identical copies of the selected full-band PRACH sequence while the
CP length is doubled to align the number of transmitted samples with two CP-OFDM
symbols. Similar to the 10S design, three comb-like mappings have been adopted in fre-
quency domain for the 20S RIM-RS. In addition, it was observed that all cyclic shifts
(CSs), i.e. cyclically shifting the comb-pattern in frequency domain, result in the same
detection performance. Therefore, both RIM-RS designs, 10S and 20S, support two
CSs for comb-2 and four CSs for comb-4, respectively, as shown in Fig. 3.

These RIM-RS structures are primarily designed to maximize the detection perfor-
mance in the NR-RIM framework. However, the 10S RIM-RS design could also be used
to perform channel interference measurements on neighbouring UEs located on the
same area. To achieve this, new transmission schemes can be deployed to group gNBs
located on a specific area affected by ducting based on the knowledge of the RIM-RS
sequences transmitted and resources allocated. Therefore, the RIM-RS resources from
neighbour gNBs can be interpreted as scheduled non-zero power CSI-RS resources
(NZP CSI-RS) or zero power CSI-RS (ZP CSI-RS). In this context, the 20S RIM-RS
design cannot be used for interference measurements as it breaks the symbol alignment
of the 5G NR physical layer.

2.2.3 Sequence generation

The achievable performance in terms of the detection, false alarm, and detection error
probabilities for both RIM-RS designs depends on the auto- and cross-correlation prop-
erties of the adopted sequences. Pseudo-random sequences generated from a length-31
Gold sequence are widely used in 5G NR [15, 17]. They provide good detection perfor-
mance due to the good auto- and cross-correlation properties and, hence, were assumed
as baseline for RIM studies [10]. In this study, a maximum number of eight different ini-

tialization values are assumed [12], which correspond to eight different base sequences
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to be detected. The base sequences were chosen so that their cross-correlation coeffi-
cients are below 0.1. The actual complex RIM-RS sequence, ry, is QPSK modulated and
defined for each base sequence # as

1
() = —[(A — 2¢,(28)) +j(1 — 2¢,(2s + 1))],
n($) ﬁ[( n(25)) + j( n( )] (1)
where s € {0,1,...,5 — 1}, and the pseudo-random sequence ¢, is defined in [15, Sec-

tion 5.2.1], for the eight given initialization values in [12], leading to the eight possible
base sequences. Considering the frequency domain comb-1, comb-2, and comb-4 RS
patterns, three different sequence lengths S = 600, S = 300 or S = 150 are evaluated,
respectively. Additional details on the selected sequences can be found from [12].

2.3 Considered NR-RIM transmission schemes

Following 3GPP guidelines as captured in [10], we verified in a previous study [12], the
achievable detection performance for both RIM-RS designs in simple scenarios, corre-
sponding to the cases C1, C2 and C3 in Table 1. In this study, we focus our evaluations
on the most challenging and practical scenario, case C4, for which preliminary detec-
tion performance results for a large number of gNBs transmitting simultaneously several
copies of different base sequences were depicted in [12]. For all the given evaluations
in [12], the RIM-RS sequences transmitted from different gNBs were uniformly distrib-
uted within the expected propagation delay range.

It is, however, expected that the number of gNBs deployed per operator and located in
different areas affected by ducting phenomenon will be considerably larger for practical
NR-RIM scenarios. Thus, to address this problem, this work concentrates on enhanced
transmission schemes to group gNBs located on a specific area to simultaneously trans-
mit RIM-RS sequences. As illustrated in Fig. 2, the aggressor gNB group g = 1, may
transmit the RIM-RS at different DL transmission time than the DL transmission time
of a gNB located on another area, i.e, aggressor gNB group g = 2, with the possibility
of using different RIM-RS sequence per gNB group to differentiate them either based
on detected delay or base sequence. The detection based on propagation delay requires
that in the network level there is information of the relative distances between different
gNB groups. We assume that the aggressor groups have uniformly distributed distances
to the victim gNB group, each group is comprised of Mg = 10 gNBs, and that the arrival
time of transmissions from gNBs within the same group can be any value within the
cyclic prefix duration. The main parameters used throughout this paper are summarized
in Table 2 for notational clarity.

Table 1 5G NR RIM evaluation cases

Case description Ns Mc
@ Single copy of a single sequence 1 1
(@ Multiple copies of a single sequence 1 10
a Single copy of multiple sequences {1,2,4,8} 1

c4 Multiple copies of multiple sequences {1,2,4,8} {80, 40, 20, 10}
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Table 2 Main parameters and their definitions used throughout this paper

Parameter Definition

Ns € {1,2,4,8} Number of different base sequences used in the network. In this work, the maximum
number of different base sequences is limited to eight

ne{01,...,Ns— 1} Base sequence index

Mc € {10,20,40,80} Number of gNBs transmitting a copy of the same base sequence

Mgng = NsMc Total number of gNBs transmitting a RIM-RS and the number of sequences arriving to
the receiver within a delay window

Mg =10 Number of gNBs per group. In this work, a constant value of 10 is assumed

me{0,1,...,Mg — 1}  gNBindex within a gNB group

G = Mgng/Mc Number of aggressor gNB groups

ge{01,...,G=1} Aggressor gNB group index

K = 600 Total number of resource elements (REs) allocated for the base sequence

ke{01,...,K—1} Frequency domain RE index

S Length of the used base sequence

se€{0,1,...,5—1} Sample index within the used base sequence

cef{0,1,2,3} Cyclic shift index used for transmitting a specific base sequence. Maximum number of
cyclic shifts depends on the used frequency domain comb-pattern.

Nrep € {1,2,4} Number of time domain repetitions with comb-1, comb-2, and comb-4 frequency
patterns.

Scheme A

Scheme C

Scheme B

m=Mg-1

RE per PRB
RE per PRB
RE per PRB

2 E g

m m

Fig. 4 lllustration of the considered remote interference scenarios for one aggressor gNB group with

Mg = 10gNBs, in the case of Ns = 4 different base sequences used in the network and highlighted with
different colors forn = 0 (green), n = 1(yellow), n = 2 (grey), and n = 3 (red). The RIM-RS transmissions are
assumed to use comb-4 pattern and may use four cyclic shifts, denotedasc = 0,c = 1,c = 2,and ¢ = 3,

to frequency multiplex the transmitted RIM-RS per gNB. The three proposed RIM-RS transmission schemes
are defined as: scheme A using the same cyclic shift for the base sequence transmitted within a gNB group,
scheme B using different cyclic shifts for different base sequences transmitted by different gNBs in the group
and, scheme C using a different cyclic shift for transmitting the same base sequence from different gNBs in
the group

Prior studies [12] were carried out by transmitting all RIM-RS sequences using the
same frequency domain resources to provide first detection performance comparison
between RIM-RS designs based on 3GPP evaluation assumptions [10]. This scenario
corresponds to the so-called Scheme A, as illustrated in Fig. 4. The auto- and cross-
correlation properties of the selected sequences dominate the detection performance
and separation capability between different sequences. Hence, mapping the RIM-RS
sequences from an aggressor or victim gNB group to different frequency resources
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could improve the detection performance achieved in NR networks in presence of
large amount of interference sources. The aforementioned scenario corresponds to
the proposed Scheme C, as illustrated in Fig. 4.

On the other hand, the 10S RIM-RS design opens up the possibility of performing
channel interference measurements on UEs served by the gNBs in the aggressor group,
assuming that the UEs can interpret the RIM-RS resources as NZP CSI-RS or ZP CSI-RS
resources. Therefore, allocating several base sequences to different frequency resources
within the same gNB group, allows UEs to perform RIM-RS based interference meas-
urements based on the knowledge of different base sequences and frequency resources
used by the neighbour gNBs. This scenario corresponds to the proposed Scheme B in
Fig. 4. As we noticed in Sect. 2.2, the 20S RIM-RS design cannot be used for interfer-
ence measurements by the UEs as it breaks the symbol alignment of the 5G NR physi-
cal layer. The evaluation of the considered RIM-RS transmission schemes from the UE
interference measurement point of view is an interesting future research topic.

The presented schemes facilitate the RIM-RS sequences transmitted from sev-
eral gNBs within a group to be frequency multiplexed by assigning them with differ-
ent CSs. The transmission schemes proposed in this study to group RIM-RS sequences
transmitted from several gNBs in the NR-RIM framework are illustrated in Fig. 4, when
using a comb-4 structure as an example. More specifically, the exact frequency domain
resources used for the transmitted sequences are illustrated for one aggressor group
comprised of Mg = 10 gNBs.

The frequency domain response of all transmitted RIM-RSs within an area
affected by ducting phenomena is defined as o for each aggressor gNB group
g€{0,1,...,G—1} and gNB m € {0,1,... Mg — 1} within the aggressor group. Here,
G is the number of aggressor gNB groups and Mg is the number of gNBs per aggressor
group. The sequence r, is mapped to corresponding RIM-RS, &€, according to

a8 (k) = \/Nreprn(s), i

where s € {0,1,...,S—1}, n€{0,1,...,Ns — 1} and Ns is the number of used base
sequences, k = sNyep + ¢ is the specific frequency resource element to which the signal
component is mapped, and ¢ € {0, 1,2, 3} is the CS value used for gNB index m in gNB
group index g. Scaling the pseudorandom sequence r,, with the square root of the num-
ber of repetitions, Nyep, normalizes the transmitted signal power to same level with dif-
ferent frequency domain comb patterns.

The exact design principles for each scheme, the used cyclic shift value ¢, and the base
sequence index n, can be described and summarized as follows:

Scheme A) Following the design assumptions in [10], all RIM-RS sequences are trans-
mitted using the same frequency domain resources and aggressor gNBs
are grouped according to the base sequence transmitted. In this case, the
used cyclic shift is defined as

¢ =ca,
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where ¢y is the network specific cyclic shift value used in all gNB groups. The sequence
index used for a specific gNB group is defined as

n = mod(g, Ns). (4)

Scheme B)  The different base sequences are multiplexed in frequency domain using
one CS per sequence. For the comb-4 structure, two different CSs are
used per base sequence when Ns = 2 base sequences are used in the net-
work, while one CS is used per base sequence when Ng = 4 sequences are
used in the network. When Ng = 8 different base sequences are used in
the network, two sequences are mapped to the same frequency resources,
which could lead to a performance degradation due to the cross correla-
tion properties of two overlapping base sequences. For the comb-2 pat-
tern, the same logic is followed to multiplex the different base sequences.
In this scheme, all M¢ copies of the same base sequence are transmitted
using the same CS, and the gNB specific CS is defined as

c = mod(m +gMG, Nrep)' (5)

The sequence index used for a specific gNB is defined as
n = mod(m + gMg, Ng). (6)

Scheme C) Within a gNB group, each copy of the same base sequence is mapped to
the frequency domain using a different CS. In this scheme, the gNB spe-
cific cyclic shift value is given as

c = mod(Wl +gMG; Nrep)' (7)

The sequence index used for a specific gNB group is defined as

n = mod(g, Ns). 8)

3 Detection algorithms and performance metrics

3.1 Detection algorithm

The main processing approach for the remote interference detection is to coherently
combine the received RIM-RS repetitions within one detection window, after a sequence
correlation in the frequency domain against a local replica of the RIM-RS signal, as
described in [12]. This process, including correlation peak based weighted averaging of
time domain repetitions, is described in Algorithm 1.

A fixed detection threshold for the correlator output was used in [12], based on Che-
byshev’s inequality [18], for the so-called Detector 1. This detector provides slightly
degraded final detection performance due to non-constant false error probability. In this
study, we introduce an enhanced receiver algorithm, Detector 2, where we use the infor-
mation of the distribution of the noise correlation peaks to obtain the proper detection
threshold. The distribution is collected from the correlator outputs with inputs contain-
ing only noise, obtained when the RIM-RS is not transmitted, to enhance the detection
performance and to update the detection threshold based on a given false alarm target
as described in Algorithm 2. This allows us to accurately match the targeted false alarm
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Fig. 5 lllustration of the detection algorithm used for both 5G NR RIM-RS designs. The arrival time A, of
one RIM-RS can be any value within [-Lsymp, Lsymp] Wrt. the start of the reference detection window W2.
Non-overlapping detection windows (W1, W2, W3) are aligned to the UL OFDM symbols and multiple
overlapping windows (W4 to W9) are defined to improve detection reliability

Table 3 Physical layer parameterization and detection algorithm design

Simulation assumptions

Carrier frequency (GHz) 35
Bandwith (MHz) 20
Sub-carrier spacing (kHz) 30
Slot duration (ms) 0.5
Channel model AWGN with random phase rotation or TDL-E
Symbol duration (Lsymp) FFT size + CP length = 1024 + 72
Antenna configuration 1Txx 1Rx
Waveform CP-OFDM
Detection algorithm
N2 detection windows (Ny) 5,9 (10S) or 3,5 (205)
Sequence type Length-31 Gold Sequence
Frequency pattern comb-1,-2 or-4
Sequence length (S) 600, 300 or 150
Detection window length 1 X Lsymp
Delay window length (Weymp) 3 X Lsymb

probability in all evaluated scenarios. Both algorithms, Detector 1 and Detector 2, are
evaluated and compared in the upcoming evaluations for both 5G NR RIM-RS designs.
The main physical layer parameters and most essential parameters of the detection algo-
rithm are defined in Table 3.

A high level illustration of the detection windows location and delay window defini-
tion is provided in Fig. 5. The detection window length, Ly, corresponds to one uplink
OFDM symbol and for simplicity, we assume that the RIM-RS and UL OFDM symbols
have equal lengths. The delay window length, Wy, corresponds to three OFDM sym-
bols, and it defines the time interval within which the receiver is able to detect the RIM-
RS given the propagation delay range of [~Lgsympb, Lsymb] [10]. As pointed out in [12], the
doubled length of the 20S RIM-RS provides higher detection probability compared to
the 10S RIM-RS design and, therefore, we noted that at least two (W, W3) and three
(W1, Wa, W3) non-overlapping detection windows for the 20S and 10S RIM-RS designs,
respectively, were required to detect any RS arriving within the delay window Wy pp. To
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improve detection performance in [12], the number of used detection windows is set to
three and five for 20S and 10S RIM-RS designs, respectively. These values are assumed
as a baseline in this study.

We evaluate the achievable performance gain obtained for both RIM-RS designs by
introducing additional detection windows when using the enhanced detector, Detec-
tor 2. For the 10S RIM-RS, the detection performance is analyzed when introducing
four additional overlapping windows (W, W7, Wg, W) delayed 1/4 and 3/4 times Lsymb
with respect to the first detection window W1, as illustrated in Fig. 5. For the 20S RIM-
RS design, we analyze the detection performance including two additional windows
(Wa, W5). Due to the low periodicity of the RIM-RS, five and nine detection windows
for the 20S and 10S RIM-RS designs, respectively, can improve the detection reliability
without significantly increasing the overall detection complexity. Further increasing the
number of detection windows does not provide any significant gain.

Algorithm 1 Detection algorithm

1: Nglots =0 > Number of received slots
2: Yk > Received RIM-RS samples
3: Ngg =0 > Number of slots with allocated RIM-RS
4: for s =1 to Ngjots do > Loop over slots
5: forn =1 to Ns do > Loop over base sequences
6: for j =1 to Ny do © Loop over detection windows
7: for k =1 to NrCp do > Loop over time repetitions
8: gk = { F{yj,k}} > Correlation
9: Tn,j,k = max(lbn,j,k|2)

10: end for

11: ty = Tnjk/ ZkN:lp T j,k > Peak based weighting
12: o, = Zk P tiby, ik

13: on = Conca,tenate(o,,l7 on,j)

14: end for

15: p(n) = max (|on\2) /mean (|on|2)

16: end for

17: if RIM-RS scheduled in this slot then

18: z, = concatenate(z,, p)

19: NRrs = Nrs + 1

20: else if RIM-RS not scheduled in this slot then

21: w = concatenate(w, p)

22: end if

23: end for

Algorithm 2 Threshold determination for Detector 2
: Pp=0.01 > False alarm probability target

. _ length(w)
: u = round (W

! Wsort = sort(w)
¥ = Wsort (1) > Detection threshold
forn=1 to Ns do
dn, = length (find(z,, > 7))
Py, =dn/Ngrs
end for
Py = Egil Py, /Ns > Detection probability

CoNORrW M H
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3.2 Performance metrics

One of the main purposes of the upcoming evaluations is to compare the two RIM-
RS designs and define the minimum SNR requirements where the RIM-RS can still be
detected under large propagation delays. To this end, the following three metrics are
used in the evaluations [10]:

1. The detection probability (P;) is defined as the probability of detecting a sequence
in a detection window given that the sequence is present in that detection window.
As there are multiple detection windows within a delay window, if a sequence is
detected in multiple adjacent detection windows, it is considered only once for the
detection probability. Target value is 90%.

2. The false alarm probability (Py) is defined based on detecting any of the sequences in
a detection window when no sequence was transmitted. Target value is 1%.

3. The detection error probability (Pe) is defined as the probability that the detected
sequence does not correspond to the possible set of active sequences actually arriv-
ing within the detection window. Target value is 1%.

4 Results and discussion on RIM-RS detection performance

All evaluations are performed using a 3GPP 5G NR standardization compliant radio
link simulator based on the agreed simulation assumptions for the Release-16 NR-RIM
study item [10]. An additive white Gaussian noise (AWGN) channel model with ran-
dom phase rotation is assumed as a baseline to evaluate the detection performance of
different 5G NR RIM-RS transmission schemes [10]. We extend the analysis by includ-
ing a tapped-delay-line (TDL-E) fading channel model [19], which models a line-of-sight
channel with first tap following Ricean distribution with a K-factor of K = 22 dB and a
root-mean-squared delay spread of 30 ns. The main link level parameters used in this
study are summarized in Table 3.

Focusing on the most realistic scenarios in the NR-RIM framework, the main topic
of this study is to comprehensively evaluate the RIM-RS designs with multiple different
RIM-RS sequences transmitted from multiple gNBs, corresponding to case C4. First, ref-
erence performance results are shown in the upper part of Table 4, following simulation
assumptions as depicted in [12]. Then, we evaluate the achievable gain obtained by using
the enhanced receiver algorithm, defined as Detector 2, with and without increased
number of detection windows and the results are shown in the lower part of Table 4.
Next, we evaluate the performance improvement in terms of detection probability for
all proposed grouping-based RIM-RS transmission schemes in Table 5. Finally, perfor-
mance results for a fixed number of simultaneously transmitting gNB are illustrated
in Table 6. In all the cases and upcoming numerical results, we target 90% detection
probability under the 1% false alarm rate and the 1% detection error rate, as discussed
in Sect. 3. For the cases where 90% detection probability is not achieved, the detection
probability at -10 dB SNR point is provided.
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4.1 Receiver detection algorithm enhancements

The detection probability results are presented in the upper part of Table 4 in line with
earlier results in [12]. These results highlight that the 10S design outperforms the 20S
design in the more challenging scenarios with up to 40 or 80 gNBs transmitting a RIM-
RS sequence. In the specific case of Mgng = 80 and AWGN channel, the 20S RIM-RS
design is not able to achieve the 90% detection probability target value even with the
comb-1 pattern.

The detection performance results obtained using the new detector threshold defi-
nition based on the knowledge of the receiver noise correlation statistics are sum-
marized in the middle part of Table 4. It should be noted that in this case, all RIM-RS
sequences are transmitted using the same frequency domain resources from gNBs uni-
formly located within a given propagation delay range, similarly to [12]. In general, sig-
nificant performance improvement is achieved with a sequence detector optimizing the
false alarm probability. In addition, all evaluated cases are able to achieve the detection
probability target for comb-1 and comb-2 patterns, opening up the possibility of using
frequency-division multiplexing schemes with comb-2 layouts. The 10S design pro-
vides better performance compared to the 20S design when using comb-2 and comb-4
structures as highlighted for the results obtained using Detector 1, when using five and
three detection windows for 10S and 20S RIM-RS design, respectively. The 10S design
could be more suitable for remote interference detection in the most realistic scenar-
ios with larger number of base stations deployed, i.e, 40 and 80 gNBs, and with four or
eight sequences used in the network. This relates to the higher interference and overlap
between sequences with the 20S RIM-RS due to its longer time duration [12]. These
results motivate the analysis of the maximum achievable performance using a fixed
number of simultaneously transmitting gNBs in practical scenarios, i.e, 80 gNBs, using
different number of sequences Ng in the network, as will be discussed in Sect. 4.3.

Performance results for the enhanced receiver algorithm with increased number of
detection windows are shown in the lower part of Table 4. Intuitively, increasing fur-
ther the number of detection windows from five to nine for the 10S RIM-RS design
and from three to five for the 20S RIM-RS design provides higher probability to cap-
ture maximum amount of received energy of the transmitted sequence within a single
detection window. In addition, even though the received RIM-RS is not perfectly aligned
to a specific detection window, using more detection windows increases the probability
to detect the signal under varying interference conditions. In comparison to the perfor-
mance results evaluated for lower number of detection windows, up to 3 dB gain can be
achieved when 40 gNBs are transmitting simultaneously. Especially, for the 20S design,
increasing the number of the detection windows improves the performance with comb-2
and comb-4 when Mgng = 80. For the case of 80 gNBs, the 90% detection probability
target value can be achieved in all cases and with both RIM-RS designs, highlighting
the potential use of frequency multiplexing between gNBs or gNB groups. In addition,
with increased number of detection windows, the performance of 10S and 20S RIM-RS
designs is quite similar in different scenarios.

In general, distances in the range of 64 to 400 km between aggressor and victim gNBs
groups can be assumed based on trial results from TD-LTE networks [10], where the
largest contribution to the interference was due to the base stations within a distance
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of 150 km. In general, based on [3], the pathloss can be smaller than the free space path
loss in the case of atmospheric ducting phenomenon. Aiming to provide a conservative
estimate of the SNR required to detect the remote interference we use Friis transmis-
sion equation [20] for pathloss modeling assuming 3.5 GHz carrier frequency, -101 dBm
noise power for the active band used by RIM-RS, and a typical base station transmission
power of +43 dBm. In that context, the SNR requirements to detect the remote interfer-
ence corresponds to approximately -2.5 and -11 dB for 150 and 400 km, respectively.
Therefore, these results highlight that the improved detection algorithm assures that
both RIM-RS designs can provide sufficient performance to detect the remote interfer-
ence under the atmospheric ducting phenomenon in all cases described in Table 1. Nev-
ertheless, the good performance achieved using comb-2 or comb-4 structure with the
10S design allows the RIM-RS to be frequency multiplexed with other DL transmissions
among gNBs within the region of the gNB group. The 20S RIM-RS design breaks the
symbol alignment of the 5G NR physical layer and thus does not allow to multiplex DL
transmissions. Based on these results, the enhanced receiver algorithm is assumed and

deployed in all the upcoming evaluations.

4.2 Propagation delay based gNB grouping transmissions

The performance obtained when grouping several gNBs located in the same area into
sets of Mg = 10, as illustrated in Fig. 2, is shown in Table 5 for the considered schemes
A, B, and C. The most significant gain in performance is obtained for the case of four
or eight base sequences used in the network compared to the results shown in Table 4
without grouping. When larger number of gNBs are deployed in practical RIM scenar-
ios, such as 40 or 80 gNBs, the benefit of grouping them according to the base sequence
transmitted improves the receiver detection processing assuming different transmission
time for each group, especially with 20S RIM-RS design. On the other hand, there is
no benefit on using grouping-based RIM-RS transmission schemes in scenarios with
20 gNBs or less deployed, and when just one or two base sequences are used in the
network.

Focusing mainly on the most practical RIM scenarios with more than 20 gNBs located
on an area affected by ducting phenomenon, better results are systematically obtained
using schemes A and B, when the different base sequences are multiplexed using same
CS per sequence, compared to scheme C, where different CSs are used to transmit the
same sequence from different gNBs. The separation capability to distinguish between
transmitted RIM-RS sequences is related to the auto- and cross-correlation properties of
the selected sequences. It should be noted that when the received sequence is not fully
located within the detection window, the correlation between the received RIM-RS and
the local reference is deteriorated leading to high error detection probability. Hence, due
to the lower number of copies per sequence allocated within a specific CS in scheme C
for comb-2 and comb-4 structures, the achievable detection performance is degraded.

The detection performance improvement attained by schemes A and B in the NR-RIM
framework suggest their suitability to take them as baseline for grouping-based RIM-RS
transmissions. All evaluated cases assure the detection of the remote interference for
both RIM-RS designs based on the SNR requirements described in Sect. 4.1. Therefore,
in the case of transmission scheme B, the 10S design could be used to allow UEs within
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the transmitting gNB group to perform interference channel measurements by using the
scheduled RIM-RS as ZP and NZP CSI-RS. Nevertheless, in the specific case of eight
different sequences and eight aggressor gNB groups in the network, results obtained
by using transmission scheme A achieve better performance. In addition, this scheme
can be used to differentiate aggressor gNB groups by the transmitted sequence leading
to the possibility of applying corresponding RIM mitigation schemes directly based on
detected sequence.

4.3 Fixed number of simultaneously transmitting gNBs

As a final example, we focus on a fixed number of simultaneously transmitting gNBs and
on the comparison of the achievable gain obtained with transmission scheme A against
uniformly distributed gNB delays. The detection performance results shown in Table 6,
analyze the maximum achievable performance within the NR-RIM framework when the
total number of gNBs transmitting a RIM-RS sequence is fixed to Myng = 80, and with
varying number of base sequences used in the network. Based on the presented evalua-
tions, at least 80 gNBs sharing the same base sequence can be supported while ensuring
high detection probability with the assumed enhanced receiver algorithms. This indi-
cates that relatively large gNB groups can be supported in practical scenarios to improve
detection reliability. In comparison to results shown in Table 4, increasing the number of
transmitted copies per base sequence considerably improves the detection performance.

The gNB grouping based on scheme A allows to clearly improve the detection per-
formance when multiple base sequences are transmitted in the network. As without
grouping, the lowest detection SNR is achieved when all gNBs are transmitting the
RIM-RS using the same base sequence. These results also indicate that with multiple
base sequences the group size could be increased further with scheme A to improve
the detection performance. The most important feature of gNB grouping based on the
presented scheme A is that it allows to identify different groups based on the detected
base sequence with high probability when using the presented enhanced detector. This is
not possible in the non-grouping based approach, in which no clear structure is given to
gNBs to enable adaptive RIM solutions.

This feature of scheme A is of particular significance considering that the atmospheric
ducting phenomenon is typically affecting relatively large regions simultaneously and the
need of coordination between operators, possibly operating in different countries, can
be expected in the NR-RIM framework. Therefore, grouping gNBs deployed per opera-
tor following the scheme A can help to apply adaptive RIM mitigation schemes between
different operators, possibly even in different countries.

5 Conclusion

In this article, the remote radio interference stemming from atmospheric ducting phe-
nomenon was studied, with particular emphasis on 5G NR networks. Two alternative
reference signal structures for remote interference detection were described, together
with the corresponding receiver processing framework and algorithms. In addition,
three feasible propagation delay based gNB grouping schemes were presented and eval-
uated in the NR-RIM framework, together with enhanced receiver algorithms, targeting
to improve the detection performance with large number of gNBs and base sequences.
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The obtained detection performance results show that in practical 5G NR deploy-
ment scenarios, the performance of 10S and 20S RIM-RS designs are approximately
on the same level. The overhead of the 10S RIM-RS design is smaller and allows to be
frequency multiplexed with other DL transmissions, e.g., allowing to use them for NR
CSI measurements for UEs served by the gNBs in the gNB group transmitting the RIM-
RS, when comb-2 or comb-4 structure is used. The formulated improved detection algo-
rithm with fixed false alarm rate and increased number of detection windows assures
that both RIM-RS designs can detect the remote interference under the atmospheric
ducting phenomena for all evaluation cases described in the latest 3GPP specifications
for NR-RIM.

Overall, propagation delay based gNB grouping using the presented scheme A provides
the best detection performance among all grouping-based transmission schemes with up
to 80 simultaneously transmitting gNBs. On the other hand, frequency multiplexing the
different base sequences using scheme B provides better detection performance results
than frequency multiplexing the same base sequence over different frequency resources
using scheme C. In this case, the lower number of copies of transmitted sequences with
a specific cyclic shift degrades the achievable detection performance. Hence, schemes
A and B can be considered as potential candidates for grouping-based RIM-RS trans-
missions due to the improved detection performance. The proposed scheme B provides
improved possibilities for UE interference measurements, but does not support base
sequence based gNB group identification. For the proposed scheme A, victim or aggres-
sor gNB groups can be differentiated by the transmitted base sequence, leading to the
possibility of applying adaptive RIM mitigation schemes.
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duplexing; TDL: Tapped delay line; UE: User equipment; UL: Uplink; ZP: Zero power.
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