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To my parents

“Take the sourest lemon life has to offer you and turn it into something resembling
lemonade.”

–This Is Us





Abstract

Internet-of-vehicles (IoV) is one of the most important use cases in the fifth gen-
eration (5G) of wireless networks and beyond. Here, IoV communications refer to
two types of scenarios: serving the in-vehicle users with moving relays (MRs); and
supporting vehicle-to-everything (V2X) communications for, e.g., connected vehicle
functionalities. Both of them can be achieved by transceivers on top of vehicles with
growing demand for quality of service (QoS), such as spectrum efficiency, peak data
rate, and coverage probability. However, the performance of MRs and V2X is lim-
ited by challenges such as the inaccurate prediction/estimation of the channel state
information (CSI), beamforming mismatch, and blockages. Knowing the environ-
ment and utilizing such context information to assist communication could alleviate
these issues. This thesis investigates various context information-based performance
enhancement schemes for IoV networks, with main contributions listed as follows.

In order to mitigate the channel aging issue, i.e., the CSI becomes inaccurate soon
at high speeds, the first part of the thesis focuses on one way to increase the prediction
horizon of CSI in MRs: predictor antennas (PAs). A PA system is designed as a
system with two sets of antennas on the roof of a vehicle, where the PAs positioned at
the front of the vehicle are used to predict the CSI observed by the receive antennas
(RAs) that are aligned behind the PAs. In PA systems, however, the benefit is
affected by a variety of factors. For example, 1) spatial mismatch between the point
where the PA estimates the channel and the point where the RA reaches several time
slots later, 2) antenna utilization efficiency of the PA, 3) temporal evolution, and 4)
estimation error of the PA-base station (BS) channel.

First, in Paper A, we study the PA system in the presence of the spatial mismatch
problem, and propose an analytical channel model which is used for rate adaptation.
In paper B, we propose different approximation schemes for the analytical investi-
gation of PA systems, and study the effect of different parameters on the network
performance. Then, involving PAs into data transmission, Paper C and Paper D
analyze the outage- and the delay-limited performance of PA systems using hybrid
automatic repeat request (HARQ), respectively. As we show in the analytical and
the simulation results in Papers C-D, the combination of PA and HARQ protocols
makes it possible to improve spectral efficiency and adapt the transmission parame-
ters to mitigate the effect of spatial mismatch. Finally, a review of PA studies in the
literature, the challenges and potentials of PA as well as some to-be-solved issues are
presented in Paper E.

The second part of the thesis focuses on using advanced technologies to further
improve the MR/IoV performance. In Paper F, a cooperative PA scheme in IoV
networks is proposed to mitigate both the channel aging effect and blockage sensitiv-
ity in millimeter-wave channels by collaborative vehicles and BS handover. Then, in
Paper G, we study the potentials and challenges of dynamic blockage pre-avoidance
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in IoV networks.

Keywords: 5G/B5G, 6G, blockage, channel state information (CSI), integrated ac-
cess and backhaul (IAB), Internet-of-vehicles (IoV), Marcum Q-function, millimeter
wave, mobile relay, outage probability, predictor antenna, rate adaptation, reconfig-
urable intelligent surface, relay, spatial correlation, temporal correlation, throughput,
vehicle-to-everything (V2X), wireless backhaul.
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CHAPTER 1

Introduction

1.1 Background
Nowadays, wireless communications and their related applications play an important
role in our life. Since the first mobile communication system was employed in the
early 1980s, new standards were established roughly every ten years, leading to the
first commercial deployments of the fifth generation (5G) cellular networks in late
2019 [1]–[3]. Modern wireless technologies have been developing from the second
generation (2G) where the first digital communication system was deployed with
text messages being available, through the recent fourth generation (4G) with Long-
Term Evolution (LTE) being the dominant technology, which supports much higher
data rate with lower latency, towards future beyond 5G (B5G) with New Radio
(NR) standardized by the 3rd generation partnership project (3GPP) [4]. Among
these exciting achievements, one theme never changes: the growing demand for high-
speed, ultra-reliable, low-latency, and energy-efficient wireless communications with
limited radio spectrum resource.

According to the Ericsson mobility report in June 2021, the total number of mobile
subscriptions has exceeded 8 billion today, with 4G being the major standard, and it
is expected that this number will reach around 8.8 billion with over 30% being sup-
ported by NR by the end of 2026 [1]. Thanks to the higher bandwidth at millimeter
wave frequency spectrum as well as the development of multi-antenna techniques, new
use cases in 5G, such as intelligent transport systems, autonomous vehicle control,
virtual reality, factory automation, and providing coverage to high-mobility users,
have been developed rapidly [5]. These use cases are usually categorized into three
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Chapter 1 Introduction

distinct classes by the standardization groups of 5G [6]:

i) Enhanced mobile broadband (EMBB) deals with large data packets and how to
deliver them using high data rates [7]. This can be seen as a natural extension
of the current established LTE system that is designed for the similar use case.
Typical EMBB applications involve high-definition video streaming, virtual
reality, and online gaming.

ii) Massive machine-type communications (MTC) is a new application in 5G,
which targets at providing wide coverage to a massive number of devices such
as sensors which send sporadic updates to a base station (BS) [8]. Here, the
key requirements are energy consumption, reliability, and scalability. High data
rate and low latency, on the other hand, are of secondary importance.

iii) Ultra-reliable low-latency communications (URLLC) concerns applications with
stringent requirements on reliability and latency [8]. In this type of use case,
the challenge is to design protocols which can transmit data with very low er-
ror probability and fulfill the latency constraint at the same time. Applications
falling into this category include real-time control in smart factories, remote
medical surgery, and Internet-of-vehicles (IoV) communications which mainly
focus on safety with high-mobility users.

This thesis targets both EMBB and URLLC. More specifically, we concentrate
on efficient (high data rate) and reliable (low error/outage probability) IoV schemes
with latency requirement, using technical enablers such as predictor antenna (PA) to
obtain context information. The detailed review of IoV communications and the PA
concept, as well as the associated research challenges, are presented in the following
sub-sections.

1.1.1 Internet of Vehicles in 5G/B5G
Providing efficient, reliable broadband wireless communication links in high mobility
use cases, such as high-speed railway systems and urban/highway vehicular com-
munications, has been incorporated as an important part of 5G developments [9].
According to [10], 5G systems are expected to support a large number of users trav-
eling at speeds up to 500 km/h, at a data rate of 150 Mbps or higher.

IoV refers to two different types of vehicle communications: 1) serving in-vehicle
users and 2) supporting the connected-vehicle functionalities, and both of them can
be well provided by the transceivers installed on top of vehicles. More specifically,
the first scenario is normally referred to as moving relay (MR) or moving relay node
(MRN), where a significant number of users could access cellular networks via MRs
installed on top of, e.g., public transportation, such as buses, trams, and trains [11].
The main purpose of deploying MRs is to mitigate the impact of involving the vehicle
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1.1 Background

into the propagation channel [12]. For example, the so-called vehicular penetration
loss can be as high as 25 dB in a minivan at the frequency of 2.4 GHz [11]. As one
type of MRN, one can consider the possible future deployment of integrated access
and backhaul (IAB) nodes on top of the vehicles [13]–[15], where part of the radio
resources is used for wireless backhauling. The second IoV functionality normally
refers to as vehicle-to-everything (V2X), where the vehicle could communicate to,
e.g., infrastructure (V2I), pedestrians (V2P), and other vehicles (V2V).

However, these dual functionalities of on-vehicle transceivers imply strict rate and
reliability requirements, for which one may need to utilize large bandwidths, beam-
forming (BF), acquire up-to-date channel properties of a communication link (channel
state information (CSI)), and avoid blockages, i.e., blocking of signals at high carrier
frequencies such as millimeter wave (mmw).

Most current cellular systems can support users with low or moderate mobility,
while high moving speed would limit coverage area and data rate significantly. For
example, 4G systems are aimed at supporting users perfectly at the speed of 0-15
km/h, serving with high performance from 15 km/h to 120 km/h, and providing
functional services at 120-350 km/h [16]. On the other hand, some field tests have
shown that current 4G systems may only provide 2-4 Mbps data rate in high-speed
trains [17]. To meet the requirement of high data rate at high moving speed in
future mobility communication systems, new technologies that are able to cope with
the challenges of mobility need to be developed.

Different techniques can be applied to improve the quality-of-service (QoS) at
high speeds. For example, strategies in the current standard aiming at improving
the spectral efficiency include multiple-input multiple-output (MIMO), CSI-based
scheduling, and adaptive modulation and coding. Moreover, in future standardiza-
tions, techniques such as mmw, coordinated multipoint (CoMP) joint transmission
(JT) [18], and massive MIMO may be also involved. All these enhancement tech-
niques have one thing in common: They require accurate sensing/estimation of the
environment with acceptable cost, among which channel state information at the
transmitter (CSIT) is one of the major context information. However, it is not an
easy task due to the characteristics of IoV channels in 5G/B5G.

1.1.2 Channel Characteristics in Vehicle Communications
Several features of IoV channels in 5G/B5G make it difficult to acquire CSIT [17]:

i) Fast time-varying fading: For high-speed vehicles, the channel has fast time-
variation due to large Doppler spread. Let us consider a simple example. As-
sume a train operating at a speed of 200 km/h and a frequency of 6 GHz.
Then, the maximum Doppler frequency is obtained by fD = v/λ =1111 Hz,
which corresponds to a channel coherence time of around 900 µs. However, in
LTE the control loop time with both uplink (UL) and downlink (DL) is around
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Chapter 1 Introduction

2 ms, which makes CSIT outdated if we consider time division duplex (TDD)
system with channel reciprocity. Moreover, the speeds of moving terminals are
usually time-varying, making the channel even more dynamic.

ii) Channel estimation errors: Due to the time-varying channel, it is not practical
to assume perfect CSIT, as what we do for low-mobility systems. In fact,
mobility makes it harder not only for accurately estimating the channel, but
also for tracking, updating, and predicting the fading parameters. Also, the
estimation error may have remarkable effects on system performance, which
makes this aspect very important in system design.

iii) Doppler diversity: Doppler diversity has been developed for systems with per-
fect CSI, in which it provides diversity gain to improve system performance.
On the other hand, Doppler diversity may cause high channel estimation errors,
which makes it important to study the trade-off between Doppler diversity and
estimation errors.

iv) Lack of network planning: With static networks, a large part of interference
management and blockage avoidance is solved during the network planning.
This may not be possible in high speeds with, e.g., unplanned interference and
dynamic blockage.

Besides these aspects, there are also some issues for the channel with mobility, e.g.,
carrier frequency offset, inter-carrier interference, high penetration loss, and frequent
handover. One important aspect is the blockage sensitivity of mmw. Moving towards
mmw leads to more sufficient radio resources and the potential of multi-antenna tech-
niques. However, the physical features of mmw signals could have strong impact on
their applications: Besides the sensitivity to atmospheric variations, mmw propaga-
tion has high line-of-sight (LoS) path loss due to the reduced aperture that scales
quadratically with the wavelength for a given number of antennas, and the signal
quality could be significantly deteriorated by blockage.

With the existing methods and depending on the vehicle speed, channel coefficients
may be outdated at the time of transmission, due to various delays in the control
loop and the mobility of the vehicles. Also, when blockage occurs, lack of proper
handling mechanism may lead to poor QoS at the receiver side.

The use of channel predictions can alleviate the outdated CSIT problem. By
using the statistics over time and frequency, combined with linear predictors such
as Kalman predictor, the channel coefficients can be predicted for around 0.1-0.3
carrier wavelengths in space [19]. This prediction horizon is enough for 4G systems
with short control loops (1-2 ms) or for users with pedestrian velocities. On the
other hand, the blockage issue could potentially be handled by resource association,
cooperative transmission or the incorporation of relays. Back-up non-line-of-sight
(NLoS) links could also be an option with proper selection of the NLoS path and
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Figure 1.1: The PA concept with spatial mismatch problem.

potentially, additional deployment of reflectors. However, all of these methods are
facing challenges and need to be refined for vehicular velocities at high frequencies.

1.1.3 Predictor Antenna: A Possible CSIT Acquisition Technique
at High Speeds

To predict the channel in MRs, the concept of PA is proposed in [19]. Here, as shown
in Fig. 1.1, PA system refers to a setup with two sets of antennas on the roof of a
vehicle, where the PAs positioned in the front of the vehicle are used to predict the
channel state observed by one receive antenna (RA) or a set of RAs that are aligned
behind the PAs, and send the CSI back to the BS. Then, if the RA reaches the same
point as the PA, the BS can use the CSI obtained from the PAs to improve the
transmission to the RAs using, for example, power/rate adaptations and BF. The
results in [19] indicate that the PA system can provide sufficiently accurate channel
estimation for up to one wavelength in the LoS case.

Following [19], experimental validations are provided in [20]–[22] to prove the fea-
sibility of the PA concept. Specifically, an order of magnitude increase of prediction
horizons is presented in [20] compared to time-series-based prediction. Moreover,
results in [21] show that the PA concept works for massive MIMO DLs where the
PA can improve the signal-to-interference ratio in setups with NLoS channels. Also,
authors in [22] demonstrate that the Kalman smoothing-based PA system enables
0.75 carrier wavelengths prediction at vehicle speeds for Rayleigh-like NLoS fading
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Chapter 1 Introduction

channels. The review of [19]–[22] reveals the following research problems:

i) Speed sensitivity: From the results in [20]–[22], we can observe that, for a given
control loop time, if the speed is too high which leads to a spatial mismatch,
i.e., the spot where the PA estimates the channel does not match the spot where
the RA reaches at the second time slot, the accuracy of prediction decreases
drastically. We can not make sure that the speed of the vehicle remains the
same all the time, which may lead to performance loss. With a low speed,
one can assume the PA could sample the space densely and store the CSI,
and channel interpolation could potentially mitigate the mismatch. Moreover,
studies in [23] and [24] have addressed this kind of spatial mismatch problem
in the PA system to some extent. In [23], an interpolation-based BF scheme
is proposed for DL multiple-input single-output (MISO) systems to solve the
mis-pointing problem. From another perspective, results in [24] show the effect
of velocity variation on prediction performance. However, how to analytically
study speed sensitivity of the PA system remains unclear.

ii) Lack of analytical model: As we can see, the work in [19]–[22] are based on
real-world testing data which validates the concept, while the study in [23] is
based on simulated channel, and authors in [24] focus more on the antenna
pattern. No analytical model of the PA system has been proposed in [19]–[24].

iii) Performance enhancement the PA system: As we can see from the results in
[19]–[24], although the PA system can provide larger prediction horizons for
up to three wavelengths, there is still a limit on the region, and the system
is quite sensitive to vehicle speed. Hence, additional structure/schemes could
potentially be built on top of the PA system to achieve better performance.

iv) Application Scenarios of the PA system: The key point of the PA concept is to
use an additional antenna to acquire better quality of CSIT. In this way, the
time-frequency resources of the PA are used for channel prediction instead of
data transmission. Intuitively, there should exist a condition under which the
PA concept could be helpful, compared to the case with simply using the PA
as one of the RAs. Here, proper designs of the system may help us make such
decisions. Moreover, with cooperative vehicle communication links and multi-
BS handover, there is a potential to utilize the information provided by PAs
on different vehicles to avoid not only the CSIT out-dating but also dynamic
blockages in the following vehicles.

1.1.4 Potential of Reconfigurable Intelligent Surface
Besides deploying additional access points/BSs, reconfigurable intelligent surface
(RIS) has recently emerged as an alternative solution to mitigate the blockage effect
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by manipulating the propagation environment [25]. With massive reflecting elements,
RIS is capable of adjusting the direction of incoming radio waves to the desired di-
rections. Compared to additional deployment of BSs, RIS requires no or low-cost
dedicated power sources or radio-frequency (RF) chains. Also, it can be located with
high flexibility and easily combined with various techniques, such as unmanned aerial
vehicles with dual connectivity [26] and hybrid BF [27].

RIS is mainly used as a complement to the existing mobile network, and could
improve the coverage of blind spots with LoS links. This is of particular interest in
mmw frequencies due to the blockage sensitivity of mmw signals.

Despite the promising features of the RIS, there are several research challenges
that require attention. Examples include imperfect transceivers, phase errors, and
deployment optimizations. One of the major issues of the RIS-based system is that
both the BS and the RIS require accurate CSIT in order to realise desired beam
directions. If RF chains are deployed, one can switch the RIS into the absorbing mode
and evaluate the known pilot symbols in order to estimate the channel. Also, the
beams can be optimized without explicit CSIT. For example, one can use codebook-
based BF and adjust the beam patterns by the feedback from the users. Statistical
CSI could also be used for network optimizations [28]. However, these methods either
require additional hardware, or the overhead of signal processing can be unacceptable.
The problem becomes more challenging when it comes to IoV networks with rapidly
changing channels and dynamic blockages. Deploying multiple RISs with proper
path selection schemes could potentially alleviate the performance loss, but there is
always a need for more efficient options.

1.2 Scope of the Thesis
The aim of this thesis is to investigate performance enhancement schemes using
context information in IoV systems, with a focus on MR features. Starting from
the CSIT acquisition for the MR, the PA concept as a promising solution is intro-
duced. Based on simulation- and testbed-based studies in the literature, the spatial
mismatch problem is highlighted followed by novel analytical channel models for
the PA system. Then, different resource allocation schemes are proposed, e.g., rate
adaptation, hybrid automatic repeat request (HARQ), outage-constrained power al-
location, delay-limited average rate optimization, and adaptive delay transmission, to
enhance the performance of the MR by exploiting the potential of knowing the CSIT.
Then, with development of 5G/B5G, potential of practically deploy MRs are stud-
ied. Specifically, different MIMO schemes are investigated with the mismatch issue,
and cooperative PA and RIS-based systems are designed for the dynamic blockage
pre-avoidance.

The specific objectives of this thesis can be summarized as follows.

i) To characterize the speed sensitivity of the PA system by analytically modeling

9



Chapter 1 Introduction

the channel in PA systems. (Chapter 2)

ii) To develop a mathematical tool in order to simplify the performance evaluation
of the PA setup. (Chapter 2)

iii) To design efficient and reliable resource allocation schemes which are able to
improve the performance of existing PA systems. (Chapter 3)

iv) To investigate the practical benefit of PA by comparing it with the state-of-
the-art schemes under different scenarios. (Chapters 3-4)

v) To explore the potentials of IoV systems at mmw frequencies by utilizing coop-
erative vehicles and RIS-assisted setups to mitigate dynamic blockages. (Chap-
ter 4)

1.3 Organization of the Thesis
Chapter 2 introduces and reviews the recent progress on the PA setups. Then, the
spatial mismatch problem in the PA system is modeled using the so-called Marcum
Q-function defined in, e.g., [29]. To help the analytical evaluations, a semi-linear ap-
proximation of the Marcum Q-function, with its applications on integral calculations
and optimizations, is proposed.

Chapter 3 presents different resource allocation schemes to improve the perfor-
mance of the PA system with the spatial mismatch problem. For each scheme, the
problem formulation, the data transmission model, as well as the details of the pro-
posed method are introduced.

Then, in Chapter 4, IoV networks are combined with recently emerged technologies
and the potential of efficient and reliable MRs are revealed.

Finally, Chapter 5 provides a brief overview of the contributions in the appended
papers, and discusses possible future research directions.
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CHAPTER 2

Predictor Antenna Systems and Channel Model

This chapter first introduces the PA concept in a TDD DL system, where one PA
and one RA are deployed at the receiver side. Also, the associated challenges of the
PA systems are discussed. Then, the proposed analytical channel model based on
Jake’s assumption is presented, where the cumulative distribution function (CDF)
of the channel gain is described by the first-order Marcum Q-function. Finally, to
simplify the analytical derivations, we develop a semi-linear approximation of the
first-order Marcum Q-function which can simplify, e.g., integral calculations as well
as optimization problems.

2.1 Overview of Predictor Antenna Setup
In 5G, a significant number of users would access wireless networks in vehicles, e.g.,
in public transportation like trams and trains or in private cars, via their smart
phones and laptops [11], [30]–[38]. In [30], the emergence of vehicular heavy user
traffic is observed by field experiments conducted in 2012 and 2015 in Seoul, and the
experimental results reveal that such traffic is becoming dominant, as shown by the
8.62 times increase from 2012 to 2015 in vehicular heavy user traffic, while in the
same period the total traffic increased only 3.04 times. Setting an MRN in vehicles
can be one promising solution to provide a high-rate reliable connection between a
BS and the users inside the vehicle [11], [35], [36]. From another perspective, studies
in [37] and [38] adopt femtocell technology inside a vehicle to provide better spectral
and energy efficiency compared to the direct transmission scheme.
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In such so-called hot spot scenario, we often deploy TDD systems with channel
reciprocity because we typically consume more data in DL than UL. Here, we estimate
the DL channel based on the UL pilots. Then, the problem may occur because of the
movement, and the channel in the DL would not be the same as the one in the UL.
This could be compensated for by extrapolating the CSI from the UL, for example by
using Kalman predictions [39]. However, it is difficult to predict small-scale fading
by extrapolating the past estimates, and the prediction horizon is limited to 0.1-0.3λ

with λ being the carrier wavelength [40]. Such horizon is satisfactory for pedestrian
users, while for high-mobility users, such as vehicles, a prediction horizon beyond
0.3λ is usually required [22]. One possible way to increase the prediction horizon is
to have a database of pre-recorded coordinate-specific CSI at the BSs [41]. Here, the
basic idea is that the users provide the BSs with their location information by, e.g.,
global positioning system (GPS), and the BS could use the pre-recorded information
to predict the channel environment. However, such method requires large amount of
data, and the data may need to be updated frequently. In addition, the accuracy of
location information is typically not sufficient to track small-scale fading.

To overcome this issue, the concept of PA is proposed in [19] wherein at least two
antennas are deployed on top of the vehicle to enable online tracking of the small-scale
fading. As can be seen in Fig. 1.1, the first antenna, which is the PA, estimates the
channel Ĥ and sends feedback to the BS. Then, the BS uses the information received
about Ĥ to estimate the channel H, and communicate with a second antenna, which
we refer to as the RA, when it arrives to the same position as the PA. Here, a
problem appears: how should we model such a channel? The intuitive idea is that
the correlation between H and Ĥ should be affected by the moving speed v, the time
for UL and DL, as well as the antenna separation da between the PA and RA.

One way to evaluate such function is to measure H and Ĥ under different system
configurations, and calculate the normalized mean squared error (NMSE) of H and
Ĥ. Followed by [19], experimental results in [20] and [42] show that an NMSE of
around -10 dB can be obtained for speeds up to 50 km/h, with all measured prediction
horizons up to 3λ, which is ten times longer than the limit for channel extrapolation.
In [20], [21], [42] frequency division duplex (FDD) systems are considered, where
dense enough DL channel estimation pilots with orthogonal frequency-division mul-
tiplexing (OFDM) are used. On the other hand, for TDD systems, the UL and DL
frames need to be adjusted so that the estimation of H can be as close as Ĥ, as
proposed and evaluated in [23]. However, such method would need to adapt UL and
DL ratios for each user, which is complicated from the system design point of view.
To mitigate this issue, an interpolation scheme is proposed in [23] which is suitable
for different UL and DL ratios. Also, Kalman smoother for the interpolation of the
PA for TDD system with a two-filter approach is proposed in [22], where the CSI
quality of the DL can be improved such that the duration of DL can be extended
remarkably. Moreover, it is shown that the correlation between H and Ĥ would be
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(A)

(B)

(C)

Figure 2.1: Illustrations of some testbed-based studies of the PA system. (A): Field trial of
the PA setup with two in-line monopoles over a fairly large aluminium plane
at 2.68 GHz, in Dresden, Germany (Source: ©2014 IEEE. Reprinted, with
permission, from [43, Fig. 2]); (B): The linear array of four monopole antennas
are deployed on the roof of a van at 2.53 GHz, in Dresden, Germany (Source:
©2017 IEEE. Reprinted, with permission, from [20, Fig. 5] and [42, Fig. 5]);
(C): The drive tests with the PA scheme where two monopole antennas are
mounted on the metallic plane at 2.18 GHz, in Stuttgart, Germany [21, Fig.
4].

reduced, if the PA and the RA are too close to each other, e.g., 0.2-0.4λ. Different
ways to compensate for such coupling effect are proposed in [24], [43].

2.2 PA Validation by Testbed-based Experimental
Evaluations

To validate the PA concept in practice, among the PA works mentioned above, some
of them provide valuable testbed-based experiments as highlighted in the following.

2.2.1 The First Experiment of the PA
Along with the demonstration of the PA idea, studies in [19] provide, firstly, the
experimental validation of the PA setup. A single-antenna transmitter is mounted
on the top of a building with 55 m height. At the receiver side, two dipole antennas
are deployed on the roof of a bus. The measurements are collected at the speed
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of 45-50 km/h in a residential place with buildings of 10-50 m height. Distances
between the two dipole antennas are set to λ/4, λ/2, λ, 2λ, and 3λ with λ referring
to the wavelength. Both LoS and NLoS are considered in the measurements.

The results of [19] show that the addition of an antenna, i.e., the PA, could realize
prediction ranges 1) slightly below λ/2 for NLoS and 2) around λ for the LoS, which
are good enough for the requirements in LTE relay links for buses and trams.

2.2.2 Test in Dresden, Germany in 2014

In 2014, authors in [43] perform a field trial of the PA system in Dresden, Germany.
The study is designed to mount two in-line thin λ/4 monopole antennas on the roof
of a vehicle with around 50 km/h speed, and the system has a bandwidth of 20
MHz and carrier frequency 2.68 GHz, as shown in Fig. 2.1-(A). The BS has one
single antenna and it is located at the top of a building with a height of 55 m. A
large aluminum plane sheet is used in order to mitigate unexpected reflection and
scattering and the refraction from the nonuniform roof.

Measurements are mainly focusing on the received signals for the PA and RA
with/without coupling compensations. Here, both LoS and NLoS scenarios are con-
sidered. Finally, the temporal cross-correlation between the received signals for the
PA and the RA is used as the main performance criterion.

From the test results, the mean cross-correlation between the received signals of
the PA and RA is observed to remain high (≥ 97%), after coupling compensation, for
at least 3 times the wavelength in both LoS and NLoS scenarios, while the coupling
compensation has the most remarkable benefits when the antenna separation is less
than λ.

2.2.3 Test in Dresden, Germany in 2017

In 2017, a testbed-based study is designed in [20] and its follow-up work [42] in
Dresden, Germany, with vehicle speed of 25-50 km/h at 2.53 GHz for both LoS
and NLoS channels. As illustrated in Fig. 2.1-(B), a linear array of four monopole
antennas are deployed on the roof of a van, and a metal sheet is placed below the
antennas for an idealized local surrounding that is independent of the particular type
of vehicle. With a focus on the UL channel, 16 BSs are deployed with two antennas
at each of them, and they receive and record the OFDM signals from the vehicle.

The experiments in [20], [42] with different signal processing techniques validate
the correlation-based analytical model, and prove that prediction accuracy of around
−13 to −7 dB can be achieved, which is sufficient to support various transmission
schemes such as precoding and spatial multiplexing.
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2.2.4 Test in Stuttgart, Germany in 2018
In 2018, a field study is performed in Stuttgart, Germany, with a massive MIMO
setup operating at 2.18 GHz [21]. As shown in Fig. 2.1-(C), two monopole antennas
are deployed on the top of a car with a metallic plane with distance of 11 cm, 15
cm, and 42 cm. A 64-antenna array is located on the top of a building with a height
of 20 m. The BS sends an OFDM waveform of 10 MHz at the carrier frequency of
2.18 GHz. For the measurements, the channels from the array to two RAs are stored
in 50 frequency blocks at every 0.5 ms, along with their time stamps. These data
are then used to evaluate the receiver noise power, which is part of the derivation of
receive signal-to-noise ratio (SNR) and noise-free received signal power.

Results reveal that, at low/moderate speeds, the complex DL channels can be well
predicted with an accuracy that enables maximum ratio transmission (MRT) BF
with close to ideal BF gain for NLoS channels. This is the first time drive tests of
the PA are performed for massive MIMO systems.

These testbed results verify the usefulness of the PA concept in MRs. However, to
be practically implemented, MR standardization should be first specified.

2.3 Challenges and Difficulties
Previous studies have shown that deploying the PA system can provide significant
performance gains in terms of, e.g., NMSE [20], [21], [42]. However, the realistic
gains can be limited by different practical constraints. In this section, we discuss a
number of challenges that have been partly addressed in this work.

Lack of Analytical Model
In the literature, most PA studies rely on experimental measurements and simu-
lations. This is sufficient for the validation purposes. However, to have a deeper
understanding of the PA system, it is useful to develop analytical models. There are
different statistical wireless channel models such as Rayleigh, Rice, Nakagami, and
log-normal fading, as well as their combinations on multi-path and shadow fading
components [44], [45]. Here, obtaining exact analytical model for the PA system may
be difficult, but understanding the correlation between H and Ĥ would be a good
starting point.

Spatial Mismatch
As addressed in, e.g., [23], [24], even assuming that the channel does not change over
time and space, if the RA does not arrive in the same point as the PA, the actual
channel for the RA would not be identical to the one experienced by the PA before.
As an example in Fig. 1.1 with a TDD setup, consider one vehicle deploying two
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antennas on the roof with one PA positioned in the front of the moving direction and
an RA aligned behind the PA. The idea of the data transmission model is that the
PA first sends pilots at time t, then the BS estimates the channel and sends the data
at time t + δ to the RA. Here, δ depends on the processing time at the BS. Then, we
define d as the effective distance between the position of the PA at time t and the
position of the RA at time t + δ, as can be seen in Fig. 1.1. That is, d is given by

d = |da − dm| = |da − vδ|, (2.1)

where dm is the moving distance between t and t + δ, while v is the velocity of the
vehicle. To conclude, different values of v, δ, fc and da in (2.1) correspond to different
values of d. We would like to find out how to connect H and Ĥ as a function of d,
and how different values of d would affect system performance.

Spectral Efficiency Improvement

In a typical PA setup, the spectrum is underutilized, and spectral efficiency could be
further improved in case the PA could be used not only for channel prediction but
also for data transmission. However, proper data transmission schemes need to be
designed to make the best use of the PA.

Temporal Correlation

The overhead from the UL-DL structure of the PA system would affect the accuracy of
the CSI acquisition, i.e., the Ĥ obtained from PA would change over time. Basically,
the slowly-fading channel is not always a realistic model for fast-moving users, since
the channel may change by the environmental effects during a transmission block
[46]–[48]. There are different ways to model the temporally-correlated channel, such
as using the first-order Gauss-Markov process [47], [48].

Estimation Error

There could be channel estimation error from UL [49], which would degrade the
system performance. The assumption of perfect channel reciprocity in TDD ignores
two important facts [50]: 1) the RF chains of UL and DL are separate circuits
with possibly different impacts on the transmitted and received signals [50], [51],
which is the so-called RF mismatch; 2) the interference profile at the transmitter
and receiver sides are different [52]. These deviations are defined as reciprocity errors
that invalidate the assumption of perfect reciprocity, and should be considered in the
system design.
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Effects of Other Parameters

As mentioned in Fig. 1.1, different system parameters, such as the speed v, the
antenna separation da, and the control loop time δ, would affect the system behavior
by, e.g., spatial mismatch or antenna coupling. Our goal is to study the effect of
these parameters and develop robust schemes which perform well for a broad range
of their values.

2.4 Proposed Analytical Channel Model
Considering DL transmission in the BS-RA link, which is our main interest, the
received signal is given by

Y =
√

PHX + Z. (2.2)

Here, P represents the average received power at the RA, while X is the input
message with unit variance, and H is the fading coefficient between the BS and the
RA. Also, Z ∼ CN (0, 1) denotes the identical and independently distributed (i.i.d.)
complex Gaussian noise added at the receiver.

We denote the channel coefficient of the PA-BS UL by Ĥ and we assume that Ĥ is
perfectly known by the BS. The result can be extended to the cases with imperfect
CSI at the BS (see our work Paper B [53]). In this way, we use the spatial correlation
model [54, p. 2642] [55, Eq. (3)]

H̃ = Φ1/2Hε, (2.3)

where

H̃ =
[

Ĥ
H

]
(2.4)

is the channel matrix including both BS-PA channel Ĥ and BS-RA channel H links.
Here, Hε has independent circularly-symmetric zero-mean complex Gaussian entries
with unit variance, and Φ is the channel correlation matrix.

In general, the spatial correlation of the fading channel depends on the distance
between the RA and PA, which we denote by da, as well as the angular spectrum of
the radio wave pattern. If we use the classical Jakes’ correlation model by assuming
uniform angular spectrum, the (i, j)-th entry of Φ is given by [56, Eq. 1]

Φi,j = J0 ((i − j) · 2πd/λ) . (2.5)

Here, J0(·) =
∑∞

k=0(−1)k
(
z2/4

)k
/(k!)2 [57, p. 360] is the zeroth-order Bessel func-

tion of the first kind. Also, λ = c/fc represents the wavelength where c is the speed
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of light and fc is the carrier frequency.
As discussed before, different values of v, δ, fc and da in (2.1) correspond to

different values of d, which leads to different levels of channel spatial correlation (2.3)-
(2.5).

Combining (2.3) and (2.5) with normalization, we have

H =
√

1 − σ2Ĥ + σq, (2.6)

where q ∼ CN (0, 1) which is independent of the known channel value Ĥ ∼ CN (0, 1),
and σ is a function of the spatial mismatch distance d.

From (2.6), for a given Ĥ and σ ̸= 0, |H| follows a Rician distribution, i.e., the
probability density function (PDF) of |H| is given by

f
|H|
∣∣Ĥ(x) = 2x

σ2 e− x2+(1−σ2)ĝ

σ2 I0

(
2x
√

(1 − σ2)ĝ
σ2

)
, (2.7)

with ĝ = |Ĥ|2, and In(x) = (x/2)n
∑∞

i=0(x/2)2i/ (i!Γ(n + i + 1)) being the n-th order
modified Bessel function of the first kind, where Γ(z) =

∫∞
0 xz−1e−xdx denotes the

Gamma function [57, p. 375]. Then, we define the channel gain between BS-RA as
g = |H|2. By changing variables from H to g, the PDF of fg|Ĥ is given by

fg|Ĥ(x) = 1
σ2 e− x+(1−σ2)ĝ

σ2 I0

(
2
√

x(1 − σ2)ĝ
σ2

)
, (2.8)

which is non-central Chi-squared distributed, and the CDF is

Fg|Ĥ(x) = 1 − Q1

(√
2(1 − σ2)ĝ

σ2 ,

√
2x

σ2

)
. (2.9)

Here, Q1(α, β) is Marcum Q-function and it is defined as [29, Eq. 1]

Q1(α, β) =
∫ ∞

β

xe− x2+α2
2 I0(xα)dx, (2.10)

where α, β ≥ 0.
We study the system performance in temporally-correlated conditions, i.e., when

H is not the same as Ĥ even at the same position. Particularly, using the same
model as in [47, Eq. 2], we further develop our channel model (2.6) as

Hk+1 = βHk +
√

1 − β2z, (2.11)

for each time slot k, where z ∼ CN (0, 1) is a Gaussian noise, which is uncorrelated
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with Hk. Also, β is a known correlation factor which represents two successive
channel realizations dependencies by β = E{Hk+1H∗

k}/E{|Hk|2}. Substituting (2.11)
into (2.6), we have

Hk+1 = β
√

1 − σ2Ĥk + βσq +
√

1 − β2z = β
√

1 − σ2Ĥk + w. (2.12)

Here, to simplify the calculation, βσq +
√

1 − β2z is equivalent to a new Gaussian
variable w ∼ CN

(
0, (βσ)2 + 1 − β2). Moreover, we can follow the same approach as

in [58] to add the effect of estimation error of Ĥ as an independent additive Gaussian
variable whose variance is given by the accuracy of CSI estimation.

2.5 First-Order Marcum Q-Function and Semi-Linear
Approximation

First-order Marcum Q-function (2.10) is used in various problem formulations. How-
ever, from (2.10) it can be observed that the function is not an easy-to-handle function
with modified Bessel function, double parameters (α and β), and the integral shape.

In the literature, Marcum Q-function has appeared in different problem formula-
tions, such as statistics/signal detection [59], and in performance analysis of various
setups, such as temporally correlated channels [47], spatial correlated channels [60],
free-space optical (FSO) links [61], relay networks [62], as well as cognitive radio
and radar systems [63]–[83]. However, in these applications, the presence of Marcum
Q-function makes the mathematical analysis challenging, because it is not easy to
manipulate with no closed-form expressions especially when it appears in parame-
ter optimizations and integral calculations. Therefore, several methods have been
developed in [29], [84]–[95] to bound/approximate Marcum Q-function. For exam-
ple, modified forms of the function are proposed in [84], [85], while exponential-type
bounds are derived in [86], [87] which are good for the analysis at high SNRs. Other
types of bounds are expressed by, e.g., error function [92] and Bessel functions [93]–
[95]. Some alternative methods have been also proposed in [29], [88]–[91]. Although
each of these approximation/bounding techniques are fairly tight for their considered
problem formulation, they are still based on hard-to-deal functions, or have compli-
cated summation/integration structures, which may be not easy to deal with in e.g.,
integral calculations and parameter optimizations.

We present our semi-linear approximation of the CDF in the form of y(α, β) =
1 − Q1(α, β). The idea of this proposed approximation is to use one point and
its corresponding slope at that point to create a line approximating the CDF. The
approximation method is summarized in Lemma 1 as follows.

Lemma 1. The CDF y(α, β) = 1 − Q1(α, β) can be semi-linearly approximated as
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Y (α, β) ≃ Z(α, β) where

Z(α, β) =



0, if β < c1

α+
√

α2+2
2 e

− 1
2

(
α2+
(

α+
√

α2+2
2

)2)
×

I0

(
α α+

√
α2+2
2

)
×
(

β − α+
√

α2+2
2

)
+

1 − Q1

(
α, α+

√
α2+2
2

)
, if c1 ≤ β ≤ c2

1, if β > c2,

(2.13)

with

c1(α) = max
(

0,
α +

√
α2 + 2
2 +

Q1

(
α, α+

√
α2+2
2

)
− 1

α+
√

α2+2
2 e

− 1
2

(
α2+
(

α+
√

α2+2
2

)2)
I0

(
α α+

√
α2+2
2

)
)

,

(2.14)

c2(α) = α +
√

α2 + 2
2 +

Q1

(
α, α+

√
α2+2
2

)
α+

√
α2+2
2 e

− 1
2

(
α2+
(

α+
√

α2+2
2

)2)
I0

(
α α+

√
α2+2
2

) . (2.15)

Proof. See Paper B [53, Sec. II]. ■

Moreover, we can make some second level approximations considering different
ranges of α to further simplify notations. For more details, see [53], i.e., the appended
Paper B.

One example result of the proposed approximation can be seen in Fig. 2.2 with
α set to 2. We can observe that Lemma 1 is tight for moderate values of β. Note
that the proposed approximations are not tight at the tails of the CDF. However,
as observed in [29], [47], [59]–[74], [84]–[95], in different applications, Marcum Q-
function is typically combined with other functions which tend to zero in the tails
of the CDF. In such cases, the inaccuracy of the approximation at the tails does not
affect the tightness of the final analysis.

For example, it can simplify integrals such as

G(α, ρ) =
∫ ∞

ρ

e−nxxm (1 − Q1(α, x)) dx ∀n, m, α, ρ > 0. (2.16)

Such an integral has been observed in various applications, e.g., in [63, Eq. 1], [72,
Eq. 2], [73, Eq. 1], [74, Eq. 3], and [91, Eq. 1]. However, depending on the values of
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Figure 2.2: The illustration of proposed semi-linear approximation, α = 2.

n, m and ρ, (2.16) may have no closed-form expression.
Another example of integral calculation is

T (α, m, a, θ1, θ2) =
∫ θ2

θ1

e−mx log(1 + ax)Q1(α, x)dx ∀m > 0, a, α, (2.17)

with θ2 > θ1 ≥ 0, which does not have a closed-form expression for different values
of m, a, α. This integral is interesting as it is often used to analyse the expected
performance of outage-limited systems, e.g, [63], [86], [91], [96]. Then, as we show
in Paper B [53], the developed semi-linear approximation makes it possible to derive
simple closed-form expressions for such integration calculations.

Finally, the proposed semi-linear approximation can be used for the rate adaptation
scheme developed in the PA system. For more details, please refer to Chapter 3 as
well as Paper B [53, Sec. II].
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CHAPTER 3

Performance Enhancement Using Resource Allocation in PA
Systems

Resource allocation plays an important role in communication systems as a way of
optimizing the assignment of available resources to achieve network design objectives.
In the PA system, resource allocation can be deployed to mitigate different challenges
mentioned in Chapter 2. In this chapter, we develop various resource allocation
schemes for the PA system under different practical constraints.

3.1 Rate Adaptation in the Classic PA Setup
In this section, we propose a rate adaptation scheme to mitigate the spatial mismatch
problem. Here, the classic setup means the PA is only used for channel prediction,
not for data transmission. We assume that da, δ and ĝ are known at the BS. It
can be seen from (2.8) that fg|Ĥ(x) is a function of the speed v. For a given v, the
distribution of g is known at the BS, and a rate adaption scheme can be performed
to improve the system performance.

The data is transmitted with rate R∗ nat per channel use (npcu). If the instanta-
neous realization of the channel gain supports the data rate, i.e., log(1 + gP ) ≥ R∗,
the data can be successfully decoded, otherwise outage occurs. Hence, the outage
probability in each time slot is obtained as Pr(Outage|Ĥ) = Fg|Ĥ

((
eR∗ − 1

)
/P
)
.

Considering slotted communication in block fading channels, where Pr(Outage) > 0
varies with different fading models, throughput [97, p. 2631], [98, Th. 6], [99, Eq. 9]
defined as the data rate times the successful decoding probability, i.e., the expected
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data rate successfully received by the receiver, is an appropriate performance metric.
Hence, the rate adaptation problem of maximizing the throughput in each time slot,
with given v and ĝ, can be expressed as

Ropt|ĝ = argmax
R∗≥0

{(1 − Pr (log(1 + gP ) < R∗)) R∗}

= argmax
R∗≥0

{(
1 − Pr

(
g <

eR∗ − 1
P

))
R∗
}

= argmax
R∗≥0

{(
1 − Fg|Ĥ

(
eR∗ − 1

P

))
R∗
}

. (3.1)

Also, defining the expectation operator by E{·}, the expected throughput is obtained
by E

{(
1 − Fg|Ĥ

((
eRopt|ĝ − 1

)
/P
))

Ropt|ĝ

}
with expectation over ĝ.

Using (2.9), (3.1) is simplified as

Ropt|ĝ = argmax
R∗≥0

{
Q1

(√
2ĝ(1 − σ2)

σ2 ,

√
2(eR∗ − 1)

Pσ2

)
R∗

}
. (3.2)

In general, (3.2) does not have a closed-form solution. For this reason, in [100]
(the appended Paper A) and [53] (the appended Paper B) we propose different ap-
proximations for the optimal data rate maximizing the instantaneous throughput.

3.2 Hybrid Automatic Repeat Request in the PA
Systems

HARQ is a well-known approach to improve the data transmission reliability and
efficiency. The main idea of HARQ is to retransmit the message that experienced
poor channel conditions in order to reduce the outage probability [99], [101], [102].
Here, we define that outage occurs when the transmitted message can not be decoded
at the receiver. For the Rayleigh block fading channel, infinite power is required to
achieve zero outage probability for all realizations. Hence, we replace the strict
outage constraint by a more realistic requirement, where a transmission is successful
as long as the message can always be decoded by the receiver with probability ϵ. We
define ϵ as a parameter of the system outage tolerance.

Outage-constrained power allocation problem in HARQ system is studied, e.g, in
[103] with perfect CSI assumption, in [104] with cooperative decode-and-forward au-
tomatic repeat request (ARQ) relaying under packet-rate fading channels, and in
[105], [106] with power allocation schemes aiming at minimizing average power for
HARQ systems. Also, in block fading scenario, authors in [107] study the outage-
limited performance of different HARQ protocols. Moreover, the outage-constrained
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3.2 Hybrid Automatic Repeat Request in the PA Systems

power optimization for the repetition time diversity (RTD) and fixed-length cod-
ing incremental redundancy (INR) HARQ protocols are investigated in [108] and
[109], respectively. Assuming that the channel changes in each re-transmission, au-
thors in [110] develop power allocation schemes with basic ARQ. Finally, a linear-
programming approach with a buffer cost constraint is proposed in [111] to solve the
power adaptive problem in HARQ systems where the power is adapted based on the
received CSI.

As the PA system includes the feedback link, i.e., from the PA to the BS, HARQ
can be supported by the PA structure in the moving scenarios. That is, the BS
could potentially adjust its transmit rate/power based on the feedback from the PA.
In this way, it is expected that the joint implementation of the PA system and the
HARQ scheme can improve the efficiency and reliability of outage-constrained sys-
tems. There are limited studies on deploying HARQ in moving scenarios, i.e., when
the channel changes quickly over time compared to the feedback delay. Particularly,
[112] investigated the performance of basic ARQ and INR protocols in fast-fading
channels where a number of channel realizations are experienced in each retransmis-
sion round. Also, [113] studied the performance of INR over double Rayleigh chan-
nels, a common model for the fading amplitude of vehicle-to-vehicle communication
systems. However, both [112] and [113] deal with the same channel PDF for differ-
ent re-transmission rounds, which has limited contribution for the spatial/temporal
variation of channel in vehicle communications.

In the classic PA setup, the spectrum is underutilized, and the spectral efficiency
could be further improved in the case that the PA could be used not only for channel
prediction, but also for data transmission. We address these challenges by imple-
menting HARQ-based protocols in PA systems as follows.

As seen in Fig. 3.1, the BS first sends pilots as well as the encoded data with
certain initial parameters, e.g., power or rate depending on the problem formulation,
to the PA. Then, the PA estimates the channel from the received pilots. At the
same time, the PA tries to decode the signal. If the message is correctly decoded,
an acknowledgment (ACK) is fed back to the BS, and the data transmission stops.
Otherwise, the PA sends both a negative acknowledgment (NACK) and high accuracy
quantized CSI feedback. The number of quantization bits are large enough such that
we can assume the BS to have perfect CSI. With NACK, in the second transmission
round, the BS transmits the message to the RA with adapted power/rate which is a
function of the instantaneous channel quality in the first round. The outage occurs
if the RA can not decode the message at the end of the second round.

In the following section, we develop an outage-constrained power allocation scheme
in the HARQ-based PA system. The related study about delay-limited average rate
optimization in the HARQ-based PA system can be found in [114] (the appended
Paper D).

25



Chapter 3 Performance Enhancement Using Resource Allocation in PA Systems

Predictor Antenna

Receive Antenna
Base Station

Speed v

!𝐻 H
Antenna
spacing 𝑑!

Moving distance 𝑑"

Mis-match 
distance d

Channel

Initial transmission, BS-PA

Feedback link, PA-BS

Retransmission, BS-RA

Moving Vehicle

Figure 3.1: The PA concept with HARQ.

3.3 Outage-constrained Power Allocation in the
HARQ-based PA Systems

As seen in Fig. 3.2, without CSI, at t1 the BS sends pilots as well as the encoded
data with a certain initial rate R and power P1 to the PA. At t2, the PA estimates
the channel Ĥ from the received pilots. At the same time, the PA tries to decode
the signal. If the message is correctly decoded, i.e., R ≤ log(1 + ĝP1), an ACK is fed
back to the BS at t3, and the data transmission stops. Otherwise, the PA sends both
a NACK and high accuracy quantized CSI feedback about Ĥ. With NACK, in the
second transmission round at time t4, the BS transmits the message to the RA with
power P2, which is a function of the instantaneous channel quality ĝ. The outage
occurs if the RA can not decode the message at the end of the second round.

Let ϵ be the outage probability constraint. Here, we present the results for the
cases with RTD and INR HARQ protocols. With an RTD protocol, the same signal
(with possibly different power) is sent in each retransmission round, and the receiver
performs maximum ratio combining of all received copies of the signal. With INR,
on the other hand, new redundancy bits are sent in the retransmissions, and the
receiver decodes the message by combining all received signals [105], [109], [111].

Considering Rayleigh fading conditions with fĝ(x) = e−x, the outage probability
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𝑡": BS sends data 
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tries decoding
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NACK + CSI to BS
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Figure 3.2: Time structure for the proposed outage-constrained power allocation in the
HARQ-based PA system from Paper C [115].

at the end of Round 1 is given by

Pr(Outage, Round 1) = Pr {R ≤ log (1 + ĝP1)} = Pr
{

ĝ ≤ eR − 1
P1

}
= 1 − e− θ

P1 ,

(3.3)

where θ = eR − 1. Then, using the results of, e.g., [105, Eq. 7, 18] on the outage
probability of the RTD- and INR-based HARQ protocols, the power allocation prob-
lem for the proposed HARQ-based PA system can be stated as [115] (the appended
Paper C)

min
P1,P2

Eĝ [Ptot|ĝ]

s.t. P1, P2 > 0,

Ptot|ĝ =
[
P1 + P2(ĝ) × I

{
ĝ ≤ θ

P1

}]
,

(3.4)

with

Fg|ĝ

{
θ − ĝP1

P2(ĝ)

}
= ϵ, for RTD (3.5)

Fg|ĝ

{
eR−log(1+ĝP1) − 1

P2(ĝ)

}
= ϵ, for INR. (3.6)

Here, Ptot|ĝ is the total instantaneous transmission power for two transmission rounds
(i.e., one retransmission) with the given ĝ, and we define P̄

.= Eĝ [Ptot|ĝ] as the
expected power, averaged over ĝ. Moreover, I(x) = 1 if x > 0 and I(x) = 0 if x ≤ 0.
Also, Eĝ[·] represents the expectation operator over ĝ. Here, we ignore the peak
power constraint and assume that the BS is capable for sufficiently high transmission
powers. Finally, (3.4)-(3.6) come from the fact that, with our proposed scheme, P1 is
fixed and optimized with no CSI at the BS and based on average system performance.
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On the other hand, P2 is adapted continuously based on the instantaneous CSI.
Using (3.4), the required power in Round 2 is given by

P2(ĝ) = θ − ĝP1

F −1
g|ĝ (ϵ)

, (3.7)

for the RTD, and

P2(ĝ) = eR−log(1+ĝP1) − 1
F −1

g|ĝ (ϵ)
, (3.8)

for the INR, where F −1
g|ĝ (·) is the inverse of the CDF given in (2.9). Note that F −1

g|ĝ (·)
is a complicated function of ĝ, and consequently, it is not possible to express P2 in
closed-form. For this reason, one can use [29, Eq. 2, 7]

Q1(s, ρ) ≃ e(−eI(s)ρJ (s)),

I(s) = −0.840 + 0.327s − 0.740s2 + 0.083s3 − 0.004s4,

J (s) = 2.174 − 0.592s + 0.593s2 − 0.092s3 + 0.005s4, (3.9)

to approximate Fg|ĝ and consequently F −1
g|ĝ (ϵ). In this way, (3.7) and (3.8) can be

approximated as
P2(ĝ) = Ω (θ − ĝP1) , (3.10)

for the RTD, and
P2(ĝ) = Ω

(
eR−log(1+ĝP1) − 1

)
, (3.11)

for the INR, where

Ω(ĝ) = 2
σ2

 log(1 − ϵ)

−e
I

(√
2ĝ(1−σ2)

σ2

)


− 2

J

(√
2ĝ(1−σ2)

σ2

)
. (3.12)

Thus, for different HARQ protocols, we can express the instantaneous transmission
power of Round 2, for every given ĝ in closed form. Then, the power allocation prob-
lem (3.4) can be solved numerically. However, (3.12) is still complicated and it is not
possible to solve (3.4) in closed-form. For this reason, we propose an approximation
scheme to solve (3.4) as follows.

Let us initially concentrate on the RTD protocol. Then, combining (3.4) and (3.7),
the expected total transmission power is given by

P̄RTD = P1 +
∫ θ/P1

0
e−xP2dx = P1 +

∫ θ/P1

0
e−x θ − xP1

F −1
g|x(ϵ)

dx. (3.13)
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Figure 3.3: Time structure for the proposed delay-limited average rate optimization in the
HARQ-based PA system.
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Figure 3.4: Illustration of the block length for two transmissions from Paper D [114].

Then, in Paper C [115, Theorem 1] we derive the minimum required power in
Round 1 and the average total power consumption.

To study the performance of the INR, we can use Jensen’s inequality and the
concavity of the logarithm function [116, Eq. 30]

1
n

n∑
i=1

log(1 + xi) ≤ log
(

1 + 1
n

n∑
i=1

xi

)
, (3.14)

and derive the closed-form expressions for the minimum required power following the
similar steps as for the RTD (see Paper C [115, Sec. III B]) for detailed discussions).

3.4 Delay-limited Average Rate Optimization in the
HARQ-based PA Systems

In this section, we develop an HARQ-based scheme in delay-limited PA systems. The
goal is to maximize the delay-constrained average rate in the presence of imperfect
CSI as well as spatial mismatch.

The time structure shown in Fig. 3.3 is similar to Fig. 3.2 except that the power is
replaced by rate. As shown in Fig. 3.4, let us denote the maximum acceptable delay
constraint by Lmax channel use (CU). Also, we denote the block length allocated to
the first and the second transmission signals by L and L(ĝ), respectively. Here, L
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is optimized based on average performance, and L(ĝ) is based on the instantaneous
channel quality ĝ. This is because the initial transmission to the PA is performed
based on no CSIT at the BS. However, in the second round, the transmission length
is adapted based on the instantaneous channel quality ĝ available at the BS. In the
following, we optimize the average rate in the presence of variable-length coding and
maximum delay constraint.

Let us denote the initial rate by R = K/L npcu, where K is the number of nats
per codeword. Then, in the first transmission, if the instantaneous channel gain
supports the rate, i.e., R < log(1 + ĝp) or equivalently, ĝ > θ/p where θ = eR − 1,
an ACK is sent back to the BS and the transmission stops. On the other hand, if
R > log(1 + ĝp), an NACK as well as the instantaneous channel gain ĝ are sent back
to the BS. Then, in Round 2, we determine the required rate as

R(ĝ) = log(1 + ĝp) = K

L + L(ĝ) , (3.15)

which is equivalent to

L(ĝ) = K

log(1 + ĝp) − L. (3.16)

Let us denote Rmin = K/Lmax which is limited by the delay constraint Lmax. If
L(ĝ) + L > Lmax leading to ĝ <

(
eRmin − 1

)
/p, and no signal is sent in the second

round because the maximum delay constraint can not be satisfied. Otherwise, if
ĝ >

(
eRmin − 1

)
/p, we send a redundancy sub-codeword with length L(ĝ).

In this way, the average rate, for given ĝ, is given by

η|ĝ = RI
{

ĝ >
θ

p

}
+ log(1 + ĝp)I

{
θmin

p
≤ ĝ ≤ θ

p
, A
}

. (3.17)

Here, θmin is defined as θmin = eRmin −1. Also, I(x) is the indicator function and A is
the event that the message is decoded in the second round. Note that, with the rate
allocation scheme of (3.15), it is straightforward to show that A occurs if and only
if g ≥ ĝ. This is because g ≥ ĝ, we have log(1 + gp) ≥ log(1 + ĝp). This means that
R(ĝ) is supported by the instantaneous channel gain g in the second round. Hence,
I(A) = 1. On the other hand, if the message is successfully decoded in the second
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round, we have

L log(1 + ĝp) + L(ĝ) log(1 + gp) ≥ K

(a)⇔ L log(1 + ĝp) + K

log(1 + ĝp) log(1 + gp) ≥ K

⇔ log(1 + gp) ≥ K − L log(1 + ĝp)
K

log(1+ĝp) − L

⇔ log(1 + gp) ≥ log(1 + ĝp) ⇔ g ≥ ĝ. (3.18)

Here, (a) is obtained by (3.16).
In this way, (3.17) can be rewritten as

η|ĝ = RI
{

ĝ >
θ

p

}
+ log(1 + ĝp)I

{
θmin

p
≤ ĝ ≤ θ

p
, g ≥ ĝ

}
. (3.19)

Finally, by averaging the system performance over all possible ĝ, we can obtain
the average rate as presented in [114], i.e., the appended Paper D.

3.5 Adaptive Delay Transmission
Knowing the vehicle speed, the transmission delay can be dynamically adapted as a
function of the antennas’ distance and vehicle speed, such that the RA receives the
data at the same point as the PA sending pilots. In this case, there is potentially
no spatial mismatch, at the cost of extra transmission delay. However, the delay
adaptation method is applicable only for a range of vehicle speeds limited by the
access point’s minimum required processing delay, and while it could improve the
performance of the BS-MR link, it gives interference to the network which is not
desirable. Also, cellular technologies only allow for limited transmission time interval
granularity, and in practice, there would be residual mispointing.

In [117], i.e., the appended Paper E, we study the performance of adaptive delay,
and compare its performance with various benchmark schemes in urban and rural
environments.
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CHAPTER 4

Towards Practical MRs: Cooperative Systems at MmWave

In practice, the deployment of MRs may face various challenges. Nevertheless, recent
developments of advanced technologies, such as (massive) MIMO, BF, cooperative
transmission, and RIS, provide more potentials to further improve the efficiency
and reliability of MRs at the presence of rapidly-changing channels and dynamic
blockages. These technologies would benefit from the context information of the
system, e.g., the better CSIT obtained from the PA, the vehicle speed, the position
of vehicle and dynamic blockers, to improve the communication performance.

In this chapter, schemes based on these technical enablers are presented. The main
focus here is to present the system setup and the main method/algorithm, whereas
the simulation results are described in details in appended Papers F-G.

4.1 Massive MIMO Beamforming-based PA Systems
Due to spatial mismatch, massive MIMO adaptive BF schemes based on CSIT, such
as MRT and zero-forcing (ZF), suffer from BF mis-pointing and can benefit from the
PA [23]. The left part of Fig. 4.1 illustrates BF mispointing for MRT BF, in an
NLoS multi-path propagation scenario that is likely to be encountered in an urban
environment. When MRT BF is used in a Rayleigh two-dimensional propagation
environment, the BF pattern is close to a Bessel function, with side lobes every half
wavelength. Hence, even a small spatial mismatch implies a strong degradation in the
amount of the received power. As illustrated in the right part of Fig. 4.1, Discrete
Fourier Transform (DFT)-based beamforming also suffers from BF mis-pointing, but
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Figure 4.1: Illustration of massive MIMO schemes in PA systems with spatial mismatch
[117] (the appended Paper E).
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in a less severe manner. Indeed, on one side, MRT BF adapts to each individual path
and is very sensitive to CSIT errors, whereas DFT BF forms a large beam towards
a single direction, and is therefore less sensitive to CSIT errors.

Thanks to the PA, BF can be used without mispointing effect [23], to improve
the spectral efficiency and the energy efficiency of the network, especially when the
network is highly loaded with numerous moving cars [118] or high speed trains [119].
However, as explained previously, the PA alone suffers from residual spatial mismatch
when the velocity, the PA spacing and the delay do not match. In this case, a
prediction with zero residual spatial mismatch could be obtained by filtering and
interpolating multiple measurements that suffer from residual spatial mismatch [120].
Recently, such schemes, with low complexity, and intended for implementation and
on-line running on real BSs have been designed [22], [42]. Finally, experimental
measurements [21] with a car and a 64 antenna-element massive MIMO BS in NLoS
in an urban environment, and with various PA spacing values, have shown that the
received power for MRT BF with PA based prediction is close to the one obtained
with ideal prediction. They also show that the received powers of both MRT BF and
ZF BF are improved by an order of magnitude with PA-based prediction, even when
the PA spacing (i.e. the spatial mismatch to be compensated) is as large as three
wavelengths.

4.2 Dynamic Blockage Avoidance

4.2.1 Background: Encounter Blockage at mmW
Suppose that, sitting in a vehicle driving in a highway, you are watching Game of
Thrones, and your smart phone gets disconnected. In five years, this will bring
huge dissatisfaction for the users, leading to poor rating for the network provider.
Particularly, in the B5G era, users sitting in vehicles expect the same QoS as they
have at home. Such use-cases with wireless communication to high-speed trains,
busses, trams and cars are normally referred to as IoV.

To increase the data rate, different methods are considered, among which network
densification and mmw communications are the dominant ones. Network densifica-
tion refers to the deployment of multiple multi-antenna BSs of different types provid-
ing more resource blocks per area. Particularly, it is expected that soon small cells
will be densely deployed to assist the existing macro BSs. On the other hand, mmw
transmission offers wide bands and simplifies multi-antenna communications. How-
ever, it has inherent physical issues limiting its availability; Along with sensitivity to
atmospheric variations, mmw transmission experiences poor propagation character-
istics and has high LoS path loss. For these reasons, it is foreseen that mmw-enabled
small cells will be deployed at low heights, e.g., on lamp post, with a short coverage
range. With a low antenna height, however, the probability of blockage increases.
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This is important because the mmw signals suffer from high penetration loss/low
diffraction from objects and are significantly deteriorated by blockage. Therefore, to
guarantee uninterrupted high-rate communications, it is preferred to avoid blockage.

With stationary/low mobility networks, one can well learn the network deployment
and avoid (semi-)static blockages (such as buildings, trees, human bodies) via differ-
ent resource association or cooperative communication schemes [121]. Alternatively,
back-up NLoS links can be found by beam-sweeping during the initial beam training
phase and, if a LoS link is blocked, the connection can be switched to the back-up
link(s).

The problem, however, becomes more challenging when moving, e.g., moving net-
works with high-speed vehicles driving in highways. First, the back-up NLoS solution
is not of interest because, along with signal attenuation, 1) good reflectors (building,
etc.) are rare in highways, and 2) compared to urban scenario with rich scatter-
ing, such back-up links sustain for a shorter period. Second, considering low-height
small cells in highways, the blockers are mainly busses and trucks passing by the
cars. Thus, probabilistic blockage prediction or (machine learning-based) deploy-
ment learning methods may not cope well with the dynamics of the network at high
speeds/frequencies. This is specially because not only the blockage results in exces-
sive signal-to-interference-plus-noise ratio (SINR) degradation, but also the system
performance is considerably affected by the channel aging phenomena where with
high speeds the CSIT soon becomes inaccurate.

4.2.2 Existing Methodologies
Typical CSIT acquisition and blockage prediction schemes, designed for static net-
works, fail to work well in high speeds. As a result, one may need to switch to
CSIT-free or diversity-based schemes at the cost of reliability and data rate. In the
last few years, a number of methods such as Kalman prediction and PA [19] have
been developed to improve the small-scale channel prediction quality in vehicle com-
munications. However, 1) the performance of these methods drops quickly as the
vehicle speed/frequency increases or the spatial mismatch occurs and 2) they can
not avoid dynamic blockage which leads to considerable SINR drop.

Also, other alternative techniques such as prediction of the environment channel
and CSIT adaptation based on the location information of the user equipment (UE)
may be inaccurate with high information exchange overhead. With this background,
to enable high-rate reliable IoV communications, we need methods to avoid not only
the temporal blockages but also the channel aging effect.

4.2.3 Proposed Scheme with Cooperative PA
The schematic of the proposed scheme is illustrated in Fig. 4.2. Here, the objective is
to avoid dynamic blockage and compensate for channel aging effect which, in return,

36



4.2 Dynamic Blockage Avoidance

will provide the high-speed vehicles with reliable high-rate connections.
With mobility, the availability of communication systems (possibly, using mmw-

based narrow beamforming) faces different challenges including CSIT inaccuracy,
beam misalignment and blockage. Particularly, with a blockage the path loss ex-
ponent increases from about 2.8 in the cases with LoS connections to almost 3.9
in NLoS communication, and outdated CSIT/out-of-beam signal reception leads to
significant SINR drop and, consequently, service outage. Thus, it is desired to avoid
dynamic blockage and acquire updated CSIT.

The key features of highway environments make it possible to solve the dynamic
blockage/channel aging issues to some extent. In a highway, the vehicles are likely
to drive along the same set of lanes with controlled speeds. Here, an example is
the car-platooning setup, i.e., a set of vehicles traveling in a lane closely together
with speed/direction controlled by the lead vehicle. Also, as shown in Fig. 4.2,
in a highway, slow large vehicles (for instance, buses, trucks) travel typically in the
outermost lanes, while the high-speed vehicles drive along the innermost lanes. Then,
dynamic blockage occurs if a large vehicle drives between a user and its serving BS
located, e.g., on lamp posts along the highway.

From a different perspective, as verified experimentally in, e.g., [20], [42], in a
limited period such environments experience an essentially stationary electromagnetic
standing wave pattern. Then, if the behind vehicle ends up in the same position as the
front vehicle acquiring CSIT, it will experience the almost same radio environment,
and the CSIT provided by the front vehicle can be used to improve the CSIT accuracy
required for data transmission to the behind vehicle.

In this case, as we explain in the following, one can use blockage prediction and
CSIT combination, and utilize cooperative communication/information exchange be-
tween the vehicles and BSs not only to avoid the channel aging effect but also the
dynamic blockages. The details of such an innovative scheme are explained in the
example below (see Fig. 4.2).

At Time Slot T1:

• Being in Point A, the front vehicle, i.e., UE1 in Fig. 4.2, performs CSIT estima-
tion and feeds back to BS1, using either TDD or FDD. Also, the front vehicle
predicts a blockage by, e.g., a truck passing by. Here, the blockage can be
predicted either before the UE1-BS1 link is blocked (using the sensors/cameras
of UE1) or it can be detected in case a blockage has occurred and, as a result,
a significant SINR drop is observed.

• Using cameras/sensors, UE1 finds the position and the speed of the blocker
and the behind vehicle (UE2 in Fig. 4.2). Then, UE1 reports BS1 its own, the
blocker’s and the behind vehicle’s position/speed information. Also, possibly,
BS1 may be informed about the size of the vehicles.

• At BS1, receiving the vehicles speed/position information, BS1 determines Tn,
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• CSIT estimation
• Blocker speed estimation
• Report to BS(s)

Figure 4.2: Illustration of the proposed large-scale cooperative PA (LSCPA) setup from
Paper F [122].

i.e., the time slot in which the behind vehicles will be blocked by the blocker.
Then, based on, e.g., the distance, QoS requirement, etc., BS1 decides if the
data transmission in Tn should be handovered to another BS (for instance, BS2
in Fig. 4.2), or still BS1 can serve the UE’s successfully, e.g., by widening the
beams, etc.

• If decided to handover, BS1 informs a secondary BS2 about the corresponding
time slot Tn, as well as the vehicles speed/position information. Then, in Tn

BS2 serves the behind vehicle. The decision on handover depends on differ-
ent parameters such as the QoS requirements, vehicles speed, blocker’s size,
etc. Also, different performance metrics can be considered for selecting the
secondary BS (for instance, based on the distance, static blockages, etc.).

• At the same time, using the position/speed information, BS1 estimates the
time slot in which UE2 will reach point A, i.e., the position in which we have
the CSI from the BS1-UE1 communication. We denote this time slot by Tm in
the following.

At Time Slot Tm: If the data transmission is not handovered to BS2, BS1 per-
forms CSIT acquisition from UE2 which is now at Point A. Then, BS1 combines the
CSIT achieved from UE1 at T1 and that obtained from UE2 at Tm to improve the
CSIT accuracy of Point A. Here, different methods can be considered to combine the
acquired information. Then, using the combined CSIT, BS1 serves UE2 at Tm.
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At Time Slot Tn: If handovered to BS2, BS2 performs typical CSIT acquisition of
the BS2-UE2 link. With no handover, on the other hand, BS1 adapts its transmission
parameters, e.g., beam width, to serve UE2.

In this way, blockage prediction avoids significant SINR drops. Also, the blockage
prediction simplifies the handover process. This is because the BSs may have more
than one slot gap for handover. This not only simplifies the scheduling, but also will
reduce handover failure probability. Moreover, combining the CSIT acquired from
different UE’s compensates for channel aging, and improves the CSIT accuracy at
given points. This gives the chance for high-rate/narrow beam data transmission.
Finally, the proposed method simplifies the HARQ-based retransmissions and re-
duces the number of retransmissions/end-to-end (E2E) transmission delay. This is
intuitively because when blockage is avoided, with high probability, large SNR drops
are not experienced. Thus, even if a signal is not correctly decoded, it needs a small
boost in the SNR which can be provided by, e.g., a single retransmission. Alterna-
tively, one can rely only on diversity and use Type I HARQ with low implementation
complexity. Thus, in summary, the proposed scheme enables the network to pro-
vide the vehicular UE’s with fairly constant QoS. For detailed simulation results and
discussions, see [122], i.e., the appended Paper F.

Here, the setup is presented for the simplest case with two vehicles. However, the
setup can be applied in the cases with multiple vehicles in, e.g., a car platooning
setup, where the benefit of the proposed scheme increases.

4.2.4 Dynamic Blockage Pre-Avoidance Using RIS
As we have shown in Paper G, the implementation of cooperative BSs can well avoid
dynamic blockages. However, this may be not economically feasible to have multiple
BSs in highways/rural areas. On the other hand, a large part of stationary blockages
can be well avoided by network planning, which reduces the need for extra BSs in
limited areas. Moreover, the implementation of cooperative BSs increases the energy
consumption and the need for backhauling. For these reasons, it may be beneficial
to use cheap solutions with no need for backhauling/handover, for which RIS is a
good candidate. To enable multi-RIS communications, one needs to reduce the RIS
selection and configuration overhead as well as the sensitivity to the vehicles speed.
For this reason, we propose a large-scale based RIS pre-assignment (LSRPA) scheme
in which the UE’s and the blockers speed/position information is utilized along with
the large-scale channel properties to predict and pre-select the RIS of interest, among
multiple ones.

Consider the cases with either a macro or a small BS along a highway/inter-
city road, as illustrated in Fig. 4.3. With network planning, the BS location is
normally optimized such that it covers a wide area of the road and static blockages
are preferably avoided. However, dynamic blockages, due to, e.g., trucks, buses, are
not encountered during the network planning and affect the achievable rate, specially
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Figure 4.3: Illustration of the proposed LSRPA setup [Paper G].

in mmw bands. As a low-cost solution, to avoid dynamic blockages, N RISs can be
installed along the road which will provide back-up links to the vehicular UE’s when
required.

With such a setup, the main problem is to perform beam management in the BS
and each RIS and select the best path. In the optimal case, one needs to know
the instantaneous CSIT of all paths for joint beamforming optimization and RIS
selection. This, however, not only increases the CSIT acquisition overhead, but also
may not be feasible at moderate/high speeds due to the channel aging effect where
the CSIT acquired at a position soon becomes outdated due to the UE high mobility.

With this background, the LSCPA scheme follows the following procedure:
At time slot T0, if the vehicular UE detects a dynamic blockage, e.g., by a truck, it

estimates the speed and the position of the blocker, e.g., using cameras, Lidars. Then,
along with its own speed/position information, the UE informs the BS about the
speed and position information of the dynamic blocker (As an alternative approach,
each vehicle can inform the BS about its own speed/position information.). Knowing
the blocker speed/position information at T0, the BS predicts the blocker position
at Slot Tn. Then, the BS utilizes the large-scale channel condition, i.e., the average
performance which has been learned over time for the considered blocker position,
to find the appropriate regions of interest to be covered by different RISs in different
time slots. After that, the BS exploits the UE speed/position information provided
at T0 to predict the UE position at Slot Tn and select the appropriate path towards
the UE, either through direct BS-UE connection or via an RIS-assisted link. Finally,
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at Slot Tn, only the instantaneous CSIT of the pre-selected path, and not all possible
paths, is acquired and the BS/RIS beamforming is adapted accordingly.

In this way, the LSCPA setup reduces the CSIT overhead/channel aging effect, and
makes it possible to provide the vehicular UEs with fairly constant QoS. Note that, to
apply the proposed scheme, one needs to have fairly accurate information about the
UE/blocker speed and position information. However, this is achievable in, e.g., car
platooning, connected vehicle or cruise control setups. Specially, in highways/inter-
city roads, slow large vehicles (resp. high-speed vehicles) travel typically in the
outermost (resp. innermost) lanes with predictable trajectory, which simplifies the
positioning.
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CHAPTER 5

Contributions and Future Work

This chapter summarizes the contributions of each appended publication and lays
out possible directions for future work based on the topics in this thesis.

To have a clear view of the contributions and potential future directions of the
thesis, Fig. 5.1 groups our work in different perspectives with a clear road map.

We start from the PA concept and develop analytical channel model with spatial
mismatch in [100], i.e., appended Paper A, and propose a rate adaptation scheme to
improve the system performance. Then, in [53], i.e., appended Paper B, we derive a
semi-linear approximation of the Marcum-Q function, which appears in the proposed
PA channel model to simplify the analysis, where the effect of estimation error is
also investigated. Then, in [114], [115], [123], i.e., appended Papers C-D and non-
appended Paper I, we develop different resource allocation schemes in the PA system,
namely, outage-limited power allocation, delay-limited average rate optimization, and
rate adaptation with short packages, respectively. Above papers, i.e., Papers A-D,
non-appended Paper I, consider single-input single-output (SISO) systems and focus
on theoretical analysis from the information theory point of view.

Towards mmw MIMO system with data driven and simulation analysis, studies
in [117], i.e., appended Paper E, provide an overview of the PA and MRs, and
evaluate the performance of the PA system in both rural and urban area with BF.
The work in Paper H review the latest developments of PA, and develop a velocity-
aware transmission scheme in the PA setup. Focusing on blockage sensitivity at mmw
band, a cooperative PA system under platooning setup in highways is proposed in
[122], i.e., appended Paper F, while RIS is used in Paper G to perform the blockage
pre-avoidance to reduce the CSIT acquisition overhead. Finally, low complexity
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Figure 5.1: Illustration of the contributions and potential future directions of the thesis.

beam refinement algorithms are developed in [124], [125], and [126], which can be
potentially applied in RIS beam optimizations.

The detailed contributions of appended/non-appended papers, as well as future
directions, are presented below.

5.1 Paper A

H. Guo, B. Makki, and T. Svensson, “Rate adaptation in predictor an-
tenna systems,” IEEE Wireless Communications Letters, vol. 9, no. 4,
pp. 448-451, Apr. 2020.
In this paper, we study the performance of PA systems in the presence of the spatial
mismatch problem with rate adaptation. We derive closed-form expressions for the
instantaneous throughput, the outage probability, and the throughput-optimized rate
adaptation. Also, we take the temporal variation of the channel into account and
evaluate the system performance in temporally-correlated conditions. The simulation
and the analytical results show that, while PA-assisted adaptive rate adaptation leads
to considerable performance improvement, the throughput and the outage probability
are remarkably affected by the spatial mismatch and temporal correlations.
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5.2 Paper B
H. Guo, B. Makki, M.-S. Alouini, and T. Svensson, “A semi-linear approx-
imation of the first-order Marcum Q-function with application to predictor
antenna systems,” IEEE Open Journal of Communication Society, vol. 2,
pp. 273-286, Feb. 2021.
In this paper, we first present a semi-linear approximation of the Marcum Q-function.
Our proposed approximation is useful because it simplifies, e.g., various integral cal-
culations including Marcum Q-function as well as various operations such as param-
eter optimization. Then, as an example of interest, we apply our proposed approx-
imation approach to the performance analysis of PA systems. Considering spatial
mismatch due to mobility, we derive closed-form expressions for the instantaneous
and average throughput as well as the throughput-optimized rate allocation. As we
show, our proposed approximation scheme enables us to analyze PA systems with
high accuracy. Moreover, our results show that rate adaptation can improve the
performance of PA systems with different levels of spatial mismatch.

5.3 Paper C
H. Guo, B. Makki, M.-S. Alouini, and T. Svensson, “Power allocation in
HARQ- based predictor antenna systems,” IEEE Wireless Communica-
tion Letters, vol. 9, no. 12, pp. 2025-2029, Dec. 2020.
In this work, we study the performance of PA systems using HARQ. Considering
spatial mismatch due to the vehicle mobility, we derive closed-form expressions for
the optimal power allocation and the minimum average power of the PA systems
under different outage probability constraints. The results are presented for different
types of HARQ protocols, and we study the effect of different parameters on the
performance of PA systems. As we show, our proposed approximation scheme en-
ables us to analyze PA systems with high accuracy. Moreover, for different vehicle
speeds, we show that the HARQ-based feedback can reduce the outage-limited power
consumption of PA systems by orders of magnitude.

5.4 Paper D
H. Guo, B. Makki, M.-S. Alouini, and T. Svensson, “On the delay-limited
average rate of HARQ-based predictor antenna systems,” IEEE Wireless
Communication Letters, vol. 10, no. 8, pp. 1628-1632, Aug. 2021.
In this letter, we study the effect of spatial mismatch on the accuracy of chan-
nel state information estimation, and analyze the delay-constrained average rate of
HARQ-based PA systems. We consider variable-INR HARQ protocol, and derive a
closed-form expression for the maximum average rate subject to a maximum delay
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constraint. Moreover, we study the effect of different parameters such as the vehicle
speed, the antenna distance and the rate allocation on the system performance. The
results indicate that, compared to the open-loop case, the delay-limited average rate
is considerably improved with our proposed PA-HARQ scheme.

5.5 Paper E
H. Guo, B. Makki, D.-T. Phan-Huy, E. Dahlman, M.-S. Alouini, T. Svens-
son, “Predictor antenna: A technique to boost the performance of moving
relays,” IEEE Communications Magazine, vol. 59, no. 7, pp. 80-86, Jul.
2021.
In this article, we introduce the concept and the potential of PA systems. Moreover,
summarizing the field trials for PAs and the 3GPP attempts on (moving) relays,
we compare the performance of different PA and non-PA methods for vehicle com-
munications in both urban and rural areas with the PA setup backhauled through
terrestrial or satellite technology, respectively. As we show, with typical parameter
settings and vehicle speeds, a single-antenna PA-assisted setup can boost the back-
haul throughput of MRs, compared to state-of-the-art open-loop schemes, by up to
50 percent.

5.6 Paper F
H. Guo, B. Makki, M.-S. Alouini, and T. Svensson, “High-rate uninter-
rupted internet-of-vehicle communications in highways: Dynamic block-
age avoidance and CSIT acquisition,” IEEE Communications Magazine,
major revision, Jan. 2022.
In future wireless networks, one of the use-cases of interest is IoV. Here, IoV refers to
two different functionalities, namely, serving the in-vehicle users and supporting the
connected-vehicle functionalities, where both can be well provided by the transceivers
installed on top of vehicles. Such dual functionality of on-vehicle transceivers, how-
ever, implies strict rate and reliability requirements, for which one may need to utilize
large bandwidths/BF, acquire up-to-date CSI and avoid blockages. In this article, we
incorporate the recently proposed concept of PAs into the LSCPA setup where both
temporal blockages and CSI out-dating are avoided via BSs/vehicles cooperation.
Summarizing the ongoing standardization progress enabling IoV communications,
we present the potentials and challenges of the LSCPA setup, and compare the effect
of cooperative and non-cooperative schemes on the performance of IoV links. As we
show, the BSs cooperation and blockage/CSI prediction can boost the performance
of IoV links remarkably.
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5.7 Paper G
H. Guo, B. Makki, M. Åström, M.-S. Alouini, and T. Svensson, “Dynamic
blockage pre-avoidance using reconfigurable intelligent surface,” submit-
ted to IEEE Communications Magazine, Jan. 2022.
To avoid the blockage in IoV networks, different techniques have been proposed
among which RIS is a candidate. RIS, however, has been mainly of interest in
stationary/low mobility networks, due to its channel state information acquisition
and beam management overhead as well as fuzzy reflection. In this article, we study
the potentials and challenges of RIS-assisted dynamic blockage avoidance in high-
speed IoV networks. Particularly, designing region-based RIS pre-selection as well
as blockage prediction schemes, we show that RIS-assisted communication has the
potential to boost the performance of IoV networks.

5.8 Related Contributions
Additional views on PA systems are provides in [123], [127], as complements for the
included papers. In [123], we use the fundamental results on the achievable rate of
finite block-length codes to study the system throughput and error probability in
the presence of short packets. Particularly, we derive closed-form expressions for the
error probability, the average transmit rate as well as the optimal rate allocation,
and study the effect of different parameters on the performance of PA systems. The
results indicate that rate adaptation under finite block-length codewords can improve
the performance of the PA system with spatial mismatch.

Then, in [127], we review the PA concept and recent testbed- and theoretical- ori-
ented studies on the PA. With promising progress on the PA studies, it has emerged
as one promising enabler for MR and moving IAB nodes in next generation of mobile
networks. Dealing with the speed/spatial mismatch problem, we propose a novel an-
tenna selection scheme to fully utilize the velocity information and make the system
more robust to speed variations. The simulation results further clarify the effect of
spatial mismatch from different perspectives, and our proposed velocity-aware an-
tenna selection scheme shows notable performance gains with multiple RA deployed
at the vehicle side.

Another CSI-related application in vehicle communication is BF. As discussed in
Chapter 1, the channel for vehicles changes rapidly, such that it is hard to acquire
CSIT, especially during initial access. In [124], we study the performance of large-
but-finite MIMO networks using codebook-based BF. Results show that the proposed
genetic algorithm-based scheme can reach (almost) the same performance as in the
exhaustive search-based scheme with considerably lower implementation complexity.
Then, in [125], we extend our study in [124] to include BF at both the transmitter
and the receiver side. Also, we compare different machine learning-based analog BF

47



Chapter 5 Contributions and Future Work

approaches for the beam refinement. As indicated in our results, our scheme out-
performs the considered state-of-the-art schemes in terms of throughput. Moreover,
when taking the user mobility into account, the proposed approach can remarkably
reduce the algorithm running delay based on the beamforming results in the previous
time slots. Finally, in [126], with collaborative users, we show that the end-to-end
throughput can be improved by the data exchange through side links among users.

5.9 Future work
In this thesis, we have developed methods for uninterrupted high-rate communication
at high speeds. Also, we proposed various schemes to, e.g., obtain accurate CSIT
and avoid dynamic blockage, in order improve the system performance. Here are
some potential directions for future work:

• Several results presented in the papers above rely on the assumption that the
scattering environment around the RAs is isotropic and remains constant over
the time period of interest in a small moving distance, although in [100] we
briefly discuss about the system performance in temporally-correlated channels.
To more accurately resemble reality, one could consider alternative models to
evaluate the PA system, for example some mixture models with more time-
varying properties [128].

• As a natural follow-up from above, one can consider more use cases for the
PA system, such as satellite-train communication and vehicle localization, with
different channel models and service requirements. Here, the results of [11],
[30]–[38] can be supportive.

• Although in [117], [122] we numerically study the network performance in
MIMO systems, to simplify the analysis/discussions, our works mainly con-
sider SISO, i.e., with one antenna at the BS and one RA on the top of the
vehicle at the receiver side. Though in [114], [115] we exploit PA as part of the
data transmission, it is still interesting to see the full potential of deploying the
PA system and when we should apply it over typical transceiver schemes. De-
ploying the PA in multiple antenna systems could be beneficial such as shown
in the results of [21], [23], [129], it would be interesting to have more analytical
analysis with PA-MIMO systems.

• As we discussed in Chapter 1, in PA systems we target at URLLC, i.e., de-
lay/latency is crucial in the system design. Hence, there is a natural extension
to perform finite blocklength analysis in the (HARQ-based) PA system. As
opposed to the literature on finite blocklength studies, e.g., [106], [130], [131],
here the channel in the retransmission round(s) is different from the one in the
initial transmission due to mobility.
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• Machine learning-based channel estimation/prediction has become powerful in
various applications where the statistical model of channel does not exist or is
not robust [132]–[134]. On the other hand, PA itself provides reliable feedback
loop at the cost of additional resources. Using the PA setup to perform machine
learning-based channel prediction would be a very valuable contribution.
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