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Abstract

The Fifth Generation (5G) of mobile networks exploit both sub-6 GHz and millimeter-
wave (mmWave) spectrum. The sub-6 GHz spectrum comprises frequencies up to 6 GHz
and provides large geographical coverage for radio signal in 5G. The mm-wave spectrum
on the other hand, comprises higher frequencies ranging from 24 GHz -100 GHz and plays
a major role in serving high data rates for the 5G technology. The evolution of 5G plays a
pivotal role in the realisation of challenging applications like Social XR conferences, which
requires the network to deal with heavy traffic while maintaining low end-to-end latencies.
The right configuration of the radio access network becomes crucial for such applications.

The introduction of Massive Multiple Input Multiple Output (MIMO) technology in the
radio network, concentrates the signal energy to the target user, which significantly im-
proves the throughput and efficiency of the system. The quality and capacity of the radio
channels also depend on the downlink Channel State Information (CSI). The CSI when
obtained accurately at the Base Station (BS), plays a significant role in reaping the best
benefits out of Multiple Input Multiple Output (MIMO) technology. This thesis explores
(or assesses) the different options and configurations of CSI feedback using an indoor So-
cial Extended Reality (XR) conference application scenario. The performance analysis of
the radio downlink while using the latest 5G New Radio (NR) Types I and II CSI which
use a DFT-based codebook are detailed. The impact of the codebook-related configurable
parameter of Rotation Factor (RF), the performance variations while using a ‘fixed-RF’ for
all the UEs compared to the more flexible ‘adaptive-RF’, different beamforming technolo-
gies (Single-User MIMO (SU-MIMO) and Multi-User MIMO (MU-MIMO)), transmission
ranks and co-scheduling parameter values are assessed using the key performance metric
of Packet Loss Ratio (PLR). The frequency bands of 3.5 GHz (sub-6 GHz spectrum) and
26 GHz (mmWave spectrum) are chosen for the thesis and performance variations between
the two bands are studied. The key insight from the thesis research is that the ‘adaptive-
RF’ case gives the optimal performance for the considered Social XR scenario when we
set the right co-scheduling parameters (which balance the encountered interference and
frequency of co-scheduling).

Keywords: Channel state information, Type I CSI, Type II CSI, Social XR,
interference estimation, MIMO, MU-MIMO, SU-MIMO, 5G, RAN, beam-
forming, grid of beams.
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Chapter 1

Introduction

With the demand for mobile data traffic increasing at an exponential rate, incorpora-
tion of massive MIMO technology plays a pivotal role in 5G New Radio (NR) systems.
Massive MIMO systems consist of Base Stations (BSs) equipped with a large number of
transmit antennas which concentrate the signal energy to a specific user instead of broad-
casting the data throughout the coverage area. This results in significant improvement of
signal strength. In addition, there is a potential increase in the number of users served
simultaneously using the same time-frequency resources since multiple beams can be allo-
cated to single or multiple users [27]. This incorporation majorly contributes to improving
the spectral efficiency and network performance enabling 5G systems to achieve through-
put in the range of gigabits per second.

The quality and capacity of the radio channels also depend on effective scheduling mecha-
nisms that provide optimal bandwidth and coverage to each user while reducing inter-layer
(layers refer to the data streams which are co-scheduled simultaneously and are directed
either towards the same or different user) and inter-cell interference considerably. Such
mechanisms rely heavily on the 5G base station to be fed with adequate downlink Channel
State Information (CSI) obtained either through feedback from the user or derived from
uplink Sounding Reference Signal (SRS), which helps in selecting the best beam for data
traffic towards the user, resulting in highest attainable throughput.

A number of works in existing literature involve performance analysis comparison of radio
downlink using different methods of obtaining CSI in Long Term Evolution (LTE) and
5G NR technologies. The optimal codebook design for these technologies, such as those
based on Discrete Fourier Transform (DFT) and Grassmannian methods, is also a widely
followed related research area. Recent works focus on reducing the CSI feedback overhead
using data compression and machine learning techniques.

Both Time-Division Duplex (TDD) and Frequency-Division Duplex (FDD)-based CSI
techniques include some configurable parameters, which significantly affect the downlink
performance. However, there is not much work focusing on this part of the research.
Through this thesis, 3rd Generation Partnership Project (3GPP) recommended state-of-
the-art CSI mechanisms are analysed in the context of a simulated Social XR indoor
conference scenario. The first configurable parameter for the codebook, which can sig-
nificantly affect the system performance is identified as the Rotation Factor (RF), which
comprises of a set of mutually orthogonal precoders for the UEs (the details are presented
in Chapter 2 and 3). The literature does not specify whether the RF is fixed to a specific
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value for all UEs (we refer to this setting as ‘fixed-RF’ from now on), or if the UEs individ-
ually get to pick the best RF suitable for them (we refer to this setting as ‘adaptive-RF’
from now on). Since this ‘fixed/adaptive-RF’ is not standardised, it is relevant to compare
the options. The trade-off involved for the benefits of having more tailored beams in the
‘adaptive-RF’ include either higher or the same overhead as the ‘fixed-RF’ case. This
overhead can be compensated by the less frequent and consequently less up-to-date CSI
feedback for the ‘adaptive-RF’ case compared to its counterpart.

The thesis investigates the performance analysis of downlink radio channel for the con-
ference scenario for both 2.5 GHz and 26 GHz frequency bands using different MIMO
technologies (SU-MIMO and MU-MIMO) with different transmission ranks, where 3GPP
recommended Type I and Type II CSI feedback mechanisms are deployed with ‘fixed-
RF’ and ‘adaptive-RF’ cases. Another important configurable parameter called the co-
scheduling parameter (γ) is introduced and the impact analysis of the same is performed
in combination with the aforementioned methodologies. For the optimal performance con-
figurations obtained from amongst the different cases, the thesis also includes a bandwidth
analysis for both frequency bands, to understand the minimum bandwidth values suitable
to attain the target Packet Loss Ratio (PLR) performance.

The rest of the report is organised as follows. Chapter 2 starts with the background
and literature study related to the significance of CSI and the classification of methodolo-
gies used to obtain the same. The design and details of the DFT-based codebooks used for
Type I and Type II CSI methods as standardised by 3GPP, are covered. This is followed
by a brief definition of Social XR application with examples and basic requirements for a
typical application cited from literature. The chapter concludes with a statement of the
key contributions of this thesis.

Chapter 3 describes the key modelling aspects underlying the presented performance study.
This includes a specification of the Social XR use case scenario, the application charac-
teristics and requirements covering the Base Station (BS) antenna configurations and the
user behavior, the network deployment and the radio resource management covering the
Type I and II CSI modelled codebook characteristics, scheduling mechanisms and the
beam-based book-keeping interference estimation for single and dual − rank cases for
Single-User MIMO (SU-MIMO) and Multi-User MIMO (MU-MIMO).

Chapter 4 presents the results and detailed analysis of the modelled application scenarios
using the PLR metric and investigates how the performance of the Social XR use case
described in Chapter 3 varies with different frequency bands, CSI feedback techniques,
RFs, MIMO techniques, transmission ranks and co-scheduling parameter values using the
Social XR simulator.

Chapter 5 summarizes and concludes the thesis work by presenting the key results and
observations along with suggestions for potential future work.
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Chapter 2

Background and literature study

The purpose of this chapter is to explain the core concepts of the thesis and also provide
an overview of the most relevant literature. Since the crux of the thesis is the assessment of
comparison of different options and configuration for CSI acquisition techniques in a Social
XR scenario, it is imperative that we explain the significance of the technology and the
application we base our thesis upon. The first section explains the relevance of CSI in 5G
radio access networks along with the different methods of obtaining it. The second section
covers the background study about Social XR applications. The final section details the
contributions of the thesis.

2.1 Beamforming and MIMO

Beamforming is a signal processing technique which involves tuning the amplitude and
phase of the signal fed to each antenna element of an antenna array to create construc-
tive interference at a particular point in space, thus improving the signal transmission or
reception at that point. The signals from each antenna can also be made to destructively
interfere by using the same approach to reduce the interference affecting other transmis-
sions. At higher frequencies like mm-wave, the increase in antenna gain/coverage produced
by beamforming is used to overcome the severe signal attenuation.

MIMO is an antenna technology which makes use of multiple antennas both at the BS
and the UE. These antennas are combined to optimize the data speed, minimize errors
and enhance the radio transmission capacity by allowing data to traverse multiple sig-
nal paths in parallel. Traditional MIMO technology provides increased link coverage and
data throughput in wireless communications without a corresponding increase in transmit
power or serving bandwidth. MIMO can also enhance spectral efficiency and hence cell
capacity. MIMO comes in two flavours: SU-MIMO and MU-MIMO. In SU-MIMO, the
BS sends one or more data streams to a single User Equipment (UE) using the same
time-frequency resources. In MU-MIMO, the BS transmits multiple data streams directed
towards multiple users using the same resources. The maximum benefit of MIMO tech-
nology with respect to the attainable performance relies on the CSI feedback accuracy at
the transmitter.

2.2 Channel state information

The signal which propagates from the BS to the UE gets affected by factors like fading,
distance-dependent power decay and scattering. The downlink CSI reflects this informa-
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tion. The UE extracts this information from the reference signals sent by the BS also
known as Channel State Information Reference Signal (CSI-RS). The UE then generates
a CSI report which is fed back to the BS. The BS on possession of this CSI report, can
maneuver or precode the beam directed towards the UE in such a way that it best tunes
the transmission parameters (E.g. determine the most suitable beam, perform scheduling,
Modulation and Coding Scheme (MCS) selection) in line with the aforementioned factors.
Precoding is a well known technique where the data is precoded prior to transmission
based on the channel knowledge. Each antenna’s transmit signal is coded with different
amplitude and phase to spatially direct the signal.

The downlink CSI acquisition methods can be broadly categorised into codebook-based
and SRS-based (codebook-free) approaches. While TDD systems support both the ap-
proaches, FDD systems only support the codebook-based method. The white papers [36]
and [41] indicate that the current mobile operators prefer to use a combination of both
SRS-based and codebook-based methods, in the sense that SRS-based CSI acquisition is
followed when there is good coverage for the user, while for cell-edge users, the codebook-
based acquisition method is followed. While the SRS-based approach can look like a
potential candidate for a small-cell scenario, there are multiple factors which give an edge
to the codebook-based approach. Compared to the SRS-based approach, the codebook-
based approach can be configured simultaneously to serve much more users, since there is
a limitation to the available SRS resources in a cell [36]. SRS-based approach also requires
heavy system calibration (discussed in Section 2.2.1). Also, the codebook-based approach
is the common method covered in both TDD and FDD systems. Hence, the thesis focuses
on the codebook-based approach.

CSI reporting

Though the thesis considers only downlink CSI analysis, it is worthwhile to understand
the high level contents of the CSI report which is fed back to the BS in the uplink, which
enables the BS with the channel knowledge. In Fifth Generation (5G) NR, the contents
of the CSI report obey the following structure [1]:

• reportConfigType: This parameter specifies the scheduling periodicity of the re-
port and the channel used for sending the report to the BS. The reports can be sent
periodically using the Physical Uplink Control Channel (PUSCH), a-periodically us-
ing the Physical Uplink Shared Channel (PUSCH) or in a semi-persistent manner
using either the PUCCH or the PUSCH.

• reportQuantity: This parameter specifies the report measurement type. The two
type of quantities which can be measured are CSI-related and Layer 1 Reference Sig-
nal Received Power (L1-RSRP)-related. The thesis focuses on the CSI-related report
quantities which depend on the type of CSI acquisition method and are detailed in
the upcoming subsections.

• reportFreqConfiguration: This parameter specifies the granularity of the report
in frequency domain. The reporting can be performed on wideband or subband
basis.

• timeRestrictionForChannelMeasurements : This parameter if configured, en-
ables time domain restrictions for channel measurements.
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• timeRestrictionForInterferenceMeasurements : This parameter if configured,
enables time domain restrictions for interference measurements.

• codebookConfig : The codebook-based downlink CSI acquisition requires the con-
figuration of number of parameters, which are reported through the codebookConfig.
The exact parameters and their values are detailed in the upcoming subsections.

.

2.2.1 SRS-based CSI acquisition

In TDD systems the downlink and uplink share the same frequency carrier. Due to
this, the concept of channel reciprocity [17] can be exploited here to estimate the downlink
channels and this is a very common method followed in many studies and models of massive
MIMO [19, 20, 35]. In ideal cases when TDD systems achieve perfect channel reciprocity,
the uplink and downlink transmission links match exactly. Hence, the SRS transmitted
by the UE in the uplink can be used for determining the precoding weights of the downlink.

The reportQuantity of the CSI report in this case predominantly consists of the Channel
Quality Indicator (CQI), Rank Indicator (RI), and Layer Indicator (LI). CQI indicates
the downlink channel quality (detailed values can be referred with table 5.2.2.1-2 in 3GPP
TS 38.214 [1]), RI indicates the downlink transmission rank and LI indicates the strongest
layer amongst the set of layers reported by RI.

The communication channel also consists of elements like antennas, filters, RF mixers and
A/D converters which may not be identical for all devices. Hence the major shortcoming
of this method lies in the calibration requirement of the system before the exploitation of
reciprocity.

2.2.2 Codebook-based CSI acquisition

In FDD systems the downlink and the uplink use distinct frequency carriers making
the downlink channel derivation from channel reciprocity impossible. Codebook-based CSI
mechanism happens when the UE feeds back the CSI to the BS in order to help optimize
the downlink MIMO precoding, scheduling and MCS selection. The feedback is based on
a 3GPP-standardised codebook consisting of a set of precoders. Precoders are a set of
beamforming weights which when applied to the BS antennas help steer them in a desired
direction, in this case in the direction of the strongest path towards the UE. In TDD
systems, the codebook-based CSI acquisition in considered in case the SRS may not be re-
ceived strong enough (cell edge users) and also in general, considering the shortcomings of
the SRS-based approach detailed in the Section 2.2. This CSI acquisition method supports
both TDD and FDD systems and can be of two types, namely Type I and Type II CSI
feedbacks. These are standardized by 3GPP as Type I codebook (3GPP LTE and NR)
and Type II codebook (3GPP NR). Both codebook types are 2D DFT-based codebooks
covering the beamforming in both azimuth and elevation planes (also called full-dimension
beamforming).

The reportQuantity in the CSI report in this case consists of the CQI, RI, LI and Pre-
coding Matrix Indicator (PMI). The PMI is a pointer to the index of the best precoder or
codeword in the table of all possible precoders maintained at both UE and BS ends.
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Codebook design for an optimal CSI feedback is a research field in itself. The Grass-
mannian line-packing codebook proposed in [25] assists the beamforming aided systems
communicating over spatially independent channels. Another Grassmannian based code-
book called the Grassmannian subspace packing codebook proposed in [24] caters spatial
multiplexing assisted systems. Spatially correlated channels are explored through a mod-
ified Grassmannian-based codebook is proposed in [34]. DFT-based codebooks are simple
structured codebooks which are easier to create, and produce uniformly spaced weights in
the specified spatial domain. In systems deploying traditional MIMO technology, DFT-
based codebooks are preferred over others considering their effectiveness in precoding
antennas for spatially correlated channels [23, 38, 39, 40]. [40] also presents a comparative
study between DFT-based and Grassmannian-based codebooks and proves the effective-
ness of the former for spatially correlated channels. To summarise, DFT codebooks are
more simple structured and scale-able compared to the Grassmannian codebooks. They
also outperform the Grassmannian codebooks in case of high antenna correlation scenarios.
However, for spatially uncorrelated channels or cases where UE has access to correlation
information, Grassmannian codebooks have shown better performance compared to its
counterpart.

DFT-based codebook

For a Uniform Rectangular Array (URA) type BS with single polarised Antenna El-
ement (AE)s, a 2D DFT codebook (denoted by W single pol) is required, which is created
using a Kronecker product of Uniform Linear Array (ULA) codebooks in horizontal and
vertical directions (X1 ⊗ X2) and is given by Equation (2.1) [1]. Each column of the
codebook thus created is a precoding vector and the column vectors can be thought of as
a Grid of Beams (GoB), spanning all directions. X1 (dimension [N1 × N1O1]) and X2

(dimension [N2 × N2O2]), obtained through Equations (2.2 and 2.3) and illustrated in
Figure 2.1, represent 1D DFT codebooks comprising of precoders for BS with horizontally
and vertically aligned ULA respectively. The URA codebook W single pol is of dimension
[N1N2 × N1O1N2O2]. N1 and N2 are the number of BS antennas (subarrays) in hori-
zontal and vertical directions respectively. O1 and O2 are the DFT oversampling factors
in horizontal and vertical directions and effectively create additional grids of orthogonal
precoders, with the notion that the grids are not orthogonal with respect to one another.
The Figure 2.1 depicts the URA codebook for the oversampling choice of O1 = O2 = 4 and
an assumed antenna array of 4 x 4 antennas (subarrays), where each circle in the figure
corresponds a precoder. There are 16 orthogonal grids (beams grouped under 16 RF). The
beams within each grid/group/RF are orthogonal to each other, but beams in one group
need not necessarily be orthogonal to beams of other group (e.g. the color-coded red and
blue sets are not orthogonal to each other.). If the oversampling factors are set to unity,
there will only be a single RF grid present with a total of 16 precoders.

Wsingle pol =
[
X1 ⊗X2

]
(2.1)

X1 l=0,...,N1O1−1
=
[
1 e

j2πl
N1O1 ... e

j2π(N1−1)l
N1O1

]
(2.2)

X2 m=0,...,N2O2−1 =
[
1 e

j2πm
N2O2 ... e

j2π(N2−1)m
N2O2

]
(2.3)

Since release 10, the 3GPP specifications for CSI codebooks which support dual polar-
ized BS antennas and MIMO transmissions are often configured as a combination of two
matrices as shown in Equation (2.4), where W 1 is a block diagonal matrix (dimension
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Figure 2.1: 2D DFT-based codebook structure for CSI for the oversampling choice of O1

= O2 = 4 and an assumed antenna array of 4 x 4 antennas (subarrays).

[2N1N2× 2N1N2O1O2]) as shown in Equation (2.5) and W 2 (dimension [2N1N2O1O2×
N1N2O1O2]) is obtained through Equation (2.6). The codebook W dual pol is of dimension
[2N1N2×N1N2O1O2]. The different column vectors of the matrix [X1⊗X2] corresponds
to different beam directions and the purpose of W 2 is to select the beamforming vectors
from W 1 for each polarisation and co-phase or adjust the phase between the polarisations.
Co-phasing is performed to obtain high gain from antennas and is performed by placing
identical antennas at half-wavelength distance (dual polarised antenna array) and feeding
them in-phase, to obtain 3 dB higher gain compared to a single polarised antenna array.

Wdual pol = W1 ·W2 (2.4)

W1 =

[
X1 ⊗X2 0

0 X1 ⊗X2

]
(2.5)

W2 =

[
1
ejφ1

]
(2.6)

Wdual pol = W1 ·W2 =

[
X1 ⊗X2 0

0 X1 ⊗X2

] [
1
ejφ1

]
=

[
X1 ⊗X2

ejφ1X1 ⊗X2

]
(2.7)

For single and dual rank transmissions per UE with a dual polarised URA type BS used
in the thesis, the codebook is calculated using Equation (2.7). The co-phasing factor used
for combining the beams selected from different polarisations is given by ejφ1 . This factor
φ1 can be a value from the set [π/2, π, 3π/2, 2π] [1]. The total number of precoders in
a codebook (columns in W dual pol) is given by N1N2O1O2. The length of the precoding
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vector (number of rows in W dual pol) for a BS with dual polarised AEs (2N1N2) will be
double that of single polarised AEs (N1N2).

The values of O1 and O2 depend on N1 and N2 and are standardised by 3GPP [1]. The
detailed values are given in the modelling chapter. When the oversampling factors O1 and
O2 are set to unity, precoding vectors in the resultant codebook are mutually orthogonal
(e.g. in Figure 2.1, the red (or blue) color-coded precoders are mutually orthogonal).
From an oversampled codebook (O1 > 1 and/or O2 > 1) of W single pol or W dual pol, a
column subset is selected by the BS such that all beamforming vectors are orthogonal.
These subsets are represented by a RF and can have values ranging from 1 ... O1O2, each
referring to a different subset of mutually orthogonal precoders (e.g. in Figure 2.1, the
red color-coded precoders represent one RF and the blue color-coded precoders represent
another subset of orthogonal vectors and hence a different RF). The values set for all the
aforementioned codebook parameters are detailed in the modelling chapter.

The RF factor is a configurable parameter of the CSI codebooks, which play a vital role in
the system performance and should be chosen wisely such that they give optimal results
for the considered application environment. The existing literature does not provide much
insight into any standard methodologies for fixing these values.

The BS can also optimise the downlink throughput by increasing the number of lay-
ers (also known as rank) of transmission, since this leads to a spatial multiplexing gain
thereby contributing to throughput increase. The trade-off is the total transmit power of
the system which gets reduced to 1/rank per layer and the possible inter-layer interference.

Type I CSI feedback

In Type I CSI based systems, the CSI report generated by the UE post reception of
the CSI-RS signals from the BS, contains the PMI pointing at the single best precoder
index from the DFT codebook, and is transmitted back to the BS through a feedback
channel. This feedback mechanism approach is used in LTE and NR technologies [12].
The uplink overhead in this case is substantially low compared to the Type II CSI and
the performance is observed to be satisfactory for SU-MIMO cases. For antennas with 4
or more CSI-RS ports 1, Type I codebook supports up to eight transmission layers (rank
8). The thesis considers single panel antennas and up to dual rank transmissions per UE
mainly for two reasons: firstly for the sake of simplicity in analysis and secondly, for a fair
comparison study since Type II CSI supports only up to dual rank transmissions per UE.

Type II CSI feedback

Type II mechanism is also known as the advanced or enhanced CSI feedback and
includes more detailed and hence more accurate feedback from the UE to the BS at the
cost of increased uplink overhead [6]. As mentioned before, both Type I and II CSI use
the same DFT codebooks as a base for constructing the final precoder. While in Type I
CSI, the UE chooses the best precoder directly from the base DFT codebook and feeds
this back to the BS through a PMI, Type II performs a weighted linear combination of
a selected group of precoders from the same codebook. The trade-off for the overhead of
Type II lies in better CSI resolution to the BS, helping the BS to determine more suitable

1Total number of CSI-RS ports in a dual polarised antenna array equals the total number of antenna
elements in the array.
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precoders for serving the UE and effectively reduce inter-layer and inter-user interference
of co-scheduled UEs and thus improve user- and/or cell-level performance. The additional
directions to the strongest DFT beam direction could be relevant for estimating interfer-
ence to potentially co-scheduled users and consequently influence both beamforming and
co-scheduling decisions [12]. These additional beam information contributes to better CSI
resolution and aids in MU-MIMO technology. Hence, the Type II was introduced mainly
for serving the same. There are several studies attempting to reap the benefits of Type II
CSI while reducing the uplink overhead through various data compression methods [18,
22, 28, 31]. While [28] uses reduced quantisation levels in feedback, [18, 22, 31] explore
compressed sensing, neural networking and deep learning based intelligent feedback ap-
proaches.

Type II creates an Linear Combination (LC) precoder by using a linear combination
of up to four best beams selected by the UE (denoted by parameter L with possible values
of 2, 3 and 4) based on the CSI-RS signals. The value of L is configurable as per optimal
performance of the system. A higher L implies higher feedback overhead. This precoder
is created by the BS upon receiving the CSI report through feedback from the UE. This
process is depicted in Figure 2.2, where first, the UE selects L best beams from a set
of specific RF associated beams (obtained from CSI-RS) and feeds them back to the BS
along with their amplitude scaling factors(obtained based on the received power strength)
and co-phase factors for the BS to create the final precoder. The codebookConfig part of
the CSI report is used to feed back these parameters from the UE to the BS.

Figure 2.2: Type II CSI LC-precoder creation [12].

In Figure 2.2, bi (i = 1 : L) is the 2D DFT beam which is selected by the UE from the
orthogonal basis. pi is the real-valued wideband power-scaling factor which is a value from
the set [1,

√
0.5,
√

0.25,
√

0.125,
√

0.0625,
√

0.0313,
√

0.0156, 0] [1]. The best beam selected
by UE (p1) is always given unity as the power-scaling factor. The received power of the
remaining L−1 beams selected are compared with that of the best beam and then assigned
the nearest value from the above set. A total of three bits are allocated for reporting the
pi in the feedback. A subband amplitude scaling factor can also be included in the lin-
ear combination, however, this increases the feedback overhead. ejφi is a complex-valued
beam co-phasing factor applied to adjust the different polarisations, where φi can be a
value from the set [π/2, π, 3π/2, 2π] or also configured as an 8-Phase Shift Keying (PSK)
alphabet (two bits for QPSK and three bits for 8-PSK in feedback).

Type II CSI supports up to rank two transmission layers. The detailed formulae for code-
book calculation for higher rank systems and the parameter descriptions can be found in
the 3GPP technical specification in [1].
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2.3 Social XR application

The term XR encapsulates Augmented Reality (AR), Virtual Reality (VR) and Mixed
Reality (MR). VR headsets manifest simulated immersive visual experiences to users. AR
applications are increasingly used in modern day gadgets such as smartphones and tablets
to enhance user experience by superimposing the digital world with the real environment.
MR is a blend of AR and VR technologies. MR devices constantly gather information
about the surroundings and use that to allow user interaction upon the real environment
in addition to seamlessly placing digital information on top of it. When the aforementioned
technologies are linked to a communication platform, the virtual and physical worlds start
to merge. A typical example of a Social XR application is when a video call with a col-
league transforms to an almost real in-person conversation with a 3D-version avatar of
that colleague.

Such enriched applications necessitate high throughput and low latency for seamless video
streaming and interactive experiences. [15] and [26] suggest a throughput requirement of
100 Mbps for an entry-level VR application. [2] provides an estimate of 50-100 Mbps and
[9] suggests 100-200 Mbps requirement for a common streaming strategy. The throughput
requirement for the thesis work is fixed as 100 Mbps.

The PLR is the ratio between the number of lost packets and the total number of generated
packets. The thesis considers this as one of the key performance indicators. As per [7],
the PLR should not exceed 5 % for a tolerable experience in video streaming applications.
Further details of the same are discussed in chapter 3.

2.4 Contributions

As mentioned before, the better the channel knowledge at the BS, the higher the
accuracy of beamforming performed at the BS, leading to significant gains in radio perfor-
mance. The thesis considers TDD systems covering SU-MIMO and MU-MIMO techniques
and conducts the performance analysis of Types I and II CSI feedback for a Social XR
indoor conference application scenario using the SXRSIM simulator.

The base codebook used for the CSI feedback is 2D-DFT based, where the number of
precoders are dependent on the number of AEs in the BS. As a part of understanding
configurable parameters of the DFT codebook design, an impact analysis of the pivotal
configurable parameter RF is conducted and optimal values are obtained for the indoor
XR scenario. Further, we also explore the concept of the ‘adaptive-RF’ which is found to
provide better system performance than the ‘fixed-RF’ approach. We discuss and detail
the trade-offs involved in choosing both aforementioned approaches.

For Type II CSI, we further analyse the impact of different linear combination sets of
beams (L = 2, 3 and 4) reported by the UE on the XR application under consideration.
We also compare the Type II performance with that of a single beam selection (L = 1) in
Type I CSI. The thesis also investigates the downlink performance of both single− rank
and dual− rank cases. In the process, the thesis also proposes an interference estimation
mechanism. The thesis attempts to create a similar logic simpler interference estimation
model which is based on precoder-aware interference book-keeping. The impact analysis
of yet another important configurable parameter called the co-scheduling parameter(γ) is
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conducted and the insights are shared.

Both 3.5 GHz and 26 GHz frequency bands are considered for the analysis. Insights
on the performance difference between the two frequency bands are detailed. Finally for
the ideal configuration combinations, a bandwidth analysis is performed to find the mini-
mum bandwidth requirement for achieving the target PLR performance. Further details
of the performance analysis is provided in the modelling and results chapters.
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Chapter 3

Modelling

This section covers the integrated modelling framework of the thesis. The Social XR
application scenarios, user behavior, radio network deployment and key radio resource
management aspects are covered. The CSI codebook modelling is covered in detail for
both Type I and II CSI techniques.

3.1 Social XR application

The following subsections cover the physical settings, antenna modelling, user be-
haviour and traffic model of the Social XR use cases considered for the thesis research.

3.1.1 Physical setting

The physical setting under consideration resembles a Social XR conference room, the
top view of which is as depicted in Figure 3.1. The number of physical users and virtual
users (Nphy and Nvir) is individually equal to 16. In the conference room of dimensions 10
m × 10 m × 3 m, a round table is placed with radius (rt) 2.6 m. The users are uniformly
distributed around the table placed at the centre of the room. Throughout the meeting
duration, the users remain seated. The user mobility occurs through a head rotation
model, the details of which are covered in Section 3.1.3. The BS antenna is located on the
ceiling of the room (at a height of 3 m), at the centre, facing downwards.

3.1.2 Antenna modelling

Both 3.5 GHz and 26 GHz spectrum are considered for the thesis. As described by
3GPP in [5], for simulations with a 3.5 GHz carrier, a rectangular BS antenna array con-
sisting of 16 dual polarised AEs (i.e. 4 × 4 (× 2)) and with 26 GHz, an antenna array
of 64 dual polarised AEs (i.e. 8 × 8 (× 2)). A half-wavelength distance is maintained
between each pair of cross-polarised AEs as shown in Figure 3.2.

A completely digital beamforming approach is followed where all AEs of the 32T32R and
128T128R antennas are fed by independent RF chains. The maximum transmit power
of the antenna is set to 20 dBm [3]. A single TDD carrier of distinct bandwidths (in 3.5
GHz or 26 GHz) is assigned to the BS antenna. A sub-carrier spacing of 60 kHz and an
associated slot duration of 0.25 ms is configured, corresponding with 5G numerology 2
(the only numerology present in both sub-6 GHz and mmWave spectrum).

The UEs are incorporated into a Head-Mounted Display (HMD) worn by the user. These
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Figure 3.1: Visualization of the ‘Social VR’ application scenario (top view of the conference
room) with 16 physically and 16 virtually present meeting participants.

UE antenna array consists of 2 × 2 and 4 × 4 dual polarised AEs for 3.5 GHz and 26
GHz, respectively with half-wavelength inter-AE spacing, as depicted in Figure 3.2. The
noise figure at the UE is assumed to be 8 dB.

3.1.3 User behavior

The dynamics of the meeting are modelled by traversing through a pre-defined speaker
list, where each designated participant speaks for a fixed time of τ s seconds. The thesis
considers τ s as 4 seconds and a total meeting duration of 16 seconds (restricted by com-
putational/storage limitations we try to capture most of the variability using multiple
meetings instead of long meeting duration). This means that a total of four participants
get to speak in the simulated duration. For the discussed scenario with a total of 32
(Nphy = Nvir = 16 ) participants, the sample speaker list considered includes users 18-22-
26-30 considering their positional symmetry across the table. This can be further expanded
to include an ideal scenario where each user gets to speak for four seconds. Apart from
the changes in the head orientation which occurs due to aforementioned speaker changes,
the head position and orientation randomization effectively constitute some degree of 3D
‘head wobbling’, where the intensity can be configured through the head motion index µ
(fixed as 3 in our case). The changes in the position and orientation of a UE’s head also
directly affect the position and orientation of the UE’s antennas which in turn affects the
downlink channel quality due to multipath fading.

As mentioned before, each user who is physically present in the conference room remains
seated in their respective chair throughout the meeting duration. The mobility of the user
is through randomized head motion resulting in a change of head position and orientation
[13][16]. Since the UE antennas are fixed to the VR headset of the user, the user’s head
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Figure 3.2: Assumed UE (HMD; left) and BS (right) antenna arrays for the 3.5 GHz (top)
and 26 GHz (bottom) scenarios [30].

movements directly impact the position and orientation of the mounted antennas. The
mobility model can be viewed as a combination of position and orientation of the user’s
head [30].

Position: The head’s position is modelled according to a modified random 3D way-point
model [30]. The average (or default) head position is marked with coordinates (x0, y0, z0),
where (x0, y0) is given by the respective user’s chair position and z0 is fixed to 1.4 m. The
initial position of the head is sampled according to a 3D Gaussian distribution with mean
vector (x0, y0, z0) and standard deviations (σx, σy, σz) (0.667 m, 0.667 m, 0.223 m). The
respective co-variances are set to 0 m2. Sampled from the same distribution, the head
is modelled to move linearly from the initial position to its next, at a speed of 0.1 × µ
m/s, where µ is the head motion index in the range [0, 10]. This process repeats itself till
the end of the meeting duration. The thesis considers a µ value of 3 constituting a head
movement speed of 0.3 m/s.

Orientation: The orientation of the user’s head is defined by a randomly sampled 3D vec-
tor with angular offsets around a straight line aimed at the current speaker (the speaker
himself is assumed to aim his view at the previous speaker). These offsets are inde-
pendently sampled with respect to the pitch, yaw and roll axes perpendicularly cutting
across the user’s head, and assume uniform angular distributions on the ranges [-αP, αP],
[-αY, αY] and [-αR, αR], respectively, with αP/R = 10◦ and αY = 20◦. Whenever the
switch between the speakers happens, the sampling of the offsets occur and the corre-
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sponding change in orientation modelled takes place in 1.5 − 0.2 × µ seconds, with µ as
defined and configured above. When the target orientation is reached, a new offset is
sampled and the process is repeated for the duration of the meeting.

3.1.4 Traffic model

The traffic model for the Social XR application considered resembles that of a persistent
real-time User Datagram Protocol (UDP)-based video streaming, where the upstream or
downstream is a sequence of Group of Pictures (GoP). A GoP is essentially a series of
frames arranged into a sequence. Considering the size of GoP to be MGoP, a GoP contains
one intra-coded frame (I frame) and MGoP − 1 predictive-coded frames (P frames). I
frames indicate the start of a GoP and constitute the complete picture and P frames are
considerably smaller frames which are dependent on the previous frames within the same
GoP and hence are more compressible than I frames. The application-level bit rate RB (in
Mbps) is given by Equation (3.1) where the size of an I frame is denoted by SI (1250000
bytes), the size of a P frame denoted by SP (250000 bytes), the frame generation rate is
denoted by RF (30 frames per second) and SI > SP. Figure 3.3 shows the VR application
traffic model for MGoP = 6.

Figure 3.3: VR application traffic model for GoP size 6 [30].

RB =
8 RF (SI + (MGoP − 1) SP )

106 MGoP
(3.1)

The video information which is generated as application-level frames at the source, ar-
rives in the form of 1500-byte IP packets at the BS transmission buffer. The packet
latency variabilities on the downstream path from source to BS transmit buffer cause
the temporal dispersion of packets. The downstream time dispersion is modelled as fol-
lows [30]. When the video frame is generated, the frame is segmented into IP packets
at a ‘packet extraction bit rate’ given by RB/(1–β), with the application-level bit rate
RB and the configured burstiness parameter β ∈ [0, 1]. For β = 0, the IP packets are
maximally dispersed (effectively yielding a constant bit rate flow), and scenarios where β
approaches unity (β −→ 1), each video frame is instantaneously segmented into IP packets
upon generation, which reflects the maximum degree of burstiness. The thesis assumes
a β of 0.5 for the simulations. The impact of β on the traffic profile is shown in Figure 3.4.

Considering the application as ‘conversational video (live streaming)’, the QoS requirement
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Figure 3.4: Packet arrival traces for scenarios with MGoP = 6, RB =100 Mbps and different
burstiness values β [30].

of the VR application is specified by a maximum tolerable end-to-end one-way frame-level
latency of ∆E2E (a constant offset away from ∆RAN, we drop packets based on the ∆RAN

value of 10 ms, so we do not specify a value for ∆E2E for our scenario). A VR frame which
is delivered with a latency exceeding ∆E2E is considered useless. The thesis assumes that
the external network uses part of this end-to-end budget, and the remaining part is the
packet-level budget for the RAN segment of ∆RAN < ∆E2E ms, acknowledging that the IP
packets are handled by the RAN which is unaware of application-level video frames [26].
The packet scheduler which will be detailed in Section 3.2.2, uses ∆RAN to set due priority
to packets approaching the associated transmission deadline and also drop packets that
(are estimated to) exceed the deadline. The ∆RAN value of 10 ms is considered for the
thesis.

3.2 Propagation modelling

Channel modelling can be performed through deterministic and stochastic approaches.
While stochastic approaches are based on channel measurements, deterministic methods
use ray-trace-like approaches to build a better channel model compared to its counterpart,
bearing the cost of high computational demand and complexity. QUAsi-DeteRministic
RadIo channel GenerAtor (Quadriga) is an open source channel model generator which
follows a geometry-based stochastic channel modelling approach [11]. A set of features in
the model also help to enable quasi-deterministic multi-link tracking of users in different
environments. Thus, the model can be considered as a good blend of aforementioned ap-
proaches.

The propagation environment characteristics with respect to path loss, shadowing and
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multi-path fading follow the 3GPP line-of-sight ‘indoor office’ scenario specified in [5]
with implementations provided by Quadriga [11] (also for the Quadriga NLOS model, the
same modelling and results hold, since at the considered short tx-rx distances, the LOS
component is rather dominant.). Each trace contains complex impulse response between
the UE and the BS antenna pair, which takes into account the path loss, our scenario
specific fading and the antenna orientations. Blockage is not considered, however a de-
tailed study of the same has been conducted and a state-of-the-art generic blockage model
has been proposed as part of internship study in [21]. Quadriga does not take noise into
account, hence we add a thermal noise power (PN) which is calculated using the Equation
(3.2), where the Boltzmann constant kB = 1.380649×1023 J/K, temperature T = 290 K
and frequency bandwidth B.

PN = kBTB (3.2)

3.3 Radio resource management

At the UE side, receive beamforming is used in the form of Maximum Ratio Combining
(MRC). The downlink ‘beam pair’ is a combination of a selected CSI-RS beam (or a linear
combination of multiple CSI-RS beams) and a selected MRC configuration at the UE
receiver. The BS periodically (with configurable periodicity parameter τCSI) transmits
CSI-RSs and the UE measures these CSI-RS, derives its CSI feedback and signals this
back to the BS, involving a 5-TTI feedback delay. There are two types of CSI feedbacks
based on whether the UE sends information about single best beam (Type I CSI with L
= 1) or the information to create an LC precoder combining multiple beams (Type II
CSI with L =2, 3 or 4). Both Type I and Type II CSI feedback methods and the
base-codebook modelling are detailed in Section 3.3.1.

3.3.1 CSI codebook modelling

This thesis analyses both SU-MIMO and MU-MIMO technologies for single and dual
transmission ranks. Both Type I and II CSI precoding techniques are considered for the
aforementioned Social XR scenario. The precoders of the base codebook exhibit DFT
characteristics. The RF is an important configurable parameter of the DFT-based code-
books. To understand the significance of choosing the right RF factor, a useful experiment
is to observe the system performance for different RF-associated beams as experienced by
each participant. From the literature, it is not clear whether single RF-associated beams
are sent to all UEs from which the UEs pick the best beam suitable for them (we refer to
this as the ‘fixed-RF’ case) or if every UE is individually allowed to pick the best-suited
RF (we refer to this as adaptive-RF scenario). The ‘adaptive-RF’ case would require a
much larger set of CSI-RSs to be broadcast, which may in turn mean that they are sent
less frequently or impose more overhead (in terms of consumed resources). We model both
‘fixed-RF’ and ‘adaptive-RF’ cases and compare the performance and trade-offs. Chapter
4 elaborates on the results and analysis of the same.

DFT codebook

The frequencies considered for the thesis study are 3.5 GHz and 26 GHz. The codebook
parameters depend on the antenna configurations, which in-turn depend on the frequency
used. The detailed values are described below.

3.5 GHz: The configuration of the DFT codebook for the URA type antenna at the
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BS depends on the number of dual-polarised antennas. For 3.5 GHz, a rectangular BS
antenna array consisting of 16 dual polarised AEs (i.e. 4 × 4 (× 2)) is used, making
N1 = N2 = 4. For this value set, 3GPP [1] recommends DFT oversampling values of
O1 = O2 = 4. The codebook for this scenario W dual pol is created using Equation (2.7),
where a total of 256 (N1N2O1O2) precoders are generated. The total length of each
precoder is 32 (2N1N2), of which the first 16 weights are applied to the AEs of the first
polarisation and the next 16 applied to the AEs of the second polarisation. The codebook
can be segregated into 16 orthogonal grids of beams grouped under 16 different RFs and
with each RF containing 16 precoders which are mutually orthogonal. The RFs and their
contained precoder column numbers are shown in Table 3.5 and the angle span of the each
of the precoders differently color-coded for different RFs are shown in Figure 3.6. Each
data point maps to a beam pointing angle in terms of azimuth and elevation angles.

Figure 3.5: RF and the associated precoder columns from the codebook matrix for N1 =
N2 = 4.

26 GHz: For 26 GHz, a rectangular BS antenna array consisting of 64 dual polarised
AEs (i.e. 8 × 8 (× 2)) is used, making N1 = N2 = 8. For this value set, there is no 3GPP
recommendation for DFT oversampling values (3GPP considers sub-arrayed antenna mod-
els for 26 GHz frequency band, which would then mean that N1 = N2 = 4 configuration
will suffice, in our thesis we do not consider sub-arraying for 26 GHz.), hence we go with
the same set of oversampling values used for 3.5 GHz scenario which is O1 = O2 = 4.
The codebook for this scenario W dual pol created using Equation (2.7), generates a total
of 1024 precoders. The total length of each precoder is 128 (2N1N2), of which the first
64 weights are applied to the AEs of the first polarisation and the next 64 applied to the
AEs of the second polarisation. The codebook can be segregated into 16 orthogonal grids
of beams grouped under 16 different RFs and each factor contains 64 precoders which are
mutually orthogonal. The RFs and their contained precoder column numbers are shown
in Figure A.1 in the Appendix, the angle span of the each of the precoders differently
color-coded for different RFs are shown in Figure 3.7.
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Figure 3.6: RF and the associated precoder angular span for N1 = N2 = 4.

Figure 3.7: Angular span of RF-associated beams from the codebook matrix for N1 =
N2 = 8.

Type I CSI codebook

For the analysis of Type I codebook-based CSI acquisition for single − rank trans-
mission, each user present in the conference selects a single best precoder from the above
RF-associated beams. The CSI report will convey the details of the same as explained
in Chapter 2. For the dual − rank case, the UE chooses two different beams from the
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same RF-associated beams. Choosing different beams from the same RF factor reduces
the inter-layer interference since orthogonality is maintained between any two beams of
an RF factor.

Type II CSI codebook

Type II performs a weighted linear combination of a selected group of precoders from
the DFT codebook. As discussed before, the RF-associated orthogonal beams are sent to
each UE using the CSI-RS signals and the UE selects L best beams suitable for downlink
transmission instead of one beam. For Type II, the possible values of L are (2, 3 or 4).
We can see that when the value of L is unity, the equation representing Type II CSI in
Figure 2.2 reduces to Type I CSI.

In Chapter 4, we will compare the performance of the system using simulations for the
considered Social XR conference for all possible values of L. The strongest beam selected
by the UE is given real-valued power-scaling factor p1 as unity, the received power of the
remaining beams are individually divided by the received power of the best beam and the
obtained value is rounded to the nearest value in the set [1,

√
0.5,
√

0.25,
√

0.125,
√

0.0625,√
0.0313,

√
0.0156, 0] to obtain their respective pi. The thesis does not consider the sub-

band amplitude power-scaling factor since this adds up to the feedback overhead and is
an optional feature.

For the dual − rank case with Type II, the thesis considers a heuristic distribution of
precoders to the two layers of each UE, for the creation of the final LC precoders. We
follow two rules of thumb for this distribution. Firstly, a precoder is allocated to the layer
which so far contains the lowest number of precoders. The second rule applies if both
layers contain the exact same number of precoders, and in that case, the precoder gets
added to the layer that maximizes its power-scaling factor. This is continued until either
L precoders are added to each layer or the number of significant power-scaling factor-
allocated beams gets exhausted for the specific UE. For example, let’s assume that there
are four precoders (p1, p2, p3 and p4) suitable for UE1 with respective received signal
powers (s1, s2, s3 and s4). For the dual− rank case with L = 2, first p1 is assigned to the
first layer. Now as per the first rule, p2 is added to the second layer. At this point, both
layers contain same number of precoders (one each), hence following the second rule, p3
is added to the layer attributing more power-scaling factor (the power scaling is defined
with respect to the received signal power of the strongest beam in respective layers: s3/s1
and s3/s2) to it (let’s say, the second layer in this case). p4 is then automatically assigned
to the first layer as per the first rule.

3.3.2 Scheduling

The resources configured by an applied TDD duplexing scheme are configured by a
frame size of five time slots and a fixed UL/DL resource split of 1:4. For the downlink
slots, all symbols are used for DL transmission. However, the 3GPP recommended control
signaling overhead of 14% and 18% when using a 3.5 GHz and 26 GHz carrier, respectively
[4], is also considered while calculating the downlink radio efficiency for obtaining the bit
rates.
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Compute UE Priorities with Scheduler

The scheduler used in the thesis is the Modified-Largest Weighted Delay First (M-
LWDF) packet scheduler. The M-LWDF is a latency-oriented packet scheduler modelled
to govern wideband-based downlink transmissions [8]. In case the head-of-line packet is
determined to not to meet the aforementioned RAN-oriented packet-level latency budget
∆RAN, it is dropped from the transmit buffer. Recall that the reasons why incurred delays
may be so high that a packet is indeed dropped can be attributed to three distinct reasons.
(i) due to too many block errors and consequent re-transmissions; (ii) due to poor channel
quality and consequently poor bit rates; and (iii) due to congestion in relation to other
traffic.

At each scheduling opportunity (basically i.e. at each Transmission Time Interval (TTI);
taken equal to a time slot), the M-LWDF scheduler ranks the UEs based on priority levels
calculated using Equation (3.3). Only UEs with non-empty buffers are considered to be
part of the scheduled list. For UE i at TTI t, the scheduling priority is given by Equa-
tion (3.3), where W i(t) denotes the flow’s experienced head-of-line packet latency, Ri(t)
denotes its instantaneously attainable bit rate and R̂i(t − 1) indicates the exponentially
smoothed bit rate it experienced so far.

Pi(t) = − log10δi
∆RAN

Wi(t)
Ri(t)

R̂i(t− 1)
(3.3)

The UE priority also depends on the number of layers co-scheduled, since that affects the
transmit power, the estimated SINR and the selected MCS and hence the Ri(t) in the
numerator. The expected SU-MIMO bit rate for the single− rank case is compared with
that of the dual − rank case and the highest bit rate is used to calculate the UE priority
in Equation (3.3).

Co-scheduling multiple layers

For MU-MIMO scenarios, after the priorities of the UEs are calculated, the decision
for co-scheduling multiple layers (which may target different users) is made by scheduling
the first UE in the ranked list and then updating the list with the remaining layers when
they pass the orthogonality check (detailed below) with respect to the already scheduled
layers in the list.

The decision for co-scheduling of multiple layers, which may target the same or differ-
ent users, is based on the extent of overlap of the main lobe of the selected beams. This
extent can be determined by an orthogonality check between the finally selected precoder
of the UEs (single precoder in case of Type I CSI and the final LC-precoder in Type II
CSI). The degree of orthogonality is determined by complex dot product of the precoder
weights, which is compared with the co-scheduling threshold γ ∈ [0, 1]. We introduce
gamma γ ∈ (0, 1) as the co-scheduling parameter. While comparing the beams selected
for possible co-scheduling, the value zero for the co-scheduling parameter indicates that
the beams selected by the respective UEs are perfectly orthogonal and hence they can
be co-scheduled. In the event of maximum possible interference or overlap between the
selected beams, the co-scheduling parameter value of unity is obtained. The smaller the
co-scheduling parameter, the lesser the overlap and thus, smaller the interference. Figure
3.8 shows the polar plots of precoded beams of two layers with the overlap and respective
γ values. The impact of different γ on the system performance is analysed in detail in
Chapter 4.
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Figure 3.8: Top set contains polar plots of two precoded beams (each with L = 1), left
image: both precoders are chosen from the same rotation factor with dot product = 0.
Right image: Each precoder belongs to a different RF with dot product = 0.4531. Bottom
set contains polar plots of two LC precoded beams (each with L = 2), left image: both
beams of L2 are differently chosen from the same rotation factor with dot product =
4.5103e-17 ∼ 0. Right image: First beam (best beam) of L2 are common and second
beam is differently chosen from the same rotation factor with dot product = 0.8677.

Interference estimation

We need to estimate the interference the scheduled transmission will experience in or-
der to select the most suitable MCS for the transmission.This thesis deals with single-cell
scenarios and from the existing literature on intra-cell downlink interference estimation
techniques, one of the relevant recent studies in [10] proposes an estimation technique
based on geometric Multi-elliptical Propagation Model (MPM) which is shown to be an
effective approach.

While the CSI-RS reference signals used to measure the channel are known as non-zero
power (NZP) CSI-RS, it is also possible to configure a zero power (ZP) CSI-RS. These
CSI-RS occupies the configured resource element (RE), but the BS does not transmit
any energy in these REs, making them empty. The ZP CSI-RS can be used to define an
interference measurement resource (CSI-IM), i.e the UE measures the interference from
on-going transmissions without measuring the received power of its own [12]. This is
how we assume the BS knows the experienced interference of the UEs. The thesis uses a
simplified precoder-aware interference estimation mechanism in which we keep a track of
realised interference per UE for every new combination of UEs scheduled and respective
precoders used. When such a tracked combination occurs again, we use the realised inter-
ference recorded previously as the estimated interference for the present TTI. Since the
UEs are seated for the entire conference duration and the mobility is restricted to only the
head movements, we find this method to be effective, since we observe that the precoders
used by the UEs are constant throughout the conference. Whenever a new combination
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of scheduled UEs and applied precoders arises, for which there is no tracked interference
data, the realised interference of the previous TTI is used. In case the UE was not served
in the previous TTI, the estimated interference for the UE for the previous TTI is used.

Bit rate estimation

For the estimation of the instantaneous bit rates of the UEs, an SINR estimation based
on the last reported CSI is performed. This estimated SINR is then used to calculate the
CQI from the BLock Error Rate (BLER) curves (Figure B.1 in Appendix B). The highest
CQI corresponding to the estimated SINR is chosen, such that it achieves a BLER lower
than the target BLER of 10%. This determines the MCS selection for the transmission.
The selected MCS defines the code rate Rc and thereby the contained number of bits in a
symbol NSymbol

bits bits. The attainable bit rate R in bit/s is computed as shown in Equation
(3.4), where NPRB

Symbol represents the number of resource elements used for data (168 in our
case). TTTI represents the slot duration, the value of which depends on the configured
numerology (0.25 ms for the 5G numerology of two) The bit rate is used for computing
UE priorities, in case a channel-aware packet scheduler is configured.

R =
RcN

Symbol
bits NPRB

Symbol

TTTI
(3.4)

In a given TTI, the transmitted data is split into multiple Transport Blocks (TBs). For
every TTI, we consider a fixed number of TBs (NTB = 5). A BLER-based coin is flipped
(which is based on the applicable BLER curves with the realised SINR and the estimated
MCS) to decide the successful transmission of a TB. The realised SINR is determined by
the use of a the Mutual Information Effective SINR Mapping (MI-ESM), which aggregates
the SINRs over all the PRBs into one effective SINR ([29]). In the event of a successful
transmission, the buffers are updated and the bits are removed. Once all the bits of the
packet are sent successfully, the last transmission timestamp is recorded as the final arrival
time for that packet.

3.4 Simulator

The objective of the thesis could also be achieved through modifications on existing
fully working system-level simulators, provided they are feasible with the Social XR sce-
narios under consideration. NYUSIM simulator detailed through [37] covers only outdoor
environments and hence does not suit our requirement. Another well known simulator
is the Vienna simulator detailed in [32]. This simulates the downlink in generic indoor
environments and is also compatible with Quadriga channel model. Type I CSI is already
implemented in the simulator. Another simulator suited for the study involving indoor
environment and XR scenarios is the Social XR simulator modelled by TNO in [30]. Since
the thesis is done in collaboration with TNO, we model the thesis using the Social XR
simulator, where Quadiga is used to generate channel traces, which are than read into the
system-level simulator..
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Chapter 4

Results and analysis

The purpose of this chapter is to investigate how the performance of the Social XR use
case described in Chapter 3 varies with different frequency bands, CSI feedback techniques,
RFs, MIMO techniques, transmission ranks and γ values using the Social XR simulator.
Table 4.1 summarises the important configurable parameters used in the simulation, along
with their symbols and considered values.

Figure 4.1: Configurable parameters and their values used in simulation.

The thesis considers PLR as the key performance indicator. The PLR is obtained by
taking the ratio of total number of lost packets to the total number of generated packets
for a given flow (or user). As mentioned in Chapter 2, a PLR of 5% is considered as the
maximum limit for a tolerable XR performance.

For each scenario presented in the following sections, a set of five meetings are simu-
lated, where every meeting has a random channel initialization. The meeting duration is
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set to 16 seconds which provided sufficient PLR convergence. The performance analysis of
3.5 GHz and 26 GHz are detailed separately in the Sections 4.1 and 4.2. A confidence in-
terval of 95% is considered for the provided data and marked in the presented charts in the
Sections 4.1 and 4.2. The narrow confidence intervals observed during the measurements
prove the sufficiency of the chosen number of five meetings for the simulations.

4.1 Performance analysis for 3.5 GHz

This section details the observations and analysis of the results pertaining to the 3.5
GHz frequency band. The performance comparison of the ‘fixed-RF’ and ‘adaptive-RF’ is
elaborated in section 4.1.1. Sections 4.1.2 and 4.1.3 contain the performance analysis of
SU-MIMO and MU-MIMO technologies when Type and Type II CSI feedback methods are
used for different values of γ and transmission ranks. Behind the average PLRs (averaged
across UEs and simulated meetings) we observed some variability between the UE-specific
PLRs. However, to assess the first order effects of these configuration options, we focus
on the average PLRs in the presented charts and results. Also, it should be noted that
the term dual−rank (used extensively throughout the results (Chapter 4) and conclusion
(Chapter 5) does not mean dual rank transmissions but the ability of the UE to give
(single− or) dual− rank CSI feedback and of the scheduler to select (single− or) dual−
rank transmissions.

4.1.1 Fixed-RF and adaptive-RF

As detailed in the Section 2.2.2 of Chapter 2 and Section 3.2.1 of Chapter 3, each
individual RF contains a grid of orthogonal beam sets spanning different azimuth and
elevation angles. The best beam (or beam combination for an LC precoder) suitable for
a UE can belong to any of the 16 different RF present in the CSI codebook. It should be
noted that the ideal precoder for different UEs can belong to same or different RF factor.
Hence the choice of RF can significantly affect the system performance since a sub-optimal
RF can result in sub-optimal beam for a UE and hence affects the downlink performance.
In Figure 4.2 we make a distinction between the ‘fixed-RF’ and ‘adaptive-RF’ cases, where
in the former all the UEs are served with single best beam (L = 1) from each of the 16 RFs
and in the latter each UE individually picks the RF (and thereby the best beam (L = 1))
best suited for it. The provided PLRs are insensitive to any setting of the co-scheduling
parameter γ value except unity for the ‘fixed-RF’ case with L = 1, since the beams within
an RF are mutually orthogonal by design, and a collision can only occur if two UEs select
the exact same beam from the RF’s GoB.

We can observe that the PLR varies significantly over the 16 RFs for the ‘fixed-RF’
case. This is in accordance with the specific location of the UEs with respect to the point
in space where the beams of the serving ‘fixed-RF’ are spanning (the spanning angles of
different beams of RFs 1-16 are shown in Figure 3.6). For example, if the UE (or the
antenna) would be moved a little bit to the left (or right), a different ‘fixed-RF’ may serve
the UE best. If an an operational setting, if ‘fixed-RF’ applies, then the selected RF may
be rather arbitrarily set, since the operator has of course no idea where people are located
at any given point of time and it is unlikely that the best RF (red bar demarcated RF: 3
in this case) will be selected. Through this chart we understand how ‘good’ or bad it can
get, if the operator decides to go for a ‘fixed-RF’ setting.
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It would be ideal if the RF is not fixed and every UE gets to pick the best RF and
thereby the best beam suitable for it regardless of the choice of other UEs. This method
(referred to as adaptive-RF in the thesis) would definitely give better system performance
as shown by the green bars in Figure 4.2. The PLRs for the ‘adaptive-RF’ case vary with
the γ value since adaptive-RF span over all RFs and hence the beams picked by different
UEs may not be always orthogonal like for the ‘fixed-RF’ case. It is evident that while
the lowest PLR observed out of all the ‘fixed-RF’ cases (color-coded as red and RF: 12)
is marked at 12.24%, the maximum PLR found for the ‘adaptive-RF’ case is 5.64% for γ
values greater than or equal to 0.8. The lowest PLR found for the ‘adaptive-RF’ case is
0.01%, which is well below the assumed maximum tolerable PLR for XR application.

From the literature it is not clear whether a fixed or adaptive-RF is adopted in real-life
deployments. Hence we analyse the performance of both methods through this experi-
ment. While the ‘adaptive-RF’ outperforms the ‘fixed-RF’ case for the considered XR
scenario, there is a trade-off involved in choosing adaptive-RF over fixed-RF, which is
the requirement of a much larger set of CSI-RSs to be broadcast comparatively, which
implies that they are either sent less frequently or impose more overhead (in terms of
consumed resources). For the present scenario, since the UEs movement is restricted to
head rotations (which means that the UEs mostly stick to same precoders throughout the
meeting duration), a less frequent CSI-RS for ‘adaptive-RF’ case should hardly impact
the performance.

Figure 4.2: Average PLR across all UEs and simulated meetings for comparing the system
performance when fixed-RF and adaptive-RF are used for 3.5 GHz. The blue bars show
the PLR when all UEs select their precoders from a fixed-RF (1-16) (with the red bar
indicating the best fixed-RF 3) and the green bars show the PLR when the UEs use
adaptive-RF and individually select the best RF for different γ values. A confidence
interval of 95% is marked on each data bar, the small confidence interval observed prove
the convergence of PLRs for the number of meetings simulated.
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4.1.2 Impact of Type I and Type II CSI on SU-MIMO technology

Figure 4.3 shows the downlink performance for the XR environment when SU-MIMO
technique is used. Since only a single user is scheduled in any given TTI, a single-user
scheduler does not have the γ parameter. It should be noted that SU-MIMO is not simply
the same as MU-MIMO with γ = 0, since a zero value of γ could still refer to MU-MIMO
with zero estimated interference between the co-scheduled UEs. The chart (and the re-
maining ‘fixed-RF’ charts for both frequency bands) shows that for the ‘fixed-RF’ case,
PLRs that are well above the said requirement (5%). The observed PLRs may be in-
terpreted as such, assuming that in reality the application layer would respond to such
high experienced PLRs by lowering the codec rate. Also, note that the cross-layer frame
type-based scheduling (i.e. giving some degree of priority of I-frame packets over P-frame
packets) may yield acceptable QoS even for relatively high PLRs [14].

For the single−rank case, we observe that each UE achieves the maximum MCS possible
in the considered indoor conference scenario, owing to the full transmit power of the BS
being assigned to the UE (compared to the MU-MIMO case where transmit power gets
divided by the number of UEs co-scheduled) and complete absence of interference. The
reason for the PLR of 21.52% despite of achieving highest MCS possible, is the reduced
number of times each UE is scheduled (once every 16 TTIs). For the same reason, we see
the same average PLR for both Type I and Type II.

For the dual− rank case, it is not always the highest MCS that is selected every TTI for
each UE, since the transmit power per layer is half of the BS transmit power and also there
is some inter-layer interference present in case the scheduler indeed decides to co-schedule
multiple transmission layers. With the error bars taken into consideration, we observe
that the dual − rank PLR performance is similar for different L values and also matches
the single− rank PLR of 21.52%. This is because each UE achieves the maximum MCS
possible in the considered indoor conference scenario, owing to the full transmit power of
the BS being assigned to the UE (compared to the MU-MIMO case where transmit power
gets divided by the number of UEs co-scheduled) and complete absence of interference.
Even though a second layer is allowed per UE, we hardly see the RI reported as two since
the propagation environment itself is fewer rich, i.e. there’s less multi-path, so there are
less paths to take anyway and also, the additional layer (of the same UE) if reported,
brings some interference. This behaviour is reflected in the same PLR performance for
both single− rank and dual − rank cases.

4.1.3 Impact of Type I and Type II CSI on MU-MIMO technology

Understanding the impact of Type I and Type II CSI feedback methods on the sys-
tem performance is a pivotal part of the thesis. As detailed in Chapter 2, the difference
between the two methods is the use of a linear combination of two, three or four beams
with significant power-scaling factors (for L = 2, 3, 4) in Type II, instead of a sin-
gle beam in Type I. The impact of L was investigated for both the ‘fixed-RF’ and the
‘adaptive-RF’ cases, however, for the latter case we observed no benefit of L > 1 since
under ‘adaptive-RF’, and given the assumed propagation environment, a UE’s second-
strongest is too weak to be worthwhile. For the ‘fixed-RF’ case we observe potentially a
larger impact of L and therefore investigate this in more detail through the different charts.

Figure 4.4 shows the performance of the MU-MIMO setting of the conference scenario
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Figure 4.3: SU-MIMO average PLR across all UEs and simulated meetings for comparing
the system performance when Type I and Type II CSI feedback techniques are used for
different transmission ranks (Rank 1 and Rank 2) with a fixed-RF 3 for 3.5 GHz.

where Type I (L = 1) and Type II (L = 2, 3, 4) CSI methods are used for both single
and dual − rank cases. The mentioned combinations are simulated for different γ values
of {0, 0.2, 0.4, 0.6, 0.8, 1}.

Impact of γ

When we set a bigger γ, on one hand we essentially increase the inter-layer interference
threshold, allowing more UEs to be co-scheduled which generally leads to a lower SINR
and gets translated to a lower MCS and throughput for the particular UEs involved in
the interference thread. To compensate this, UEs with lower MCSs are served more often
which has an increasing impact on the UEs’ throughput. In our scenario, we observe that
the net effect of the above trade-off is a PLR increase with an increase in γ value for both
Type I and Type II single− rank cases.

In the PLR trend of the dual−rank case across the γ range, we can observe that the PLR
decreases when the γ value increases from 0 to 0.2 and then further increases when the γ
increases from 0.2 up till unity. In such cases, the γ value (0.2 in this case) to the either
sides of which the PLR increases, marks the right balance between co-scheduling the apt
number of users with least possible interference. At γ = 0.2, the co-scheduling of UEs
improves significantly (compared to γ = 0 ) to overcome the interference encountered due
to the increase of γ. This results in a lower PLR value at 0.2 compared to 0. However,
further increase from 0.2 causes higher interference which overshadows the co-scheduling
throughput improvement and hence the PLR increases. Therefore, any γ lower than 0.2
yields a higher PLR because users are scheduled less frequently. Unlike the dual − rank
case, for single − rank case, we observe a steady increase in the PLR with γ which is
attributed to the interference of the UEs within the γ range overpowering the effect of
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Figure 4.4: Average PLR across all UEs and simulated meetings for comparing the system
performance when Type I and Type II CSI feedback techniques are used for different ranks
(single and dual − rank) with a fixed-RF 3 for 3.5 GHz. Different γ values {0, 0.2, 0.4,
0.6, 0.8, 1} are considered.

increase in throughput due to more frequent scheduling of the affected UEs.

Impact of Type I and Type II CSI feedback methods

In a MU-MIMO scenario, when the number of precoder beams used for the creation of
the LC precoder increases (L = 1 for Type I and L = 2, 3, 4 for Type II), we observe that
the impact is different for different settings of γ and supported transmission ranks. This is
due to the fact that, an increase in L for one UE can impact the interference effect it causes
on the other co-scheduled UEs in different ways. For example, as illustrated in Figure 4.5,
let’s consider a case with three UEs co-scheduled with L = 1 (UE1, UE2, UE3) where the
precoder used by UE1 creates heavy interference on UE2 and does not impact UE3. If L
is increased to 2, suppose that the second precoder added to UE1 creates no impact to
UE2 but some interference to UE3. We then find that for L = 2 the selected LC precoder
for UE1 effectively reduces the interference towards UE2 while it increases the interference
towards UE3. This example illustrates how indeed a change in configuration from L = 1
(Type I) to L = 2 (Type II) can have both a positive and a negative interference effect,
supporting the observed absence of a clear trend in the bottom-line performance of L.
For the considered case, we observe that L = 1 performs better than L = 2, 3, 4 for all
dual − rank case and L = 2 performs best for the single − rank case. Thus the best
choice of CSI feedback method for an indoor conference scenario with a similar setting is
Type II with L = 2 for single− rank case and Type I for single− rank case.

Impact of different transmission ranks

For Type I method, we observe that dual − rank performs similar to single − rank
for γ values up to unity (PLR of 12.08%). For the γ value of unity, we can see that
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Figure 4.5: Example illustration depicting the interference dynamics for UEs when Type I
and Type II (L = 2) CSI feedbacks are used.

the dual − rank outperforms single− rank with a PLR of 31% compared to the 37.89%
recorded for the latter. This happens because of the fact that the γ value of unity allows
for the co-scheduling of two UEs even if they select the exact same beam (which can hap-
pen very often considering the availability of only 16 beams available per ‘fixed-RF’ for the
total of 16 UEs) causing heavy interference in single− rank case. If there are two layers
splitting the transmit power - which means a reduction in interference for the first layer -
of these highly interfering beams, the non-interfering second layers for the corresponding
UEs can still fetch some throughput.

For Type II CSI, we observe similar trend as Type I for the high γ values (values >
0.2) in the sense that dual − rank outperforms single − rank. For the lower γ values of
0 and 0.2, single− rank outperforms dual − rank. For the low γ cases, the behaviour is
because of the increased interference caused by the additional layers of the dual − rank
case (i.e. the second layer added to each UE for the dual−rank case can cause interference
to the layers of other UEs). For the high γ cases, as explained above, the behaviour is
because of the reduced interference resulting from the throughput compensation due to an
additional non-interfering layer in dual−rank which also splits the power of the otherwise
interfering single layer.

4.2 Performance analysis for 26 GHz

This section details the observations and analysis of the results pertaining to the 26
GHz frequency band. The performance comparison of the ‘fixed-RF’ and ‘adaptive-RF’ is
elaborated in section 4.1.1. Sections 4.1.2 and 4.1.3 contain the performance analysis of
SU-MIMO and MU-MIMO technologies when Type and Type II CSI feedback methods
are used for different values of γ and transmission ranks. There are two major aspects
distinguishing the insights of the 26 GHz frequency band from the 3.5 GHz band. Firstly,
the beams generated from the 26 GHz frequency band antenna are narrower compared
to that of its sub-6 GHz counterpart since the former contains more antenna elements
(presented in Figure 3.2). While narrower beams has less possibility of mutual non-
orthogonality, the impact of interference can be very high in case of non-orthogonal beams.
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Secondly, the base codebook used by the 26 GHz frequency is completely different from
that used by the 3.5 GHz band.

4.2.1 Fixed-RF and adaptive-RF

For 26 GHz, Figure 4.6 illustrates the performance of the considered Social XR sce-
nario when all the UEs are served with single best beam (L = 1) from each of the 16 RFs
and for the ‘adaptive-RF’ case with different γ values. Once again we can see that the
‘adaptive-RF’ outperforms the ‘fixed-RF’ case (least PLR as red bar marked at 27.32% for
RF 12) where the lowest PLR values observed are 0.95% for γ values of 0.4 and 0.6. These
are ideal for the video streaming application and are well below the 5% requirement. We
can find that the optimal γ for 26 GHz frequency band is higher from that found for the
3.5 GHz band (0 and 0.2). This can be attributed to the different codebooks of the two
frequency bands which results in different interference patterns among the co-scheduled
UEs, and for the 26 GHz band and its associated codebook, the right balance between the
interference and co-scheduling trade-off occurs at 0.4 and 0.6. The trade-off mentioned
for the ‘adaptive-RF’ case in the 3.5 GHz frequency band applies to 26 GHz band as well
(Section 4.1.1).

We can also observe that the PLRs for the 26 GHz frequency band are higher compared
to those of the 3.5 GHz band. This is attributed to the extremely high interference of
the narrow non-orthogonal beams used by the co-scheduled UEs and the difference in the
base codebook used compared to the 3.5 GHz frequency band.

Figure 4.6: Average PLR across all UEs and simulated meetings for comparing the per-
formance when fixed-RF and adaptive-RF are used for 26 GHz. The blue color-coded
bars (and red bar representing the least PLR recorded among the ‘fixed-RF’ cases for RF
12) represent the PLR when all UEs select their precoders from a fixed-RF (1-16) and the
green color-coded bars represent the PLR when the UEs use adaptive-RF and individually
select the best RF for different γ values {0, 0.2, 0.4, 0.6, 0.8, 1}.
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4.2.2 Impact of Type I and Type II CSI on SU-MIMO technology

Figure 4.7 shows the downlink performance for the XR environment when SU-MIMO
technique is used for the 26 GHz frequency band. Since only single user is scheduled in a
given TTI, a single-user scheduler does not have the γ parameter.

For the single−rank case, we observe that each UE achieves the maximum MCS possible
in the considered indoor conference scenario, owing to the full transmit power of the BS
being assigned to the UE (compared to the MU-MIMO case where transmit power gets
divided by the number of UEs co-scheduled) and complete absence of interference. The
reason for the PLR of 27.57% despite of achieving highest MCS possible, is the reduced
number of times each UE is scheduled (once every 16 TTIs). For the same reason, we see
the same average PLR for both Type I and Type II.

For the dual− rank case, it is not always the highest MCS that is selected every TTI for
each UE, since the transmit power per layer is half of the BS transmit power and also there
is some inter-layer interference present in case the scheduler indeed decides to co-schedule
multiple transmission layers. With the error bars taken into consideration, we observe
that the dual − rank PLR performance is similar for different L values and also matches
the single− rank PLR of 27.57%. This is because each UE achieves the maximum MCS
possible in the considered indoor conference scenario, owing to the full transmit power of
the BS being assigned to the UE (compared to the MU-MIMO case where transmit power
gets divided by the number of UEs co-scheduled) and complete absence of interference.
Even though a second layer is allowed per UE, we hardly see the RI reported as two since
the propagation environment itself is less rich, i.e. there’s less multi-path, so there are
less paths to take anyway and also, the additional layer (of the same UE) if reported,
brings some interference. This behaviour is reflected in the same PLR performance for
both single− rank and dual − rank cases.

4.2.3 Impact of Type I and Type II CSI on MU-MIMO technology

Figure 4.8 shows the performance of the conference scenario where both Type I (L = 1)
and Type II (L = 2, 3, 4) CSI methods are used for the single and the dual−rank cases.
The mentioned combinations are simulated for different γ values of {0, 0.2, 0.4, 0.6, 0.8,
1}.

Impact of γ

In the 26 GHz frequency band, for single − rank case, we observe a steady increase
in the PLR with γ which is attributed to the interference of the UEs within the γ range
overpowering the effect of increase in throughput due to more frequent scheduling of the
affected UEs. For the dual − rank case, we observe that any γ lower than 0.4 yields
a higher PLR because users are scheduled less frequently and further increase from 0.6
causes higher interference which overshadows the co-scheduling throughput improvement
and hence the PLR increases.

Impact of Type I and Type II CSI feedback methods

Like the 3.5 GHz frequency band, in the 26 GHz band MU-MIMO scenario, when the
number of precoder beams used for the creation of the LC precoder increases (L = 1 for
Type I and L = 2, 3, 4 for Type II), we observe that the impact is different for different
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Figure 4.7: SU-MIMO average PLR across all UEs and simulated meetings for comparing
the system performance when Type I and Type II CSI feedback techniques are used for
different transmission ranks (Rank 1 and Rank 2) with a fixed-RF 12 for 26 GHz.

Figure 4.8: Average PLR across all UEs and simulated meetings for comparing the system
performance when Type I and Type II CSI feedback techniques are used for different
transmission ranks (single and dual − rank) with a fixed-RF 12 for 26 GHz. Different γ
values {0, 0.2, 0.4, 0.6, 0.8, 1} are used for plotting the PLR for aforementioned parameter
combinations.

γ and transmission ranks (explanation of 3.5 GHz from Section 4.1.3 holds here). For the
considered case, we observe that L = 1 performs better than L = 2, 3, 4 for all dual−rank
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cases and L = 2 performs best for the single − rank case. Thus the best choice of CSI
feedback method for an indoor conference scenario with a similar setting is Type II with
L = 2 for single− rank case and Type I for single− rank case.

Impact of different transmission ranks

For Type I method, we observe that dual − rank performs similar to single − rank
for γ values up to unity (PLR of 27.30%). For the γ value of unity, we can see that the
dual − rank outperforms single − rank with a PLR of 34.21% compared to the 41.91%
recorded for the latter. This happens because of the fact that the γ value of unity allows
for the co-scheduling of two UEs even if they select the exact same beam (which can hap-
pen very often considering the availability of only 16 beams available per ‘fixed-RF’ for the
total of 16 UEs) causing heavy interference in single− rank case. If there are two layers
splitting the transmit power - which means a reduction in interference for the first layer -
of these highly interfering beams, the non-interfering second layers for the corresponding
UEs can still fetch some throughput.

For Type II CSI, we observe similar trend as Type I for the high γ values (values >
0.6) in the sense that dual − rank outperforms single − rank. For the lower γ values,
single − rank outperforms dual − rank. For the low γ cases, the behaviour is because
of the increased interference caused by the additional layers of the dual − rank case (i.e.
the second layer added to each UE for the dual− rank case can cause interference to the
layers of other UEs). For the high γ cases, as explained above, the behaviour is because of
the reduced interference resulting from the throughput compensation due to an additional
non-interfering layer in dual−rank which also splits the power of the otherwise interfering
single layer.

4.3 Bandwidth analysis for the ideal scenario

From the PLRs recorded in Figures 4.2, 4.4, 4.6 and 4.8, it is evident that for MU-
MIMO, the use of adaptive-RFs with γ values of 0.2 for 3.5 GHz and 0.4 for 26 GHz suit
our scenario the best. Triggered by the observation that the PLR is lower than needed,
which suggests that a reduced carrier bandwidth may suffice, in this section, we try to
analyse the impact of different bandwidths on these ideal cases. Figure 4.9 shows the PLR
trend for the ‘adaptive-RF’ case for both the 3.5 GHz and 26 GHz frequency bands for
four different bandwidth values of (100, 200, 300 and 400 MHz). With an admissible value
of 5% PLR, we can see that even with a bandwidth smaller than the previously considered
400 MHz (200 MHz (and above) for the 3.5 GHz band and 300 MHz (and above) for the
26 GHz band), we can achieve tolerable downlink performance for the given Social XR
scenario.

In addition to the ideal case above, we also try to understand the bandwidth require-
ment to achieve 5% PLR for the best observed ‘fixed-RF’ cases (γ = 0 and L = 2 for the
3.5 GHz frequency band and γ = 0.4 and L = 2 for the 26 GHz frequency band). Figure
4.10 shows the PLR trend for the ‘fixed-RF’ case for the 3.5 GHz frequency band with
bandwidth values of (400, 500, 600 and 700 MHz) and the 26 GHz frequency band with
bandwidth values of (900, 1100, 1200 and 1300 MHz). We can see that with a bandwidth
of 600 MHz (and above) for the 3.5 GHz band and 1300 MHz (and above) for the 26 GHz
band, we can achieve tolerable downlink performance for the given Social XR scenario.
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We can also see that the bandwidth required by the 26 GHz frequency band is higher
than that required by the 3.5 GHz band. There are two reasons for this observation.
Firstly, as discussed in Section 4.2, the narrow beams of 26 GHz create very high interfer-
ence when they are non-orthogonal and this causes high PLR compared to the wide beams
of 3.5 GHz. Secondly, the cases compared here use a higher γ of 0.4 for 26 GHz compared
to 0.2 for 3.5 GHz, which means more interference occurrence is permitted between the
co-scheduled UEs.

Figure 4.9: Average PLR across all UEs and simulated meetings for comparing the system
performance when different bandwidths are used for the observed ideal ‘adaptive-RF’
case. γ values of 0.2 and 0.4 are used for the 3.5 GHz and the 26 GHz frequency bands,
respectively.

Figure 4.10: Average PLR across all UEs and simulated meetings for comparing the system
performance when different bandwidths are used for the observed best ‘fixed-RF’ case. γ
values of 0 and 0.4 are used for the 3.5 GHz and the 26 GHz frequency bands, respectively.
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Chapter 5

Conclusion and future work

5.1 Conclusion

Social XR applications are throughput-intensive applications gaining immense popu-
larity with the introduction of 5G. In this thesis we have presented a simulation-based
performance assessment for an indoor Social XR conference scenario involving a fixed
number of physical and virtual participants. More specifically, the thesis attempts to pro-
vide an insight in to how such an application’s radio downlink performance is impacted
when we consider different carrier frequency bands, CSI feedback methods, RFs, MIMO
techniques, ranks and γ values using the key metric of PLR.

To this end, we have modeled and implemented all key scenario aspects, including the
conference setting, the Social XR application, the indoor propagation environment, the
5G base station, its deployed massive MIMO antenna, the defined beamforming code-
books, the CSI feedback options, and the packet scheduling scheme. We understand how
together with the different MIMO, CSI techniques and transmission ranks, the RF and
γ also form important configurable parameters which can affect the system performance
significantly.

Considering the main results, for each of the frequency bands of 3.5 GHz and 26 GHz, we
have compared the use of ‘fixed-RF’ and ‘adaptive-RF’, the impact of Type I and Type II
CSI on SU-MIMO and MU-MIMO under single and dual − rank scenarios. Finally we
perform bandwidth analysis for the best configurations observed (i.e. the ‘adaptive-RF’
case with an optimised γ). The key findings from the analysis of the simulated results are
as follows:

• For both frequency bands, the ‘adaptive-RF’ case substantially outperforms the
‘fixed-RF’ case, where the former yields significantly lower PLR values. This is
owing to the fact that the UEs individually gets to pick the best beam or the LC
beams in the ‘adaptive-RF’ case compared to the ‘fixed-RF’ case, where there is a
restricted set of available beams depending on the assigned RF.

• For the considered conference setting, the PLRs for 26 GHz frequency band are
found to be higher compared to those of the 3.5 GHz band. This is however noted to
be entirely subjective to the positions of the UEs with respect to the beams selected
by them and the interference encountered. The precoders and the angles spanned
by them are completely different for the two frequency bands. Also, the 26 GHz
frequency band is characterised by more narrower beams compared to the 3.5 GHz
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band (even if the probability of non-orthogonality between beams is low for such
narrow beams, the interference for the non-orthogonal beams are very high because
of the higher gains).

• When configuring a relatively high γ for a MU-MIMO case, more UEs get co-
scheduled, and also with a lower tx power, however with a potentially higher inter-
ference (hence lower SINR and hence lower MCS) which may lead to higher PLR, if
the resulting low throughput is not compensated for by the more frequent scheduling
of the UEs. For the 3.5 GHz ‘adaptive-RF’ case, we observe that this compensation
is not enough for any value of γ and that the PLR increases with the γ. For 26 GHz
‘adaptive-RF’ case, the compensation works from γ = 0 to γ = 0.4, where the PLR
reduces, but further fails from 0.4 to unity, causing the PLR to increase. We find
similar trends in the ‘fixed-RF’ MU-MIMO cases as well for both frequency bands,
CSI Types and ranks.

• For for both frequency bands and assuming the ‘adaptive-RF’ setting in MU-MIMO
scenarios, we observe the same performance for the different CSI feedback methods
and allowable transmission ranks. This is because, under ‘adaptive-RF’, and given
the assumed propagation environment, a UE’s second-strongest is too weak to be
worthwhile.

• In MU-MIMO scenarios with the ‘fixed-RF’ setting, we observe different PLR trends
for Type I (L = 1) and Type II (L= 2, 3, 4) CSI feedback methods while using
different frequency bands, γ and transmission ranks. This is due to the additional
(L > 1) beams of the co-scheduled UEs impacting each other differently, causing
simultaneous increase in interference for some UEs and decrease in interference for
others, thereby producing different net effects for different frequency bands, γ and
transmission ranks. For both frequency bands, the optimal choice of CSI feedback
method for the presented scenarios with a similar setting is Type II with L = 2 for
single− rank case and Type I for single− rank case.

• In MU-MIMO scenarios with the ‘fixed-RF’ setting, the dual−rank case outperforms
single − rank for higher values of γ and gives lower (for Type II CSI) or equal
performance (for Type I CSI) for lower values of γ. For the low γ cases, the behaviour
is because of the increased interference caused by the additional layers of the dual−
rank case (i.e. the second layer added to each UE for the dual − rank case can
cause interference to the layers of other UEs). For the high γ cases, the behaviour
is because of the reduced interference resulting from the throughput compensation
due to an additional non-interfering layer in dual− rank which also splits the power
of the otherwise interfering single layer.

• In SU-MIMO scenarios with the ‘fixed-RF’ setting for both frequency bands, the
PLR performance is similar for different L values and ranks. This is because each UE
achieves the maximum MCS possible in the considered indoor conference scenario,
owing to the full transmit power of the BS being assigned to the UE (compared
to the MU-MIMO case where transmit power gets divided by the number of UEs
co-scheduled) and complete absence of interference. Even though a second layer
is allowed per UE, we hardly see the RI reported as two since the propagation
environment itself is less rich, i.e. there’s less multi-path, so there are less paths
to take anyway and also, the additional layer (of the same UE) if reported, brings
some interference. This behaviour is reflected in the same PLR performance for both
single− rank and dual − rank cases.
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• Finally, for the overall best performance found in the ‘adaptive-RF’ case, we observe
that for the frequency band of 3.5 GHz, any bandwidth of 200 MHz or above would
suffice for achieving the target PLR of 5%. For the 26 GHz band, any bandwidth
greater than or equal to 300 MHz will suffice for the target PLR. For the overall best
performance found in the ‘fixed-RF’ case, we observe that for the frequency band of
3.5 GHz, any bandwidth of 600 MHz or above would suffice for achieving 5% PLR.
For the 26 GHz band, any bandwidth greater than or equal to 1300 MHz will suffice.
We can observe that the minimum bandwidth required for 26 GHz frequency band is
higher compared to the 3.5 GHz band for both the ‘fixed-RF’ and the ‘adaptive-RF’
cases and this occurs because of the reason stated in the second bullet.

• Overall, for the considered Social XR conference scenario, we conclude that the best
performance configurations include the use of ‘adaptive-RF’ with γ values of 0 or 0.2
for the 3.5 GHz frequency band and 0.4 or 0.6 for the 26 GHz frequency band and
that this performance holds for both Type I and Type II CSI feedback methods as
well for the single− rank and dual − rank cases.

5.2 Future work

The following enlisted ideas are identified as potential future scope areas which can
significantly contribute to further enriching the work presented through this thesis.

• Considering the compatibility of SRS-based CSI feedback methods for TDD systems,
a good future scope will be an exclusive comparison study of the SRS-based method
(for the short distance considered between the BS and UE, SRS-based method is
expected to give good performance) with the already implemented codebook-based
CSI feedback method.

• Since the present work is restricted to an indoor scenario, to further validate the ob-
tained insights, an outdoor environment setting can be considered and the downlink
performance can be analysed. Further, Non Line of Sight (NLOS) scenario can be
taken into account if UEs are spaced more than 50 m away from the BS in a real-
istic outdoor scenario and this can create a different impact due to the prominent
multi-path components. The multi-path richness of the NLOS scenario increases the
MIMO capacity, since it provides large number of eigenvalues of MIMO channel due
to the presence of rich scatterers.

• Further with respect to the environment, user mobility can be expanded beyond the
head movements since this will result in frequent change of precoders selected by the
UEs. It will be an interesting study to analyse the adaptive-RF use case in such an
environment, since heavy mobility cases require frequent update of precoders and
this can cause high control signalling overhead for an adaptive-RF. Also, it will be
worthwhile to compare the fixed- and adaptive-RF cases for either the same level of
overhead or the same CSI periodicity, but then explicitly incorporating the higher
overhead and the performance impact thereof in the modelling.

• 3GPP specific blockage models could be interwoven into the scenario to further
and realistically extend the diversity of the possible propagation environments. For
example, it is highly probable for a human blockage to occur when a participant
walks into the meeting room or leaves the room.
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• The interference estimation mechanism can be implemented using machine learning,
where the present mechanism of book-keeping interference can contribute to creating
the learning data set. Using these data sets, the performance of the downlink can
be improved. ML-based interference estimations can be particularly relevant in case
of multi-cell scenarios with inter-cell interference.
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Appendix A

RF and the associated precoder
columns for N1 = N2= 8.

Table A.1 shows the RFs 1 to 16 and the associated precoder columns for N1 = N2 =
8.
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Figure A.1: RF and the associated precoder columns from the codebook matrix for N1 =
N2 = 8.
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Appendix B

BLER curves

Figure B.1 shows the BLER curves for the different MCS, with a 10% BLER probability
marked for each curve. The curves are fitted to simulations based on the equations for
each MCS curve that can be found in [29].

Figure B.1: BLER curves simulated with TU Vienna Link-Level Simulator [33].
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