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Beam-Tracking Challenges in THz
Communications
Giorgos Stratidakis, Sotiris Droulias and Angeliki Alexiou∗

Abstract: In recent years, the demand for high data rates has
increased drastically. In response to this increasing demand, higher
frequencies, such as millimeter wave (mmWave) and terahertz
(THz) have been considered that offermuch larger bandwidth and
potentially much higher data rates. Nevertheless, with the increase
in frequency, the pathloss increases significantly, with the non-
line-of-sight (nLoS) incurring attenuation levels that can dramat-
ically reduce the quality of a wireless link. The use of directional
antennas to counteract the increased pathloss is widely accepted.
However, highly directional beams are prone to misalignment and
amethod to track the tracking object (TO) of the link with consis-
tency, accuracy and low overhead is needed. To this end, the design
of beam-tracking algorithms has been proposed. In this work, the
main parameters that affect the reliability of beam-tracking are
presented alongwith the challenges that beam-tracking algorithms
need to address. Furthermore, the performancemerits with respect
to three reliability parameters are presented in the case of a simple
beam-tracking algorithm.
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1. Introduction

For a link to be established with directional antennas, they must
be properly aligned or the received power will be reduced which
can lead to outage [1–3]. If both the transmitter (TX) and receiver
(RX) are static, the alignment of their antennas is simple as it
can be done once and make corrective actions to fix any future
misalignment (caused by earthquakes, wind, etc). On the other
hand, if either the TX or RX is mobile, and at least one of them
is equipped with a directional antenna, the one with directional
antenna requires a method to track the direction of the other part
of the link in order to properly align the beam (or beams). This
can be realized with either localization or beam-training/tracking.
Localization, beam-training and tracking must be highly accurate
for the misalignment to be low and the received power high. The
accuracy threshold is dependent on the half-power beamwidth
(HPBW) of the beams and is not universal. For example, a local-
ization or beam-training/tracking error that leads to a directional
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error of 5◦ can be acceptable with an HPBW of 10◦ but not with
an HPBW of 2◦. In other words, the narrower the HPBW the
lower the acceptable directional error. Depending on the scenario,
localization may require additional equipment (e.g. sensors) and
is not always accurate enough by itself. Beam-training offers high
reliability at the cost of increased overhead. Beam-tracking aims
to offer the same reliability with beam-training but with reduced
overhead [4, 5]. To do this a prediction is used, which requires
a number of pre-acquired samples to begin. These samples are
acquired through beam-training or localization. The accuracy of
the prediction depends on the trajectory type of the user equip-
ment (UE) motion in relation to the access point (AP) location.
The direction of the UE motion affects the perception of the
directional/angular variations relative to the tracker. For example,
there are no angular variations if theUEmoves towards the tracker
in a straight line. The speed and AP-UE distance are closely related
as the closer theUE is to theAP the faster it appears tomove for this
AP andvice versa.The trajectory of theUEdirectly affects the accu-
racy of the prediction as any abrupt changes in direction can make
the prediction fail. Furthermore, the sampling rate of the trajectory
by the tracker affects the mapping resolution of the trajectory,
which in turn affects the prediction accuracy. For example, with
low sampling rate the mapped trajectory resembles random points
in the area. With high sampling rate, the mapped trajectory begins
to resemble the actual trajectory. With very high sampling rate and
assuming there are no estimation errors, the mapped and actual
trajectories are identical. However, with increased sampling rate
comes an increased tracking overhead that decreases the data trans-
mission time. Finally, blockage can disrupt communication [6, 7],
and therefore the beam-tracking process and make the prediction
fail as it creates blanks in the mapped trajectory.

In this work, the parameters that affect the beam-tracking
reliability are identified, including the obvious ones such as the
UE motion, the area geometry, tracking orientation frequency
and some less obvious such as the antenna orientation of the
UE. Furthermore, a simple beam-tracking algorithm is introduced,
along with some simple solutions that counteract the random-
ness of the angular variations of the user’s motion. Finally, the
performance of the presented solutions is presented and compared
through simulations.

2. System Model

In thiswork a typicalTHzmassivemultiple-inputmultiple-output
(MIMO) system is considered, with one tracker and one TO as
shown in Figure 1. The tracker is equipped with a directional
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Figure 1.
System model of an indoor scenario with 1 AP, and 1 UE. The
dashed lines depict the orientation of the AP and UE antennas.
The straight solid lines depict the horizontal axis from which the
orientation angles θor,AP and θor,UE are estimated. The angles θAP
and θUE are the angles that the beam-tracking process attempts
to estimate. As the user turns the antenna orientation of the UE
changes from θor,UE1 to θor,UE2. Therefore the direction of the
beam changes but the angle θUE stays the same.

antenna of N antenna elements, and the TO with an omnidirec-
tional antenna. Assuming that there is no blockage, the baseband
equivalent received signal vector for the TO can be obtained as

y = hHWk
HPs + n, (1)

where h ∈ N × 1, W ∈ N × N and P ∈ N × 1 stand for
the MIMO channel vector, the codebook matrix and the digital
precoding vector.Moreover, sdenotes the transmitted signal vector
with normalized power, and n ∼ CN (0, σ2I) indicates the
additive Gaussian noise (AWGN) vector. In this work, the Saleh-
Valenzuela channel model is adopted [8]. In THz frequencies scat-
tering induces more than 20 dB attenuation in the nLoS compo-
nents [9], and therefore only the LoS component is taken into
account, which is multiplicative to the array steering vector

a(ψ) = 1
√
N

[e−j2πψm], (2)

wherem ∈ [−N−1
2 , N−1

2 ]. The spatial direction can be calculated

as ψ ≜
d
λ
sin(θ), where θ is the actual direction of the TO, d is the

spacing between the antenna elements, and λ is the wavelength. It
is assumed that d = λ/2.

3. Frame Structure

A widely used generic frame structure for THz communications
consists of multiple timeslots, the first of which are occupied by
the beam-racking and channel estimation procedures, followed by

the data transmission [10]. The beam-tracking timeslot includes
the entire beam-tracking process, such as coarse beam-tracking
and angle estimation phases [11], or beam-tracking and localiza-
tion [12]. The frame begins with the beam-tracking procedure to
find the direction of the TO, which is followed by the channel
estimation in the direction estimated by the tracking process and
then the data transmission. The duration of beam-tracking must
be shorter than the duration of the data transmission for the beam-
tracking efficiency to be high.

4. Reliability Parameters

The parameters that affect the reliability of beam-tracking can be
divided into twomain categories, the ones that affect the trajectory
mapping resolution, and the ones that affect the angular resolution
as shown in Figure 2. Specifically, the trajectory mapping resolu-
tion refers to the successful tracking of the trajectory (either loca-
tion or angular) of the UEmotion, which is affected by the predic-
tion of the location/direction of the TO by the tracker, and the
angular scanning area. The accuracy of the prediction is affected by
the angular variation of the UE motion, the prediction algorithm
and the tracking estimation frequency. The angular variation
expresses how fast the direction of the TO changes in relation to
the position of the tracker and the tracking estimation frequency,
expresses howoften the tracking process is performed.The angular
variation is the result of the UE motion (speed, direction, and
trajectory type), in relation to the location of the AP, i.e. the point
of view (POV) of the AP (see Figure 3) if the AP is tracking the
UE, and the direction of the UE motion. In the case of the UE
tracking the AP, the point of view of the UE is affected greatly by
the antenna orientation of the UE which changes along with the
direction of the UE motion. Furthermore, the UE motion can be
limitedby the environment and inparticular the area geometry. For
example, the UEmotion is more limited in a narrow corridor than
in an open area such as a mall. The limited motion in a corridor,
along with the appropriate placement of the AP translates to small
angular variation and as a result, small prediction errors, which are
easy to compensate for. The trajectory type refers to UE moving
in a linear way, or a more complex way with fast direction changes
(or trajectory variation) as shown in Figure 4(a). As expected, the
trajectory type of the UE motion affects the angular variations in
a direct way as shown in Figure 4(b) and (c), where the angular
variation from the point of view of a static and a mobile tracker
is presented. If the UE uses a location prediction for the location
of the AP, the changes in the antenna orientation of the UE must
be known to the UE. The tracking estimation frequency affects
the continuity of the trajectory that is perceived by the tracker and
the detected angular variations. In other words, it is the sampling
rate of the trajectory/direction. The angular scanning area refers
to area that is searched by the tracker and is the result of the
antenna beamwidth of the tracker and the number of pilots that
are sent to find the TO. Angular resolution refers to the number
of directions that are successfully scanned and it is affected by
the angular scanning area, and blockage. Blockage occurs when
an object or human is between the tracker and the TO, and can
obstruct the scanning of specific directions. The motion of the
blocking object/human is independent of the AP and the UE, but
like them is restricted by the area geometry.
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Tracking reliability parameters. The parameters are divided to two main categories, the ones that affect the trajectory tracking resolution
and the ones that affect the angular resolution. The dashed boxes, “Antenna orientation”, and “AP point of view” are only relevant when
the AP is tracking the UE and when the UE is tracking the AP, respectively. The symbol # in Pilots denotes the number of pilots.
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Figure 3.
AP/Tracker location point of viewwith regards to theUEmotion.
The colored arrows denote the antenna orientation of eachAP and
the black colored arrow denotes the general direction of the UE
motion. In the insets, the angular variationof theUEmotions from
the different point of views of AP 1 and 2 is shown.

5. Challenges

There are many challenges in tracking a mobile UE, the most
obvious of which is the motion of the UE, which can be broken
down to speed, direction and type of trajectory (linear, irregular,
etc). In Figure 4(a), three motions are presented with different
trajectory variation types (without, slow and fast), and their
angular variation from the point of view of the AP and the UE
is shown in Figure 4(b) and (c). It can be observed that different
trajectories have different angular variation in relation to the a
single AP. For ease of reference, the trajectory without variation

will be named “Trajectory 1”, the trajectory with slow variation
“Trajectory 2” and the trajectory with fast variation “Trajectory
3”. Trajectory 1 is linear and the angular variation it causes in
relation to the AP location is slow. Trajectory 2 is sinusoidal and
the angular variation it causes is faster. Trajectory 3 is a random
trajectory and causes slow angular variation at the start and faster
towards the end. Furthermore, it has more changes in direction
than the Trajectory 2. Both Trajectory 2 and 3 are harder to follow
than Trajectory 1. The main parameter that affects the perfor-
mance of beam-tracking is the beamwidth. Wide beams cover a
relatively large area and therefore make tracking easier, but with
low accuracy and antenna gain. On the other hand, narrow beams
cover a smaller area making tracking harder but with increased
accuracy and antenna gain. In the case where the UE tracks the
AP, the direction of the UE motion is especially important as in
most cases it affects the antenna orientation of the UE, and any
changes to it significantly affect the angular variation, as shown
in Figure 4(c), which can impair the beam-tracking performance.
If a direction prediction is used, the antenna orientation changes
are included in the prediction. However, if the UE uses a location-
based prediction, then the antenna orientation of the UE must be
known for the UE to form a beam in the direction of the AP. For
example, theUEantenna forms abeamat 10◦ right of thebroadside
to the direction of the AP. The user then turns 10◦ left and the
direction of theUE beam stops pointing to the direction of theAP
and the link is broken (see for example Figure 1). In order to restore
the link, the UE antenna must form a beam 20◦ to the right. This
can happen even with static user. There are methods that allow
the UE to know the direction changes and in turn the antenna
orientation changes, such as using a gyroscope, [13], or the camera
of a smartphone [14]. Using the camera however, raises privacy
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Figure 4.
Trajectory variation types of a UE motion, with a static AP. (a) Variation types, (b) angular variation from the point of view of a static
tracker (AP), and (c) angular variation from the point of view of amobile tracker (UE). The antenna orientation of the AP is depictedwith
the blue arrow, and the antenna orientation of the UE changes with the motion and is depicted with the black arrows for each motion. It
is assumed that there is no blockage. The markers in panels (b) and (c) show how sudden the changes in direction are.

concerns. Another factor that greatly affects beam-tracking is
blockage andparticularly humanblockage, since objects aremostly
static. Blockage can significantly impede beam-tracking, especially
when combinedwith highly directional beams as the probability of
a link being blocked completely (total blockage) instead of partially
increaseswith narrower beams.Moreover, user-blockagemakes the
area behind the user non-scannable. One method to cope with
blocked links is to scan around the presumed blocker and wait for
the blockage to end [10], assuming the duration is short.

The use of multiple APs, relays and RISs is the most
obvious solution to avoid blocked links [15]. Self-healing is another
promising solution to blockage as it allows for the beam to regen-
erate behind the obstacle [16]. This way the required number of
APs, relays and RISs can be reduced significantly and in the best
case scenario only 1AP (per room if indoors) will be required.

6. Beam-Tracking Algorithm

In this section a simple beam-tracking algorithm is presented for
the purpose of explaining the required steps in a beam-tracking
process. It is assumed that the beam-tracking is performed by the
AP. In general, a beam-tracking algorithm consists of an initial-
ization phase, in which the necessary input is obtained (e.g. some
direction/location estimations) and the beam-tracking phase that
consists of the prediction and the tracking in a small amount
of directions around the predicted direction. Other phases, such
as a correction phase can be added if necessary. In general, the
initialization phase includes an exhaustive search. In this paper,
the initialization phase lasts for 2 timeslots, where the tracker
estimates the direction of the UE with exhaustive search using
the hierarchical codebook. Specifically, binary search is used and
reduces total number of pilots required for the exhaustive search
to 2K . Note that the 2 codewords of the first codebook level can
be skipped in favor of using 4 codewords in the second level, for
the increased antenna gain without increasing the pilot overhead.

After the initialization phase, the tracker starts predicting the next
direction of theUE relative the position of the tracker. The predic-
tion assumes that the angular variation of the UE motion relative
to the position of the tracker in two timeslots is consistent (i.e. the
trajectory is circular). The simplicity of the prediction allows for
the accurate assessment of othermethods in increasing the tracking
reliability.

7. Beam-Tracking Reliability

In this section some simulation results with 3 reliability increase
methods are presented. Unless otherwise stated, the central
frequency is 150GHz, and the number of antenna elements of the
AP is N = 256. It is assumed that the number of active antenna
elements follows 2k, where k = 1, 2, . . . , K is the codebook level
used and K = log2 (N ) is the last codebook level, in this case
K = 8. Furthermore, the codebook in [17] is used. The antenna
element spacing is λ/2, the initialization phase lasts 2 timeslots as
it wasmentioned in Section 6, and the number of pilots used in the
beam-tracking process is 8. The number of pilots required by the
initialization phase is 16 and serves as a benchmark. The number
of pilots required by the beam-tracking process to fully track a
trajectory can be estimated as NP = Np (Ts − Ti), where Np is
the number of pilots per timeslot, Ts is the number of timeslots
in which the beam-tracking process is performed and Ti is the
numberof timeslots inwhich the initialization is performed,which
in this work is 2. The antenna of the UE is assumed to be omni-
directional. The beam-tracking process does not take corrective
measures are taken when it fails to find the UE, in order to make
the performance assessment easier. In this work, all 3 trajectories
are divided in 10 parts, the start of each one representing a sample
taken with the beam-tracking process in 1 timeslot, for a total
of 10 samples and timeslots of beam-tracking. The estimation
frequency,QI , is a multiplicative factor in the number of samples.
For example,whenQI = 1, 10 samples are taken from the trajectory
in 10 timeslots, whenQI = 2, 20 samples in 20 timeslots, etc.
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7.1. Reliability Increase Methods

In Figure 5, an example of beam-tracking from the point of view
of the AP for the three trajectories shown in Figure 4, namely
Trajectory 1, Trajectory 2 and Trajectory 3 is presented. The
tracking estimation frequency, QI = 2, the maximum number
of active antenna elements is 256 and the number of pilots (i.e.
the number of directions that can be scanned) used in the beam-
tracking process is Np = 8. Trajectory 1 can be fully tracked due
to the slow angular variation, however the beam-tracking process
in Trajectories 2 and 3 fails at the start due to the fast angular
variation. In order to track the Trajectories 2 and 3 entirely, the
accuracy of the prediction algorithm must increase. To do this
without changing the prediction algorithm, the angular variation
between two consecutive timeslots must become slower and the
scanning area of the tracker must be increased. The angular vari-
ation can become slower by increasing the tracking estimation
frequency, QI . By increasing QI , the distance travelled by the
UE between two consecutive timeslots decreases and so does the
angular variation that is perceived by the AP. To increase the
scanning area of the tracker, the number of directions to scan
(and therefore the number of pilots sent by the AP, Np) must be
increased, or the beamwidth of the AP antenna must be increased
by reducing the number of active antenna elements,Na. Although
the above-mentionedmethods have the potential to fully track the
UE trajectories, the requirements to do so are different for each
method. Furthermore, higher requirementsmeanhigher overhead.
The trade-off between the beam-tracking reliability and the over-
head that is required to achieve it is the focus of most works on
beam-tracking. In Figure 6, the last timeslot in which the beam-
tracking process successfully found the UE is presented as a func-
tion of (a) QI , (b) the number of active antenna elements, and
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Performance of the 3 reliability increase methods. (a) Tracking
estimation frequency, (b) number of active antenna elements,
and (c) number of pilots vs the last timeslot in which the beam-
tracking process succeeded. In (a) and (b), the dashed line depicts
the maximum number of timeslots for the beam-tracking process.
In (c), the dashed line at 16 pilots marks the number of pilots used
in the initialization and acts as a benchmark.

c), the number of pilots used in tracking, for all 3 trajectories
shown in Figure 4.Unless otherwise stated, the tracking estimation
frequency QI = 2, the number of pilots Np = 8 and the
number of active antenna elements is Na = 256. It is observed
that increasing the tracking estimation frequency in (a), increases
the number of timeslots in which the UE is successfully tracked.
As expected, the tracking of the entire Trajectory 1 is successful
from QI = 2 and for QI = 1, only a small part of the trajectory
is not tracked. However, as the angular variation speed of the
trajectory becomes faster, tracking the entire trajectory becomes
more difficult. For Trajectory 2 and 3, the tracking of the entire
trajectory is achieved with QI = 5 and 7, respectively. Further
increase of QI increases the pilot overhead without increasing the
performance. For a specific trajectory, the increase is not linear
due to the changes in the angular variation from the point of
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view of the AP. For example, the angular variation of Trajectory 2
becomes faster as the UE moves towards the AP. In (b), increasing
the number of active elements while using the same number of
pilots decreases the scanning area due to the narrower beams and
can decrease the probability of tracking the UE. Again, Trajectory
1 is always entirely tracked, while for Trajectory 2 and Trajectory
3, increasing the number of active antenna elements reduces the
numberof timeslots that canbe tracked.Trajectory 1 canbe tracked
with all 256 antenna elements, while Trajectories 2 and 3 can
be tracked with 64 and 32 antenna elements respectively. In (c),
increasing the number of pilots increases the number of timeslots
of successfully tracking theUEdue to the larger scanning area. The
increase is not linear as the prediction is not accurate enough and a
larger scanning area is required. For example,Trajectory 1 requires8
pilots, Trajectory 2 requires 17 to be entirely tracked andTrajectory
3 requires 49 pilots. As the angular variation of Trajectory 2 at the
start is slower than the angular variation of Trajectory 3, it can be
tracked with fewer pilots. However, as both trajectories progress,
the speed of their angular variation changes. In the next part of
both trajectories, the angular variation of Trajectory 3 is slower
than that of Trajectory 2 and therefore Trajectory 3 can be tracked
up to this point with fewer pilots than Trajectory 2. Overall, the
angular variation of Trajectory 2 is slower than that of Trajectory 3
and therefore can be tracked with fewer pilots. It should be noted
that increasing the number of pilots to 16 and higher is inefficient
as the initialization requires 16 pilots and is more probable to find
the UE due to using the binary search method, which is a version
of the exhaustive search. It is observed that all solutions can help
the AP track the 3 trajectories entirely, but with different cost, e.g.
pilot overhead. For example, the total number of pilots, excluding
the initialization phase, without using a reliability increasemethod
is NP = 8 ∗ (20 − 2) = 144, with increasing QI to 7 in (a)
it is NP = 8 ∗ (70 − 2) = 544, with reducing Na to 32 in
(b) it is NP = 8 ∗ (20 − 2) = 144, and with increasing Np
to 49 in (c) it is NP = 49 ∗ (20 − 2) = 882. In this case, the
increased performance relative to the pilot overhead of reducing
Na seems to be the best among the presented solutions but the
reduced gain that follows can reduce the viability of the solution
in cases where high antenna gain or high accuracy is required.
Increasing the number of pilots seems to be the worst solution as
the pilot overhead required for the AP to track all 3 trajectories is
the highest. IncreasingQI is themiddle ground between increasing
Np and decreasing Na in the beam-tracking process. It requires
significantly fewer pilots than increasingNp to fully track all 3UE
trajectories and without decreasing the antenna gain. Although,
all solutions can fully track the 3 UE trajectories, the optimal
solution depends on the scenario. If high gain or high accuracy is
required, then increasing the tracking estimation frequency is the
best solution among the three. On the other hand, if the antenna
gain or accuracy requirements are not high, then increasing the
beamwidth by decreasing the number of active antenna elements
is the best solution between the three. Increasing the number of
pilots is preferred only if it is lower than the number of pilots
required by the initialization.Note that amore accurate prediction
will significantly increase the performance of beam-tracking with
low overhead, especially if used in conjunction with one of the
above-mentioned methods.

7.2. Hierarhical Codebook in Beam-Tracking

One simple way of decreasing the number of pilots without
decreasing the scanning area is by making use of the codebook.
Specifically, with the use of multiple codebook levels instead of
only the last one, the pilot overhead canbe reduced substantially by
taking advantage of the binary tree structure of the codebook and
the binary search method. For example, instead of using 8 pilots
in the last codebook level, the same scanning area can be achieved
with using 4 pilots in theK − 1 codebook level and 2 pilots in the
last level for a total of 6 pilots, which is a 25% decrease.

8. Discussion & Conclusions

This paper provides an overview on beam-tracking methods for
finding the direction of the user. The parameters that affect the
reliability of beam-tracking algorithmswere identified, anddivided
into two main categories, the trajectory mapping resolution and
the angular resolution. Trajectory mapping resolution was defined
as the successful tracking of theUE over time and the angular reso-
lution the number of directions that can be successfully scanned
each time. In contrast to localization, beam-tracking aims to offer
greater accuracy and with lower overhead than beam-training.
However, the accuracy of beam-tracking is related to the accuracy
of the prediction and the scanning area. The accuracy of a predic-
tion algorithm can be increased by increasing the tracking estima-
tion frequency. The scanning area can be increased by decreasing
the number of active antenna elements to form wider beams or
by increasing the number of pilots sent by the tracker. These 3
methods were presented and compared with each other in terms
of performance, overhead and requirements, to find how much
they affect tracking and the cost that comes with them. It was
shown that greatly increasing the scanning area by increasing the
number of pilots to high levels is not a viable solution due to
the high pilot overhead, although finding the ideal number of
pilots for the UE trajectory is vital. Furthermore, increasing the
beamwidth by decreasing the number of active antenna elements
increases the tracking reliability, but also decreases the antenna
gain which can undesirable at mmWave and THz frequencies.
Increasing the tracking estimation frequency was observed to be
a good solution as it increases the accuracy of the prediction and
therefore the tracking reliability with relatively low increase of
the pilot overhead. The tracking reliability can be significantly
improved with a more accurate prediction algorithm. Further-
more, the addition of more APs, relays and RISs can increase the
tracking reliability in cases of blockage, if at least 1 AP-UE link
is LoS. The cost however (e.g. total pilot overhead) can increase
significantly.
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