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Abstract

Terahertz (THz) communication will be a key enabler for next-generation wireless systems. While
THz frequency bands provide abundant bandwidth and extremely high data rates, their effective operation
is inhibited by short communication ranges and narrow beams, thus, leading to major challenges
pertaining to user mobility, beam alignment, and handover. In particular, there is a strong need for
novel beam tracking methods that consider the tradeoff between enhancing the received signal strength
via increasing beam directivity, and increasing the coverage probability by widening the beam. In this
paper, a multi-objective optimization problem is formulated with the goal of jointly maximizing the
expected rate and minimizing the outage probability subject to transmit power and overhead constraints.
Subsequently, a novel parameterized beamformer with dynamic beamwidth adaptation is proposed. In
addition to the precoder, an event-based beam tracking approach is introduced that efficiently prevents
outages caused by beam misalignment and dynamic blockage while maintaining a low pilot overhead.
Simulation results show that the proposed beamforming scheme improves average rate performance and
reduces the amount of outages caused by the brittle THz misalignment process and the particularly severe
path loss in the THz band. Moreover, the proposed event-triggered THz channel estimation approach

enables connectivity with minimal overhead and reliable communication at THz bands.
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I. INTRODUCTION

A fundamental characteristic of next-generation wireless 6G networks is the migration
towards higher frequency bands, namely the terahertz (THz) band (0.1-10 THz)'. Wireless
communication links at the THz frequency bands benefit from an abundant bandwidth which
enables extremely high data rates (in the order of Tbps) that are essential for future 6G services
like extended reality (XR) [1] or digital twins [2]. However, unleashing the true potential of
THz frequency bands necessitates overcoming key THz challenges, stemming from the channel’s
uncertainty. Particularly, two major factors that restrain the communication at THz bands are the
high path loss and the molecular absorption effect [3], [4]. To compensate the effect of these
phenomena, a very narrow beam (so-called pencil beam) is needed to focus the power towards
the receiver [5]. However, such a narrow beam makes the communication prone to blockages
and beam misalignment and, consequently, it jeopardizes the communication reliability. Indeed,
even minute changes of the target direction (in the order of a few degrees or less) can cause
communication outages, which becomes particularly prevalent in dynamic use-cases. While this
phenomenon can affect mmWave communication, it becomes substantially more pronounced
in (sub-)THz systems. Due to the extremely high path loss, the THz band is more suitable for
indoor environments with rather short communication distances. That said, in such scenarios, the
micro-mobility of users may lead to changes in the angle of departure (AoD) directly affecting
the THz pencil beams and their alignment [6], [7]. Henceforth, investigating the tradeoff between
the pathloss compensation and the mitigation of beam misalignment is substantially crucial for
the deployment of THz bands [8]. Indeed, the optimal tradeoff adjustment could ultimately lead
to the delivery of reliable and robust THz links in dynamic environments, a fundamental necessity
for 6G services like XR [1].

In order to maintain system reliability, beam tracking algorithms must provide very precise
channel state information (CSI), which comes at the expense of a considerable amount of
transmission overhead. This challenge is further exacerbated by the large antenna arrays needed at
THz frequencies to form narrow beams. Thus, designing a robust beamforming scheme that can
flexibly adjust to CSI uncertainties is a pillar for the guarantee of reliable low-overhead THz

communication links. Consequently, the tradeoff between providing sufficient communication

The frequency range 100 — 300 GHz is typically referred to as the sub-THz band, while the unique properties of the THz
band are observed above 275 GHz. However, in this work the term THz is used to refer to the overall range 0.1 — 10 THz.



range with a highly focused beam versus increasing the probability of coverage by generating
a wider beam is a key challenge in THz beamforming [8]. Furthermore, while timely channel
estimation is necessary to prevent communication outages, frequent pilot transmissions could
induce a significant overhead that restricts the transfer of large amounts of data with low latencies.
Hence, pilot based channel measurements should be employed in an efficient manner to handle

the highly varying THz channel without violating restrictions on a tolerable overhead amount.

A. Prior Art

The challenge of handling beam misalignment induced by user mobility in THz systems has
been addressed in recent articles. For instance, in [6]—[8], the impact of beam misalignment on
THz communication performance is investigated for different mobility scenarios. These works
demonstrate the susceptibility of THz systems to small-scale user mobility and, hence, the need
for reliable THz communication schemes with regard to time-varying channels. Beam alignment
and tracking approaches have been proposed to improve channel estimation accuracy in mmWave
and THz communications (e.g., [9] and references therein). Since THz communication relies on
pencil beams to overcome the path loss, reducing the overhead required for beam training is
particularly challenging at THz frequencies.

The authors in [10] propose a hierarchical codebook-based beam training scheme for unmanned
aerial vehicles (UAVs) with a dynamic training frequency, thereby reducing the training
overhead. In addition, they study the relationship between beamwidth and the UAV’s mobility
pattern. A multi-resolution hierarchical codebook is also utilized in [11]-[13] to enable low-
overhead beam training in mmWave and THz systems. A low-overhead beam tracking algorithm
with adaptive tracking rate for mmWave systems is proposed in [14]. The authors in [15]
analyze outage probability and spectral efficiency for different beam searching methods in THz
systems with micro-mobility. Although methods considered in [10]-[15] are able to reduce the
training overhead, the time steps during which beam training is initiated are either periodic or
follow a heuristic on-demand or (fixed) threshold-based approach. In contrast, a proactive and
reactive event-based strategy as proposed in this paper has the potential to improve balance of
communication reliability and overhead efficiency. Furthermore, while beam tracking approaches
can certainly improve channel estimation accuracy and thereby reduce the occurrence of antenna
misalignment with a moderate pilot overhead, the beamforming concept itself needs to be robust

in the face of remaining channel uncertainties.



The works in [10]-[13] use different beamwidths in the course of hierarchical grid-based
search. However, the transmission beamwidth is not adapted to the estimation uncertainty in the
time intervals between training. In [16], the beamwidth tradeoff has been studied for mmWave
systems, yet instead of optimizing the beamwidth, the beam is widened step by step until a
minimum average signal strength is obtained at the receiver. The relationship between optimal
beamwidth and channel uncertainty in a mmWave system is studied in [17] and [18]. The
authors in [17] propose a chirp-sequence-based precoder to adapt the beamwidth to the current
uncertainty of the user’s direction to maximize the ergodic data rate. They show that a wider
beam results in a gain of the expected rate if the estimation of the angle of departure (AoD)
becomes inaccurate and the signal-to-noise-ratio (SNR) is sufficiently high. While they only
consider long-term average rate performance, in a block fading channel, however, transmission
failures can occur as a consequence of beam misalignment, which severely impede continuous
data transfer. Hence, communication reliability should be captured by the performance metrics,
e.g., by considering outage probability along with the rate. The idea of increasing robustness
by dynamically adapting the beamwidth to the current channel uncertainty has been applied to
a mmWave beam tracking scenario in [18]. Therein, the beamwidth is adjusted by activating
only part of the antenna array, while the selection of the number of active antennas follows a
heuristic approach based on the angular deviation. However, the work in [18] is not suitable for
THz systems, as it does not include the adaptation of the beamwidth to the channel gain, which
is highly affected by user mobility as well as the molecular absorption effect.

In summary, while there has been works on related ideas in mmWave bands [16]—[18], these
existing approaches are not effective for simultaneously providing high data rates and high
reliability in THz systems. This is because the tradeoff between path loss compensation and
beam alignment arising from the peculiarities of THz bands is not resolved with respect to
data rate and outage objectives. Moreover, the existing works on low-overhead tracking propose
heuristic approaches rather than optimizing CSI estimation time intervals. Thus, these schemes
do not ensure compliance of overhead limitations while simultaneously adjusting to the channel,

mobility pattern, and the transmission scheme.

B. Contributions

The main contribution of this paper is the design of a new, low-overhead beamforming and

tracking scheme that enhances communication reliability while addressing the peculiar challenges



4 Dynamic

pencil beam ———p | Beamwidth

Adaptation
Event-based .
low overhead Tracking é ynamic Blocker

\ Base Station

Rate

freq. channel
THz path loss measurements D
CSI uncertainty <¢———— wide beam Mobile User
Reliability g
(a) Rate-reliability tradeoff illustration (b) Indoor THz communication network

Fig. 1: Considered problem illustration: (a) Impact of beamwidth and overhead with regard to the rate-reliability
tradeoff in THz systems. Our proposed approach comprising a reliable beamforming scheme and an optimized
tracking via event times enable the counteraction of path loss and beam misalignment, (b) Downlink transmission
to a mobile UE. Other users are potential blockers to the considered communication link, while other BSs can take
over serving the user if needed, e.g., if a blockage occurs.

of the THz band. While mmWave networks often rely on codebook-based beam search, this
approach is not suitable for THz systems. In contrast to mmWave bands, THz bands suffer
from a considerably more severe path loss, which requires narrow beams, i.e., a high-resolution
codebook. Searching over such a large number of beams, however, induces a lot of overhead [9].
Thus, we propose a beamforming design that accounts for the highly varying nature of the THz
channel by addressing the tradeoff between THz path loss compensation and beam alignment,
and yields an operation with minimal overhead, yet robust and reliable communication (see Fig.
1(a)). In this work, we consider downlink communications in an indoor wireless THz network
with a dense base station (BS) deployment and multiple mobile user equipments (UEs) that are

subject to dynamic channel blockage as shown in Fig. 1(b):

o Multi-objective optimization: We aim at optimizing the beamformer and the time steps at
which pilot-based channel estimation is performed, in order to provide reliable communica-
tion at high data rates, while maintaining a low overhead (see Fig. 1(a)). We formulate an
optimization problem that aims at jointly maximizing the expected data rate and minimizing
the outage probability, subject to constraints on the transmit power and the long-term average
overhead. Applying linear scalarization to the multi-objective problem enables balancing
high rate and reliability requirements according to the application. The problem is then
split into two subproblems to solve for the beamformer and the pilot event times separately.

o Path loss vs. misalignment tradeoff: We propose a novel beamforming scheme that is
reliable in front of CSI uncertainties. In order to reduce the computational complexity of our

precoding, we propose a parameterized beamformer with adjustable beamwidth. Combining



this with a small-angle approximation allows us to solve the optimization problem in advance
and generate a lookup table for the optimal beam parameters, which dynamically adjust the
beamwidth depending on the current channel uncertainty and path loss.

o Event-trigger for overhead reduction: To ensure reliable communication by further mini-
mizing beam misalignments without violating the average overhead constraint, we adopt the
concept of event-triggered communication, that enables more efficient scheduling of pilots
and control-related data (e.g., in [19]). Instead of periodically transmitting pilot signals to
estimate the channel, the interval between consecutive channel measurements is dynamically
adapted to the current system state. Here, we adopt a Lyapunov optimization framework to
determine the time steps, at which the BS receives updates on the UE’s current direction.
This enables a flexible system capable of not only reacting to outage events when needed
but preventing outages by ensuring sufficiently accurate CSI while still complying with a
given average overhead constraint.

o Beamforming scheme analysis: We analyze the proposed beamforming scheme by numeri-
cally calculating the Pareto boundary of the two objectives, namely expected data rate and
outage probability, for a general beamformer and compare it to the achievable Pareto region
of our proposed parameterization. We further gain insights regarding the optimal beamwidths
for different BS-UE distances and uncertainty of the UE’s position as well as the impact
of the molecular absorption effect in the THz band. Here, we observe that the optimal
beamforming strategy differs significantly for the two considered objectives. Moreover, our
approach is shown to outperform state-of-the-art variable beamwidth schemes.

o Analysis of event-based tracking procedure: The performance of our event-based tracking
scheme combined with the proposed beamforming approach is evaluated and compared to
a non-robust periodic scheme. Our approach is shown to significantly reduce the amount of
outage events while requiring much less pilot overhead.

The rest of this paper is organized as follows. In Section II the channel model and UE’s
mobility model are introduced. Then, in Section III, the proposed robust beamforming scheme
is presented. Section IV describes the event-based channel estimation and tracking approach.
Section V presents the simulation results and, finally, conclusions are drawn in Section VI.

Notation: Vectors and matrices are denoted by boldface lowercase and uppercase letters,
respectively. The operators E[-], | - | and |-] represent the expectation, the absolute value and

the floor function, respectively. X and X' are the transpose and the hermitian, while [X m.n



denotes the element in the m-th row and n-th column of X.

II. SYSTEM MODEL

In this work, we consider a multiple-input-multiple-output (MIMO) THz communication
system, where multiple BSs, which are densely deployed in an indoor area, are transmitting
data to multiple mobile UEs. Each BS (UE) is equipped with a uniform linear array (ULA)
consisting of Ny (/V,) antennas. We focus on the downlink of a single mobile UE 7 and its
associated serving BS j (see Fig. 1(b)). From this perspective, other users take the role of
potential blockers. Hence, communication is jeopardized for three main reasons, namely beam
misalignment caused by the UE’s changing position, dynamic blockage induced by other users,
and the user moving out of the communication range of the BS. To cope with these impairments,
the BS-UE channel is estimated based on pilot measurements on a regular basis. Additionally,

the mobile user can be handed over to another BS if coverage is disrupted.

A. Channel Model

We adopt the Saleh-Valenzuela channel model, that is widely used for THz communications
(e.g., see [5], [11], [13]) and generally consists of one line-of-sight (LOS) path and a few
reflection paths. However, since at the THz band the attenuation induced by scattering is more
than 20 dB compared to the LOS path [20], we neglect the non-line-of-sight (NLOS) component

and only consider the dominant LOS path in our channel model as follows:

H), = yn(di)a(ecr)a (o),

where k is the time index, while 7(-), ¢y and ¢, represent the path gain, the AoD and angle
of arrival (AoA) of the LOS path, respectively. The distance between the UE and its associated
BS is denoted by dj, while a(-) and a,(-) are the transmit and receive array response vectors,
respectively. We capture the effect of blockage by defining a random binary variable y;, that is
equal to zero if the LOS path between the considered BS-UE pair is blocked at time step k£ and
equal to one otherwise. Note that the blockage model is explained in more detail in Section II-B.
Without loss of generality, we assume the antenna spacing to be half of a wavelength. Hence,

the array response vectors are defined as:

1, i sin(p) pIm(N=1) sin(«s)} r (1)

a(p) =

g e ey

2=



At THz frequencies, in addition to the free space propagation loss, the path loss is highly affected

by molecular absorption and re-radiation. Hence, the total channel gain is given by [21]:

C 1
d) = —3K(f)dy 2

where f is the carrier frequency, c is the speed of light, and K (f) represents the overall absorption
coefficient of the medium. We obtain K (f) for the frequency range of 100 — 450 GHz based on
the model presented in [22]. At time step k, the BS transmits the symbol s, with E[|s;]*] = 1.

The received signal will be given by:
yr = wy Hy fysi + ni,

where the precoder and combiner are denoted by f, and wy, respectively, and ny ~ CN(0, 02)
2

is additive white Gaussian noise (AWGN) where 02 = Ny + P (ﬁ) (1 — e KWdr) s

the sum of the thermal noise power /Ny and molecular absorption noise caused by molecular

re-radiation [21], [23]. The achievable data rate with bandwidth ¥ can be written as:
1
Ry = Wlog, (1 + —swi Hif fi HY! wk) : 3)

Note that in (3), the effect of interference caused by other devices is neglected given the generally

narrow beams utilized in THz frequency bands.

B. Blockage model

Given that the THz frequency band suffers from high reflection losses, the communication
relies mainly on the LOS component, which also suffers from high penetration losses. As a result,
the LOS links are highly susceptible to blockages, which jeopardizes the system reliability. There
are two different types of blockages: static blockage, caused by, e.g., room architecture and
furnishing, and dynamic blockage, which results from other users temporarily blocking the LOS
link of the tagged BS with their body while moving around the room. While we assume that static
blockages can easily be avoided by appropriate positioning of the BSs in an indoor scenario,
we still have to deal with dynamic blockages induced by user mobility in a dense network. We
model this effect as an M/M/oo queuing system [21], [24]. More specifically, the occurrence
of dynamic blockages is modeled as a Poisson process with an arrival rate xg blockers/sec and

an exponentially distributed blockage duration with parameter ug. That is, the binary blockage



variable ~;, follows an exponential on-off process with xp and pp as the blocking and unblocking

rate, respectively. The corresponding blocking and unblocking probabilities are
Py = 0lpe-r = 1) =1 — e W and Py, = 1y =0) = 1 —e 8 (4)

where 75 is the length of a single time slot. While the unblocking rate pp is assumed to be a
constant parameter known by the BS, the blockage arrival rate depends on the distance between

BS and UE and is obtained by:

2 hg — h
HB(dk) = ;)\BUBﬁdka

where \p denotes the density of dynamic blockers per m? and vy is the blockers velocity. Here,
hs, hug, and hgg represent, respectively, the height of the blocker, the considered UE, and the

BS. The mobility of the users is modeled next.

C. Mobility Model

We model the UE’s mobility as a random walk [6], [25], where the steps in x- and y-direction
are independently and identically distributed (i.i.d.) as N (0, o2). For simplicity, we consider the
trajectory of the UE in the horizontal x-y-plane only, while omitting the height. Under these
assumptions the z- and y-component of the UE’s location after M steps (i.e. the sum of M i.i.d.
zero-mean Gaussian steps) follows a normal distribution with zero mean and variance Mo?2
[26]. Assuming that the users in an indoor scenario often times do not walk towards a specific
destination and frequently change directions, the random walk scheme arises as a useful mobility
model for our considered scenario. Moreover, beyond the need to know the average step size,
specific knowledge of the UE’s movement behaviour is not required at the BS.

Given that the UE’s mobility affects the direction of the LOS path, the BS relies on regular
channel estimations at the cost of pilot overhead to adjust the beam accordingly. In order to
capture the intermittent CSI updates, we define a binary variable ¢, which is equal to one
whenever the BS obtains a new channel estimate and is equal to zero in between those updates.
As the channel depends directly on the AoD, the BS is assumed to obtain perfect knowledge of
the current AoD and distance of the UE when ¢, = 1.

Let p, = [dr. cos(¢uk), disin(pgx)]” be the position vector of the UE at time step k, where

dr and ¢, denote the current UE’s distance to the BS and the AoD, respectively. Then, the
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Fig. 2: Geometry of expected user position vector p;,, actual position p; and AoD estimation error €, assuming
that the BS is located at the origin.

position estimate at the BS will be given by:

Dy, if qr = ]-7

~

Dy =
Pr_1, 1 g =0.
Given that the user mobility is modeled as a random walk with Gaussian step size, the estimation
error p, — Py, is also Gaussian distributed with zero mean and covariance matrix X, = o, I.

We assume that the BS is able to obtain the step size variance o2 of the user to find the variance
2

O’;k = Moy, where M) is the number of time steps since the BS received the most recent
update of the user’s position.

Let €, = ¢y — P1x be the AoD estimation error. As the distribution of ¢, is quite complex
(see [27] for the exact distribution), it can be approximated by a normal distribution for small
e, as follows?: From Figure 2, we obtain:

ko N
i sin(ex) = ey,

where 1, is the component of the location error p; — p,., which is orthogonal to p,, and dj > ).
Since the distribution of the position estimation error is circular symmetric, we know that v, ~
N (0,03 ). By further approximating dj, by d,, for small &, we can assume 5 ~ A(0, ag’k/di).
Note that the AoD estimation error following a normal distribution is a common assumption in
other works on beam tracking as well, such as in [18], [28]-[30]. Hence, with o2, = o7,/ a2,

we define the probability density function (PDF) of ¢, as:
1 e?

gr(eg) = ———=exp | —
\/2mo?, 2‘752,k

*Note that the assumption of small AoD errors is reasonable, since even small deviations of the AoD are critical given the
narrow beams in THz communication.
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D. Tracking and Problem Statement

Our goal is to design a beamforming scheme that enables reliable communication despite the
uncertainty of the user’s location while maintaining a low channel estimation overhead. The
problem is formulated from the perspective of a single UE and its associated BS, while other
users are considered as potential dynamic blockers and other BSs might take over serving the
UE in case of link blockage or if the user moves out of the BS’s communication range. The BS
obtains information of the current CSI and UE’s location at intermittent time steps through pilot
signal measurements. These pilot transmissions are initiated in a non-periodic event-triggered
manner to comply with a maximum average overhead constraint. In between the CSI updates,
the BS transmits data to the UE while adjusting the beamformer in every time slot based on the
available statistical CSI. Note that communication outages caused by insufficient signal strength
at the receiver can be induced in multiple ways: First, CSI at the BS is not always sufficiently
accurate, since user mobility in a non-static environment leads to a fast varying channel. As a
result, beams are not perfectly aligned, which can cause communication outages. This effect is
aggravated due to the very narrow beams commonly used to overcome the severe path loss in
THz channels. Second, the high penetration loss at THz bands leads to blockages, particularly
caused by other users in a mobile environment. Beyond that, an outage can occur as a result
of an excessive path loss when the UE moves out of the THz communication range of the BS.
While the BS can react to outages with a new channel measurement or a handover, we aim at
designing a robust beamforming scheme, that provides high data rates despite inaccurate CSI
and severe THz path loss and reduces the probability of outages caused by beam misalignment.
We define an outage as the event of the data rate R falling below a given target rate [?,;,.

A suitable performance metric to consider in communication scenarios with imperfect and
outdated CSI at the transmitter is the expected data rate. By maximizing E[R], a relatively high
system throughput can be provided on average despite channel uncertainties. However, when
solely considering the expected rate, interruptions in communication in the form of outages or
temporary rate decline can be concealed by this metric. Indeed, beyond the need for high data
rates, many THz communication use-cases also depend on a continuous and timely data transfer.
For instance, XR applications require high rates to deliver the visual content to the users, but
for a seamless user experience the content packet transmissions must be highly reliable as well.

A useful metric to capture instantaneous violations of these QoS demands is the probability of



outage. A communication scheme designed to reduce the outage probability ensures consistent
data transfer at the expense of total throughput. Due to its threshold-based definition, outage
probability is also vulnerable to channel uncertainties. Given the highly susceptible THz channel
and the user mobility in our considered communication setup, outages or violation of QoS
requirements are likely to occur. In order to provide high data rates despite channel uncertainties,
yet avoid outages caused by beam misalignment, we formulate a multi-objective optimization
problem [31], [32]. In addition to the beamforming scheme, we also aim at optimizing the time
steps, at which a new pilot measurement is performed, and thereby making the tracking procedure
more efficient. This allows for timely CSI updates to prevent outages, while a low overhead can
be maintained. Hence, our goal is to optimize the beamformer and the pilot measurement times
with regard to the expected data rate and the outage probability, subject to constraints on the
transmit power and the long-term average pilot overhead. Mathematically, we have the following

multi-objective optimization problem:

max (E[Ri|fr ax), — Pr(Ri < Ruminl|fr k) (6)
ks C
S.t. kafk S Pmax; (7)
1K
S, »

where P, denotes the maximum transmit power and 7, represents the allowable average channel
estimation overhead. Note that in the evaluation, we demonstrate that each of the two objectives
considered by itself leads to substantially different beamforming strategies. The problem is
converted into a single-objective optimization problem through scalarization [31] as follows:

max  ga(f o)
k> 4k (9)

s.t. (7), (8),

in which the objective function is chosen to be a weighted sum of the two objectives, given by:

E [Ri| £y ar]

- — (1 — @)Pr(Ry < Ruin|f @), (10)

9o(Froar) = @

where @ € [0, 1] is a design parameter, which balances the two objectives. In order to make
the two metrics comparable, in (10), the expected data rate is normalized by R,,.., which is an

approximation of the maximum expected rate [32]. This makes both objectives in the weighted



sum dimensionless values between 0 and 1. R, is chosen to be the achievable rate with perfect
CSI available at the transmitter. Hence, it is obtained as follows:
Panaxn®(d
Ripax = W10g2 (1 + #) :
o

n

Y

In the following two sections, the optimization problem in (9) is split into two subproblems,
optimizing the beamforming vector f, first, and then deriving a dynamic condition that triggers

the pilot measurements by optimizing the channel estimation variable gy.

IITI. RELIABLE VARIABLE-BEAMWIDTH PRECODING

Given that the BS’s location is fixed, we assume that the UE is aware of its own position
relative to the BS, i.e., the current AoA ¢, is available at the UE. Thus, the UE will apply
maximum ratio combining to the received signal, so that:

_ ar,k(gpr,k) (12)
@ (el

W

Note that when ¢, = 1, i.e., a new channel measurement has been performed at the beginning
of time step k and, hence, the BS is assumed to have perfect CSI, a maximum ratio transmitting
strategy would be optimal. Therefore, in the following, we solve the precoding optimization
problem for the case of imperfect CSI, i.e., under the assumption g, = 0 with the overhead
constraint (8) becoming irrelevant for this subproblem. Similarly, since the rate is always zero
when a blockage occurs, i.e., 7, = 0, blockages can be ignored during the beamforming
optimization. The optimization of ¢, including blockages is covered in Section IV-A. Thus,

with these assumptions and the combiner in (12), the subproblem for beamforming optimization

can be written as:

max 9o (e = 0)
g (13)

s.t. (7),

while the rate expression in (3) reduces to

2(d
R;, = Wlog, (1 47 égk) \af(got,k)m?) . (14)

n

Note that (13) is a challenging problem, since it is non-convex and the expectation operator
in the objective function cannot be solved in closed form. Additionally, the optimal precoder

highly depends on the communication distance and the AoD distribution, which requires constant
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Fig. 3: Tllustration of beam misalignment induced by user mobility.

recalculation while the UE is moving. Therefore, in what follows, we propose a parameterized
precoder based on two real-valued scalar parameters to control the width and shape of the beam,
respectively. Besides reducing complexity and improving scalability of the optimization, this
allows us to precalculate a look-up table for the beam parameters, which can be used during
communication. The parameterization is based on the idea, that the tradeoff between increasing
communication range on the one hand and improving robustness towards AoD uncertainty on
the other hand can be tackled by dynamic beamwidth adaptation.

Figure 3 illustrates the potential benefit from variable-beamwidth precoding in the presence
of user mobility. As the UE moves from position p,_; to p,, the BS’s estimate of the UE’s
position at time step k is P,. Forming a narrow beam (shown in blue) toward the expected user
direction would most likely lead to an outage as the transmit and receive beams are misaligned
and very low power is recieved by the UE. However, when forming a wider beam (shown in
red), the UE’s actual direction would still be covered by the main lobe, making communication
more reliable despite AoD uncertainty. In particular, we expect a wider beam to be more robust
if the AoD estimation error variance is high, while a narrow beam should be preferred when the
AoD estimation is sufficiently accurate. However, since the THz band suffers from particularly
severe path loss depending on the distance d; and the molecular absorption coefficient, ensuring
sufficiently high signal strength at the receiver is also a key factor in the beamformer design.
Hence, we are facing a tradeoff between increasing the probability of covering the user and
enhancing the received signal strength. We tackle this challenge by considering the optimization

problem (13) with a parameterized variable beamwidth precoder, which we propose next.

Remark 1. As previously explained, we propose a parameterization of the precoder for
computational complexity and scalability reasons. However, to justify the accuracy of our

parameterization, we also solve (13) for a general beamforming vector f,, and compare the



achievable Pareto region of the general and the parameterized solution in the simulation section.
To find a local optimum of the general problem, we apply gradient ascent method. However,
since (13) is a non-convex problem, the numerical optimization leads to different local optima
depending on the initialization of f,. Therefore, we repeat the gradient ascent for different initial
values and pick the best locally optimal solution. Although we cannot claim our general solution
to be a global optimum, we gain insights regarding the achievability region and validate the

usefulness of our parameterization.

A. Adaptive Beamwidth Precoder

In this section, we derive a dynamic beamwidth adaptation scheme based on a parameterized
precoder. Notice that a wide beam can be formed by adding up multiple beams, which are slightly
offset from the expected UE’s direction, as it has been done for a multi-resolution codebook
design in [33]. In contrast to [33], we sum up infinitely many beams within a certain angular

range parameterized by v € [0, 1], which leads to a precoder of the following form:

v

fv,w) = % / u(@, §)edg, (15)

—v

where [ is a scaling factor that ensures the transmit power constraint and
w(,€) = [1, @0 ejn(N—l)(sin(@)—@]T, (16)

The additional phase shift given by the parameter w helps optimize the beam shape. Hence, the

n-th component of the precoding vector can be determined in closed form, as follows:

v

[f(v,w)], = %/ I ™In(@)=8) o ¢

—v

B ej(w—frn)v . e—j(w—ﬂn)v

— jrnsin(Q) 17
2v j(w —mn) ¢ {1n
=p

sin ((W - 7T7’L)"U) ejwnsin(gé)

(w—mn)v
Note that this beamforming structure is related to the Slepian sequence used for bandpass filter
design, where the energy within a certain frequency interval is maximized [33].

We adopt the precoder (17) when considering the optimization problem (13). In particular,



when inserting (17) and (1) in (14), we obtain the following rate expression:
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where €, = ¢y, — P 18 the AoD estimation error with PDF given in (5). Hence, the optimization

problem (13) reduces to:
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Next, we derive the approximate expressions for the two objectives, namely the expected rate
and the outage probability, before numerically solving (19).

First, we assume dj, ~ d;, and consider only the distribution of the AoD when applying the
expectation operator to the data rate in (18). However, the expectation can still not be easily
solved in closed form and is therefore calculated numerically using an integral expression. Note
that when maximizing the expected data rate, the optimal beam parameters depend on the SNR
(including transmission power, path loss and noise power) as well as the distribution of the AoD

¢t,k- In order to enable a low-complexity look-up table based offline calculation of the optimal

2

beamformer, we combine the AoD estimate ¢;; and the AoD error variance o

in a single
variable by means of the following approximation: Under the assumption that ¢ is small, and

utilizing the approximations sin(z) =~ = and cos(z) ~ 1 for very small x, we have:

sin(p) — sin(¢ + €) = sin(p) — [sin(@) cos(e) + cos(P) sin(e)] & cos(P)e. (20)

Let &, = cos(@yx)ex. Then, &, ~ N(0,62 ) with 62 = cos(pyx)?02, . Hence, the expected rate
can be written as:

Ne—1 2

Z sin ((wy — m™n)vy) ey

" n B2 (dy)
(wr — ™) vg

E[Ry] ~ W log, | 1

= )dE . 21
o NtU% gk(ffk) Ek (21)

Next, we consider the outage probability. Since a closed form expression cannot be easily

obtained, we use a logistic function based approximation as objective instead [34]:

1

[1 + exp(—0( Runin — Rk))] ) (22)

Pout,lc - Pr(Rk < Rmin) ~E



where 6 is a smoothness parameter to adjust the approximation error. Hence, with (18) and (20),

we approximate the outage probability as follows:
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Using both (21) and (23), we solve Problem (19) using a particle swarm optimization method
[35]. The optimal beam parameters v, and wy can be computed for varying oz, and d in advance,
so that a look-up table can be used for beamforming. Thus, the computational complexity of the

numerical optimization is not considered detrimental to the communication performance.

Remark 2. Note that, since the parameterized precoding structure in (17) is based on a sinc-

function,

[f(v,w)],,| can be very small for some antennas, due to the zeros of the sinc-function
and its decreasing envelope. As a result, some of the antennas will transmit with very low power
and, hence, their impact on the beam is insignificant. As a consequence, the energy consumption
that is necessary to operate the antenna array can possibly be reduced by applying a simple
threshold-based dynamic antenna selection strategy and thereby reducing the number of active
antennas. As an example, assume that the beam parameters are v = 0.1 and w = 0 and the
ULA consists of Ny = 64 elements. Then, if we decide to turn off all antenna elements that are
supposed to transmit less than 5% of the maximum power allocated to a single antenna, only
39 elements would be activated. Thus, in this example, the number of active antennas could be

reduced by almost 40%, without significantly affecting the communication performance.

In the following section, we propose a solution to the optimization of g in problem (9) and

suggest an algorithm for the overall tracking and transmission procedure.

IV. EVENT-BASED TRACKING ALGORITHM
A. Event trigger

Recall that ¢, is a binary variable that is equal to one when a new channel estimation is
performed, and equal to zero otherwise. In other words, we assume to have perfect CSI available

at the BS when ¢, = 1 and outdated CSI with a Gaussian distributed user position error if g, = 0.



Thus, while evaluating the objective function for these two cases is manageable, the challenge
for solving problem (9) lies in the long-term average overhead constraint (8). To handle this
constraint, we use the Lyapunov optimization framework [36], which involves defining a virtual
queue that indicates the current deviation from the time-average constraint. Subsequently, this
virtual queue is stabilized via Lyapunov optimization, which ensures compliance with the long-

term constraint. Hence, for our problem, we define a virtual queue Z with Z; = 0 as follows:
Zy =max{0, Zy_1 +qr — rq}- (24)
The corresponding Lyapunov function is given as L(Z;) = %Z,f Thus, the Lyapunov drift is

A(Zy) = E[L(Zy) — L(Zy-1)|Zk]
1 (25)

S(ar — Tq>2

= E Zk_l(qk — Tq) -+ 5

Furthermore, let Ggfzp) = maxy, go(Fy, g = 0) be the optimal value of the objective function
given that imperfect CSI with distribution determined by o, is available at the BS, whereas
G(()E),g = maxy, go(fr,qx = 1) denotes the best achievable value of the objective function under
the assumption of perfect channel knowledge. Then, the subproblem of optimizing ¢; in (9) can

be formulated as: ‘
max quS)k + (1 — qk)Gngp) — uA(Zy)

(26)

Here, 1 > 0 is a predefined weighting parameter. Note that constraint (7) is independent of gy

and can be neglected in this subproblem. Hence, the solution of (26) is obtained by:

1 if Zp g —rqt+ i<t (GSL GU)

Q 27)

0 otherwise.

Note that (27) is based on a dynamic condition that adapts to the system state and hence differs
from other state-of-the-art approaches that are based on a fixed threshold.
Let prr = P(v = 0]y,—1) be the instantaneous blockage probability estimated by the BS at

time step £ as given in (4). Then, with (11), we have:

H}aX ]E[Rk|(]k = 1] = (1 _pb,k)Rmax-
k
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Fig. 4: Flow diagram showing the tracking algorithm, including event-based pilot transmission and handovers.

Hence, the objective function value with perfect CSI at the BS is obtained by:

1 max 2 é )
Q= Dok if Wlog <1+—P ;’(‘“>2Rmin
Gg’}k — ? i (28)

(1 —ppr)a— (1 —a) otherwise.

The objective function with imperfect CSI GS?;P) is computed based on (21) and (23) using the

optimal beam parameters corresponding to o, and dj. Note that these can be precalculated and

saved in a look-up table along with the corresponding objective function values.

B. Tracking Algorithm

Next, we present our framework for the beam tracking and data transmission procedure,
including the previously proposed robust beamforming and event-based channel estimation
schemes. The dynamic beamwidth adaptation method improves reliable communication despite
outdated CSI, i.e., tolerating a higher AoD uncertainty than non-robust beamforming, and
therefore enables less frequent channel estimation. However, since the variability of the channel
caused by user mobility is not uniform in general, we optimized the time steps at which channel
estimation should be performed to ensure timely CSI updates without violating the predefined
acceptable amount of overhead on average. However, communication outages can still take place
for different reasons, namely dynamic blockage, beam misalignment or exceeding the BS’s THz
communication range. These events require appropriate reactions, like initiating a new channel

estimation, adapting the beamformer or conducting a BS handover. Therefore, in the following,
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TABLE I: Parameters used for the simulations, if not stated otherwise.

Number of ULA antenna elements N; (IV;) 64 (16) Bandwidth W 10 GHz
Operating Frequency f 300 GHz Density of dynamic blockers A\g | 0.3 m~!
Molecular Absorption Coefficient K (f) 0.0012 m~t || Velocity of dynamic blockers vg | 1 m/s
Transmit power Py 30 dBm Height of BS hgg 3.5 m

Noise power spectral density -174 dBm/Hz Height of UE hyg 1.5 m

Time slot duration T 50 ms Height of blockers hp 1.8 m

RW step size standard deviation oy, 0.05 m Unblocking rate up 357!

our proposed two-fold scheme is embedded into a communication and tracking procedure.

The overall tracking algorithm is shown in Figure 4. When the considered UE is assigned to
a BS, the BS obtains the current position of the UE through pilot signal measurements. After
successful channel estimation, beam alignment is performed and data is transmitted with rate
Rpyin. At the end of a time slot, the BS receives a feedback, whether or not decoding was
successful at the UE (ACK/NACK signal). We assume that decoding fails only if the actual
data rate Rj supported by the channel is less than the transmit data rate R?,,;,. Note that this
can happen due to either beam misalignment or blockage, or both. If an outage occurs, i.e., the
BS received a NACK signal, another pilot signal transmission is invoked to realign the beam.
We assume that in case of a blockage event, the channel estimation will fail. In this case, a
handover is initiated to assign the UE to a different BS, which is not currently affected by
a dynamic blocker. We then switch our perspective to the new serving BS and from then on
consider the transmission of the new tagged BS-UE pair. Otherwise, when the transmitted signal
can be successfully decoded by the UE, i.e., the BS received an ACK signal, the event-triggering
condition (27) is checked after each time slot. As long as no pilot transmission event is triggered,

the BS will adapt the beamformer and continue to transmit data in the next time slot.

V. SIMULATION RESULTS AND ANALYSIS

The performance of our scheme is now evaluated via simulations. Unless stated otherwise, the
main simulation parameters in Table I are used. First, we analyze the performance of our adaptive
beamwidth precoding scheme based on Monte-Carlo simulations with given AoD uncertainty.
After that, the beamforming is embedded into a beam tracking scenario including random walk

user mobility for performance evaluation of our proposed event-based tracking approach.

A. Beamforming Scheme

We first examine the performance of our variable-beamwidth precoding scheme proposed in

Section III. We identify the Pareto boundary by numerically solving the optimization problem
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Fig. 5: (a) Pareto boundary and feasible region of the generally optimized beamformer and the achievable region
of the proposed parameterized beamformer, with R;, = 5 Gbps, d = 8 m, and oz = 1.5°. (b) Beam pattern with
optimized parameters corresponding to the three points marked in (a) in comparison to the non-robust beam.

(13) with a general precoder as described in Remark 1 for varying weight parameter «. In Figure
5(a), we compare the achievable region of our parameterized beamformer with the general Pareto
region for a BS-UE distance of d = 8 m and AoD standard deviation o = 1.5°. Recall that
a = 0 corresponds to minimizing the outage probability, whereas o = 1 is maximizing the
expected rate. In fact, the maximum expected rate and minimum outage probability are opposing
objectives, i.e., increasing the rate expectation comes at the cost of a higher outage probability,
while reducing outages entails a loss in expected rate. Each of the two objectives alone lead to
substantially different beamforming strategies. When minimizing the outage probability (a = 0),
the expected rate reduces by one third. Maximizing the expected rate (o = 1) leads to an increase
of the outage probability by a factor of more than 20. Note that when « is close to one, we
have to accept a much higher outage probability for a relatively small gain in terms of expected
rate. The opposite effect is observed when « is close to zero. This motivates considering a
multi-objective optimization problem in order to balance the two objectives.

Although our proposed parameterized approach does not fully achieve the Pareto region of
a general beamformer, it is shown to clearly be a useful approximation despite its complexity
being much lower. Especially for higher values of « (i.e., higher weighting of the expected
rate), the gap between the parameterized and the general solution is negligible. The biggest
performance gap is observed in the area around o = 0.5 when both objectives are balanced. In
particular, the parameterization results in an average rate loss of about 0.27 Gbps at most, which
corresponds to a rate reduction of approximately 3.4%, whereas the outage probability increases

by up to 0.018, i.e., by around 25% at most. Hence, the performance loss of the parameterized
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Fig. 6: Contour plot of the optimized beamwidth parameter v as a function of distance and AoD deviation o, for
o =1 and o = 0. Larger values of v lead to a wider beam, while v = 0 corresponds to the non-robust beamformer.

beamformer mostly stems from the outage probability minimization.

In Figure 5(b), the beam pattern of the optimized parameterized beams is shown for three
cases, namely « € {0,0.6,1} in comparison to the non-robust beam. As we can see, the beam
gets wider as we take greater account of the outage probability, i.e., as o decreases. However,
even for o« = 1 the chosen beam is wider than the non-robust beam. Besides that, we notice that
the beam also gets flatter when « decreases. The reason for that effect lies in the threshold-based
definition of outage probability, meaning that outages are reduced when the beam gain is above
a threshold for most channel realizations, while the actual value of the gain is less relevant.

Figure 6 shows the optimal beamwidth parameter v that solves (19) for different BS-UE
distances d and angular deviation oz for the two marginal cases a« = 1 (Fig. 6(a)) and
a = 0 (Fig. 6(b)). Since v is directly related to the beamwidth, we gain insights on how the
optimal beamwidth changes in different scenarios. While v = 0 corresponds to the non-robust
beamformer, i.e., a narrow beam, a larger value of v leads to a wider beam. Hence, from Figure
6(a), we observe that when maximizing the expected rate, the most prominent factor leading to
a wider beam is a higher oz. Indeed, when the position of the UE is subject to more fluctuation
a wider beam is necessary to cover any prospective and sudden changes in the UE’s position.
Additionally, the figure also shows that when the distance is small, relying on beamforming to
concentrate the power and compensate for the THz propagation loss is not as necessary as for
longer distances, i.e., a wide beam is more beneficial to increase robustness when the user is
sufficiently close to the BS. For instance, with an AoD standard deviation of oz = 8° the optimal

beamwidth parameter is 0.1 if the UE is at 8 m distance, but increases to 0.2 if the distance is
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only 2 m. Clearly, beamforming is inevitable when the power needs to be sustained for a longer
range at THz frequency bands. Intuitively, this represents the tradeoff between increasing the
probability of coverage with a wider beam when the user’s position is uncertain and increasing
directivity to enhance the received signal strength when facing severe path loss in the THz band.

In Figure 6(b), when minimizing the outage probability, we again observe an increase in
beamwidth for higher AoD uncertainty and a decreasing beamwidth for higher communication
distance. However, it is clear that both objectives require significantly different beamforming
strategies. More specifically, for the most part, outage probability minimization leads to
substantially wider beams than expected rate maximization, especially for lower communication
distances (below 5m). When the channel gain is sufficiently high, the transmission power can
be spread more widely without causing an outage and hence, the outage probability is reduced.
However, a higher gain in the directions that are most likely is beneficial when considering the
expected rate, hence, a moderate beamwidth is preferred in this case. In addition to that, Figure
6(b) shows that for higher AoD uncertainty, the beamwidth depends almost exclusively on the
communication distance, i.e., the contour lines become nearly vertical. For instance, at a distance
of 4 m the optimal value for v first increases with growing AoD uncertainty, but remains at a
value close to 0.3 for oz > 6°. The intuition behind that follows from the fact that as soon as
the AoD uncertainty becomes detrimental to the outage probability, making the beam as wide as
possible is beneficial. Here, despite an increase in the AoD uncertainty, the beamwidth cannot be
further increased. Meanwhile, when the communication distance is higher, narrowing the beams
is necessary to prevent outages due to the high path loss in the THz band.

Figure 7 showcases the effect of molecular absorption on our proposed beamforming scheme.
The optimal beamwidth for maximizing expected rate and minimizing outage probability are
shown for the frequency range [300 GHz, 350 GHz] in Fig. 7(a). Note that there is an absorption
line at around 325 GHz caused by the absorption of the water molecules [22]. Here, the frequency
band surrounding the absorption line necessitates a much narrower beam to compensate for three
THz-specific factors, namely, the THz space path loss, the molecular absorption effect, and re-
radiation noise. As a result, the beamforming strategy differs substantially for the two objectives.
While the absorption line clearly has an impact in both cases, it is much more pronounced when
the outage probability is considered as our objective. Since all channel realizations are affected
equally by molecular absorption, a small beam adjustment is sufficient when considering expected

rate, while the beamwidth parameter is more than halved when optimizing the outage probability
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Fig. 7: Impact of molecular absorption on the optimal beamwidth parameter and outage probability with Ry, = 5

Gbps, shown for outage probability minimization (blue curves) and expected rate maximization (red curves). For
both transmission distances of 5 m (solid lines) and 10 m (dashed lines), the misalignment standard deviation is
35 cm, which is equivalent to 4° and 2° in terms of AoD deviation, respectively.

in order to meet the rate requirement within the main lobe. Furthermore, with good channel
conditions, the outage probability objective benefits from a wider beam to prevent misalignment.
However, in contrast to mmWave, the channel is heavily affected by molecular absorption. Here,
the severe path loss becomes the main reason for outages (e.g. at d = 10 m and f = 325 GHz).
Hence, narrowing the beam (even more than in the expected rate-focused scheme) becomes
a preferred strategy with respect to outage probability. Figure 7(b) shows the probability of
the data rate dropping below the target rate of 5 Gbps. Since the outage probability is clearly
affected by molecular absorption, optimizing the beamwidth is essential, especially for smaller
communication distances, which are common in THz systems, and where the same movement
leads to higher AoD deviation. Note that maximizing the expected rate can still lead to many
outages caused by misalignment. Furthermore, at a transmission distance of 10 m, we observe that
even relatively small changes of the beamwidth can significantly impact the outage probability.

Figure 8 compares our proposed parameterized beamformer to non-robust beamforming and
the following two variable-beamwidth benchmark schemes proposed for mmWave systems:

a) Chirp-sequence-based Beamformer [17]: The authors in [17] proposed a beamforming
scheme based on Zadoff-Chu-sequences with a parameter, that adjusts the beamwidth and is
numerically calculated so that the expected data rate is maximized. In order to modify the shape
of the beam, the authors suggest to additionally apply a triangular window to the precoder.

However, they do not propose a strategy on how to optimally select the window. Therefore, we



25

1 —
E —— non-robust

M —e—proposed, oo =0
proposed, o = 1

—— chirp-seq. [17]

- PAA [18]

15\ ——non-robust
\ —e—proposed, o = 0
proposed, a =1
—— chirp-seq. [17]
) PAA [18]

\

E[R] (Gbps)

<

=~
T
X
Il

Outage probability
o
(=)

&\R\i
— 0.2 F 5
0 e
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
AoD standard deviation oz (deg) AoD standard deviation oz (deg)
(a) Expected rate (b) Outage probability

Fig. 8: Expected rate and outage probability as a function of the AoD standard deviation for a communication
distance of d = 8 m and target rate R,,;; = 5 Gbps. The curves show our proposed beamforming scheme for the
marginal cases o = 0 and o = 1, compared to non-robust beamforming and two baseline schemes.

omit the use of windowing when comparing this scheme to our proposed approach.

b) Partial Antenna Array Activation [18]: The authors in [18] suggest to only activate
part of the antenna array in order to form a wider beam. The number of active antennas is
determined based on a heuristic, so that the half-power beamwidth approximately covers the
range [$—o., p+o.|. Note that different from our scheme and the one from [17], the beamwidth
is completely independent of the SNR and path loss.

We analyze the expected rate and the outage probability as a function of the AoD standard
deviation for a fixed communication distance of d = 8 m in the Figures 8(a) and 8(b), respectively.
While the expected rate decreases with growing AoD uncertainty for all schemes, Figure 8(a)
demonstrates the superiority of our proposed approach with & = 1 in terms of the expected
rate for all oz. Note that our scheme with o = 0, where outage probability is the only objective
considered, achieves a much lower average rate than all baselines for oz < 2.5°, but converges to
the expected rate achieved by the scheme with @ = 1 as o increases. The chirp-sequence based
approach from [17], which also aims at maximizing the expected rate, performes similar to the
non-robust beamformer when o; is low, and only converges to the rate achieved by our proposed
scheme for higher AoD uncertainty (oz > 4°). The partial antenna activation scheme [18] is
based on a heuristic and neither maximizing expected rate nor minimizing outage probability
explicitly. In terms of rate expectation, it is shown to be just slightly better than the non-robust
beamforming, with a gap of around 0.6 Gbps to our proposed scheme. Figure 8(b) compares
the outage probability of the respective beamforming approaches. Here, our proposed scheme

with o = 0, in which the outage probability is minimized, proves to be superior to all baselines
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Fig. 9: Illustration of the event-based tracking procedure with r, = 0.05 and target rate R.;, = 10 Gbps: (a)
Example of achievable data rate over time with corresponding pilot transmission event times, (b) CDF of the data
rates achieved by our proposed scheme compared to a non-robust baseline with periodic pilot transmission.

for all o:. Most significantly, for o < 1.5°, it has a considerably smaller slope than all other
schemes, and up to oz = 3°, the gap in outage probability is around 0.2. Note that none of the

benchmark schemes are designed to minimize outage probability.

B. Beam Tracking Simulation

Next, we simulate the beam tracking scenario considering a random walk of the UE and
parameters in Table I. In Figure 9, we analyze the achievable rates when using our proposed
beamforming scheme combined with the proposed event-based tracking scheme according to (27)
with ;o = 0.5 and average overhead limitation r, = 0.05, while the target rate is set to R, = 10
Gbps. Figure 9(a) illustrates the event-triggering behaviour for a period of 600 time steps. The
upper graph shows the rate with perfect CSI as expected by the BS, namely R,,.x, as well as the
actual achievable rate with the selected beamformer (as in Section III-A with o = 0.6), denoted
by Rj. Note that R,,.x stays constant in between channel estimation events. The bottom graph
shows the corresponding event times given by ¢;. While a nearly periodic pilot pattern can be
observed for certain time spans (e.g. k£ € [500,600]), the channel estimation events occur in a
non-uniform manner in general. In particular, when an outage occurs (represented by a black
diamond shape), i.e., R drops below the target rate R.,;,, a new channel estimation is initiated.
A handover is performed to handle blockages (depicted as a red circle). In the evaluation, we
pick a serving BS at a random position in the range of 3 to 7 meters apart from the user to
simulate a handover. Note that these immediate reactions to outage and blockage events lead to

an increase in overhead, which can be observed, e.g., k € [0,70], as well as around k = 170
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and £ = 205. In the subsequent time steps, the interval between pilot transmission events is
increased to compensate for the excess overhead. Furthermore, the user’s relative position to the
BS has an impact on the frequency of pilot events as well. This phenomenon can be observed at
k = 205, where a blockage event induces a handover to a BS that is better placed and allows for
much longer intervals between pilots. This event-based scheme makes the data transmission more
efficient, since the system can prevent outages resulting from beam misalignment by performing
regular channel estimations, while still being able to immediately react to outage and blockage
events without violating the average overhead constraint in the long term.

Next, 9(b) shows the cumulative distribution function (CDF) of the data rates achieved by
the proposed beamforming and tracking scheme for the two special cases & = 0 and o = 1,
compared with a basic non-robust beamformer with periodic pilot measurements. The CDF of
our proposed event-based approach with v = 1 is below the non-robust CDF for low data rates
(below 13 Gbps). This is a result of the fact that our variable beamwidth precoder exhibits a
smaller prospect for a low data rate, which is reduced even further by the event-based tracking
approach. Meanwhile, the CDF of our proposed event-based scheme grows above the non-robust
CDF beyond 13 Gbps since very high data rates (higher than 30 Gbps) are also less likely. For
our proposed scheme with o = 0, which minimizes the outage probability, the CDF is the lowest
for data rates below the target rate R,,;,, but then rapidly grows above the other CDFs. When
this scheme is applied, most data rates lie between 10 and 15 Gbps. Although the non-robust
baseline enables more high data rates (above 30 Gbps) than our proposed schemes, there are
also much more low rates in this case. More precisely, around 30% of the rates are below the
target rate of 10 Gbps with the non-robust scheme, while this is the case for only 3% (o = 0)
and 6% (o = 1) of the rates achieved with the other two schemes.

Since we are interested in reliable communication, we study the relation between the frequency
of outage events and pilot transmission overhead in Figure 10 and study the efficiency of our
event-based channel estimation scheme compared to periodic pilot transmission. It is demon-
strated, that although our proposed beamformer as well as the event-based tracking approach,
when used individually, can significantly reduce the amount of outages compared to non-robust
periodic tracking, a combination of both proposed schemes enables much more reliable and
efficient communication. With periodic channel estimation, our proposed beamforming scheme
with &« = 0.6 reduces the amount of outages by more than 50% compared to non-robust

beamforming. When applying the proposed event-triggered scheme, the actual average overhead
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Fig. 10: Outage probability as a function of average overhead for a beam tracking simulation over 100000 time
steps, with target rate Ry, = 10 Gbps, aw = 0.6 and an overhead constraint with r4 € {0.05, 0.667, 0.1, 0.2}.

can differ from the selected r,. In fact, with the event-based, but non-robust scheme the average
overhead is at least 0.083, i.e., there is no feasible solution when r, is below this value.
This is because the tracking procedure in Figure 4 enforces pilot signal transmission following
each outage event regardless of the overhead constraint. With the combination of the proposed
precoding and event-based tracking scheme, however, the average overhead is far below r.
Moreover, the outage probability is substantially lower than in all other cases, namely below
3% for all r,. Indeed, an outage probability slightly below 3% is achieved by the proposed
combined scheme with one pilot event every 23 time steps on average, while the proposed
BF with periodic channel estimation requires one pilot event every 5 time steps to achieve the
same. Hence, we prove that the combination of our proposed beamwidth adaptation approach
and an event-triggered tracking scheme significantly improves communication reliability, while

requiring substantially less overhead on average.

VI. CONCLUSION

In this paper, we have proposed a reliable low-overhead communication scheme for a beam
tracking scenario in the THz frequency band. Given the adoption of narrow pencil beams at
THz communication links, beam misalignment is a fundamental challenge for mobile users that
needs to be addressed. Consequently, in this work, we scrutinize the tradeoff between increasing
coverage probability and supporting a considerable communication range at THz frequencies.
In particular, we have formulated a multi-objective optimization problem that maximizes the
expected data rate and minimizes the outage probability. We have proposed a dynamic beamwidth
adaptation scheme based on a parameterized precoder. In order to maintain a low channel

estimation overhead, an event-based tracking scheme has been presented, which dynamically
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adjusts the pilot transmission intervals in the presence of user mobility and dynamic blockage.

Simulation results show that our proposed precoder outperforms state of the art adjustable

beamwidth approaches. Our scheme has been shown to significantly reduce the amount of

communication outages without violating restrictions on the average overhead.
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