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Abstract

This deliverable addresses objective 03.4 of WP3, “Develop robust signal processing technologies to support
very high bit rate services in high mobility”. More specifically, as expected in Task 3.2, it studies (i)
beamforming algorithm for the mmW backhaul/fronthaul transceiver, (ii) link level solutions for high spectral
efficiency and (iii) signal transmission in highly time-variant channels. Objective (iii) is addressed in chapter
2 and 3 where several numerology and reference signals designs are assessed for the backhaul of high
speed train. Chapter 4 concerns objective (ii); spatial multiplexing is proposed as a MIMO method for
increasing the throughput of the highly time variant link between high speed train and fixed transmitters along
the railway. Finally, beam alignment techniques are provided in chapter 5 for addressing objective (i).

In this deliverable, the 28-30 GHz carrier frequency is considered, where an enormous amount of spectrum
is available, allowing multi-Gbps data transmission required for providing high speed Internet access to
hundreds of users inside, for example, a train running up to 500 km/h.

Index terms

Millimeter-wave; time variant channel; Doppler; high-speed train; numerology design; reference signal design;
spatial multiplexing; beam alignment; beamforming codebook.
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1 Introduction

Millimeter-wave (mmW) communication is considered one of the key innovations of 5G, due to
the large available bandwidth and potential to enable tens of Gbps data rate as well as massive
MIMO and beamforming. However, many challenges for hardware implementation, signal
processing and algorithms are still open, especially for a 28 GHz technology. The EU-KR
H2020 5GCHAMPION project is one of the first research project delivering a prototype of mmw
RF-transceiver at 28 GHz, which is integrated with pre-commercial 5G base-band and core
networks components. This deliverable addresses objective 03.4 of WP3 of the
5GCHAMPION project, “Develop robust signal processing technologies to support very high
bit rate services in high mobility”. More specifically, as expected in Task 3.2, it studies (i)
beamforming algorithm for the mmW backhaul/fronthaul transceiver, (ii) link level solutions for
high spectral efficiency and (iii) signal transmission in highly time-variant channels.

In order to achieve high spectral efficiency in a mmW-based very high mobility scenario such
as high speed train (iii), some fundamental link-level solutions are investigated in chapters 2
and 3. First, numerology design is conducted to maximize the link performance such as spectral
efficiency. The aim is to find the best OFDM parameter sets including subcarrier spacing, FFT
size, CP length, and subframe length with the link-level evaluation in a high speed train
environment. Then, reference signal design is carried out which specifies the densities and
locations of the reference signal in the frequency- and time-domains. The proposed reference
signal design sets are intended to support accurate channel estimation in a very high mobility
environment up to 500 km/h while limiting reference signal overhead to an acceptable level.

In chapter 4, Spatial Multiplexing (SM) is considered for increasing the data throughput on the
backhaul link of a high speed train (ii). SM is a MIMO technique that allows, under some
conditions, to increase the throughput by a factor Nt, with Nt the number of transmit antennas.
In this chapter, a channel model at 28 GHz is used including high Doppler due to the train
motion. SM allows to use low order modulation, which is of interest in this high mobility context.
The SM scheme is compared to a classical diversity scheme in terms of achievable throughput.

One big challenge addressed in the project, especially when considering hardware constraints,
is the initial access procedure in which both transmitter and receiver need to discover via one
or multiple directions (i) in order to, for instance, maximize the signal-to-noise ratio (SNR). In
chapter 5, we investigate and compare different search strategies in terms of the effective data-
rate (considering the overhead). More specifically, the study focused on localized time domain
mapping of the reference signal and exhaustive and hierarchical search strategies were
considered. An optimum length of the training time was found for the exhaustive search and, it
was found that it depends on the periodicity of the alignment procedure as well as relative
location of the devices. The training procedure based on adaptive search is, however, the best
performing method. In fact, results showed that the longer the training is (i.e., the higher the
hierarchical level is) the higher the rate is. This leads to the conclusion that hierarchical search
is more time and rate efficient.
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2 Numerology design for high speed train

2.1 Introduction

As one of the 5G deployment scenarios, the high speed train scenario aims at providing
continuous coverage along the high speed train tracks using either 4 or 30 GHz frequency band
[1]. For the 4 GHz band case, a direct access link between an eNodeB and a user equipment
(UE) inside the train is established. For the 30 GHz band case, on the other hand, the access
link for the UE is established through a relay deployed on top of the train carriage.

In this chapter, we focus on the high speed train scenario employing the 30 GHz carrier
frequency, where an enormous amount of spectrum is available, allowing multi-Gbps data
transmission required for providing high speed Internet access to hundreds of users inside the
train running up to 500km/h. In this high speed environment employing mmW band, the effects
of Doppler shift/spread and phase noise become quite significant and should be taken into
account for numerology design. Therefore, we propose the 3GPP 5G NR numerology
parameters including subcarrier spacing, CP length, FFT size, subframe length, and so on. The
numerology design aims to support scalability, making it also applicable to other use cases and
deployment scenarios. We then evaluate the link-level performance such as block error rate
(BLER) and spectrum efficiency through extensive simulations.

2.2 System description

2.2.1 Network model

As depicted in Figure 1, we assume a straight line eNodeB placement along the rail track,
where remote radio heads (RRHs) connected to the centralized baseband unit (BBU) pool are
deployed along the railway. Each RRH is equipped with an antenna array which can create a
directional narrow beam along with the track so as to guarantee continuous coverage along
the track. Similarly, an antenna array is mounted on top of a train, generating a directional
beam towards the RRH. The distance between the RRH and railway is assumed to be short
(around 5m) as described in [2]. Since the additional gain of the beam steering is not significant
in this scenario, we assume a fixed and uni-directional beamforming throughout this chapter.

BBU
wn | B

RRH RRH

Directional b
o ((K)) L irectional beams ((ﬁ)) o

Figure 1 Network model for the high speed train scenario
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The UEs inside the train are assumed to communicate with the access points (APS) installed
in each train carriage. The APs are connected to the terminal equipment (TE) 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 which typically uses below 6 GHz
band [3]. 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
TE which uses around 30 GHz mmW band. Hence, we focus on the RRH-TE link rather than
the AP-UE link.

2.2.2 Channel model

As mentioned above, around 30 GHz frequency band is assumed for the RRH-TE link.
Combined with the directional beamforming scheme, mmW signals tend to propagate
straightforwardly, which is quite different from the conventional below 6 GHz frequency band
signals. The consequence of this is the line-of-sight (LOS)-dominant propagation where non-
LOS (NLOS) components are rapidly attenuated. According to measurement campaigns
carried out in New York City, it was shown that mmW channel has only two or three clusters
and few tens of root mean square (RMS) delay spreads [4], [5].

In order to take these characteristics of the mmW propagation into account, the 3GPP has
developed a new channel model for frequency spectrum above 6 GHz [6]. Since we are
interested in the numerology design and the corresponding link-level evaluation, tapped delay
line (TDL) models are used. Among the five TDL models, TDL-D model is selected for the
evaluation of the 3GPP 5G NR high speed train scenario [2], where the Rician K-factor is 13.3
dB and the scaling of delay spread is 10 ns. The power delay profile of the selected TDL-D
model is given in Table 1. It is clear that the LOS path dominates the channel power.

Table 1 Power delay profile of TDL-D model with scaling of delay spread of 10 ns

Tap # Delay (ns) Power (dB) Fading
distribution

1 0.00 -0.2 Rice, K=13.3dB
0.00 -13.5 Rayleigh
2 0.35 -18.8 Rayleigh
3 6.12 -21 Rayleigh
4 13.63 -22.8 Rayleigh
5 14.05 -17.9 Rayleigh
6 18.04 -20.1 Rayleigh
7 25.96 -21.9 Rayleigh
8 17.75 -22.9 Rayleigh
9 40.42 -27.8 Rayleigh
10 79.37 -23.6 Rayleigh
11 94.24 -24.8 Rayleigh
12 97.08 -30.0 Rayleigh
13 125.25 -27.7 Rayleigh
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2.3 OFDM numerology design for HST
2.3.1 Effect of Doppler shift/spread

The mobility requirement of the 5G NR is 500 km/h [1]. In order to guarantee the quality-of-
service (QoS) at that speed, the effects of Doppler shift and spread should be considered. In
the TDL-D model we described above, the signal propagating through the LOS path
experiences Doppler shift while those propagating through the NLOS paths experience Doppler
spread caused by Rayleigh scattering. Hence, a combination of Doppler shift and spread
affects the link-level performances such as BLER and spectrum efficiency. While the frequency
offset due to the Doppler shift can be easily corrected by performing frequency offset
compensation at a receiver, the effect of Doppler spread cannot be easily resolved. More
specifically, if the channel varies within one OFDM symbol duration due to the reduced channel
coherence time (i.e., the time duration during which the channel is considered invariant), the
orthogonality among the subcarriers will be destroyed leading to intercarrier interference (ICl).

It is known that the channel coherence time is inversely proportional to Doppler spread of the
channel [7]. Moreover, the maximum Doppler shift is proportional to the carrier frequency [8].
Therefore, the degradation due to the Doppler shift/spread becomes more significant when
higher frequency bands such as mmW bands are used in addition to higher mobility. Hence, it
is important to find the suitable OFDM numerology parameters such as the subcarrier spacing
and the corresponding OFDM symbol and CP durations.

2.3.2 Effect of phase noise

Oscillators used to up- or down-convert signals in the transmitters or receivers are subject to
phase noise. An ideal oscillator is expected to have an impulse in the spectrum at the oscillation
frequency. However, the spectrum of a practical oscillator tends to disperse from the impulse
due to phase noise. Phase noise causes two types of effects on the received OFDM signal:
common phase error and ICI [9]. The common phase error is equally added to every subcarrier
within an OFDM symbol duration, resulting in a rotation of the entire constellation. Hence, the
amount of common phase error can be estimated and compensated at the receiver. Oppositely,
the ICI exhibits AWGN-like behavior on the constellation which cannot be corrected or
compensated.

The effect of phase noise is more significant for higher frequency bands such as mmwW bands
compared with the lower frequency bands. It is quite challenging to implement an RF oscillator
with low phase noise characteristics in mmW bands [10]. Yet, the performance degradation
due to the phase noise can be alleviated by using larger subcarrier spacing [9]. Hence, the
effect of phase noise should be considered in the determination of the subcarrier spacing.

The phase noise can be characterized by the single-sided phase noise power spectral density
(PSD) in unit of dBc/Hz. The modeling of phase noise is device-specific and faces a trade-off
between performance and implementation complexity. In this regard, several phase noise
models were proposed in the 3GPP 5G NR study, and some of them were agreed to be used
in the 5G system design and evaluation [11]. Figure 2 shows the examples of phase noise
models for the carrier frequency of 30 GHz. The phase locked loop (PLL)-based model
characterizes phase noise parameters of CMOS-based RF chain for UE and GaAs-based RF
chain for eNodeB [12]. The multi-pole/zero model uses three poles and zeros to model practical
oscillators [13]. The mmMagic model is also PLL-based but uses different RF parameters [14].
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Multi-pole/zero model [13]

130 F mmMagic (High) [14]
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-140 ' ' : :
108 10* 10% 108 107 108

Frequency offset (Hz)

-120

Figure 2 Examples of phase noise models for the carrier frequency of 30 GHz

2.3.3 Proposed candidates of OFDM numerology

Considering the above effects of Doppler shift/spread and phase noise, we propose possible
candidates of OFDM numerology parameters which satisfy the numerology scalability
requirements in the 5G NR. Among these numerology candidates, one or multiple numerology
sets are selected to support one or multiple UEs having the same or different propagation and
RF transceiver characteristics such as carrier frequency, fading statistics, mobility, and RF
impairment models.

2331 Candidates of subcarrier spacing

For the subcarrier spacing determination in the 5G NR, the following working assumptions were
made on the 3GPP RAN1#85 meeting in May 2016 [15], i.e., a baseline subcarrier spacing of
15 kHz and a scaling factor of 2n with an integer n. The reason of making these working
assumptions lies on the need for the efficient interworking with the LTE and the support of the
subframe and/or slot boundary alignment among the numerology sets, respectively. Following
to these working assumptions, the need for the scalability of subcarrier spacing up to 480 kHz
(i.e., n =5) is agreed on the 3GPP RAN1#86 meeting in August 2016. Hence, we consider the
following scalable subcarrier spacing sets: {15, 30, 60, 120, 240, 480} kHz.

2.3.3.2 Determination of fundamental OFDM parameters

The system bandwidth for the given 30 GHz carrier frequency is set as 80 MHz [2], which is
quite larger than that of LTE having 20 MHz. In accordance with the scalable subcarrier spacing,
we let the FFT size be scalable from 8192 (for the 15 kHz subcarrier spacing) to 256 (for the
480 kHz subcarrier spacing). By doing so, we can keep the same time-domain sampling rate
among the numerology sets. In addition, assuming 10% guard band on the edges, the number
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of used subcarriers are set to be also scalable from 4800 to 150. The corresponding OFDM
symbol lengths are from 66.67 us to 2.08 ps.

2.3.3.3 Determination of CP length

The CP length of each numerology candidate is set as the same ratio as that of the LTE, i.e.,
7.8% for the first OFDM symbol and 7.0% for the other OFDM symbols. This easily enables
the above mentioned 5G NR-LTE interworking and subframe/slot boundary alignment. Note
that although the CP overhead is maintained, the CP length is reduced as the subcarrier
spacing becomes larger. This tendency can be related to the shortened cell radius and reduced
delay spread by the use of higher frequency bands and directional antenna where larger
subcarrier spacing is required.

2.3.34 Determination of subframe length

The subframe length or a unit of transmission time interval (TTI) consists of 14 OFDM symbols
as in the LTE. Hence, the subframe length is scaled down from 1000 ps to 31.25 us as the
subcarrier spacing scales up from 15 kHz to 480 kHz. It is expected that the Ultra-Reliable Low
Latency Communication (URLLC) UEs are likely to use larger subcarrier spacing thereby
satisfying fast scheduling and latency reduction requirements with the help of shortened TTI.

The above explained OFDM numerology parameters for the 5G NR are summarized in Table
2.

Table 2 Proposed OFDM numerology parameter sets

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6

Subcarrier spacing (kHz) 15 30 60 120 240 480

System bandwidth (MHz) 80 80 80 80 80 80

FFT size 8192 4096 2048 1024 512 256
Sampling rate (MHz) 122.88 | 122.88 | 122.88 | 122.88 122.88 | 122.88

Number of used

subcarriers 4800 2400 1200 600 300 150

OFDM symbol length (us) | 66.67 33.33 16.67 8.33 4.17 2.08
CP length of the 15t

symbol (us) 6.05 3.08 1.54 0.82 0.46 0.28
CP length of the
remaining symbols (us) 4.66 2.33 1.16 0.58 0.28 0.14
Number of symbols per
subframe 14 14 14 14 14 14
Subframe length (us) 1000 500 250 125 62.5 31.25
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2.4 Simulation results

24.1 BLER results

The BLER is defined as the ratio of the unsuccessfully decoded transport blocks to the total
number of received transport blocks. We plotted the BLER as a function of SNR for different

subcarrier spacing (Af) and MCS sets at the train speeds of 100, 300, and 500 km/h in Figure
3, Figure 4, and Figure 5, respectively.

As expected, it can be seen that the BLER is decreased when the SNR becomes higher but is
increased when the higher modulation and coding rate are used. Also, we can see that the
higher BLER is observed as the train runs faster, which is a direct result of the reduced channel
coherence time and the corresponding Doppler-induced ICI.

In addition, it is shown that the BLER is remarkably degraded for shorter subcarrier spacing
such as Af = 15 kHz and Af = 30 kHz, especially for higher MCSs and faster train speeds. In
an extreme environment such as 256QAM with code rate 3/4 and 500 km/h train speed, only
subcarrier spacing values larger than 120 kHz will result in satisfactory BLER performances.
In addition to the enhanced immunity to the Doppler shift/spread, the use of larger subcarrier
spacing is more robust against the effect of phase noise in a high speed and high carrier
frequency environment.
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Figure 3 BLER vs. SNR for different subcarrier spacing and MCSs (Speed: 100 km/h)
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Figure 4 BLER vs. SNR for different subcarrier spacing and MCSs (Speed: 300 km/h)
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2.4.2 Spectrum efficiency results

The spectrum efficiency is defined as the number of correctly received information bits in a
given period of time and within a given bandwidth, which can be calculated as

_ (1-BLER)K
T TT-w

where K denotes the transport block size and w represents the system bandwidth [2].

The spectrum efficiency provides a measure of how the proposed numerology helps to
efficiently utilize the available bandwidth. We plotted the spectrum efficiency as a function of
SNR for different subcarrier spacings and MCS sets at the train speed of 100, 300, and 500
km/h on Figure 6, Figure 7, and Figure 8, respectively.

Overall, the performance trend is similar to that of BLER. The spectrum efficiency is degraded
with higher train speed, shorter subcarrier spacing, and higher MCS set. It can be seen that
the use of large subcarrier spacing (= 120 kHz) ensures satisfactory spectrum efficiency
performance in most cases.
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Figure 6 Spectrum efficiency vs. SNR for different subcarrier spacing and MCSs (Speed: 100 km/h)
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2.5 Summary

In this chapter, we proposed possible 3GPP 5G NR numerology sets including subcarrier
spacing, CP length, FFT size, subframe length, and so on in a 30 GHz carrier frequency band.
The OFDM numerology parameters are designed to provide scalability and consider Doppler
and phase noise effects that have significant impact on the mmW system performance. We
then evaluated the BLER and spectrum efficiency of the proposed numerology sets through
extensive link-level simulations. In a high speed train environment, we found that using larger
subcarrier spacing values of at least 120kHz would be beneficial in terms of BLER and
spectrum efficiency performances.

3 Reference signal design robust to very high speed

3.1 Introduction

In the high speed environment employing mmW band, the effects of Doppler shift/spread
become quite significant and should be taken into account for demodulation reference signal
(DMRS) design for channel estimation. Since the 5G NR strives to adopt user-specific DMRS
structure instead of common reference signal (CRS) structure, DMRS patterns tailored to the
high speed UE can be used.

Therefore, in this chapter, we propose possible DMRS patterns suitable for the 3GPP 5G NR
high speed train scenario and provide performance comparison among them through extensive
link-level simulations. Considering the carrier frequency of 30 GHz, each DMRS design
specifies density and location of the DMRS symbols in the frequency- and time-domains. The
DMRS design aims to find the best trade-off between the channel estimation accuracy
improvement and DMRS overhead reduction. The proposed DMRS patterns and their
simulation results will not be restricted only to the high speed train scenario, but will also be
useful to other deployment scenarios with high mobility.

3.2 System description

3.21 Network model

We assume a straight line base station deployment along the rail track, where remote radio
heads (RRHs) connected to the centralized baseband unit (BBU) pool are deployed along the
railway. Each RRH is equipped with an antenna array which can create a directional narrow
beam along the track so as to guarantee continuous coverage along the track. Similarly, an
antenna array is mounted on top of a train, generating a directional beam towards the RRH.
We assume a fixed and uni-directional beamforming.

The UEs inside the train are assumed to communicate with the access points (APs) installed
in each train carriage. The link between the AP and UEs can be established via WiFi or femto
cells [3]. 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
on the link between the AP and UEs.
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3.2.2 Antenna configuration

A uniform rectangular panel array antenna is assumed for both the RRH and train onboard
relay. Antenna elements are uniformly placed on the two-dimensional antenna panel [6], as
illustrated in Figure 9a. Antenna configuration parameters are as follows:

M: the number of antenna elements in the vertical direction

N: the number of antenna elements in the horizontal direction

dy : antenna spacing in the vertical direction

dy: antenna spacing in the horizontal direction

P: antenna polarization types, i.e., single polarization (P = 1) or dual polarization (P =
2)

The 3D radiation pattern for each antenna element A" (8", ¢'") can be described as functions
of the zenith angle 8" and the azimuth angle ¢ as defined in [6], reproduced below:

A0, ¢") =—min{-|A, (0")+ A (4"} A}

where the vertical radiation pattern Az, (6"") and the horizontal radiation pattern A; ;(¢") are
given by

6" -90°

Acy (07) = —min{lz( j ,SLA, } 0,4 = 65°,SLA, =30dB

3dB

3dB

A (@) =—min{12( ;’" j ,Aﬂ}qﬁm ~65°, A, =30dB

The antenna element pattern is illustrated in Figure 9b.
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Figure 9 Antenna configuration: (a) rectangular panel array; (b) antenna element pattern

3.2.3 Channel model

In order to take mmW propagation characteristics into account, 3GPP has developed a new
channel model for the frequency band above 6 GHz [6]. Since we are focusing on the DMRS
design and the corresponding link-level evaluation in a multi-antenna configuration, clustered
delay line (CDL) model is used. Among the five CDL models, CDL-D model is agreed for the
DMRS evaluation of the 3GPP 5G NR high speed train scenario [2], where the Rician K-factor
is 13.3 dB and the scaling of delay spread is 10 ns. The power delay profile of the selected
CDL-D model is given in Table I. It is clear that the LOS path dominates the channel power.
The following angular spread values are considered: azimuth spread of departure angle (ASD),
azimuth spread of arrival angle (ASA), zenith spread of departure angle (ZSD), and zenith
spread of arrival angle (ZSA). These angular spread values for high speed train scenario for
within-cluster are given as casp = casa = 5° and czsp = czs54 = 1° [16].

The channel coefficient generation of the CDL model consists the following steps [6]:

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

e Step 2: Coupling of departure and arrival rays within a cluster.

e Step 3: Cross-polarization power ratios generation for each ray.

e Step 4: Channel coefficient generation.

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

N
1 K
Hus(1,0) = K—HZ USO8 — 1) + |77 ) HES (08¢ — )
n=1 n=1
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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, H{j‘;‘?ls(t) is given by

HUN|S_(35m (t) \/7|: rx,u, 6 n m,ZOA? ¢n m, AOA ):|T eXp (J(D?gm) \’ Kn,m71 exp(J(D?)m)
Ve ooliof,)  ep(jof,)

|:|;tx,s,9§6n,m,ZOD’ ¢n,m,AOD ):|9Xp( JZH( rxﬂ:)m drx,u)]exp[ 127[( tx n,m* dtx S)Jexp( 1272' Afi;: v t]

x,s,0 en,m,ZOD'¢n,m,AOD ﬂ'o

rx u ¢ n m,ZOA? ¢n,m,AOA)

where

e PB,:the power of the n-th cluster in a linear scale

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

*  Fiso(), Fres (! the transmit antenna radiation patterns in the direction of 6 and
¢, respectively

o (089,000 o ©??3: set of random initial phases for four different polarization
combinations, i.e., 66, 8¢, ¢0, and ¢p¢

*  K,n:the cross polarization power ratio (XPR) for n-th cluster and m-th ray

e ], wavelength of the carrier frequency

o Trenms Texnm: SPherical unit vectors of receive and transmit antennas, respectively

3 drxu, d.: location vectors of receive and transmit antennas, respectively

. v: velocity vector

For the LOS path, HY:93(¢) is given by

HLoS () = Fexuo (eLOS,ZOA ) ¢LOS,AOA) ! exp (J‘D LOS ) 0 Fuso (eLos,ZOD +DLos oD )
” " Fix g (QLOS’ZOA ! ¢L°S'AOA ) 0 —exp Jq) LOS tx 5.4 (‘gl_os,zoo ) ¢Los,AOD )

jZH(f; LOs 'arx u ) 12”(?:: LOs 'dtx s ) rTx LosV
’ ~~ |.e : = e 2 t
Xp[ A XP A Xp| j2r——— A

3.3 DMRS design for very high mobility

3.3.1 DMRS design principle

The DMRS design is strongly related to the channel characteristics because the main purpose
of DMRS is to estimate the channel coefficient for coherent detection. More specifically, if the
channel fluctuates more severely in the frequency domain (i.e., having shorter channel
coherence bandwidth), the DMRS density in the frequency-domain should be increased.
Similarly, if the channel varies faster (i.e., having shorter channel coherence time), denser
DMRS allocation in the time-domain is needed.

After determining frequency/time-domain DMRS densities, the DMRS locations in the time-
frequency resource grid should be considered. Assuming stationary channel conditions,
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uniform DMRS allocation in both the frequency and time-domains is preferred for minimizing
interpolation error and reducing implementation complexity.

Note that there is a tradeoff relationship between the channel estimation accuracy and DMRS
overhead. Since any useful data cannot be transmitted by DMRS, allocating DMRS with a
proper density is required for throughput maximization.

3.3.2 Front-loaded DMRS patterns with increased time-domain density

In NR, the baseline front-loaded DMRS structure is agreed due to its ability for achieving low
latency [2]. In the time-frequency resource grid, the front-loaded DMRS can be located just
after the control region, followed by data region, as seen in Figure 10a. As soon as obtaining
channel estimates from the front-loaded DMRS, the receiver can demodulate data in the data
region.

This front-loaded RS structure is particularly advantageous in decoding latency reduction for
low mobility scenarios where channel coherence time is longer than the time period of front-
loaded RSs. However, allocating only the frontloaded DMRS can degrade the link performance
when the UE speed becomes higher (i.e., channel coherence time becomes shorter). Although
the channel information in the data region can be obtained by interpolation, the channel
information accuracy severely degrades with higher mobility. Hence, we consider the front-
loaded DMRS patterns with 2x and 4x time-domain densities in Figure 10b and Figure 10c,
respectively.
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Figure 10 Front-loaded DMRS patterns with different time-domain densities: (a) baseline front-loaded DMRS;
(b) front-loaded DMRS with 2x time-domain density; (c) front-loaded DMRS with 4x time-domain density.

3.3.3

Reducing Frequency-Domain Density

Most high speed train tracks are quite straight, leading to a LOS-dominant channel condition.
In this situation, the delay spread is expected to be shorter (or equivalently the channel
coherence bandwidth becomes larger). Then, we can consider reducing frequency-domain
density of the DMRS without significant degradation of channel estimation accuracy. By doing
so, the overhead due to the DMRS can be much reduced. Examples of frequency-domain low-
density DMRS patterns are given in Figure 11la (4 subcarriers per RB) and Figure 11b (2
subcarriers per RB), respectively. For MIMO transmission, up to 2 frequency-domain
orthogonal DMRS ports are supported: Port 0 and Port 1.
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Figure 11 DMRS patterns with reduced density in the frequency domain: (a) 4 DMRS subcarriers per RB; (b)
2 DMRS subcarriers per RB.

3.4 Simulation results

We provide link-level simulation results in order to evaluate the proposed DMRS patterns in
terms of BLER and spectrum efficiency. The simulation parameters are based on the high
speed train scenario where the RRH-onboard relay link uses the mmw band. The detailed
simulation parameters are summarized in Table 3.

Table 3 Link-level simulation parameters

Parameter Value
Carrier frequency 30 GHz
System bandwidth 80 MHz
Subcarrier spacing 120 kHz
Channel coding LTE Turbo
MCS 16QAM 3/4
Number of MIMO layers 1,2
Channel estimation LS estimation and linear interpolation
Equalizer LMMSE
* CDL-D (delay spread = 10 ns, K-factor = 13.3 dB)
Channel model + Parameter set # 1: 5(ASD), 5(ASA), 1(ZSA), 1(ZSD)

+ ZoD and ZoA for cluster #1 are fixed at 90 degrees
Tran(?_rlgil:t))recfive point * (M,N,P,Mg,Ng) = (8,8,2,1,1); (dV,dH) = (0.5, 0.5)A with
antenna L bo A
configuration directional antenna element (HPBW=65°, directivity 8dB)

* (M,N,P,Mg,Ng) = (8,8,2,1,1); (dV,dH) = (0.5, 0.5)A with
directional antenna element (HPBW=65°, directivity 8dB)

Phase noise model Multi-pole/zero model [3]
UE speed 500 km/h

UE antenna configuration
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3.4.1 BLER results

We plotted the BLER as a function of SNR for different DMRS patterns in Figure 12 (1 Layer)
and in Figure 13 (2 Layers). The BLER when having the ideal channel information is also
plotted for comparison. As expected, it can be seen that the BLER is decreased when denser
DMRS pattern is employed both in the time and frequency domains. Due to short coherence
time, we need to have more than 4 DMRS within a slot in the time domain in order to
satisfactorily support the UE speed of 500 km/h.

We also observe that reduced DMRS allocation in the frequency-domain does not significantly
degrade BLER. This is because the employed CDL-D channel with delay spread 10 ns has
strong LOS path and weaker multi-path components, making the channel coherence bandwidth
quite large.
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Figure 12 BLER vs. SNR (dB) for different DMRS patterns (1 layer)
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Figure 13 BLER vs. SNR (dB) for different DMRS patterns (2 layers)

3.4.2 Spectrum efficiency results

The spectrum efficiency provides a measure of how the proposed DMRS design helps
efficiently utilize the available bandwidth. We plotted the spectral efficiency as a function of
SNR for different DMRS patterns in Figure 14 (1 Layer) and in Figure 15 (2 Layers). Overall,
the performance trend is similar to that of BLER. The spectral efficiency when the ideal channel
information is available is also plotted for comparison. The spectrum efficiency is degraded
with less time-domain density DMRS.

The effect of reducing DMRS density in the frequency domain can be advantageous in
enhancing spectral efficiency. For 1 layer case, reducing the DMRS density in the frequency
domain less than 4 resource elements per RB is not beneficial to improve the spectral
efficiency. However, for 2 layers case, 2 resource elements per RB provides higher spectral
efficiency in the SNR region higher than 20 dB.
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3.5 Summary

We proposed possible candidates for the 3GPP 5G NR DMRS design in the 30 GHz carrier
frequency band. The DMRS design is conducted so as to find the best tradeoff between the
channel estimation accuracy improvement and overhead reduction, considering severe
Doppler effect of the high speed train scenario. We then evaluated the BLER and spectrum
efficiency of the proposed DMRS sets through extensive link-level simulations. We found that,
in a high speed train environment, using frequency-domain sparse and time-domain dense
DMRS allocation would be beneficial in terms of BLER and spectrum efficiency performances.

4  Spatial multiplexing for backhauling of HST

The study in [17] shows that there exists, under some conditions, a link with good SNR between
a receiver on the top of a High Speed Train (HST) and a fixed Terminal Radio Unit (TRU) along
the railway. Based on the results from this study, we assess here the possibility of using
Multiple Input multiple Output (MIMO) schemes to enhance the throughput on this link,
especially when Doppler is present. More particularly, Spatial Multiplexing (SM) [19] is
assessed.

4.1 Scenario

We consider the backhauling of a HST; the scenario is illustrated on Figure 16. Our study is
based on the results from [17], amongst which the following are of particular interest for us:
o ‘“ltis possible to serve one train using two independant mmW links simultaneously”
(TRU1-RRUL1 and TRU2-RRU2).
e The SNR of each link allows for MCSs up to 64-QAM, in a SISO mode.

We introduce multiple antennas at the TRU and the RRU side, see Figure 16 top view. We will
focus, without loss of generality, on the TRU1-RRUL1 link. We consider street canyon channel
environment, which is the case for example when the train is in a tunnel, in urban environment
or in a corridor. Main parameters used in the following can be found in Table 4. In particular
the range of distances between the TRU and RRU is 100-800 m, where it is shown in [1] that
the SNR can be kept at a good level. The subcarrier spacing has been set to 180 kHz, that is
compatible with the subcarrier spacing specified in chapter 2.3.3.1 with n=6. We furthermore
consider a carrier frequency of 28 GHz, where a wide amount of spectrum is available for
providing high throughput internet access to users.
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Figure 16. Side view and top view of the scenario.

Table 4. Parameters used in the study.

Parameter Value
Waveform OFDM
Carrier spacing 180 kHz
Sampling frequency 184.32 MHz
Carrier Frequency 28 GHz
Transmit antennas 2
Receive antennas 4
{X,y,z}truU {0,3,3.5} m
{X,¥,Z}rrU {x,0,3.5} m
Distance between TRUs 1000 m
Xgry range 100-800 m

4.2 Channel model

The channel has been simulated thanks to the free software Quadriga [20]. Quadriga is a

geometry based stochastic channel model that implements several scenarios, among which

urban microcell street canyon with LOS has been chosen for this study. Parameters of this

channel, such as delay spread, angles of arrival and number of clusters can be found in [21].
Quadriga allows to choose the number of transmit and receive antennas, their azimuth and
elevation responses and their spacing. In this study we are considering 2 transmit and 4 receive

antennas. The antennas are directive, with 8° aperture, see Figure 17. The optimal antenna

spacing is assessed in chapter 4.4.3.
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Figure 17. Gain of transmit antenna array element 1 (shown at {x,y,z}={0,0,0}), in dBi

Quadriga models are available for a large range of frequencies. Here the carrier frequency is
28 GHz.

4.3 Doppler modeling and pre-compensation

The Doppler due to the high speed of the RRU is the major impairment in the HST scenario. In
this study, Doppler is modeled as a ramp of phase exp(jZmS(t + Ap)) for each channel path,
with & the actual Doppler and A, the delay of path number p.

Two conditions are met that allow to think that it is possible to pre-compensate the Doppler §
at the transmitter:

1. The LOS path is predominant.

2. The distance between the transmitter and the receiver, see Table 4, is high enough for
the Doppler to be constant: the Doppler is a function of the cosine of the angle of arrival
of the path, and the angle is nearly 0.

In this study, the Doppler is therefore pre-compensated at the transmitter. In our simulations,
when Doppler is pre-compensated, a ramp of phase exp(jZm?t) is applied on each transmit
antenna, with § the estimated Doppler, § = 9/(c/F.), and » the estimated speed of the
receiver. Note that it is out of the scope of this study to estimate the speed v of the receiver?:
we chose at the transmitter a value for ¥, resulting in a residual Doppler 6,.; = |0 — v|/(c/E,.)
(it is not an equality, due to the multipath nature of the channel).

4.4 MIMO schemes

44.1 Spatial Multiplexing

We assess the feasibility of Spatial Multiplexing as described in [19] under the name V-BLAST.
This scheme allows to theoretically increase the data rate by a factor of the number of transmit
antennas, provided several conditions are met:

11t has been shown in the literature that the speed can be estimated very accurately [18][18],
especially when it is constant. Errors in the estimation lower than 0.2 m/s are possible.
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the number of receive antennas is strictly higher than the number of transmit antennas,
The antennas are decorrelated,

The channel is more or less frequency selective.

The SNR is quite high.

The first three conditions ensure that the channel matrix is well-conditioned.

We implemented the ‘Symbol cancellation’ receiver: the symbol transmitted by the antenna
with the strongest link is detected first and then subtracted from the received signal before
detecting the second symbol: with A (size number of receive antennas Nr x number of transmit
antennas Nt) the estimated channel matrix at the receiver, the index i, of the first symbol to
detect is given by:

i = argmin([Z)5 1 ([H* (0, )% - ZXG (A (Ne = 1, )[)]),

where H* is the pseudo inverse of A. Let then denote w, the i§" raw of A*. At the receiver, the
estimation of the symbol s; transmitted on antenna i, is therefore given by s; = wyr, with 1,
the Nr x 1 received vector. The contribution of s;  in the received signal r, is then computed
by demodulation of s; , modulation and multiplication by the estimated channel matrix. This
contribution is subtracted from r,, resulting in received signal ;. The second transmitted
symbol s; is finally detected as s;, = wyr; with w; the if" raw of A*.

This implementation has been shown [19] to provide better results than Zero Forcing, which
consists in (pseudo-)inverting the channel matrix at the receiver to recover the transmitted
symbols: [sq s;]7 = H*r,.

The algorithm works on a subcarrier basis. It therefore requires an estimation of the 4x2
channel on each subcarrier. The estimation of the channel is out of the scope of this study. For
feasibility of this estimation at high speeds, the reader is referred to chapter 3.

The throughput that can be achieved with this scheme is shown in Table 5, column three.

4.4.2 Diversity

In order to realize a comparison with the spatial multiplexing scheme presented above, a
‘diversity’ scheme has been implemented, with the same number of antennas. The two transmit
antennas transmit the same data. At the receiver, maximum ratio combining is performed using
the four receive antennas. The throughput that can be achieved with this scheme is shown in
Table 5, column two.

443 Optimal antenna spacing

Several antenna spacing configurations have been assessed, with 16-QAM 1/2 and residual
Doppler=0.03%. Results are presented in Figure 18 and Figure 19. As expected for SM,
antennas must be decorrelated and therefore quite far away the one from each other. A spacing
ATx of transmit antennas and ARX of receive antennas of more than 50 times the wave length
A is required. We recall that A is around 1 cm here. For the diversity scheme, a necessary and
sufficient condition for achieving good performance is that ATx is small.

In the following we have chosen {ATx, ARx }={50A,50A} for the SM scheme and {ATx, ARX
}={2A,2A } for the diversity scheme.
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Figure 18. Assessment of optimal antenna spacing for Spatial Multiplexing
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Figure 19. Assessment of optimal antenna spacing for Diversity
4.5 Simulation results

45.1 Parameters

The system described in chapter 4.1 has been assessed by means of computer simulations.
Several Modulation and Coding Schemes (MCSs) have been implemented: the list can be
found in Table 5. In this table the theoretical maximal throughput that can be achieved with
each MCS is computed, for Spatial Multiplexing and for Diversity. The color and the marker
style associated to each MCS for the simulation curves is given in the most right column.
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Table 5. MCSs assessed and throughput that can be achieved.

MCS Throughput y, bps/Hz
MCS # Modulation Rate | Diversity | Spatial mux Plot style
1 1/2 1 2 Circle
2 QPSK 2/3 1.33 2.66 Black | Square
3 3/4 1.5 3 Triangle
4 1/2 2 4 Circle
5 16-QAM 2/3 2.66 5.33 Purple | Square
6 3/4 3 6 Triangle
7 2/3 4 8 Square
8 64-QAM 150 a5 9 Red I riangle
9 2/3 4.66 9.33 Square
10 128-0AM - 2 55 105 Green | 4 iangle

45.2 Residual Doppler 0.03%

On Figure 20 the train speed has been set to 400 km/h and the estimation of the speed at the
transmitter to 398 km/h, resulting in a residual Doppler of around 0.03 % of carrier spacing.

For a given MCS, SM allows to double the throughput with respect to Diversity, see Table 5.
However, this former MIMO scheme is only efficient in high Eb/NO region, as it can be noticed
on Figure 20: for example, in order to reach a PER of 10-2 with MCS#7, a 8 dB higher Eb/NO is
required with SM than with Diversity. Nevertheless, the higher the modulation order, the higher
the negative impact of the residual Doppler on the PER, due to phase rotations. For this reason,
for example, MCS#9 is much more impacted than MCS#7; that's why, going on with this
example, for Eb/NO=14 dB MCS#7 SM has the same performance than MCS#9 Diversity. It

must be noted that MCS#7 SM allows a throughput of 8 bps/Hz and MCS#9 Diversity only 4.66
bps/Hz.

Diversity. Doppler 0,03% Spatial mux. Doppler 0,03%
1,E+00 B I ;
LY\ WY | I\q\ S N
o\ g X 17} RS YA 1\
(g S AN AXA T (K A
\LA \ﬂ"( A A\ Al
WMELITEN bk
(RIS =t A
1|} \ T [ aAn N L [\
| \\ AL d A
\ | i o A \ \
o | BT TR BTN Py

-4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24-4 -2 0 2 4

2]

8 10 12 14 16 18 20 22 24
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Figure 20. Packet Error rate of Spatial Multiplexing and Diversity Schemes with 0.03 % residual Doppler.
Legend: see Table 5

In order to quantify the gain provided by SM, Figure 21 plots the throughput that can be
achieved by the two schemes, computed as y(1-PER), with y given in Table 5. It is worth noting
that the SM scheme achieves a higher throughput than the Diversity scheme from a SNR of 4

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
without the authorization of the contractors.

32/49




Deliverable 3.4: Algorithms for backhauling & fronthauling

Title:
Date: 31-05-2017 Status: Final
Security: PU Version: v1.1

dB. For SNR higher than 18 dB (which is possible on the TRU-RRU link according to [17]) SM
even allows a throughput 1.8 times higher than Diversity.

Diversity. Doppler 0,03% Spatial mux. Doppler 0,03%
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Figure 21. Throughput of Spatial Multiplexing and Diversity Schemes with 0.03 % residual Doppler. Legend:
see Table 5

45.3 Residual Doppler 0.06%

On Figure 22 the train speed has been set to 400 km/h and the estimation of the speed at the
transmitter to 396 km/h, resulting in a residual Doppler of around 0.06 % of carrier spacing. In
this scenario, the residual Doppler is much more higher than in section 4.5.2, therefore high
order modulations are highly impacted. This can be seen on Figure 22 where MCS#7 and
higher experience a PER floor. For the same reasons than above, a throughput gain might be
expected with SM with respect to Diversity. This is confirmed by Figure 23 that plots the
throughput that can be achieved by the two schemes, computed as y(1-PER), with y given in
Table 5.

Diversity. Doppler 0,06% Spatial mux. Doppler 0,06%
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\ \d R
1,E-02 K \ \ Q \

4 -2 0 2 4 6 8 10 12 14 16 18 204 2 0 2 4 6 8 10 12 14 16 18 20
Eb/NO, dB Eb/NO, dB

Figure 22. Packet Error rate of Spatial Multiplexing and Diversity Schemes with 0.06 % residual Doppler.
Legend: see Table 5
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It is worth noting that the SM scheme still achieves a higher throughput than the Diversity
scheme from a SNR of 4 dB. For SNR higher than 10 dB SM even allows a throughput 1.7
times higher than Diversity.

Diversity. Doppler 0,06% Spatial mux. Doppler 0,06%
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Figure 23. Throughput of Spatial Multiplexing and Diversity Schemes with 0.06 % residual Doppler. Legend:
see Table 5

4.6 Summary

In this study, SM for the backhauling of HST has been assessed. An adequate channel model
at 28 GHz carrier frequency has been used to model the highly time variant environment. It has
first been shown that in ‘street canyon’ scenario, SM achieves good PER results, only few dBs
worse than the Diversity scheme implemented for comparison purpose. It has then been
demonstrated that despite the fact that the channel is frequency selective, the LOS path is
predominant and therefore the Doppler can be pre-compensated at the transmitter. In case an
error on the estimation of the speed is done at the transmitter, more or less Doppler may remain
at the receiver. This residual Doppler causes phase rotations that are detrimental to high order
modulations. In this situation SM allows to use lower order modulations and is therefore more
resistant. SM therefore allows to reach much higher throughputs, around 1.7 times higher than
Diversity.

It must nevertheless be noted that the SM scheme presented here requires the estimation at
the receiver of Nt times Nr channels per carrier, with Nt (resp. Nr) the number of transmit (resp.
receive) antennas. The Diversity scheme requires only Nr channel estimations, that is twice
less in our simulations (Nt=2). Channel estimation was out of the scope of this study but a study
of MIMO fast changing channel estimation can be found in chapter 3. Some more pilots would
be required for SM, lowering a little bit the throughput of the scheme.

5 Beam alignment techniques

In this chapter we investigate the problem of (multi)-beam alignment for mmW backhaul link
established at 28GHz.

We assume that one device has fixed location and is connected to the core network, whereas
the other is mobile and serves as moving hot-spot, for instance, in bus or high-speed train.
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The fixed and the mobile devices are, hereafter, referred to as fixed Terminal radio unit (TRU)
a remote radio unit (RRU), respectively. Both TRU and RRU utilize multiple antennas to
establish a directive communication via beamforming. More details of transceiver architecture
are described in [22][23].

5.1 Transceiver architecture and communication model

The block diagram of the transceiver (identical at TRU and RRU) is depicted in Figure 24. It
consists of a base-band unit (BBU) with capability of MxM MIMO processing and a DFE that
connects the BBU to the RF-FE, which comprises of L RF beamformers, each one connected
to an antenna array of N elements.

For instance, the mmW transceiver designed in [23] provides 8 digital MIMO channels and 4
RF beamformers which are independently controlled. Two channels are sent/received to/by the
same RF beamformer.

TRU RRU

Figure 24: Beamforming at the TRU and RRU

The communication between transmitter and receiver follows the SF structure proposed in [23].
Our focus is on the initial access procedure, which consists of two phases:

a) downlink synchronization, the RRU detects the synchronization signal (PSS and
SSS) and system information transmitted by the TRU in the DL control slot

b) beam alignment, the RRU measures the RSS of the Beam Reference Signal (BRS)
to find preferred Tx beam and Rx beam pair(s).

As described in [24], the synchronization and beam reference signals can be transmitted in the
same OFDM slot, but over different subcarriers. For instance, in the [24] 18 and 82 resource
blocks of the same OFDM symbol are dedicated to synchronization and BRS, respectively.
However, the periodicity of PSS and BRS signal is not the same. As a reference, in [24] the
PSS is sent with periodicity of 5ms whereas the BRS periodicity can be set either at 5ms or
10ms or 20ms. .

It is assumed that reference signals are beamformed in the RF domain. A beam sweeping
strategy is needed to allow the transmission of PSS and BRS to different directions.

In this regard, we distinguish between beam sweep in the time and frequency domains. In the
time domain, the RF beam directions are changed in consecutive (localized) or periodic time
slots (distributed). In the frequency domain, RF beam directions are fixed but frequency
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orthogonality is used to separate reference signals sent for different directions. The report [25]
shows, for instance, a possibility for frequency and time domain mapping of BRS.

In this work, we focus on time domain distributed mapping as it can be directly applied to the
EU demonstration platform. In fact, as indicated in [26], the EU mmW platform will provide
hardware and processing restrictions that do not permit digital beamforming..

5 z 9 2
c c c c
o o a ]
3 3 3 3
o = o =3
(] 2] I <) 1]
&= = = -
Time Time Time Time
a) b) c) d)

Figure 25: Reference signal mapping. a) Localized frequency domain, b) Distributed frequency domain, c)
Localized time domain and d) Distributed time domain

5.2 Beamforming codebook

In this chapter we describe the analog beamforming codebook that can be utilized in the EU
mmW RF transceiver. We focus on codebooks with binary, fixed amplitude and variable phase.
More specifically,

a) Orthogonal codebook for 3D beamforming: all antenna elements are active, the
beams are narrow with equal maximum array gain and nulls of the j-th beam
correspond to the direction of the maximum gain of any other i-th beam.

b) Hierarchical codebook for 3D beamforming: antenna elements can be deactivated,
the beams are of variable width and nulls of the j-th beam do not correspond to the
direction of the maximum gain of any other i-th beam

5.2.1.1 Orthogonal beamforming codebook

The orthogonal codebook is obtained with a set of orthogonal beamsteering vectors. For
instance, for a ULA with N elements, it is readily obtained via a normalized Discrete Fourier
Transform (DFT) matrix with N columns. Whereas for a URA, it can be computed as 2-
dimensional DFT matrix, i.e., as a Kronecker product of two DFT matrices, respectively, with
Nr and Nc columns where Nr and Nc are the number of antenna elements per physical
direction.

As illustrated in Figure 26, for each beam the following is true:

e The maximum gain is equal to 1
e The null directions of the i-th beam correspond to the maximum gain direction of any
other j-th beam
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Figure 26: DFT beamforming codebook

5.2.1.2 Hierarchical codebook with deactivation functionality

The hierarchical codebook is obtained with a combination of beamsteering and antenna
selection (activation) techniques. More specifically, the beamforming codebook is organized in
levels and in between levels beams have different beamwidths. For instance, in Figure 27, we
illustrated an example of hierarchical codebook for a ULA antenna. The whole angular domain,
e.g., [-90, 90] is first partied in K bins, then for each bin, we design a beamformer such that the
HPBW coincides with the upper and lower bounds of the bin. Next, we increase the level,
partition each angular bin in K bins and construct a new set of beamformers.
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Figure 27: Hierarchical beamforming codebook

It results, that £ = llogx (V)] partitioning (also referred to as level) are performed and at for the
l-level, K" beamformer vectors are defined.

The hierarchical beamformer codebook size is

[log ;. (N)] ]
1— Kﬂog;‘—(]\fﬂ%ﬁl
N'= ) K'= -1
=1 1=

In order to maximize the SNR per beam, we can alternatively apply the hierarchical codebook
construction described in [27]and illustrated in Figure 28. The example shows the codebook
with portioning factor K=2.

Likewise the orthogonal codebook, the hierarchical codebook for URA can computed as a
Kronecker product of two ULA-type codebooks.
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Figure 28: Hierarchical beamforming to maximize the number of active elements

5.3 RSS-based strategy for single-path alignment

The algorithm for beam alignment is designed for a time domain, localized mapping of the
beams. We assume that the periodicity for the beam alignment phase is fixed and that beam-
alignment procedure is prior communication.

Our focus is on the impact of beam alignment overhead on the effective data-rate given by

B T, |h|2 PiiS(w, £,0,¢)
k= WGI'}/}VB?:'{EFB (I_T_f)10g2 (l+ o2 ’

where Ti is the training time, Ty is the periodicity of beam alignment procedure, Fix is the
transmit signal power, am () and an(f) are the receive and transmit array factor
S(w,£.0,¢) 2 |wan(0)]*|f"an(¢)|*, with w and f are the receive and transmit beamforming
vectors, B is the signal bandwidth and o = Ny B is the noise power over B.

The effective data-rate, in fact, depends not only on the selected codebook and selected

beamforming vectors, but also on the ratio T:/Ty which takes into account the overhead for the
beam alignment strategy. In the following section, we analyse this metric for an exhaustive and
adaptive alignment strategy.

5.3.1 Exhaustive search with orthogonal codebook

Let us assume that TRU and RRU are time aligned and that channel has only one path. The
beam alignment procedure with the exhaustive search works as follows:

e the TRU changes beam every M slots?
o the RRU sweeps the RX codebook (see Figure) in M slots;

2 Note that for a ULA and orthogonal codebook, the codebook size is equal to the number of
antennas.
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o the RRU uses measures the RSS power
e the RRU searches the maximum RSS and

e the RRU sends to the TRU the beam state information indicating the slot when the
maximum RSS is measured.

v EEEEEEER

Feedback

v EREEREE

‘|’
RSS measurement

Figure 29: Training with exhaustive search
Without loss of generality, consider N=M. Thus, the training time takes N? slots. Also, in an
ideal condition, i.e., when both TX and RX beams are perfectly aligned with the channel, the
achievable effective rate is given

log, (1+SNRoN?), @

R=B (IWT-i_l))

N2
~ 2B (l——)l()g‘2 (SNRoN),
n

where n is the length of the training periodicity in number of slots and SNRo £ [h[* P /0
represent the SNR obtained without array gain.

We notice that, on the one hand, the rate reduces with N2 due to the overhead and, on the
other hand, it increases with log(N). Thus, we expect a trade-off between rate and overhead
training. This trade-off, in fact, can be obtained by computing the maximum of (3) with respect
to N (indicated as a variable x in the following equation). It yields

OR(x; SN Ry) 2)
—— =0
Jz
and
o (14+ SNRyx) (3)
r=n—1 SN T In(1+ SNRyz)
Subsequently, the optimum training length is given by
T, = [xcpt—‘T&"yrﬂ (4)

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
without the authorization of the contractors.

40/ 49




Title: Deliverable 3.4: Algorithms for backhauling & fronthauling

Date: 31-05-2017 Status: Final

Security: PU Version: v1.1

where Xopt is the solution of (5). The Figure 30 shows, for instance, the optimum overhead ratio
as function of Tr with T,,,, = 1/Af. We remark also the dependency with SNRo, and the lower
the SNRo, the higher the training overhead is.

To give a concrete example, for instance, we can assume T=10 ms, SNRo=20 dB, Tsym=14.3

ps. From the curve, it results that the optimum overhead is 0.1, which yields 0.1T¢/ Teym = 70
slots.

Optimum overhead with DFT codebooks
Ay = 75kHz, Free-space model

22 T T T T
— SNR []:0 ClB
20 — SNR [3210 dB T
SNR []:20 dB

14

Overhead, = |%]
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Figure 30: Optimum overhead with exhaustive search

5.3.2 Adaptive search with hierarchical codebook

Also in this case, let us assume that TRU and RRU are time aligned and that channel has only

one path. The adaptive beam alignment procedure with hierarchical codebook works as
follows:

e The TRU and RRU start with an exhaustive search mechanism using the K
beamformers of level-1.

e For each beam-pair, both TRU and RRU measure the RSS of the reference signal
¢ TRU and RRU select, independently, the kth direction with maximum SNR

¢ TRU and RRU perform a new partition of the angular sector covered by the selected
beam and compute K new beamformers

e |terate the whole process until the narrowest beam are formed

Following the same steps in the previous Section, we compute the maximum effective rate
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R=DB (1— Utz log, (1+SNRoN?)
~ 2B (1f () [log e (V)] )1og2 (SNRoN).

In contrast to the exhaustive search with orthogonal codebook, we notice

e Tie O(logK(N)), this indicates that the beamtraining overhead increase with N, but
sublinearly

o Tie O(N2), this shows that the hierarchical search is much more time-efficient than the
exhaustive search and,

o Ti(IN) <logy(SNRoN), this demonstrates that in this search method, the array gain is
the dominant factor for a rate increase. Thus by increasing N, the rate grows despite
of a longer training time for a sufficiently large SNRuo.

Level-1 Level-M
| |
«BEEEEEE" DEOEHEn
Feedback Feedback
- HEEEEEE F-Eimnﬂ
v v . v v v
RSS measurement RSS measurement

Figure 31 : Training with adaptive search

5.3.3 Performance comparison between exhaustive and adaptive search strategies

Next, we study the impact of the different search strategies as well as the codebook size on
the effective data-rate. We focus on an ideal MIMO-OFDM communication system with

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
without the authorization of the contractors.

42149




Deliverable 3.4: Algorithms for backhauling & fronthauling

Title
Date: 31-05-2017 Status: Final
Security: PU Version: v1.1
Parameter Value
Waveform OFDM
Carrier spacing 75 kHz
Sampling frequency 153.6 MHz
Carrier Frequency 28 GHz
TX power 30dBm
SNRo {0,20} dB
RF beamformer 1
Number of TX antenna {8,32}
Number of RF antenna {8,32}
Antenna type ULA
.o {0,20} deg

Table 6 :Simulation parameter for beamtraining comparison

Figure 32 shows the achievable rate as a function of the beam alignment periodicity with the
exhaustive and hierarchical training strategies.

First, we observe that, for exhaustive search (blue lines), there is a crossing point between the
rate performance achieved with N=8 (solid line) and N=32 (dashed line). This value is around
55ms, and it is related to the high overhead for N=32. In fact, if the periodicity of the beam
alignment procedure is not long enough, several slots are used for training and the SNR gain
achieved with larger antenna array is not sufficient to compensate the time inefficiency of the
protocol.

In contrast, with the adaptive search and hierarchical codebook (red lines) the highest rate is
achieved with N=32 despite of the frame length.
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Figure 32: Achievable rate as a function of the beamtraining periodicity (frame length)

The next result concerns the problem of beam misalignment and, more specifically, we
evaluate the effective rate as a function of the training time (obtained by varying the number of
antennas) by changing the location of the receiver.

First, we simulate an increase of the distance between TRU and RRU by varying the SNRo. In
Figure 33 it can be noticed the exhaustive search strategy has an optimum training time (which
can be determined analytically) whereas the rate achieved with hierarchical search grows
despite the increase of the training period. We also notice that the location of the maximum
rate for the exhaustive search changes with the SNRo, and it increases when the SNR
decreases. This indicates that, just like power control, there is a “training control” mechanism
to be devised.

Finally, we vary the location of the RRU by changing the angle of arrival and departure. From
Figure 34, it can be noticed that the rate obtained with the exhaustive search is also a function
of the angle and oscillates based upon the choice of Ty, as the latter depends on N, thus on the
beamformers in the codebook.

This phenomenon is not visible with the hierarchical search as the codebook is denser in the
angular domain.
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Figure 33 : Achievable rate as a function of the training time and SNR
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Figure 34 : Achievable rate as a function of the training time and location
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5.4 Summary

In this chapter we investigated the impact on data rate of two beamsearching strategies widely
considered in pre-5G standardization. The focus was on a localized time domain mapping of
the reference signal as it will be applied in the EU mmW transceiver implementation. It was
found that for exhaustive search methods an optimum length of the training time exists and it
depends on the periodicity of the alignment procedure as well as location. Whereas for a
training procedure based on adaptive search, the longer the training is (i.e., the higher the
hierarchical level is) the higher the rate is. This leads to the conclusion that hierarchical search
is more time and rate efficient.
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6 Conclusion

In this deliverable, technologies have been presented for supporting very high bit rate services
in high mobility. First, in chapter 2, possible candidates for the 3GPP 5G NR numerology
including subcarrier spacing, CP length, FFT size, and subframe length in a 30 GHz carrier
frequency band have been proposed. It has been shown through extensive computer
simulations that in a HST environment, using larger subcarrier spacing values of at least 120
kHz would be beneficial in terms of BLER and spectrum efficiency performances. DMRS design
has then been conducted, in chapter 3, so as to find the best trade-off between the channel
estimation accuracy improvement and overhead reduction, considering severe Doppler effect
of the HST scenario. Link level simulations proved that in a HST environment, using frequency-
domain sparse and time-domain dense DMRS allocation would be beneficial in terms of BLER
and spectrum efficiency performances. In chapter 4, multiple antenna systems have been
assessed for throughput increase of the backhaul link of HST. Considering Doppler and
accurate channel modeling, it has been shown that spatial multiplexing with Doppler pre-
compensation is possible. This scheme allows for a throughput gain in the order of 50%.
Nevertheless this algorithm requires a pilot overhead for estimation of the MIMO channel.
Finally, in chapter 5, the impact on data rate of two beamsearching strategies widely considered
in pre-5G standardization have been investigated. Two conclusions are drawn depending on
the nature of the beam search: exhaustive or adaptive. For the former one an optimum length
of the training time exists whereas for the latter one the longer the training the higher is the
rate. Hierarchical searchs are therefore more time and rate efficient.
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