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Abstract

This deliverable provides refined channel model suitable for mobile backhaul. The channel model is based
both on ray tracing of a realistic train deployment scenario and actual measurement campaign. This
deliverable also includes the finalized architecture for the moving hotpots and the related mobility
management algorithms, including the positioning and data-rate trade-off analysis, coverage analysis,
random access, and handover triggering of high speed train scenario.
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1 Introduction

The objective of this deliverable is to provide the final results on mobility framework, which is
of one of the main concerns of the 5G CHAMPION project. More specifically, since the target
is to achieve multi-Gbps transmission over very high mobility scenario up to 500 km/h,
reliable channel modeling is needed as a prerequisite for evaluating mobility support
schemes. Several link-level mobility management schemes are of interest including
positioning, random access, handover triggering, and so on.

We first study mmWave channel modeling for high mobility scenario. For accurate and
reliable channel modeling, extensive channel measurement campaigns are conducted on an
actual railroad environment. Key channel modeling parameters include path loss, RMS delay
spread, and RMS azimuth/zenith angle spread of arrival. Based on the extracted actual
measurement, channel modeling is done using several tools such as QuaDRiGa and ray
tracer. Using the developed channel models, mobility-related functionalities are evaluated in
a link-level.

Analysis of mmWave-based beamforming system is also important. Regarding this issue, we
analyze the effects of positioning error and beam alignment error on coverage. In addition,
fundamental trade-off between distance estimation accuracy and data rate are also
investigated.

We also provide coverage analysis which contains the closed-form expression for the
coverage probability. It can be useful when determining, for example, inter-RRH distance and
transmit power. Nakagami-m fading model is employed so as to reflect various LoS ratio. The
link-level performance is also evaluated using the 3GPP 5G NR channel model.

Finally, random access schemes to support initial access and mobility procedure are
developed. More specifically, random access preamble formats and handover triggering
schemes are investigated in-depth.

This deliverable is organized as follows. We first provide channel modeling issues in Section
2. Then, the analysis on the effects of positioning is discussed in Section 3. Section 4
discusses coverage analysis, link-level evaluation, random access, and mobility support.
Section 5 concludes the deliverable.
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2 mmWave channel modeling for high mobility

2.1 Channel measurement and modeling of a rural 28 GHz HST
scenario (HHI)

To accurately model the mmWave communication channels, it is necessary to thoroughly
measure the wireless propagation scenario. In this chapter, we present the measurement and
modeling of a 28 GHz high speed train (HST) channel in a rural scenario. The measurements
were carried out at a freight depot with several train tracks, trees, and buildings. Using a
wideband channel sounder setup operating at 28 GHz, the channel was spatially captured
both in a large-scale and small-scale manner. A full set of parameters have been extracted to
characterize the propagation environment in terms of path loss, delay-related channel
parameters, and angle-of-arrival properties as well as parameter correlations and
decorrelation distances. The parameter table was then integrated into the QuaDRiGa channel
model [7], which has been derived from existing GSCMs such as the WINNER [8] and 3GPP-
3D [9] channel model. Both the large and small scale fading parts of the model were
extended to overcome drawbacks and limitations of the state-of-the-art approaches,
especially in the department of the mobility of MTs. Since the environment can be assumed
as being mostly static, the parameters gained from the measurements carried out at low
speed can be transferred to high mobility scenarios by scaling the motion speed in the
geometry-based stochastic channel model (GSCM).

In 2.1.1, the measurement campaign is introduced with an overview of the channel sounder
hardware and a description of the scenario. The parameter extraction process is described in
2.1.2. An overview of the challenges of channel modeling for high mobility scenarios is given
in 2.1.3. Finally, in 2.1.4 the parameter table is shown and the extension of the QuaDRiGa
channel model for HST communications is described.

211 Measurement Campaign

The channel measurements were conducted using an advanced instrument-based time
domain channel sounder setup depicted in Figure 1. The sounding signal, a periodic Frank-
Zadoff-Cho (FZC) sequence, is generated by an FPGA-based signal generator at an
intermediate frequency (IF) of 3 GHz with a bandwidth of 933 MHz. A signal duration of 96 ps
was chosen, leading to an 89,568 element FZC sequence, which yields a processing gain of
49.5 dB. The sounding signal is converted up to 28 GHz (A = 10.71 mm) and fed through a
power amplifier with an average power of 34 dBm. It is then transmitted using a vertically
polarized omni-directional antenna with a gain of 0 dBi.
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Figure 1: Channel sounder setup used for measurements

A virtual circular array antenna (VCA) is used at the receiver side. After the received signal is
fed through a low-noise amplifier, it is captured by a signal analyzer with a resolution of 16 bit
and stored as base band samples. Synchronization between transmitter (Tx) and receiver
(Rx) is achieved by using a high precision rubidium clock, which allows both sides to operate
completely independent and also enables coherent triggering of the Rx. Before each
measurement, the system is calibrated on site.

The main challenge in generating a channel model for a HST scenario is the measurement
campaign necessary to parameterize the wireless propagation channel. Access to railway
environments is usually much more restricted than for other rural scenarios. The
measurements for this campaign were conducted at a freight depot in Elstal, near Berlin,
Germany. Several train tracks run in parallel, limited by trees on either side. Figure 2 shows a
map of the measurement location. Both the transmitter (Figure 3) and receiver (Figure 4)
were placed on the beds of pick up trucks which were used as measurement vehicles. The
antenna heights were chosen to represent a mobile backhaul scenario with the fixed
transmitter resting at a height of 5m above ground and the mobile receiver at a height of 3m
above ground.
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Figure 2: Map of measurement location with Tx positions and Rx paths

Two different Tx positions and three Rx paths were used for the measurements. During the
measurements on Rx path 1, the transmitter was at Tx position 1. The measurements on Rx
paths 2 and 3 were conducted with the transmitter at Tx position 2. On all paths, the minimal
distance between transmitter and receiver was 40m. The line of sight was unobstructed on
Rx paths 1 and 2, on Rx path 3 the condition was mostly obstructed or non-line-of-sight
(OLoS/NLoS).

On each Rx path, two different types of measurements were conducted. The large scale
effects were captured by moving the receiver at a constant speed of 1.75 m/s for a distance
of up to 850 m. During each measurement, 5000 channel impulse response (CIR) snapshots
were captured, resulting in one CIR snapshot every 17.5 cm. The VCA was fixed during the
large scale measurements and acted as a simple vertical dipole. The angles of arrival (AoA)
were captured at 20m intervals at fixed positions on each path using the rotating VCA. During
these measurements, 1000 CIR snapshots corresponding to the 1000 virtual array elements
were taken for each position.
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Figure 3: Fixed transmitter at Tx position 1

Figure 4: Mobile receiver on Rx path 1

2.1.2 Parameter Extraction

Power delay profiles (PDP) were derived from the CIRs captured by the channel sounder in
order to extract the parameters for the channel model. In the PDPs, the multipath
components (MPC) were identified, whereas MPCs with a power less than the PDP’s median
plus an absolute threshold of 13 dB are discarded as noise. The so-called instantaneous
power delay profiles (IPDP) were calculated based on the large-scale measurements while
the 1000 PDPs for each AoA measurement position were averaged into so called averaged
power delay profiles (APDP). Based on the IPDPs and APDPs, statistical parameters have
been extracted. An in-depth explanation of the measurement data processing and parameter
extraction is in [1]. For the parameter extraction, only the data from Rx paths 1 and 2 in pure
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line of sight condition was taken into account. On Rx path 1 this was from 40 to 550m, on Rx
path 2 from 40 to 350m.

21.21 Path Loss

A path loss model was derived using a linear least squares fit to the data from the large-scale
measurements. The cumulated power of the MPCs was averaged over six consecutive
IPDPs in order to minimize small-scale fading effects. A path loss model was then fitted
based on the data in pure LoS condition. The resulting path loss exponent and shadow fading
parameter are given in Table 1, where Ly, (d,) is the mean path loss at the reference
distance d,. In accordance with the model, the mean path loss at the reference distance was
set to be equal to the free space path loss (FSPL). The LoS path loss, fitted model, and FSPL
are illustrated in Figure 5.
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Figure 5: Line-of-sight path loss and fitted model

21.2.2 RMS Delay Spread

For the calculation of the root mean square (RMS) delay spread (Ds), a relative evaluation
threshold of 30 dB to the IPDPs of Rx paths 1 and 2 in LoS condition. The cumulative
distribution function (CDF) of the RMS DS on a logarithmic scale together with the fitted
model is shown in Figure 6. The statistical parameters are given in Table 1.
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Figure 6: CDF of RMS delay spread, logarithmic scaling

21.23 RMS Azimuth / Zenith Angle Spread of Arrival

The RMS angle spreads of arrival in both azimuth (ASA) and zenith (ZSA) were estimated
based on the AoA measurements conducted using the VCA. Similar to the RMS delay spread,
an evaluation threshold of 30 dB was applied on the data from Rx paths 1 and 2 in LoS
condition. The CDF of the RMS ASA and ZSA is shown in Figure 7. Again, the statistical
parameters are given in Table 1.
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Figure 7: CDF of angle spread
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21.3 Channel Modelling for High Mobility

Continuous time evolution of channel traces is the most challenging aspect of channel
modeling for high mobility. In one approach for short-term time evolution, which was added to
3GPP-SCM by Xiao et al. [2], the positions of the last-bounce scatterers (LBS) are calculated
based on the arrival angles of individual MPCs. Delays and phases are updated upon
movement of the mobile terminal (MT). Most channel models, however, do not incorporate
this technique, therefore limiting the mobility of MTs to just a few meters. Another approach is
considered by the COST model [3]. Groups of randomly placed so-called scattering clusters
are introduced. These clusters fade in and out depending on the position of the MT. A
simplified version of this method was presented by Czink et al. [4] where clusters fade in and
out over time. This concept lead to further research on the birth and death of scattering
clusters [5] and a model for non-stationary channels by Wang et al. [6] that allows the
scattering clusters to be mobile.

QuaDRiGa [7] is a channel model that has been derived from existing GSCM such as the
WINNER [8] and 3GPP-3D [9] model at Fraunhofer HHI. It supports time evaluation and 3D
propagation effects. The large and small scale fading parts of the model were extended in
several ways to support highly mobile MTs. Two key aspects in this are drifting and transition
between segments.

21.31 Drifting

To ensure spatial consistency, the path delays, powers, and angles need to be constantly
updated when the MT moves to a different location. When this is not done, the channel
coefficients at the output of the channel model do not agree well with the reality. A simplified
approach is used by most state-of-the-art GSCMs like the 3GPP-3D [9] model. Each MPC
gets assigned a Doppler shift based on the initial arrival angles, but the angles and path
delays remain unchanged. Additionally, the movement of an MT cannot be explicitly modeled
and is assumed to be with a constant speed in a fixed direction. With QuaDRiGa, the user
can specify a trajectory along which the MT moves. This trajectory is then divided into several
meters long segments. It is assumed that the wide sense stationary (WSS) properties of the
channel remain more or less constant for the time it takes the MT to traverse through the
segment. At the edge of each segment, the birth and death of MPCs is treated. By updating
the path parameters like delay, angles, and phases for each MT position along the segment,
a continuous time evolution is incorporated.

21.3.2 Transition between Segments

Of course, scatterer positions are not fixed and the channel is only WSS for a short path of
the MT trajectory. Whenever the MT moves over a larger distance, the large scale
parameters will change because the MT will see different scattering clusters. In order to be
able to support longer MT trajectories, the channel model therefore needs to handle the birth
and death of scattering clusters. In QuaDRiGa, the power of paths in adjacent segments are
ramped up and down, therefore keeping the large scale parameters consistent. The large
scale parameters are reasonably constant within each segment. Independent scattering
clusters, channel coefficients, and path delays are generated for each segment using the
small scale fading model. Two adjacent segments overlap as displayed in Figure 8. The birth
and death of scattering clusters is handled by ramping down the power of paths from the old
segment and ramping up the power of the new paths during the overlapping part of the
segments.
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Figure 8: Transition between segments [7]

21.3.3 Modeling of Velocity

In HST scenarios, the propagation is mainly influenced by the environmental scatterers. In
the considered scenario, those scatterers are mostly static objects like buildings or trees. The
environment can therefore be assumed as static. The velocity of the MT in this case can be
taken into account in the channel model independently of the measurement velocity. GSCMs
like QuaDRiGa model the position of the MT as a function of time, therefore the velocity is
indirectly accounted for in the channel model. As long as the environment is parameterized
thoroughly, any given velocity of the MT can be modeled. For the presented channel model,
an extensive measurement campaign in a railway scenario was conducted. Both large scale
parameters and angle of arrivals of the channel were captured. Based on this data,
QuaDRiGa is able to generate accurate channel impulse responses for any arbitrary velocity.

214 QuaDRiGa-based Channel Model

Using the parameters extracted from the measurement data, the QuaDRiGa channel model
was extended to support rural HST scenarios. As a validation for the extension, the trajectory
of the LoS part of Rx path 1 was parameterized as a QuaDRiGa track and a set of contiguous
random channels was generated. The path loss was then compared to the measurement
data.

Table 1 gives an overview over the parameters used to extend the channel model. Besides
the large scale parameters delay spread, shadow fading, and K-Factor, decorrelation
distances and cross correlations between the parameters were calculated. The very short
decorrelation distances of the K-factor and shadow fading can be explained by small-scale
fading effects like ground reflection, whose MPCs are not resolvable with the used
measurement bandwidth. The decorrelation distances for the AoA parameters could not be
calculated because the distance between measurement points was larger than the expected
decorrelation distance. The parameters that could not be estimated were substituted with
values from the 3GPP TR38.901 [10] Urban Macro (UMa) channel model. Although the Rural
Macro model may seem more appropriate for this scenario, it only applies to frequencies up
to 7 GHz. Comparison between the parameters extracted from the measurements and the
3GPP model show that the values of the HST scenario are smaller, but of the same order of
magnitude as the 3GPP UMa parameters.
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Parameter HST Rural | 3GPP UMa
Delay Spread (DS) Higps -7.70 -7.01
Igps = log1o(DS/1s) O1gDs 0.37 0.66
AOA Spread (ASA) Higasa 1.42 1.81
18454 = logy0(ASA/1°) 019454 0.19 0.20
ZOA Spread (ZSA) Higzsa 0.084 0.095
18254 = 10g10(Z5A/1°) O1gz5a 0.21 0.16
Path Loss (PL) n 2.03 -
do=1m Lp,(dg) 61.4 -
Shadow Fading (SF) [dB] Osp 2.8 4
K-factor (K) [dB] Uy 8.51
% 4.78 3.5
DS vs SF 0.2 -04
Cross-Correlations DSvs K -0.1 -0.4
SFvsK -0.6 0.5
DS 16 30
Decorrelation distance [m] SF 2 37
K 2 12

Table 1: Channel model parameter table

In Figure 9, a comparison between the LoS path loss of a channel generated using the
QuaDRiGa model and the measurement on Rx path 1 is shown. The gradients of the
generated and measured channel are very similar. Further comparison of the generated
channel data has shown that the QuaDRiGa model generates valid channels that agree well
with the measurement results.
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Figure 9: LoS path loss simulated with QuaDRiGa model compared to measurement (Rx path 1)

2.2 MHN-E channel measurement and modeling (ETRI)

Due the unavailability of a real HST running at a speed of up to 500 km/h, it is hard to
evaluate the performance of the MHN-E system at this speed through a real field trial with a
bus. Hence, channel models for various HST scenarios with mobility of up to 500 km/h were
studied first. Then, as shown in Figure 10, a joint simulation between those channel models
and the MHN link-level simulator was conducted to validate the performance of the MHN-E
system at a speed of up to 500 km/h as an alternative to a field trial at 500 km/h. In the
simulation, the parameter setting are identical to the testbeds used for the bus demonstration.

Following are the two channel models studied for the joint simulation.
® Ray-tracing-based channel model

v' Multipath-cluster channel model with Rician fading based on ray-tracer
calibration with measurement results

® QuaDRiGa-based channel model

v" QuaDRiGa-based channel model developed by parameters extracted from the
measurement campaign
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Figure 10 Methodology of the performance evaluation of the MHN-E system at 500 km/h

The above channel models are developed based on real measurement data. Although
measurements will not be conducted in a real 500km/h environment, it is reasonable to claim
that these channel models for HST scenarios (500 km/h), which are derived from static
measurements, are sufficient to validate the system performance due to rationales described
as follows:

The propagation in the considered HST scenario is mainly influenced by the
environment; therefore, the goal of the measurements (by HHI) is to capture
scatterers and effects like shadowing and reflections. In typical HST scenarios, the
main influencing objects in the environment are static objects like buildings and
trees. Therefore, the environment can be assumed static. In this case, the velocity of
the train can be taken into account in the channel model independent of the
measurement velocity. The channel model could even be derived from static
measurements.

GSCM, like QuaDRiGa, model the position of the mobile entity as a function of time,
thus the velocity is indirectly accounted for in the channel model. Any given velocity
of the mobile entity can be modeled, as long as the environment is parameterized
thoroughly. HHI has done an extensive measurement campaign in a railway
scenario in order to capture both large scale parameters and small scale
characteristics. These parameters will be included in the QuaDRiGa channel model
generator, which will provide an accurate channel model for HST scenarios.

The influence of the mobility to the channel is composed of two independent factors:
multipath environment and speed. In ray-tracing simulations, the rays at one position
are determined by the environment at that moment. When the time sampling rate is
constant (which is true for the same target communication system), different mobile
speeds just result in different sampling positions with the corresponding rays. Thus,
if the 3D environment model and propagation mechanism models in the RT are
validated by the measurement data at one speed (no matter which is high or low),
the RT will be capable to realize the channels at various speeds by generating the
rays in the snapshots at corresponding sampling positions.
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To summarize, both the RT and GSCM (which can be treated as simplified ray-tracer) are
capable to realize realistic channel at higher speed if they are validated at lower speed in the
same environment. The speed of mobility just determines the “zoom” scale of channel
characteristic curves in both time and frequency domain in a continuous scenario [1].

221 Multipath-cluster channel model with Rician fading (ETRI)

According to the literature [12], propagation characteristics of 27.4 GHz have been
investigated that delay spread varies from 21.75 to 75.75 ns, not exceeding 100 ns. In the
paper, Soma also claims that the K-factor of Rician fading K, which refers to the ratio of the
energy in the LoS path to the energy in the scattered paths, is smaller than 10 dB [12].
However, we believe that the K-factor in the HST scenario is much larger than that due to its
unique environment that has scarce reflectors and scatters. Besides, since the mRUs and
mTE use very narrow beams for Tx/Rx BF, it may further increase the K-factor and alleviate
various effects of the multipath signals including ICI and ISI.

In order to verify our observations on the channel characteristics in HST communications
mentioned above and to develop a proper channel model for the simulation, we first
conducted a very comprehensive study to investigate the channel characteristics of the MHN-
E system in three scenarios of HST communications (urban, rural, tunnel) [13]. In [13], based
on the wideband measurements conducted in the tunnel scenario by using the MHN system,
a 3-D RT is calibrated and validated to explore more channel characteristics in different HST
scenarios. Through extensive RT simulations with 500 MHz bandwidth centered at 25.25
GHz, the power contributions of the multipath components are studied, and the dominant
reflection orders are determined for each scenario. In this study, path loss is analyzed, and
other key parameters, such as Doppler shifts, RMS delay spread, K-factor, polarization ratios,
and so on, are studied.

Then, by referring to the literature [14], we developed a multipath-cluster channel model. The
basic observation of the model is that multipath components of clusters, formed by multiple
reflections from the objects in the vicinity of Rx and Tx, arrive at Rx in groups. More
specifically, a multipath-cluster channel model with Rician fading formed by two clusters is
developed based on the key channel parameters observed in the above study. The key
channel parameters we take into account in the channel model are RMS delay spread, K-
factor, XPR/XPD.

i i -+ Straight urban
i : = Straight rural
! i —Straight tunnel
T | w
| ! - Straight urban
E i = Straight rural i
: i —Straight tunnel| 5 P i
00 100 200 300 400 -200 -100
RMS delay spread [ns] Rician K-factor [dB]

Figure 11 RMS Delay spreads and Rician K-factors the three straight scenarios
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Figure 14 XPRs of the curved scenarios

Based on our RT simulation results for those parameters as shown in Figure 11~Figure 14,
we carefully chose the value of each parameter, and the developed multipath-cluster channel
model takes those parameters as input. In the case of RMS delay spread, the RT simulation
results showed that the values for three scenarios are less than 2 ns, which is far smaller
than we expected. Therefore, considering the Soma'’s claim that the delay spread varies from
21.75 to 75.75 ns, not exceeding 100 ns, we assumed the worst case that the maximum
RMS delay spread is equal to 100 ns, and the total power ratio of primary path to secondary
path is 10 dB.

2.3 Link-level performance evaluation of MHN-E system for high-speed
train communications (ETRI)

Link-level simulation has been conducted to verify the feasibility of the MHN-E system for
high mobility of up to 500 km/h under the two channel models described in the previous
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subsection. The performance evaluation mainly focuses on the downlink PHY throughput
Rpyy , and spectral efficiency Cpyy, of the MHN-E system, which can be respectively
formulated as the following equations,
Stp(b):(1-Erp(b))
TrTI
Stp(b) (1—E7p (b))

TrTI

N
Rpuy = % " XbeB(T)

RpHy 1

Comy = 22 = L5
PHY beB(T
Wee'Nce TWcc )

where T, and N denote TTI and the number of CCs respectively, and B(T) represents a
set of TBs transmitted by an mRU using one CC during a certain duration of T. Syz(b) is the
TBS of b-th TB and E;z(b) stands for its TB error indicator, which is equal to 1 if block error
has occurred and otherwise, is equal to 0.

231 Link-level simulation under multipath-cluster channel model

Simulation Assumptions:

The simulation parameters are listed in Table 2 and performance evaluations mainly focus on
PHY spectral efficiency of the system. By varying the K-factors of Rician fading and XPD
based on the observations from Figure 11~Figure 14, we would like to implement multipath-
cluster channel models with Rician fading that mirror various scenarios such as rural and
tunnel environments. As summarized in Table 2, K-factor of 20 dB and two K-factors of 13.3
dB and 7 dB, which are being considered for performance evaluation of a HST scenario in
3GPP [15][16] were considered. In addition, three different values of XPD, 0 dB, 25 dB, and
50 dB were taken into account. In the simulation, frequency offset due to the Doppler effect
was compensated at the receiver using AFC [17].

Table 2 Simulation Parameters

Parameters Set1 | Set 2 | Set 3 | Set 4
Channel model Multipath-cluster channel model with Rician fading channel
K-factor (dB) 20 20 13.3 7
XPD (dB) 0 50 25 0
RMS delay 100 100 100 100
spread (ns)
Carrier 26
frequency (GHz)
Velocity (km/h) 100, 300, 500
Code rate 0.8
Modulation
order QPSK, 16-QAM, 64-QAM
Transmission %2 MFT
scheme
™ rfr?;gac" T™M1, TM2 ™3 TM2, TM3 T™M2, TM3
Number of mTE >
antennas
Number of mRU 1 for TM1 2 2 2
antennas 2 for TM2
Receiver AFC for Doppler compensation, Turbo decoder

TM1: SAP transmission (SISO), TM2: SFBC-based TXD, TM3: OLSM
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Simulation results for parameter 1 and 2:

As shown in Figure 15, it is observed that, as the velocity increases, the performance
degrades due to the ICI caused by Doppler effect. As expected, the TM2 gives better
performance owing to diversity gain. Although we omitted the performance of TM3 in Figure
15, it actually turns out that the TM3 cannot provide performance gain against the TM2 in this
channel environment due to the small XPD of 0 dB. Under this channel environment, the
system running at 500 km/h is able to achieve average spectral efficiency of up to 3.61
bps/Hz using TM2 and 16-QAM.

Average Spectral Efficiency
T T T

6 T T
A 100km/h (SISO) AAAAAAAAAAA,
O 300km/h (SISO) SO0 LA 000
% 500km/h (SISO) g\

51| ¢ 100km/h (TX Diversity)
O 300km/h (TX Diversity)
% 500km/h (TX Diversity)

A 5.65 bps/Hz
(100km/h)

” s, 7 bps/Hz |
AASALAE (300km/h)

Average Spectral Efficiency (bps/Hz)

35

Es/No (dB)

Figure 15 Simulation result for parameter 1 (K-factor=20 dB, XPD=0 dB)

Figure 16 showed that in the case of channel with large XPD of 50 dB, the MHN-E system
using TM3 (2x2 OLSM transmission scheme) is able to achieve average spectral efficiency of
up to 10 bps/Hz when the SNR is larger than 25 dB and the moving speed is less than 100
km/h. In the case of 500 km/h, the MHN-E system is able to achieve average spectral
efficiency of up to 6.41 bps/Hz using TM3 and 16-QAM, indicating that at a very high speed
like 500 km/h, using a lower modulation order such as 16-QAM may be more suitable.
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Figure 16 Simulation result for parameter 2 (K-factor=20 dB, XPD=50 dB)

Simulation results for parameter 3 and 4:

The link-level simulation result in Figure 17 shows that in the case of the channel with a K-
factor of 13.3 dB and XPD of 25 dB, the system using the TM3 (2x2 OLSM) is able to achieve
better spectral efficiency performance than that of TM2 (2x2 TXD) most of the time. When the
velocity of the train is 100 km/h or 300 km/h, the system using 64-QAM with TM3 can achieve
spectral efficiency exceeding 9 bps/Hz, while a maximum spectral efficiency of 6 bps/Hz at
the speed of 500 km/h can be achieved using 16-QAM with TM3 at SNR larger than 30 dB.
From this simulation result, we can draw a conclusion that under a channel environment with
a dominant LoS path and large XPD like a rural environment, the OLSM transmission
scheme is preferred, to increase the spectral efficiency.

Average Spectral Efficiency

O 100kmh
O 300kmh
A 500kmh

—— TXD w/ QPSK
— TXD w/ 16-QAM
—— TXD w/ 64-QAM
—— OLSM w/QPSK
—— OLSM w/ 16-QAM
—— OLSM W/ 64-QAM

Average Spectral Efficiency (bps/Hz)

SNR (dB)

Figure 17 Simulation result for parameter 3 (K-factor=13.3 dB, XPD=25 dB)
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However, it is observed in the other simulation result as shown in Figure 18 that in the case
of the channel with a K-factor of 7 dB and XPD of 0 dB, only the TM2 (2x2 TXD) yields
reasonable spectral efficiency performance, while the TM3 (2x2 OLSM) is unable to provide
performance gain on spectral efficiency. It means that under a channel that has a weak LoS
path and small XPD due to large multi-path components, like in tunnel environments, the
TXD transmission scheme is preferred.

Average Spectral Efficiency

5.0 I PPV PPy G
O 100km/h
~4.5 O 300km/h i
A 500km/h
2 4.0 F | == TXD w/ QPSK b

——TXD w/ 16-QAM
I | === TXD W/ 64-QAM 4
—— OLSM w/ QPSK WV PNV
L |=——OLSM w/ 16-QAM | 2
—— OLSM w/ 64-QAM

W W
S W
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Figure 18 Simulation result for parameter 4 (K-factor=7 dB, XPD=0 dB)

2.3.2 Link-level simulation under QuaDRiGa-based channel model

Link-level simulation has been further conducted to evaluate the performance of the MHN-E
system under the QuaDRiGa-based channel model, mainly focusing on PHY throughput. In
the simulation, an instantaneous throughput is calculated by taking the average of
throughputs accumulated every 0.1 m while an average throughput is the average value of
throughputs accumulated every 1 m.

Simulation Assumptions:

In the simulation, as shown in Figure 19, a total of three mRUs (mRU #1, #2, #3) and two
mTEs (mTE #1, #2) were considered for the purpose of evaluating the performance of the
MFT technology in the MHN-E system. In this simulation, it is assumed that mRU #1, mRU
#2, mRU #3 are located at (-dmru, 5, 5), (0, 5, 5), (dmru, 5, 5) respectively, where dmru
represents the inter-mRU distance, and a HST carrying mTE 1 and mTE 2 moves along the
x-axis. We also assumed that the mTE 1 and mTE 2 respectively start from the coordinates
of (-200, 0, 3) and (0, 0, 3), and move to (-200+dmru, 0, 3) and (dmru, 0, 3). In this case, the
mTE 1 communicates with mRU 3, and the mTE 2 first communicates with mRU 1, and
switch to the next mRU (mRU 2) when passing by the mRU 2. Detailed parameters are listed
in Table 3.

Table 3 Simulation Parameters

Parameter Value
Carrier frequency (GHz) 25
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System bandwidth (GHz) 1
TX power (dBm) 20
Noise figure (dB) 7
Noise spectral density (dBm/Hz) -174
Implementation loss (dB) 2
mRU height (m) 5
mTE height (m) 3
Distance between 5
Railway track and mRUs (m)
Distance between two mTEs (m) 200
Distance between
adjacent mRUs, dmru (M) 1000, 580
Transmission scheme SFT, MFT
Number of TX antennas 2
Number of RX antennas 2
TM2 : TXD
™ TM3 : OLSM
Channel estimation LS estimation
Velocity (km/h) 100, 300, 500
TDD configuration DSUDDDDD
Number of CCs 8
Equalizer Alamouti deqoder for TXD
MMSE equalizer for OLSM
Decoder Turbo decoder
MHN/MHN-E
mGW Core Network
: (Public Internet)
mDU #d | mDU #d+1

mRU #1 mRI
(-1000,5, 5) (0,5,5)

mTE #2

- & Access Link
(x-200,0, 3) (Insifle train)

mRU-f l mRU-b

#3

3

~_Optical fiber
S mR1
~._(1000,5, 5)
(x,0,3) ™ T
mTE #1

.// G
’

(0, 0, 0)

MFT

Figure 19 lllustration of simulation parameter setting (dyry = 1000 m)

Simulation Results:

Figure 20 shows an example of the SNR of CIRs generated by QuaDRiGa, which is used as
input to the link-level simulator. As shown in Figure 20, owing to the dual-polarized antennas
used at the mRU and mTE in the rural HST scenario where the LoS path is dominant XPDs
larger than 20 dB are observed at most of the locations along the track, which is highly
beneficial to support the OLSM increasing spectral efficiency.
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Figure 20 SNR of CIRs versus train location

With the CIRs for 500 km/h, as shown in Figure 21, we first evaluated the performance of
SFT between the mTE 1 and mRU 3 by plotting the instantaneous downlink TM, MCS and
corresponding downlink throughputs versus mTE location. In Figure 21, we can simply
observe that in almost all locations, the TM3 (OLSM) is used rather than the TM2 (SFBC),
indicating that the dual-polarized antennas of the MHN-E are capable of efficiently increasing
the spectral efficiency in the rural HST scenario. Furthermore, as the HST moves close to the
mRU, the path loss decreases gradually, and the MCS index thus increases accordingly.
Consequently, as shown in Figure 22, the downlink throughput increases until the mTE
passes by the mRU and reaches a peak data rate of 5.68 Gbps with the TM of OLSM and
MCS 23 (64-QAM with 0.8887) when the distance between mTE 1 and mRU 3 is around 30
m.
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Figure 21 Performance of SFT versus mTE 1 location in the x-axis (Instantaneous MCS and TM at 500 km/h)
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Figure 22 Performance of SFT versus mTE 1 location in the x-axis (downlink throughput at 500 km/h)

In addition, we evaluated the performance of the MFT at a speed of 500 km/h. As shown in
Figure 23, it was revealed that average throughputs between 3 Gbps and 5.5 GHz can be
achieved and a peak can reach up to 6.66 Gbps at the mTE 1 location of 250 m and 970 m in
the x-axis. Moreover, it was also shown that the MFT technology can effectively overcome
the severe performance degradation of the SFT at the mTE 1 location of around 980 m where
the mTE 1 pass by the mRU 3.
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Figure 23 Downlink throughput of MFT versus mTE 1 location in the x-axis

Lastly, to compare the downlink data rates of SFT and MFT for the different velocities of mTE,
we plotted the CDF of data rates for 100 km/h, 300 km/h and 500 km/h as shown in Figure 24.
It is obvious that, as the velocity increases, a slight performance degradation has occurred
due to the ICI, but the MHN-E system is still able to provide multi-Gigabit MWB link to a HST
at a speed of 500 km/h, which is sufficient for a number of passengers in a HST to access
onboard mobile Internet services. In addition, as observed in Figure 25, better performance
can be achieved under the 3GPP above-6 GHz HST scenarios [15], where the inter-mRU
distance of 580 m is defined. This is obviously due to the fact that both mTE 1 and 2 can
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receive larger signal power owing to the reduced communication distance between the mTE
and mRU, which has positive impact on the throughput improvement.
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Figure 24 CDF of downlink throughput for different velocities of train
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Figure 25 CDF of downlink throughput under 3GPP HST (SFT)

User-experienced data rate in high mobility scenario:

According to ITU-R requirements for IMT-2020, user-experienced data rate is defined as the
5% point of the CDF of the user throughput, with the target values of 100 Mbit/s for the
downlink and 50 Mbit/s for the uplink. The rationale behind this 5th percentile user data rate
is to measure the user-experienced QoS for the cell-edge users, assuming traditional two-
dimensional cellular networks.
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The measurement of user-experienced data rate can be quite different in a high mobility
scenario such as HST scenario where the mTEs deployed at the head and/or tail of a train
communicates with mRUs deployed in a one-dimensional linear network, as seen in Figure
19.

In this situation, the mTE will experience variation in its data rate according to the distance-
dependent path-loss and fading from the mRU. In addition, users in a train are supported via
an onboard relay deployed inside the train carriage, so that they experience almost identical
QoS similar to an indoor environment. From the above considerations, it is concluded that the
number of users simultaneously achieving 100 Mbit/s user-experienced data rate can be
inferred, for example, by calculating the 5th percentile data rate achieved at the mTE divided
by the target data rate 100 Mbit/s.

Based on the aforementioned description on the user-experienced data rate and CDF results
in Figure 24, we can estimate the number of simultaneously served users each achieving 100
Mbit/s user-experience in Table 4. It is important to note that these values are worst-case
values (i.e., 5th percentile lowest value), much lower than the average values.

Table 4 Number of simultaneously served users achieving 100 Mbit/s user-experience

Transmission Speed
scheme 100 km/h 300 km/h 500 km/h
SFT 8.40 users 7.39 users 6.16 users
MFT 20.41 users 17.53 users 13.83 users
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3 Analyzing the Positioning Data-Rate Trade-off in mm-
Wave communications through Stochastic Geometry
(CEA)

3.1 Introduction

It is well known that mm-wave communication is characterized by high path loss and
sensitivity to blockages. To solve these problems, beam-forming techniques are utilized with
the help of highly directional antennas, which result in new issues in terms of coverage and
initial access [18]. Moreover, beam-alignment errors between the BSs and the UEs degrade
the communication performance.

One solution to this problem consists of enabling UEs to simultaneously receive signals in the
mm-wave and in the sub-6GHz band, and to use the latter to support the initial access on the
mm-wave band [19].

Another approach exploits positioning algorithms to support the UE cell discovery and access
to mm-wave BSs. On the one hand, with fine-tuned positioning, the beam-alignment
procedure is quickened, and beamforming and user tracking are improved [20]. On the other
hand, improved mm-wave beam-forming can be used for more accurate localization and
orientation of nodes [21].

Accordingly, we investigate whether the 5G CHAMPION vehicle-to-infrastructure architecture
(see Figure 26 [22]) can be deployed for supporting positioning and broadband functionalities
simultaneously, where the positioning function is mainly used to support the beam alignment
between the mRU and the mTE. Specifically, we study the trade-off between positioning
efficiency and downlink data rates and accordingly, we prescribe the operator an algorithm to
tune the mRU transmit power so as to meet specific QoS requirements of different services.

Access link: 60 Ghz

backhaul link: 28 Ghz

e ——— mDU

-

Public Internet

Data (BH: 28 GHz/ Access: 60 GHz )
Measurements Report (2GHz)

Control (fiber)

Macro eNB

Figure 26: Proposed framework for HST communications [22].
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311 Related Work

In the context of sub-6GHz systems, Jeong et al. [23] have studied a distributed antenna
system providing both data communication and positioning functionalities. The authors
assumed that the UEs know the positions of the BSs and attempt to estimate their own
positions based on the received signals. Lemic et al. [24] have shown that localization using
mm-wave frequencies is efficient in terms of accuracy, even in the presence of a limited
number of anchor nodes. In fact, mm-wave beam-forming allows for accurate localization and
orientation of UEs with respect to the BSs. Garcia et al. [20] have studied a location-aided
initial access strategy for mm-wave networks, in which the information of UE locations
enables to speed up the channel estimation and beam-forming procedures. Destino et al. [21]
have studied the trade-off between communication rate and positioning quality in a single
user mm-wave link. Similarly Koirala et al. [25] have studied the beamforming optimization
and spectral power allocation based on theoretical localization bounds.

The downlink communication performance in random wireless networks is typically
characterized by SINR coverage probability and rate coverage probability, using stochastic
geometry [26]. For this, the positions of the BSs are modeled using homogeneous Poisson
point process (PPP) [27] or using repulsive point processes [28]. Recently, Ghatak et.al. [29]
investigated a more realistic scenario, where mm-wave BSs are deployed along the roads of
a city. We use this model in this report, and accordingly we study a one dimensional setting
where the BSs and the served users are assumed to be on the same street.

Specifically, leveraging on the tools of stochastic geometry, we present an average
characterization of the localization and communication performance of this network, by
exploiting the a-priori knowledge about the distribution of the distances of the users from the
BSs. We analyze the positioning and data communication trade-off, and provide the operator
with a power control scheme designed to satisfy distinct QoS requirements of the positioning
and the communication functions.

3.2 System Model

3.21 Network Geometry

The positions of the mRUs are modeled as points of a one-dimensional PPP ¢, with intensity
A [m]. Each mRU is assumed to be equipped with directional antennas with beamwidth 8
and the difference of height between the mRU and mTE is assumed to be fixed and equal to
Ah. Let the corresponding product of the directivity gains of the transmitting and receiving
antennas be G,. The transmit power of the mRUs is assumed to be P. Without loss of
generality, we perform our analysis from the perspective of a typical mTE located at origin,
which associates with the mRU that provides the highest downlink power.

Accordingly, the distribution of the distance d of the typical mTE from the serving mRU is
given by [30]:

fa(x) = 2lexp(—21x)
Furthermore, we assume that the network deployment is such that the performance of the
mTE is noise-limited.
3.2.2 Path-loss

Due to the low local scattering, we consider a Nakagami fading for mm-wave
communications [31] with parameter n, and variance equal to 1. Furthermore, we assume a
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path loss model where the power at the origin received from a mRU located at a distance d is
-a
given by B. = K-P - g - G, - (d*> + Ah®)z , where K is the path loss coefficient, g
represents the fast-fading, and «a is the path loss exponent. Thus, the average SNR can be
K'P-g-Go-(d*+ Ahz)_Ta
No-B
bandwidth, respectively.

written as

, where N, and B are the noise power density and the operating

3.23 Transmission Policy

We assume a communication scheme where the transmit power of the mRU is divided into
two parts: one associated with positioning and the other allotted for data communication. The
power allocated for localization determines the number of control symbols used for this
function, whereas the remaining power is utilized for control and data symbols of the
communication phase. We acknowledge that it is possible to utilize the native communication
signal for positioning services. However, we use dedicated waveforms designed for better
localization performance (e.g., see [32] for a discussion on localization specific waveforms).
Hence, splitting of the transmit power becomes necessary to characterize and optimize the
operating trade-off between communication and localization functionalities.

Accordingly, if the total transmit power is P, and g is the fraction of power used for data
services, the corresponding transmit power for localization is P, = (1 — B)P. Consequently,
the transmit power for data service is P, = BP. Let the SNR for the distance estimation and
the data communications phases be represented by SNR, and SNR,, respectively.

3.3 Positioning Error, Data Rate Coverage, and Misalignment Error

In this section, we first characterize the minimum variance of the error in the estimation of the
distance of the typical mTE from the serving mRU. Then, we derive the SNR coverage and
the rate coverage probabilities.

3.31 Distance Estimation Analysis

To simplify our analysis, we only consider the effect of the distance on the power of the
received signal (for instance, we consider RSSI based ranging algorithms), and ignore the
effect of the distance on the phase [33]. Accordingly, the received signal is:

JKG
L x(t) + (),
(d? + Ah?)%
where x(t) is the transmitted signal and n(t) is a zero mean additive white Gaussian noise
resulting in estimation errors.

y(@) =

Lemma 1:

The expected value of the Fisher information for the estimation of the distance d is calculated
as:

KGop, 22f% oo exp(—24x)
= NO a dxv

Ip

b (x2 +an2)z

where f? = 1.25 n2B?. Furthermore, the prior information is J, = log21 — 1.
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Finally, the Bayesian information can be obtained as J; =/, +/, . Consequently, the
Bayesian Cramer-Rao Lower Bound (BCRLB) and Jeffrey’s prior corresponding to the

. . . 1 .
Bayesian information are calculated as " and ./Jg, respectively.
B

3.3.2 Coverage and Rate Analysis

Based on the path-loss model of Section 3.2.2, the SNR for the communication phase is:

-a
PpK-g-Gg-(d?+ Ah%)Z
SNR, = pK-g-Go-( ) ]

No B

Accordingly, let us define the SNR coverage probability of the typical mTE at a threshold y,
as the probability that the SNR is greater than y. It represents the fraction of the users under
coverage in the network.

Lemma 2:

The SNR coverage probability at a threshold of y is calculated as [57]:

Ah%nyN,
PDK " g * GO

\/E PDKgGO PDKgGO AhznyNO
2 nyN, N, ek g6

Similar to the SNR coverage probability, the rate coverage probability at a threshold r, is
defined as the probability that the downlink data rate of the typical user is greater than 7.

Pc(y) = zo:(—l)"+1 (7:;)) 21 exp (2/1 -

Corollary 1:

The rate coverage probability can be computed as:
L)
PR(T()) = PC (ZB - 1)

3.3.3 Beam Misalignment Error

An mRU with an antenna beamwith 8, serving an mTE located at distance d, covers a region
of length D, on the ground (see Figure 27). Using simple trigonometric calculations, we have:

0 d?
_ 2tan (7) <1 + W)

o~ d? 2 (0
1= gz tan? ()
Once the localization procedure and the corresponding exchange of mTE-mRU control
signals is performed, beam-misalignment can occur in the absence of dynamic beam-
alignment on both sides of the radio link. Assuming that the mTE's antenna is always oriented
towards the mRU, beam-misalignment will occur in case the distance of the mTE is more

than % from the estimated one.
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Figure 27: Coverage region for a beamwidth 6.

Let us assume that the estimation error for the mTE localization is symmetric about its mean.
Consequently, we bound the probability of the beam-misalignment as follows:

Lemma 3:

The probability of beam-misalignment for an mTE located at a distance d from the serving
mRU is bounded as

2BCRLB

Py4(d) < D,

In the next section, we prescribe guidelines for an operator to choose an operating
beamwidth @ for limiting this error.

3.4 Numerical Results and Discussion

In this section, we present some numerical results based on the analytical framework
presented in the previous sections. First, we show how the SNR coverage probability
changes with the power splitting factor . Subsequently, we study the trade-off between
localization and data rate as a function of §. Then, with the help of two examples, we
describe our power partitioning scheme. In the following analysis, we assume G, = 10 dB and
ng = 3.

3.4.1 SINR Coverage Probability

In Figure 28 we plot the SNR coverage probability with respect to g at a threshold of y = —10
dB. As B increases, the SINR coverage probability increases due to more power allocated to
the data transmission phase. This provides a guideline to select a minimum operating g for a
given deployment density, such that the outage is limited. As an example, to limit a service
outage below 20%, with an mRU deployment of 1 km™' and a power budget of P = 25 dBm,
the minimum g is 0.15, whereas with a power budget of =20 dBm, the minimum £ is 0.5.

More interestingly, this analysis provides the operator dimensioning rules in terms of the
deployment density of the mRUs for a given power budget. For example, in order to support
services with an outage tolerance of 10%, with a power budget of 20 dBm, a deployment
density of 1 km™' does not suffice, and the operator must necessarily deploy more mRUs.
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Figure 28: SNR coverage probabilities for a threshold of y = —10 dB vs the fractional power split for different
A

3.4.2 Misalignment Error

In Figure 29 we plot the mean beam-misalignment bound with respect to the beamwidth of
the transmit antenna of the mRUs. As expected, a larger beamwidth and higher SNR lower
the misalignment. For example, for a tolerable misalignment of 0.02% with SNR =-15 dB and
A =5 km! the minimum antenna beamwidth should be 8 degrees.

O
5 =10 . .
3 =1 km ', SNR = -10 dBE
—25] —A=2km', SNR = -10 dB|
= 1
Iz -\ —2km ', SNE = -15 dB
S 2
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Figure 29: Beam misalignment error with respect to beamwidth of the transmit antenna.
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3.43 Distance Estimation-Data Rate Trade-off

In Figure 30 we plot the trade-off between the efficiency of the distance estimation of the user,
represented by its Jeffrey’s prior' and the rate coverage probability at a rate threshold r,=500
Mbps. Each position in the plot for a given deployment parameter corresponds to a particular
B. Thus for a given power budget, deployment density, and operating beamwidth, the
performance of the system is determined by a particular operating characteristic, i.e., a trade-
off between the positioning efficiency and data rate performance. For a particular operating
characteristic, as we increase f, we improve the rate coverage probability at the cost of
degrading the localization efficiency; whereas, decreasing f has the opposite effect.
Accordingly, there exists a trade-off between the distance estimation and the data rate
performance of the system. In the next subsection, we propose a scheme for selecting 8
based on a given operating beamwidth.

7000 i T — T T
=
£ 1
= 6000
7
W 5000 1
a
= I A o L
i 4000} 1
? [FE— —+ e ST
2 3000+ .
'E_ ——P = 20 dBm, @ = 30° & =1km™"'
o 2000 H_ - a 8
[ P = 25 dBm, # = 30% A =1 km
T
% 1000 H~~ F= =0 aem, ¢ = 20°, A=1km™" i
== ~—P = 20 dBm, & = 30°, A=2km' :
O . . . . -
0 0.2 0.4 0.6 0.8 1

Rate Coverage Probability, Mo = 500 Mbps

Figure 30: Distance estimation error vs physical data rate for different power budget.

344 QoS Aware Network Parameter Setting

We propose the following scheme for setting the network parameters. First, for a given power
budget, a deployment density, and an operating beamwidth, the corresponding operating
characteristic (i.e., a trade-off curve from Figure 30) is selected. Next, for the chosen
operating characteristic, the minimum g,,,;,, is chosen to satisfy the required outage constraint.
Then, for a given positioning error constraint, the maximum value of B, i.e., B4 IS S€lected.
Finally, the operating Bmin < B < Bmax IS Selected to address the specific QoS requirements.

Accordingly, the misalignment error varies for the chosen g and the operating 6. In what
follows, we explain the total power distribution based on the QoS requirements, for a varying
degree of misalignment. We assume a network with 2 = 2 km™' and an mRU power budget of
P = 20 dBm providing two services:

e Service 1 requires maximum positioning efficiency and a tolerable outage of 10%.
e Service 2 requires maximum data-rate and a tolerable positioning error of 5e-4 m.

" The estimation error is calculated as the inverse of the Jeffrey's prior.
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We study the power partitioning scheme under different operating beamwidths. In practice,
the operating beamwidth may be a system requirement for the first generation mmWave
networks. Intuitively, for a less stringent misalignment requirement, the operating beamwidth
can be smaller. This can either be exploited to improve the positioning or enhance the data-
rate, as per the required QoS.

20
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Figure 31: Distance estimation error vs physical data rate for different power budget.

For service 1, the operator should set 8 equal to the ,,;, corresponding to the 0 that satisfies
the misalignment requirement. Then, if the operating 6 can be decreased, more power can
be allotted for positioning and the one used for data communication P - 8,,;, is reduced,
accordingly. On the other hand, the operator should set 8 equal to the S,,,, corresponding to
the 6 that satisfies the misalignment requirement. Therefore, a thinner beamwidth facilitates
larger power allocation for data communication (P, increases).

The stark difference in the two examples lies in the fact that the advantage of operating with a
thinner beamwidth is exploited differently. With decreasing 6, for a positioning service, P,
increases and P, decreases, whereas the opposite is true for the high data-rate services. It is
worth to mention that the inter-dependence of § and 6 for controlling the positioning
performance and the misalignment error is not trivial. As an example, for a required
misalignment constraint or for a required positioning error constraint, there exist non-unique
(8, B) pairs. For reducing the misalignment, either 6 should be increased, or § should be
decreased. However, increasing 6 has an adverse effect on the BCRLB that can be
circumvented by further decreasing 8. This calls for suitable algorithms to obtain an optimal
(8, B) pair. Furthermore, it may happen that for a given 8 and P, no feasible 8 exists that
satisfies the positioning and misalignment constraints simultaneously, thereby necessitating a
higher mRU power budget.

3.4.5 Conclusion

In this study, we investigate whether the 5G CHAMPION vehicle-to-infrastructure architecture
can be deployed to support positioning and broadband services simultaneously. Specifically,
we introduced a power-partitioning based mechanism that enables the mm-wave mRU to
satisfy different localization and data-rate requirements. In this context, we derived
dimensioning rules in terms of the density of mRUs required to limit outage probability. Then
we provided the operator with a beamwidth selection guideline to limit the misalignment
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probability. Finally, we studied the trade-off between the localization efficiency and the
downlink data rate, and consequently, presented a scheme for partitioning the transmit power
depending on the service requirements.

4 Mobility management techniques and architecture

4.1 Coverage analysis and performance evaluation of HST under linear
deployment architecture (ETRI)

411 Scenario description

The HST scenario intends to provide broadband Internet access to passengers inside of a
train carriage. In order to provide continuous coverage along the track, linear deployment of
RRHs is assumed, as seen in Figure 32. Beamforming technique can be employed both at
the RRHs and at the train to form a narrow and high-gain beam along the track, thereby
providing linear coverage. Since the additional gain of beam steering is not significant in this
scenario, we assume a fixed and uni-directional beamforming. Thanks to the mmWave (e.g.,
around 30 GHz) having very short wavelength, large array can be implemented with a
relatively small antenna form factor.

The UEs inside the train are assumed to communicate with access points (APs) installed in
each train carriage. The APs are connected to the onboard relay deployed at the head of the
train and relay user data streams between the RRHs and UEs. The link between the AP and
UEs can be established via WiFi or femto cells. Inside the train carriage, the radio
characteristics are similar to those of an indoor environment, and the transmission is done
independently of the link between the RRH and the onboard relay. Hence, we focus on the
link between the RRH and onboard relay rather than the link between the AP and UEs.

Train moving direction

Inter-RRH distance
Figure 32 Linear deployment architecture for HST

41.2 Coverage analysis under Nakagami-m fading channel assumption

Simple and accurate mathematical modeling of the mmWave channel is a prerequisite for
conducting performance analysis. According to extensive mmWave channel measurement
campaigns [34], [35], mmWave signals experience large path-losses due to Friis’
transmission law, atmospheric absorption, and rain attenuation. In addition, mmWave signals
are much more sensitive to the existence of LoS than the microwave signals [36]. In a LoS
dominant scenario, we expect quasi-optical propagation due to the limited reflection and
scattering, yielding AWGN-like channels [37]. Oppositely, in an NLoS dominant scenario,
mmWave signals experience Rayleigh-like small-scale fading [38], [39]. Hence, in order to
fully reflect the characteristics of mmWave propagation, a more general fading channel model
is needed. One candidate for such a general fading channel is the Nakagami-m fading
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channel, where a power ratio between the LoS and NLoS components can be determined by
the m parameter.

For the path-loss modeling, a standard path loss model is used with a path loss exponent a >
2, and we assume the channel gains between the BSs and the mobile users experience
Nakagami-m fading. The Nakagami-m fading channel model well characterizes a realistic
multi-path channel where both the LoS and the NLoS components exist with two special

cases: Rayleigh fading (m =1) and AWGN (m — o). The corresponding channel power
gains will be Gamma distributed with the probability density function (PDF) of f,.(x) =

:1(—:l)xm‘1e‘mx [25]. We denote the channel power gain of a desired mobile user as h.

All the RRHs are assumed to have a constant transmit power P [40], [41]. We also assume
that there is no interference from other RRHs, considering the large distance between
consecutive trains in HST environment. The inter-RRH distance is constant R. Then, the

resulting signal-to-noise ratio (SNR) at the train receiver is given by
hr=«p

0

SNR =

where r is the distance between the RRH and the transceiver at the train and N, is the noise
power, respectively.

Here, we analyze coverage probability, which is defined as the probability that a typical
mobile terminal is in coverage. In other words, we consider a specific terminal is in coverage
if its received SNR exceeds a target threshold T

P. £ Pr[SNR > T]

Since the distance r and the channel power gain h are both random variables, the above
coverage probability can be expressed as

R r*N,T
P, = f Pr [h > ]dr
0

P
Substituting the complementary cumulative distribution function (CCDF) of the Gamma

k
distribution E¢(x) = F(r"(l—n’l’;") = e gt

m—1 k ~R
1 1 /mN,T k. ~TNoT
PC_E;F(—P ) J;r e P dr

Integrating using (3.381.8) of [42] yields the desired closed-form expression for the coverage
probability:

we have

m—1 1/a «
P = 1 Z 1 <mN0T> (ka+ 1 mN TR )
¢~ RalikI\ P "Wa 7 b

k=0

where y(a|x) = foxett“‘ldt is the incomplete Gamma function.

We plotted coverage probability as a function of SNR for different m values in Figure 33. We
can see that the coverage probability increases as m increases, which means that stronger
fading degrades the coverage probability due to the increased channel randomness.
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Figure 33 Coverage probability vs. SNR for different m values

41.3 Performance evaluation under 3GPP HST channel environment

We further conducted performance evaluation of the HST based on the 3GPP 5G NR
channel model. The following assumptions were made:

Antenna configuration:

A uniform rectangular panel array antenna is assumed for both the RRH and the relay
onboard the train. The antenna elements are uniformly placed on the two-dimensional
antenna panel. We employ an 8x8 antenna configuration at both the RRH and the onboard
relay. The antenna element spacings are assumed to be 0.51. The radiation pattern for each
antenna element is defined in [43], reproduced below:

A"(0",¢") = —min{—[Agy (0") + Apu(d")] A}
where

8" —90°\°
AE,V(H”) = —min{12 | —— ,SLAV

8348

Apu(@) = —min{lZ( ¢ ) ,Am}
$3dB

With Os45 = ¢sap = 65° and SLA, = A4,, = 30 dB.

Channel model for link-level simulation:

For the link-level simulation, the clustered delay line (CDL) model is used. Among the five
CDL models, the CDL-D model is agreed for the 3GPP 5G NR HST scenario [44], where the
Rician K-factor is 13.3 dB and the scaling of delay spread is 10ns. The power delay profile of
the selected CDL-D model is given in Table 5. It is clear that the LoS path dominates the
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channel power. Intra-cluster angular spread values for the HST scenario are given as c,5p =
CASA = 50 al']d CZSD = CZSA = 10 [45]

Table 5 Power delay profile of CDL-D channel model with scaling of delay spread of 10ns

Cluster Delay Power AoD AoA ZoD ZoA
(#) (ns) (dB) (°) (°) (°) (°)
1 (LoS) 0 -0.2 0 -180 98.5 81.5
1 (NLoS) 0 -13.5 0 -180 98.5 81.5
2 0.35 -18.8 89.2 89.2 85.5 86.9
3 6.12 -21 89.2 89.2 85.5 86.9
4 13.63 -22.8 89.2 89.2 85.5 86.9
5 14.05 -17.9 13 163 97.5 79.4
6 18.04 -20.1 13 163 97.5 79.4
7 25.96 -21.9 13 163 97.5 79.4
8 17.75 -22.9 34.6 -137 98.5 78.2
9 40.42 -27.8 -64.5 74.5 88.4 73.6
10 79.37 -23.6 -32.9 127.7 91.3 78.3
11 94.24 -24.8 52.6 -119.6 103.8 87
12 97.08 -30 -132.1 -9.1 80.3 70.6
13 125.25 -27.7 77.2 -83.8 86.5 72.9

Channel coefficient generation:

The channel coefficient generation of the CDL model consists the following steps [43]:

« Step 1: Departure and arrival angles generation according to the per-cluster
departure and arrival angles and the ray offset angles within a cluster.

»  Step 2: Coupling of departure and arrival rays within a cluster.
»  Step 3: Cross-polarization power ratios generation for each ray.
»  Step 4: Channel coefficient generation.

The channel coefficient H, ;(7,t) between receive antenna u and transmit antenna s at time
instance t and delay 7 is defined as

N
H t) = 1 HYLOS(6)5(7 — LHLOS t)8(t —
u,s(T: ) K+1 u,s,n ®)é@ Tn) + K+1 u,s,1( )6(T Tl)

n=1

where K is the Rician K-factor in a linear scale and t,, is the delay of the n-th cluster. §(*) is
Dirac’s delta function.

For each NLoS cluster, HYL95(¢)

M T '(DGB ; -1 -q)9¢
| NLosS (t) = \/E Z |:Frx'u'9 (gn'm‘ZOA' (pn:m‘AOA) exp(] m Fn.m exp(] nm
M
m=1

ws,n
Frx,u,¢(9n,m,ZOA' ¢n,m,AOA) ’Kr_z}n exp (]CDan 4y (J‘fofl

F tx,s,0 (en,m,ZOD' ¢n,m,AOD) . f'rcc,n,m : arx,u . fg{,n,m : atx,u , f‘r’[)‘c,n,m v
X exp| j2r————|exp| j2n ——— |exp | j2n ——t
Fixsg (Gn,m,ZOD' ¢n,m,AOD) Ao Ao Ao
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*  P,: the power of the n-th cluster in a linear scale

* Fryue(), Freug () the receive antenna radiation patterns in the direction of 6 and
¢, respectively

* Fues0(0)s Fix 59 (0): the transmit antenna radiation patterns in the direction of 6 and
¢, respectively

. {®f9, CDflffn, CDf_fn, d)f_‘f;l}: set of random initial phases for four different polarization
combinations, i.e., 66, 8¢, ¢8, and ¢pp

*  Kkpm: the cross polarization power ratio (XPR) for n-th cluster and m-th ray
*  1o: wavelength of the carrier frequency
o Aam Tienm: SPherical unit vectors of receive and transmit antennas, respectively
. (Lx,u, (Itx‘u: location vectors of receive and transmit antennas, respectively
* ¥ velocity vector
For the LoS path, HLSS, (¢) is given by

T
HLOS (¢) = [Frx,u,e (GLOS,ZOA' ¢L05,AOA) [eXp(] D, os) 0' ]
~ Frxug (HLOS,ZOAt ¢L05.AOA) 0 —exp(jP,os)

th,s,B (HLOS,ZOD' ¢L05,AOD) , 7A'rTx,Los : &rx,u , f'th,Los : th,u . f'rTx,Los U
X exp | j2r———)exp| j2m——— |exp| j2r———t¢
Ft.x,s,¢ (HLOS,ZODﬂ ¢L05,A0D) Ao Ao Ao

Simulation results:

We provide link-level simulation results for the HST scenario based on the aforementioned
channel model. The detailed simulation parameters are summarized in Table 6

Table 6 Link-level simulation parameters

Parameter Value
Carrier frequency 30 GHz
System bandwidth 80 MHz
Subcarrier spacing 120 kHz
Channel coding LTE Turbo
Number of layers 1
Channel estimation Realistic
Equalizer LMMSE
* CDL-D (DS = 10ns, K-factor = 7 dB)
Channel model » Parameter set # 1: 5(ASD), 15(ASA), 5(ZSA), 1(ZSD)
ZoD and ZoA for cluster #1 are fixed at 90 degrees
TRP antenna configuration | iecio 3 nionna slement (HPBW=65- irectity 8d8)
UE antenna coniguration | o antenna eloment (HPEW=35°.directiiy 80E)
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| Phase noise model Multi-pole/zero model [46]

Spectral efficiency is plotted as a function of SNR in Figure 34. The modulation coding
scheme (MCS) is adjusted such that the block error rate (BLER) of 10% is satisfied. It shows
that although performance degradation is observed for the 500 km/h case compared to the
350 km/h case, more than 1 bps/Hz is achieved for 500 km/h when the SNR is larger than 10
dB, which is much larger than with traditional LTE.

3 T T T

350 km/h
500 km/h

Spectral efficiency (bps/Hz)

2 4 6 8 10 12 14 16 18
SNR (dB)

Figure 34 Spectral efficiency vs. SNR for 3GPP HST channel environemnt

4.2 Random access performance evaluation and handover triggering
for HST (ETRI)

421 3GPP 5G NR preamble formats for mmWave based HST communications

For fulfilling the requirements of 5G wireless communication systems released by the ITU-R
in September of 2015, the 3GPP decided to develop a NR access technology in 2016 and
started to draft the 15t release of NR technical specifications in 2017 [47][48].

The main features of 3GPP 5G NR systems can be concluded as
1) enabling mm-Wave frequency bands;
2) enabling multiple numerologies; and
3) enabling multi-beam operation through hybrid beamforming.

Correspondingly, the latest NR PRACH design with the above mentioned features is
introduced in this section [49][50][51].
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Beam(M-1] BeamM

Beam M

Figure 35. Example of multiple beams at gNB

In order to meet 5G requirements, mmWave frequency band up to 70 GHz is adopted in NR
system for enhancement of system throughput. Furthermore, massive MIMO enabling multi-
beam operations are adopted. In order to overcome the severe signal power degradation in
mmWave bands due to propagation losses, the beams both at BS and UE sides must be very
sharp for obtaining higher beamforming gain. Figure 35 shows an example of multiple beams
at NR BS (which is also known as gNodeB or gNB).

In NR, preamble formats with a long sequence length of 839 complex symbols and a short
sequence length of 139 complex symbols are defined [49][50][51]. There are four long
sequence preamble formats indexing from 0 to 3. The long sequence formats can be only
used in sub-6 GHz systems. Since NR supports multiple numerologies, the SCS in formats 0,
1 and 2 is 1.25 kHz when the SCS of format 3 is 5 kHz. A wider SCS of 5 kHz in format 3 is
designed to compensate for higher Doppler spreads in high speed scenarios. Similar as in
LTE-Pro systems, two restricted sets of preamble root indices are employed in NR
corresponding to different UE mobility in case of long preamble formats. On the other hand,
restricted sets are not supported for short sequence preamble formats since the SCS of short
sequence preamble formats is within the scope of {15 kHz, 30 kHz, 60 kHz, 120 kHz}, which
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Figure 36. Comparison of NR short preamble formats with reference PUSCH SCS of 15kHz

are large enough to compensate for the Doppler spread of 500 km/h mobility. Note that the
short sequence preamble formats can be used for both sub-6 GHz systems and above 6 GHz
systems. When short sequence preamble formats are used for sub-6 GHz system, the SCS
is either 15 kHz or 30 kHz, and when they are used for above 6 GHz systems, the SCS is
either 60 kHz or 120 kHz. Similar as LTE systems, parameters such as SCS, preamble
formats, physical resource allocation of PRACH channel and PRACH periodicity, are
configured to an IDLE mode UE through the PRACH configuration table and RMSI. On-
demand system information and RRC signaling can be used for delivering PRACH related
parameters to CONNECTED mode UEs.

Since only short preamble formats are applicable for mmWave bands, and the designed HST
communication within the scope of this project employs mmWave carrier frequencies only,
we focus on the implementation and evaluation of the NR short sequence preamble formats
only in this deliverable. Figure 36 shows the comparison among various NR short preamble
formats when 15 kHz PUSCH SCS is used for reference. As shown in Figure 36, the short
sequence preamble formats have three categories:

1) A and C types formats have a CP but no GT;
2) B type formats contain both CP and GT for each preamble.

In most of the short preamble formats, more than one preamble sequence is included. These
multiple sequences within a preamble formats can be used for UL Rx beam calibration via
beam sweeping operation. For example, format B3 can be used to find one optimal UL Rx
beam out of six beams at gNB though Rx beam sweeping. Note that not all of the short
sequence preamble formats are applicable for all of the message 1 numerologies, which
depends on the power on-off time mask for each preamble format with different numerologies.
For example after evaluation by the RAN WG4 of 3GPP, format A0 shows problem with SCS
of 30 kHz, 60 kHz, and 120 kHz. So A0 will not be supported in NR release 15 specification.
In order to successfully connect to the gNB, the optimal DL beam index at the gNB Tx side
needs to be reported by the UE through message 1 transmission in NR. This can be done by
the physical resource mapping for different UEs. In priori to PRACH transmission, the gNB
should first map all of its Tx beams to different PRACH resources and let the UE know the
downlink Tx beam to PRACH resource mapping though configuration. This mapping is
achieved by association between the SSB and PRACH resources. With this information at
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the UE, the gNB can know the optimal DL Tx beam to a specific UE after finding out the
PRACH resources used by this UE for its message 1 transmission.

422 Simulation evaluation of short length preamble formats in HS scenario

4221 Simulation parameters

Table 7 Simulation parameters

Carrier Frequency 30 GHz

Channel Model TDL-D, AWGN with delay scaling values of 30 ns
Preamble format A0

Preamble subcarrier spacing 60 kHz, 120 kHz

Antenna Configuration at BS 4,8,2), with directional antenna element

HPBW=65°, directivity 8dB)

Antenna Configuration at UE/MR 2,4,2), with directional antenna element

HPBW=90°, directivity 5dB)

L~ —~ L~ —~

Frequency Offset +/- 0.05 ppm at TRP,
+/-0.1 ppm at UE

Since only short length preamble formats can be applied in above-6GHz case, we evaluate
the performance of short length preamble format in HST communications in this section. The
simulation parameters are summarized in Table 7. Note that these simulation parameters are
a simplified version of parameters for link level evaluating the performance of RACH
preambles from a contribution [52] discussed during 3GPP RAN1 meeting #86.

During the simulations, the shortest preamble format AQO is selected for reducing the
preamble length as well as the simulation time. TDL-D models defined in [53] are adopted
where a LoS component exists.

4.2.2.2 Simulation results

According to the parameter table above, we can simply calculate that the maximum Doppler
shift is 13.9 kHz when the HST mobility is 500 km/h. This value is relatively small compared
to the preamble subcarrier spacings of 60 kHz or 120 kHz. When taking the frequency offset
due to oscillators at TRP and UE side into account, the accumulated frequency offset is
within the range of [-18.3 kHz, 18.3kHz]. We observed that this accumulated theoretical
maximum frequency offset is less than 24 kHz, which value is 40% of 60 kHz subcarrier
spacing. Therefore, the restricted sets of roots for generating short preamble formats are not
necessary in NR systems.
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Figure 37. Performance comparison with different preamble subcarrier spacing under AWGN and TDL-D
channels

Figure 37 shows the preamble detection error rate with different preamble subcarrier
spacings under various channel environments. Generally, we can observe that the
performance between different subcarrier spacings are quite close to each other in both
AWGN and TDL-D channels. The reason is that these performance results are obtained by
Monte-Carlo simulations and the results come from an average of tens of thousands of
iterations with different roots for the sequence generation. Also the performance is not
sensitive to the frequency offset due to the aforementioned fact that the theoretical maximum
frequency offset considered in the simulations are less than 40% of subcarrier spacing 60
kHz and 20% of 120 kHz. So that the correlation peaks of different sequences generated by
using different roots are good enough for distinguishing the transmitted sequences. When
comparing the performances of these short preambles with conventional LTE performances
with long sequences as shown in [54], we can observe obvious performance degradations,
which may not only come from different simulation parameters adopted but also the shorter
sequence length for generating preambles in our simulations. That is, shorter sequence
length may lead to both worse correlation performance and less accumulated power. On the
other hand, the observed performance employing short preamble sequence is still acceptable
based on our understanding. Furthermore, this problem might be solved by employing
another short preamble format, which contains more preamble symbols than the format AO,
for implementation and performance optimization in a real system.
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423 Handover triggering for mobility in 3GPP 5G NR HS scenario

4.2.31 High speed scenario defined in 3GPP 5G NR

In [55], NR has defined a HS scenario originally for supporting robust wireless
communications for HST passengers. Generally, there are two different network deployment
scenarios for HST communications. Figure 38 shows the network deployment for a carrier
frequency of 4 GHz, where each BBU connects with two RRHs. A BS, which is known as
gNB in NR, contains BBU and one or several connected RRHs. In NR HS scenarios, RRHs
are deployed along the rail track. The cell boundary in this deployment is in the center
between two adjacent sites. Therefore, an overlapped cell boundary area between two
adjacent sites exists, which is similar to the cell edge area in a cellular network. In the
network deployment shown in this figure, the onboard UE can directly access the network, or
the UEs can access the network through onboard MR stations. Figure 39 shows a network
deployment in the 30 GHz frequency band. In this case, three RRHs are connected to a BBU
and the network is deployed in a unidirectional manner. Therefore, the cell boundary is
around the location of the adjacent RRH but not in the center area between two adjacent
RRHs. Furthermore, onboard UEs can only access the network via a MR located on top of
the carriages of a train.

BBU BBU

: H | H
580m  580m 572m BBL@ R

1732m

Figure 39. NR HS scenario unidirectional network deployment with 30 GHz carrier frequency

A big challenge exists if a traditional hard handover such as LTE handover is performed in a
unidirectional network as shown in Figure 39, i.e., RLF during handover [56]. The reason is
that the onboard UE/MR is always attempting to handover from a source cell with strong
received power to a target cell with weak received power, in which case the UE/MR may not
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be able to send back measurement reports (based on event A3 in LTE) to the source cell and
receive a handover command from source cell. This problem can be observed in Figure 40,
where the “desired gain” is from the source cell and “attempted gain” is from the targeting cell.
In Figure 40, three RRHSs are located at the location of -1000m, Om, and 1000m, respectively,
and a HST is moving from the left side to the right side within the area of [-1000m , Om].
Therefore, novel handover triggering mechanisms for unidirectional network deployment are
necessary considering that triggering the handover based on DL measurements of event A3
and report is not suitable any longer.

-40 T T T T T T T T

60 - ]

g -80 -
P
o
£ -100 -
©
e
Z-120 .
-140 |- Desired Gain ]
Attempted Gain
160 T T I I I I I I 1
-1000 -800 -600 -400 -200 0 200 400 600 800 1000

Distance (m)

Figure 40. An example of channel gain (combination of free-space path loss and directional antenna
radiation pattern) observed by a moving HST

RRIl 1 RRH2 "~ - RRHm

Beam 1 Beam 1 Beam 1
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Figure 41. Directional network deployment for HST communications with multi-beam operations

4.2.3.2 Proposed events for handover triggering in directional network

For simplifying the description, we show an example of unidirectional HST network structure
for describing our proposals. As shown in Figure 41, the i-th BBU is connected to m RRHs
along the rail track. A train is moving from the left side to the right side with an onboard MR,
whose function is to deliver data between the terrestrial BS (a BS consists of a BBU and
several connected RRHs) and the onboard UEs. Directional antennas are employed at both
the MR and RRHs. In each RRH, n beams are generated through beamforming using
directional antennas, such as panel antennas. Following the NR design, different SSBs can
be transmitted through different beams at the RRH as a RS for beam measurement. Note
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that other reference signals such as CSI-RS in NR can be used as a RS for measurement
also.

423.2.1 Handover triggering mechanism based on DL RSRP measurement

In a unidirectional network, the UE/MR may measure an A3 event successfully. The problem
of RLF is that the UE/MR measurement report may not be correctly sent to the gNB or the
gNB command for triggering the handover may not be successfully delivered to the UE/MR.
This failure of information/command exchange for handover triggering can be avoided if the
handover triggering decision can be made by the UE/MR directly. That is, when a UE/MR
measures an A3 event based on DL RSRP estimation, this UE/MR can make a decision for
handover without reporting A3 to BS. Note that in the NR HST scenario, the RS used for DL
measurement can be SSB, CSI-RS or other type of RSs.

4.2.3.2.2 Handover triggering mechanism based on UL RSRP measurement

An UL based RSRP measurement can be used for triggering the handover in unidirectional
networks as well. In this case, the BS can measure the UL based on UL RS such as a SRS in
NR. In this case, the handover triggering decision can be made by the BS when, for example,
the UE/MR is moving near a cell boundary area. Since the RRHs are deployed along the rail
track, the BS will be able to roughly know the location of the served UE/MR through distance
estimation based on UL path loss (monitored UL RSRP for example). Therefore, this BS can
send a handover triggering command to this specific UE/MR trough DL signaling before it
moves out of the serving cell coverage, and prepare for handover with the targeting BS via
X2 interface.

4.2.3.2.3 Handover triggering mechanism based on timing monitoring

Except for the handover triggering based on RSRP measurements above, DL and UL timing
might be used for triggering handovers also. The reason for employing timing monitoring is
that the routes of HSTs are predictable and the RRHs are deployed along the rail track.

1. The BS can monitor the UL arrival timing of a UE/MR and trigger a handover
based on UL timing. If the HST is moving towards RRHs, then the BS can trigger
a handover if the TA value of UL approaches 0. The optimal TA value can be
based on the real deployment. If the HST is moving toward the opposite direction
of RRHs, then the BS can trigger a handover if the TA value of the UL
approaches a specific value. This optimal TA value for triggering a handover can
be considered as a new event for handover triggering. The benefit of this method
is to avoid ping-pong effects during handover. After making a handover decision,
the BS should inform the UE/MR with a handover command and request a
handover to the targeting BS of this specific UE/MR.

2. Alternatively, the UE/MR can trigger a handover based on TA information from
the BS. This specific TA for triggering a handover can be configured by the BS in
prior, so that the UE/MR can know this specific TA value. In this case, no further
information exchange is necessary for triggering a handover between the UE/MR
and BS since both of them know the timing for the handover.

Note that the above example considers the employment of a TA in the system. It might be
possible that a TA is not used in some specific systems. However, even if there is no TA in
such a system, timing monitoring for DL and UL are still necessary for correctly decoding DL
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and UL. Therefore DL or UL timing monitoring can still be used for triggering a handover in
that system.

42324 Handover triggering mechanism based on beam index monitoring

In a unidirectional network with multiple beams, as shown in Figure 41, the beam index
information can be used for triggering a handover. When taking the HST scenario in NR
systems as an example, assume that different SSBs are transmitted by different beams, and
all the RRHs connected to the same BBU are considered as a single BS. Then,

1. The BS can trigger a handover when it monitors that the HST is served by
its boundary beam. This DL beam information can be obtained through a
UE/MR report, or a UL SRS measurement, or other kind of feedback from
the UE/MR. If the HST is moving towards RRHSs, then the boundary beam
can be the n-th beam of the m-th RRH. If the HST is moving towards the
opposite direction of RRHs, then the boundary beam can be the 1st beam of
the 1st RRH. In this case, the serving BS can request a handover
preparation from a neighboring BS. The serving BS may or may not need to
inform the UE/MR of the handover triggering decision depending on whether
the specific beam index information for triggering handover has been
configured in the UE/MR in prior.

2. It also is possible that the UE/MR can trigger a handover by monitoring the
serving DL beam index information. This beam index information can be
obtained by detecting DL RSs/channels such as SSB, or from DL RSs,
which is QCLed with SSBs such as CSI-RS, or from DL signaling. Similarly,
the UE/MR may or may not need to send a handover request to the serving
BS depending on whether this specific beam index information for handover
triggering has been configured in the UE/MR in prior.

The specific beam for triggering a handover can be considered as a new handover triggering
event, i.e., detection of a specific beam index for triggering a handover. In another word, the
boundary beam for handover triggering can be considered as a special region, which is a
handover zone.
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5 Conclusion

In this deliverable, several important issues on channel modeling and mobility support for the
high mobility scenario are investigated.

We first developed channel model targeted for the mmWave HST scenario. Extensive
measurement campaigns are also conducted on an actual railroad. Extracted parameters
includes path loss, RMS delay spread, RMS azimuth/zenith angle spread of arrival. These
parameters are used for the channel model development using QuaDRiGa and the ray tracer
calibration. The ray-tracing-based channel model is then used for the link-level performance
evaluation of HST scenario. The results show that satisfactory link-level performance is
attainable for the very high speed up to 500 km/h

We then investigated power-partitioning scheme that enables localization while transmitting
its own data. Based on the tradeoff between localization efficiency and data rate, we
proposed the improved transmit power partitioning scheme.

Further analysis on the HST scenario is done in terms of coverage and spectral efficiency.
Using Nakagami-m fading model, coverage analysis results were provided. Also, using the
3GPP 5G NR channel model, spectral efficiency is provided based on MCS selection.

Lastly, random access procedure including preamble format design and handover triggering
mechanism were studied. 3GPP 5G NR channel model was also employed for the
performance evaluation.
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