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Abstract—Terahertz (THz, 0.3 − 3 THz) wireless access is
nowadays considered as a major enabling technology for sixth
generation (6G) cellular systems. To compensate for high prop-
agation losses, these systems will utilize antenna arrays with
extremely directional beams. The performance of such systems
will thus be heavily affected by micromobility such as shakes
and rotations of user equipment (UE) even when user is in
stationary position. The ultimate impact of micromobility is
spontaneous degradation of signal-to-noise (SNR) level leading
to outages. In this paper, we measure and statistically investigate
the micromobility process of various applications including video
viewing, phone calling, virtual reality viewing and racing game.
Particularly, we characterize occupancy distributions and first-
passage time (FPT) to outage for various antenna configurations.
We also assess the radial symmetry in micromobility patterns and
characterize distance-dependent velocity and drift to the origin
parameters. The obtained results are essential for developing
mathematical models of micromobility patterns that needs to be
further used in system-level analysis of THz cellular systems. To
this end, we also illustrate that Markov models are only suitable
for applications with low and purely random micromobility
dynamics such as video viewing and phone calling. When a user
is controlled by the application, as in the case of gaming, Markov
models overestimate FPT to outage.

Index Terms—6G, terahertz, micromobility, measurements,
applications, statistical analysis, outage

I. INTRODUCTION

Terahertz (THz) communications systems operating in 0.3−
3 THz band are expected to become one of the major steps
towards sixth generation (6G) cellular systems [1], [2]. The
extreme amount of spectrum available in this band will en-
able principally new applications at the air interface such as
holographic communications, augmented and virtual reality as
well as tactile communications [3], [4].

However, in addition to these promises THz band is charac-
terized by a unique set of challenges that have to be addressed
with severe path loss being one of the most critical [5], [6].
To compensate for these losses [7], antenna arrays having
hundreds or even thousands of elements are expected to be
utilized at a base station (BS) side [8]. These antennas will
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form extremely directional radiation patterns of just one degree
and even less. Although such exceptional beamwidths would
allow to efficiently reduce interference and greatly expand the
coverage range of BSs [9], they also bring a unique negative
impact on the stability of THz links. Particularly, in such
systems not only large-scale mobility may lead to the loss of
connectivity but user micromobility as well, i.e., spontaneous
turns and displacements that unavoidably happen to mobile
user equipment (UE) even when user is stationary [10].

The effect of micromobility of THz communications has
been first revealed in [10], where the authors proposed empir-
ical models for user mobility for few applications including
mobile gaming and phone calling. However, the mobility
patterns have been measured using smartphones’ embedded
motion sensors that are known to introduce significant errors
due to the inertial nature of the measurement system. The
micromobility modelling and associated performance eval-
uation of THz link capacity and outage probability have
been performed in [11]. However, the authors assume several
simplifications making the analysis feasible including the
Brownian nature of micromobility patterns and independence
of mobility components over different axes. Furthermore, the
model is not based on statistical data that may also lead to
biased conclusions. The micromobility has also been recently
studied in the context of mmWave UAV communication sys-
tems [12], [13] and also mentioned as one of the sources for
outages in case of THz backhaul systems [14], [15]. However,
the micromobility patterns in these systems are affected by
drastically different sources of randomness and thus do not
apply to the case of cellular communications.

In this paper, we perform an extensive measurement cam-
paign of stochastic user micromobility patterns for four dif-
ferent classes of applications: (i) video viewing, (ii) phone
calling, (iii) virtual reality (VR) viewing, and (iv) race gaming.
To increase the accuracy of the presented results, we adopt
direct measurements methodology efficiently avoiding errors
associated with the use of inertial systems. We then proceed
analyzing the measured mobility patterns including the first
passage time (FPT) to the circular boundary characterizing
uninterrupted connectivity time (i.e., time to outage). Further,
by setting the aim for mathematical micromobility modelling
for performance evaluation of THz communication systems,
we provide an in-depth analysis of statistical characteristics of
micromobility patterns. Finally, we develop Markov models
for all the considered applications and assess their accuracy.

The main contributions of our study are:
• to support the design of THz cellular systems, we perform
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Fig. 1. The considered THz communications scenario.

a comprehensive measurement campaign characterizing
user micromobility of different types of applications
including FPT to circular boundary representing uninter-
rupted connectivity time interval;

• to facilitate modelling of THz cellular systems under mi-
cromobility impairments, we analyze the obtained mea-
surement results and identify the critical statistical char-
acteristics of micromobility patterns including distance-
dependent velocity, drift to the origin, symmetricity with
respect to the origin, and correlation between axes;

• to enable analytical and simulation studies of THz
systems with micromobility, we develop the reference
Markov models for all the considered applications and
show that they serve as good approximations for appli-
cations that do not directly control user micromobility.

The rest of the paper is organized as follows. The equip-
ment, considered applications, and the measurement method-
ology is described in Section II. We perform statistical data
analysis of micromobility patterns of the considered applica-
tions in Section III. Detailed modelling insights are provided
in Section IV, while the reference micromobility models are
constructed and analyzed in Section V. Conclusions are drawn
in the last section.

II. MEASUREMENT METHODOLOGY

This section is dedicated to the methodology of the per-
formed measurements. We first introduce the system model
and the conceptual approach. Then, we proceed with the
description of the measurement equipment and selected ap-
plications utilized in experiments. Finally, we specify the data
post-processing routines and define the metrics of interest.

A. System Model and Conceptual Approach

As the miniaturized equipment operating in the THz band
with the intended antenna directivity still does not exist, the
researchers are forced to perform indirect measurements repro-
ducing the THz communications environment. With respect to
micromobility measurements, the authors in [10] utilized the
smartphone’s embedded motion sensors to produce micromo-
bility trajectories. However, this approach is inherently flawed

as it is based on an inertial measurement system that is known
to provide erroneous results. In this paper, we take a direct
approach as described below.

We consider a point-to-point link between a stationary THz
band base station (BS) and mobile UE as illustrated in Fig.
1. Both THz BS and UE are equipped with identical planar
antenna arrays with NB ×NB and NU ×NU elements each.
We assume a cone antenna radiation pattern [9], with non-zero
gain over the main lobe of circular shape with the half-power
beamwidth (HPBW) approximated by 102◦/NB and 102◦/NU
[16]. In the considered system THz BS is assumed to be firmly
fixed. Contrarily, THz UE is subject to micromobility affecting
the beam searching process between UE and BS.

To be more specific, the micro-mobility in our system refers
to small shakes and rotations of UE in hands of a user
when he/she perceives a certain service. These impairments
may affect communications even when a user is stationary.
By utilizing geometric interpretation illustrated in Fig. 1 we
observe, that the system enters the outage state when the
centre of the UE beam leaves the circularly shaped area
corresponding to HPBW of THz BS. It could happen due to
small displacements of UE over x- and y-axes as well as due
to yaw (vertical axis) and pitch (transverse axis) motions of
UE in the user’s hands. Observe that small displacements over
z-axis as well as roll (longitudinal axis) motion do not severely
affect the communications. The rationale is that these small-
scale displacements are limited to just few tens of centimeters
while the roll around the main axis does not change antenna
alignment.

To capture UE micromobility it is sufficient to characterize
the motion pattern of the centre of the UE beam. Instead of
relying upon smartphone’s motion sensors, we advocate for
direct measurements of the motion patterns of imaginary UE
beam. In this case, to track the location of the beam center we
utilize a laser pointer firmly connected with the smartphone.
The motion of the beam can thus be detected using either a
light detection screen or a video camera. In this paper, we
utilize the second approach.

B. Measurement Equipment and Setups

To facilitate our direct measurements campaign, illustrated
in Fig. 2, we utilize a Nikon D3100 camera in the video
recording mode at a resolution of 1280x720, 30 frames-per-
second. A laser pointer with a beam diameter of 3 mm, an
output power of 5 mW, and a light wavelength of 650±10
nm has been utilized. A tripod has been used to mount the
camera capturing the motion of the laser pointer representing
the centre of THz beam’s HPBW. A laser pointer is firmly
mounted on a mobile device and shines on the flat wall surface.

To improve contrast for further data processing the ex-
periments have been carried out in a dark room. In our
campaign, we target to capture micromobility patterns of four
different applications. These are: (i) video viewing, (ii) phone
calling, (iii) VR viewing, and (iv) racing game. As one may
observe, the first three applications do not directly affect
the UE micromobility pattern, while the latter one forces a
user to perform semi-regular motions. In the video viewing
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Fig. 2. The utilized measurement setup and environment.

application, the laser was attached to the back of the mobile
phone, perpendicular to the horizontal axis of the mobile
phone. Under the same conditions, experiments have been
carried out for phone calling and racing game applications.
For VR viewing applications, a laser pointer was also attached
to the VR box console, so that the beam was parallel to the
floor and shines on the wall. Owning to the restrictions of the
measuring equipment and recalling that small angular speed
may translate to relatively high linear speeds on the screen,
we perform our experiments at 2 m separation distance from
UE to the screen. Note that the absolute values, presented in
this paper, need to be appropriately scaled up to operational
distance between UE and THz BS. The observed area on the
wall is 1.5×2.5 m.

For all the applications, a person was standing still and
instructed to concentrate on the perceived content. In the case
of racing game application, user was controlling a vehicle
position on the road by utilizing built-in smartphone motion
sensors. This resulted in semi-random movement patterns
as a user progresses through the game. For video viewing
application, a user was concentrated on watching a movie
and the micromobility impairments are mostly due to the
inability to hold UE in a completely stationary position. Note
that a user was instructed to make no additional attempts to
hold UE in a stationary position. For VR application, only
one type of content has been considered – 3D movie. Here,
the impairments are due to the non-stationary position of a
user’s head. Finally, for phone calling application, natural
UE position close to the ear of a user was considered. For
”smartphone” applications (video viewing, racing game, and
phone calling) the results are reported further with respect to
the ”typical” orientation of the smartphone in the considered
application, that is, the landscape for video viewing and racing
game and portrait for phone calling.

To obtain the statistical data 10 independent experiments
have been carried out for each considered application. The
duration of each experiment has been set to 10 s. Once the
experiment expires, the video is saved, and the experiment
is repeated. The native camera resolution was 30 frames per
second resulting in approximately 3300 sample points in the
original trace for each application. To define the appropriate
time resolution of the camera we need to account for the

typical speed of UE movement in the hands of a user. In
our experiments, we utilize a camera with an inherent time
resolution is 1/30 s. The time resolution of one frame per
33 ms appears to be sufficient to capture the trajectory of
a moving UE in hands of a user. Here, the critical thing
is that in a single interval of 33 ms duration UE may
not change direction of movement drastically. Thus, one can
also interpolate the obtained data to the case of higher time
resolution by using linear (or more complex) interpolation
techniques.

C. Data Post-processing

To obtain the laser trajectory out of video recordings, the
laser point is separated from the image using the background
difference method [17]. Following this approach, by subtract-
ing two adjacent frames and merging the resulting values in
the range from 0 to 255, one obtains a background with zero
pixel values, and non-zero pixels, where the laser is located.
For a more accurate assessment of the position of the laser, not
only adjacent frames are subtracted, but frames with a certain
time step, so that the laser can change its position at a distance
greater than the radius of the laser spot itself on the screen. To
determine the centre of the laser spot, there is a pixel among
those detected by the frame difference method, that has the
highest non-zero value.

Note that sometimes, due to UE micromobility, a part of
trajectory lies outside of the space captured by the camera, i.e.,
the visible camera frame. In this case, the trajectory is assumed
to be bound to the captured frame boundary. Finally, to obtain
traces with arbitrary time granularity, we have utilized the
linear spatial interpolation method by determining coordinates
of trajectory between the measured points.

D. Metrics of Interest

In practical applications, one of the main metrics of interest
in the context of THz communications is how often outage
happens and what are statistical characteristics of the time it
takes for the system to go to the outage state. Note that the
outage in wireless networks is a complex metric that depends
on many system parameters, including not only distance but
emitted power, antenna types (that affect antenna gains at both
sides of a communications link, specific shapes of antenna
radiation patterns, etc.), receiver sensitivity, cable losses, the
set of modulation and coding schemes, etc. However, many of
these parameters are not known at this stage of THz cellular
systems development. Given the current information about
measurements conditions reported in this section, the system
parameters outlined above, and the statistical parameters re-
ported in the paper, one can estimate the actual statistics by
scaling the latter by utilizing simple geometry. As a result,
in what follows, we investigate the statistical characteristics
of the micromobility process with emphasis on FPT to the
circular boundary based on the setup parameters reported in
this section.

To facilitate mathematical or simulation based system-level
analysis of THz networks under micromobility impairments
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Fig. 3. Sample characteristic trajectories of the measured UE micromobility patterns for the considered applications.
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Fig. 4. Two-dimensional occupancy probability mass functions of the measured UE micromobility patterns for the considered applications.

one needs an accurate model. To construct such a model, an in-
depth understanding of intermediate statistical characteristics
is required. Thus, in this paper we also identify and analyze
the critical statistical characteristics of micromobility patterns
of the considered applications including distance-dependent
velocity, drift to the origin, symmetricity with respect to
the origin, and correlation between axes. Finally, based on
the measured characteristics, we formalize reference Markov
models for all the considered applications.

III. STATISTICAL DATA AND CONNECTIVITY TIME

In this section, we present our statistical analysis of the
obtained micromobility patterns. We first concentrate on the
first-order statistics and then proceed with characterization of
uninterrupted connectivity time.

A. First-order Characteristics

Sample trajectories of UE mobility patterns are demon-
strated in Fig. 3 for all the considered applications. The
illustrated data allow us to make general conclusions about
the basic characteristics of micromobility patterns. Analyzing
the data presented in Fig. 3, one may confirm a common
sense assumption that the most ”stable” application is video
viewing, where the UE remains nearly stationary with only
small micro displacements that happen randomly in up/down
and left/right directions. The most ”unstable” application in
terms of micromobility is racing game. Furthermore, the latter
is also characterized by semi-deterministic behaviour with the
motion to the left and right having much greater amplitude
as compared to up and down shifts. VR viewing application
is somewhat unique as its trajectory is characterized by much
higher amplitude in all directions. Secondly, the trajectory of
this application reminds paths of Brownian motion [18].

The two-dimensional occupancy probability mass functions
(pmf) are presented in Fig. 4 for all the considered applica-
tions. To obtain these illustrations, the centre of the mass of the
entire trajectory was taken as the centre of each experiment.
The centres of different experiments were then aligned. The
trajectory itself is linearly interpolated and sampled with a
frequency of 100 points per second to increase the number of
observations. The entire camera observation field is divided
into 50 cells in horizontal and vertical directions leading to
bin size of 3 × 5 cm. When the trajectory passes through
these cells, the number of ”hits” is written. The number of
observations falling into each cell is finally divided by the
overall number of observations in a sample.

Analyzing the results in Fig. 4, one may conclude that
there are no signs of radial symmetry in the considered data.
This observation has crucial implications for the prospective
modelling of UE micromobility patterns. In fact, to precisely
capture UE micromobility one needs to use two-dimensional
random processes that are characterized by much more com-
plex methods required for their analysis in the context of
THz communications. For example, the FPT characterizing
the time to outage may not be available in closed-form for
such processes. The data presented in Fig. 4 also confirm
the conclusions made by utilizing sample paths with one
noticeable exception. For phone calling and VR applications,
the associated pmfs are much more dispersed as compared to
video viewing application. The rationale is that in the latter
one user puts his/her eye focus on the UE in hand while
no such focus exists in phone calling. The same applies to
VR viewing application, where a user is concentrated on the
perceived content and is thus disoriented in space. The extreme
variance observed for racing game is due to the application
itself forcing the user to make left/right motions with UE,
which are visible in both Fig. 3 and Fig. 4.
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Fig. 5. FPT to circular boundary for the considered applications.

The presented data allow making a number of hypotheses
critical for modelling of UE micromobility patterns. First of
all, all the considered applications might be characterized
by drift to the origin of different orders of magnitude. Fur-
thermore, there might be symmetry in motion with respect
to the origin at least for some applications. We test these
and also other less evident hypotheses further in Section IV,
where we study complex statistical micromobility properties
of applications.

B. Time to Outage Characterization

Before we proceed with the modelling insights, we first
bring readers’ attention to the critical metric of interest with
respect to THz communications – time to an outage for the
considered applications. For illustration purposes we consider
a simple cone antenna model implying that the boundary of
interest is the circle with the centre at the initial point. Note
that in what follows, we assume that the beam searching
procedure is perfect, i.e., every time when beam searching
is performed, UE and BS beams are perfectly aligned.

Observe that according to the straightforward approach one
may only obtain a single FPT observation from a single exper-
iment following the following assumption: at the beginning of
the experiment, the connection is established, i.e., the radiation
patterns of THz BS and UE are perfectly aligned with each
other with centres of HPBWs lying on the same axis. FPT
occurs once per experiment if, due to micromobility, the beam
goes beyond a circle with a certain radius specified by THz

BS antenna HPBW. However, to increase the number of FPT
observations and obtain reliable statistics, we assume that once
antennas misalignment occurs, beam searching is performed
to align them back. Following this approach, the number of
FPT observations in a single experiment of 10 s duration can
be greater than one. To remove residual correlation in the
micromobility pattern we also skip exactly 1 s from the time
instant when beam misalignment is recorded.

To be more specific, at the time instant t = 0 we start to
track first FPT value. Once the trajectory reaches the boundary,
we store this first FPT value, skip 1 s and start tracking the
second value. Here, 1 s is utilized to get rid of residual serial
correlation in FPT values. The choice of exactly 1 s was a
compromise between the number of samples in the FPT trace
we can obtain (the higher the value the smaller the number of
observations) and the effect of residual dependence. The latter
was assessed by constructing a normalized autocorrelation
function (NACF) for original mobility patterns. For all the ap-
plications, except for “racing game” the value of 1 s provides
the compromise between the amount of serial correlation in
the data and the sample size. The case of ”racing game” is
very specific due to semi-random patterns with explicit left-
right movements induced by the application itself. Here, we
observed that correlation lasts much longer than 1 s but we still
utilized 1 s as the time interval to be able to have a sufficient
number of observations in the FPT trace.

Note, that the serial correlation does not affect point esti-
mates of mean values. On the other hand, it may severely bias
the variance and standard deviation and drastically deteriorate
confidence limits. At the same time, the width of the confi-
dence limits is also affected by the sample size. Thus, there
is a trade-off between the sample size and the accuracy of
confidence limits. For this reason, in what follows, we utilize
point estimates only that are not affected by this trade-off.
Note that the values of standard deviations illustrated below
for several metrics of interest can also be attributed to both
specific properties of random walks often characterized by
high variability and the effects of residual correlation.

Analyzing the results presented in Fig. 5 one may observe
that, expectedly, the mean FPT increases as the radius gets
larger, i.e., antenna with fewer number of elements is utilized
or distance between THz BS and UE is increased. The shortest
time, on average, is observed for VR viewing application
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Fig. 7. Distance-dependent velocity characteristics.

while the longest time – for video viewing application. We
would like to specifically note that for the latter application
no passage times have been observed for radii higher than 18
cm. To complement these data, in Fig. 6 we also provide the
radius of the HPBW projection at the plane orthogonal to the
line-of-sight (LoS) path between the THz BS and UE, where
HPBW is estimated as 102◦/NB , while the radius is found by
using conventional geometry.

IV. MICROMOBILITY MODELING INSIGHTS

As we observed, UE micromobility patterns heavily depend
on the type of applications in use. Moreover, as demonstrated
in [11], characteristics of the random process describing the
mobility pattern may affect design choice for THz commu-
nication systems, i.e., the type and parameters of the beam
searching process. Thus, we now proceed by revealing the
major properties critical for micromobility modelling. Partic-
ularly, we characterize distance-dependent velocity and drift
to the origin of the considered applications as well as test
dependence between mobility processes over x- and y-axes
and symmetry with respect to the origin. These properties
provide detailed insights into the modelling of considered UE
micromobility patterns.

A. Distance-dependent Velocity

One of the major factors affecting the intensity of outages
caused by micromobility is the velocity of the micromobility
process. To this aim, Fig. 7 illustrates the distance-dependent

velocity characteristics including the mean and standard devi-
ation for all the considered applications. These statistics have
been calculated as follows. For each application we divide the
maximum observed distance to the center into N = 10 values:
(x0, x1), (x2, x3), .., (x2N−1, x2N ). Next, we go through all
the trajectories and estimate the length of the traversed path
∆s. The latter is set to ∆t = 1/100 s. For each defined
range we then convert them to the velocity by estimating
v = ∆s/∆t. Finally, we average all velocity observations
falling into the same range (xi−1, xi).

Analyzing the results presented in Fig. 7, one may observe
that for all the considered applications but racing game,
the mean velocity tends to increase as a function of the
distance from the centre. Furthermore, as distance increases
standard deviation increases as well. The behaviour of the
racing game application is explained by a unique type of
mobility heavily affected by the left and right movements.
Recall that the velocity metric is scalar in nature. Thus, the
considered behaviour of the mean velocity metric increasing
with the radial distance from the origin and visual observation
of sample paths and pmfs in Fig. 3 and Fig. 4 may imply that
the micromobility processes may have a non-zero drift to the
origin. We now proceed with assessing this metric.

B. Radial Drift To the Origin

One of the useful properties of analytically tractable
stochastic processes is the independence of increments. For
example, the UE micromobility model utilized by the authors
in [11] assumes unbiased random walk in two dimensions that
are known to return to the centre with a probability less than
one, i.e., it may never return to the position it originally started
at. When the user is in a stationary position one may not
expect permanent changes in the location of the beam centre.
From the practical perspective, it would imply that outages
caused by micromobility will happen much less frequently as
compared to unbiased mobility. Thus, having revealed distance
dependent velocity characteristics we now proceed with the
distance-dependent drift to the origin characterization.

Fig. 8 demonstrates drift to the origin for all the considered
applications. Note that there are a number of ways to define
the drift. Here, we define drift as the conditional probabil-
ity of moving towards the origin and derive it as follows.
We first divide the maximum distance from the centre to
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TABLE I
RESULTS OF THE KOLMOGOROV-SMIRNOV TEST FOR SYMMETRY

p-val. statistic p-val. statistic p-val. statistic
Sign. level 0.01 0.05 0.1
Video viewing 0.073 0.171 0.060 0.171 0.055 0.171
Phone call 0.056 0.068 0.047 0.068 0.042 0.068
Racing game 0.018 0.166 0.015 0.166 0.013 0.166
VR viewing 0.026 0.179 0.022 0.179 0.02 0.179

N non-overlapping ranges. Then, for each trajectory point
falling into a given range we determine the direction of
the next movement. The overall drift corresponding to the
range (xi−1, xi) is obtained by dividing movements to the
centre by the overall number of movements within this range.
After accumulating statistics for all experiments for a given
application, the average drift value is calculated.

Discussing the results presented in Fig. 8, one may notice
that all applications are characterized by non-negligible drift
to the origin. The difference in the absolute value of the drift
at a certain distance to the centre can be attributed to the
differences in the amplitude of the micromobility associated
with a given application. Still for three the considered applica-
tions, VR viewing, video viewing, and racing game the drift
remains almost intact with the distance. For phone calling,
however, the trend towards the centre drastically increases
with the distance from the origin. Thus, the models utilized
for capturing mobility patterns of realistic applications in THz
communications have to incorporate drift to the origin.

C. Symmetry of User Micromobility
One of the ways to simplify the modelling of UE micro-

mobility patterns is to reduce the dimension of the process.
Particularly, if there is a radial symmetry in the micromobility
characteristics it would imply that one may reduce its charac-
terization to a one-dimensional random walk. We now proceed
to study symmetry in the UE micromobility.

The conclusion on symmetry can be assessed by: (i) visual
observation of traces and (ii) comparison of the statistical
properties of UE mobility patterns in, e.g., Cartesian quadrants.
In the latter case, the necessary condition on statistical sym-
metry can be provided by comparing two-dimensional pmfs
associated with each quadrant of Cartesian coordinate axes.
In what follows, to assess the symmetry, the Kolmogorov-
Smirnov test was applied [19] to assess the match of the
distributions from different quadrants.

As we have observed analyzing the two-dimensional pmfs
presented previously in Fig. 4, none of the processes associated
with the considered applications should pose symmetrical
properties with respect to the origin. One exception is the video
viewing application that is characterized by relatively uniform
spread around the origin. The results of the distribution
comparison by using Kolmogorov-Smirnov statistical test for
first and third quadrants are shown in Table I for significance
level, α, set to 0.01, 0.05 and 0.1. Note that different p-
values are attributed to slightly different samples sizes. As one
may observe, out of all the considered applications, none is
reliably characterized by symmetry. Similar conclusions have
been made for other pairs of quadrants.

The presented results imply that to capture the considered
stochastic patterns one has to explicitly capture motions in
a different direction that may require utilization of two-
dimensional processes. This is especially true for applications
forcing users to behave in a non-symmetric way, e.g., the
considered racing game. For the rest of the applications, one
may still try to utilize one-dimensional approximations to get
basic approximations of UE mobility patterns.

D. Dependence and Correlation

Another way to simplify the modelling of the UE micromo-
bility process is to assume that mobilities over x- and y-axes
are independent of each other. For example, this hypothesis
has also been taken in [11] without any proofs. To prove that
motions along x- and y-axes are independent, it is sufficient
to prove that individual increments are independent.

We start assessing the correlation between increments of
individual processes. The initial data for the test have been
obtained using the following procedure. First, we utilize traces
to obtain values of ∆x and ∆y increments corresponding
to successive time increments ∆t. Then, we estimate the
correlation coefficient as follows

r̂ =
∑

(∆x−∆x)(∆y−∆y)√∑
(∆x−∆x)2

∑
(∆y−∆y)2

, (1)

where ∆x and ∆y are the corresponding mean values.
The coefficient of correlation between absolute displace-

ments along x- and y-axes for all the considered applications
is illustrated in Fig. 9 as a function of the increment size along
with the confidence intervals estimated according to the ”rule-
of-thumb”, ±2/

√
N , where N is the number of measurements

available [20]. As one may observe analyzing the presented
data, although there are non-negligible correlations between
absolute values of increments along x- and y-axis, for three of
the considered four applications, VR viewing, video viewing,
and phone calling, the dependence is rather weak as the
correlation values are close to zero. The fourth considered
application, racing game, is characterized by a much higher
correlation coefficient reaching the value of −0.4 starting from
∆t of approximately 0.2. The explanation is related to the very
specific mobility pattern of this application, see Fig. 3(d), with
evident semi-random oscillations along the x-axis.
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Fig. 9. Correlation between increments over x- and y-axes.
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Fig. 10. Conditional and unconditional probability plots.

Recall that the correlation coefficient in (1) captures only the
tendency to linear dependence between analyzed components.
To assess independence between x- and y-axes increments
for applications having negligible correlation, further analysis
is required. We perform this in Fig. 10 by comparing the
probabilities of left/right displacement along x-axis condi-
tioned of the event of up/down movement along y-axis,
P (← | ↑), P (← | ↓), P (→ | ↑), and P (→ | ↓), with
respective unconditional probabilities, P (← ) and P (→ ), as
a function of the time interval ∆t. Note that compared to
the correlation coefficient, conditional probabilities capture all
types of dependencies between components.

Analyzing the data presented in Fig. 10, one may first
notice, that for racing game the correlation revealed in Fig. 9,
translates directly to drastically different values of conditional
and unconditional probabilities. Particularly, P (← | ↑) is
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Fig. 11. Distance-dependent velocity characteristics over x- and y-axes.

higher than 0.6 while P (← | ↓) is lower than 0.4 for all
∆t. At the same time, the unconditional probability P (← )
is around 0.5 for all considered values of ∆t. For the rest of
the considered applications, the differences are much smaller.
Particularly, for video viewing these probabilities almost co-
incide across the whole considered range of ∆t values. The
values of conditional and unconditional probabilities are also
close for VR viewing and phone calling applications.

The presented results imply that the dependence between
mobility over x- and y-axes are not critical for applications
having no specific mobility pattern induced by the type of
application. Thus, to simplify the modelling procedure one
may attempt to capture the movement along axes by using in-
dependent random walks. To facilitate this approach in Fig. 11
and Fig. 12 we present distance-dependent velocity and drift
to the origin characteristics. Analyzing these illustrations, one
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Fig. 12. Distance-dependent drift to the origin over x- and y-axes.
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Fig. 13. Sample paths of simulated micromobility trajectories for the considered applications.

may not only deduce quantitative characteristics but observe
that, for example, for video viewing, VR viewing, and phone
calling applications the velocity values over x- and y-axes
almost closely resemble those of two-dimensional mobility.
For racing game application the absolute values are drastically
different due to the nature of the mobility pattern. Completely
different results are, however, observed by comparing the drift
to the origin of two-dimensional mobility pattern and decom-
posed x- and y-axes patterns. For example, for phone calling
application one may observe, that the trends over x- and y-axes
are mirrored, while for VR viewing application they remain
constant for both axes resembling the behaviour of the two-
dimensional mobility pattern. Finally, we note that for those
applications, inducing specific semi-regular mobility patterns,
e.g., racing game that forces the user to perform semi-random
oscillations, explicit two-dimensional models with distance-
dependent velocity and drift from the centre are required.

V. REFERENCE MODELS

The UE micromobility of different applications may provide
significant performance degradation for THz communications.
The prospective analysis and optimization of THz communi-
cations systems under micromobility impairments can be per-
formed by utilizing system level simulations or mathematical
analysis. To facilitate both types of analyses, in this section, we
specify the reference Markov-based UE micromobility models
for the considered applications. We then proceed by comparing
their performance in terms of first- and second-order properties
including FPT to the circular boundary characterizing the time
the link is active. Finally, we presents the results of simplified
decomposed models, where x-axis and y-axis mobilities are
represented by independent processes.

A. Direct Markov Modeling

In order to parameterize the Markov model, we need to
determine the number of states, N × N , corresponding to
the screen grid size, and estimate the transition probabilities
pij , i, j = 1, 2, . . . , N2. There is a number of generic fitting
algorithms developed for Markov models, such as those based
on the expectation-minimization (EM) technique [21] or adap-
tation of maximum likelihood estimation [22]. However, these
techniques are useful only when the internal structure is not
clearly observable or the number of states cannot be deduced
from physical parameters.

Before we proceed with an estimation of transition proba-
bilities, there are two critical parameters to determine. These

are the time and spatial resolutions of the model, ∆s and ∆t.
Note that in spite of the feasibility to operate with any time
resolution by utilizing the interpolation techniques, to avoid
additional errors we utilize the native resolution of 1/30 s.
The choice of the spatial resolution ∆s, implicitly defining
the number of states of the chain, N2, is a question of the
trade-off between the sample size and the capability of the
model to accurately predict the main metric of interest –
FPT. For the latter to be feasible, ∆s has to be at least five
times smaller than the considered HPBW radius [23], [24].
By recalling HPBW approximation by 102◦/N , where N is
the number of antenna elements forming directional radiation
pattern in appropriate plane, for typical THz communication
distances (up to 50-100 m) and modern antenna arrays (at
least, 32 × 32 antenna elements) one is mainly interested in
radii of at least few centimetres. On the other hand, increasing
the spatial resolution decreases the sample size to parameterize
the model. Thus, in what follows we will utilize two values
of ∆s set to 2.5 and 1.25 cm corresponding to N2 = 2500
and N2 = 104, respectively.

Once the number of states is selected, we proceed to de-
termine the transition probabilities pij , i, j = 1, 2, . . . , N2 by
using the conventional statistical methodology. We first define
the state boundaries between the states and then calculate the
number of state changes for the particular values of i and j
between the previous and the current values in the trace and
divide it by the number of samples in the trace. Then, these
probabilities are organized in the transition probability matrix.
The dimension of such a matrix corresponds to the square of
the grid dimension, i.e., for example, if the quantization grid is
N×N , then the matrix of transition probabilities is N2×N2.
To save memory, a list of nonzero transition probabilities is
used to store transition probability matrices.

B. Accuracy Assessment

To assess the accuracy of the proposed Markov model
we concentrate on two characteristics, two-dimensional pmf
of the micromobility process and mean FPT. Note that the
former is an intermediate characteristic allowing to access the
suitability of the proposed class of models, while the final
judgement on the accuracy should always be based on the
FPT metric. The simulation of the Markov model is initiated
from the starting point of experiments. Then, given a randomly
generated number uniformly distributed in (0,1), the next cell
is determined by using the transition probability matrix.
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Fig. 14. Empirical and modeled two-dimensional occupancy CDFs.

The sample trajectories of the model are illustrated in
Fig. 13 for grid size 50 × 50 and native time resolution of
∆t = 1/30 s. By comparing the presented data with those
shown in Fig. 3 we observe, that for all applications but racing
game, all the inherent properties are preserved. Particularly,
the range of trajectories for video viewing and phone calling
applications is limited and comparable to each other while the
range for VR viewing is significantly higher requiring a large
grid for visual representation. However, in the case of racing
game application, one does not observe an intrinsic pattern
dominated by left/right movements enforced by the game.

We now proceed with Fig. 14 illustrating cell occupancy
cumulative distribution functions (CDF) obtained using the
empirical and modeled data for grid size 50 × 50 and time
resolution of ∆t = 1/30 and ∆t = 1/100. For clarity of
comparison, we utilize exactly the same sample size for the
modelled data as in real experiments (approximately 3300
observations at a native time resolution of ∆t = 1/30 s
and 104 observations for ∆t = 1/100 s). Here, instead of
utilizing two-dimensional CDF, we enumerate all the cells
and represent CDF in a conventional one-dimensional form
convenient for visual assessment. As one may observe, for all
the considered applications, CDFs of the model approximate
those of empirical data very well. However, the applications
having the smallest range of values, video viewing and phone
calling, are characterized by better approximation. The worst

TABLE II
KOLMOGOROV-SMIRNOV TEST FOR TWO-DIMENSIONAL CDFS (α = 0.1)

Size grid ∆t Video
viewing

Phone
calling

VR
viewing

Racing
game

50 × 50 1/30 Y Y N N
1/100 Y N N N

100 × 100 1/30 N N N N
1/100 N N N N

approximation is observed for racing game application that is
known to pose significant correlational properties.

We complement the visual test by the Kolmogorov-Smirnov
one whose results are reported in Table II for the level of
significance set to α = 0.1, two considered grids, 50 × 50
and 100 × 100, and two time steps, 1/30 and 1/100. Note
that Y (Yes) and N (No) refer to passing and not passing the
statistical test, respectively. As one may deduce analyzing the
presented data, video viewing and phone calling applications
pass the test while the other two applications fail it. However,
we specifically note that the Kolmogorov-Smirnov test is one
of the strongest distributional tests [25].

We now proceed with assessing the accuracy of the FTP
approximation. To this end, Fig. 15 presents mean FPT values
obtained using the empirical and modelled data as a function
of the HPBW radius for a grid size 50×50 and time resolution
of 1/30. As one observes, for all the considered applications
but for the racing game, the mean FPT is well captured to the
radius of approximately 10−15 cm. Recalling the data in Fig.
6, we see that these radii are well in line with the prospective
THz equipment that is expected to feature hundreds of antenna
elements at maximum distances of up to 50 m [9]. Thus, for
these applications, the developed Markov models may serve
as reliable approximations.

Analyzing the data presented in Fig. 15 further, one may
notice that starting from around 10 − 15 cm the model data
start to overestimate the actual mean FPT for the considered
applications. For the gaming application, the difference is
evident even at small values. There are plausible explanations
behind this behaviour that may both be attributed to the
inherent properties of the utilized class of stochastic processes
– Markov processes. Recalling the exposure in [23], [26]
the generic structure of FPT distribution inherent for random
walks of any dimension is a mixture of exponential and power-
law components, i.e., Ct−αDe−βt, t ≥ 0, where α > 0, β >
0, C > 0 are some constants, D > 0 is a drift coefficient. The
exponential part is inherent for short-term memory processes
such as the Markov process utilized in our study, while the
power-law is induced by long-term memory, e.g., large-scale
dependence [27]. The impact of the latter is partially compen-
sated by the drift coefficient. Thus, the processes characterized
by long-term correlational properties are mainly affected by
the second term contradicting the implicit Markov assumption.
Recalling the data presented in Subsection IV-D, in the case of
racing game the memory is much longer compared to the one-
step assumption of Markov modelling putting more weight on
the power-law behaviour of CDF. We speculate that this might
be the case for any application that controls user behaviour,
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Fig. 15. Empirical and modeled mean FPTs to the circular boundary.

i.e., games utilizing gyroscope and accelerometer. Finally, the
divergence of modelled FPT from empirical one can also be
partly attributed to insufficient data available for larger radii.

To get further insights, for two applications, whose models
pass the Kolmogorov-Smirnov test for two-dimensional occu-
pancy CDFs, video viewing and phone calling, we demonstrate
empirical and modeled FPT CDFs in Fig. 16 for several radii.
As one may observe, for both small and large radii, e.g.,
< 4 cm and > 10 cm, CDFs do not coincide with each
other. However, for moderate radii of around 4-8 cm, there
is a good match between them. The rationale is that small
considered values of radii are comparable with the grid size
(2.5 cm and 1.25 cm for considered 50 × 50 and 100 × 100
grids). The observed deviations are caused by the choice of
the initial cell in the centre of the grid, which is selected
randomly out of 4 cells located in the centre. Increasing the
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Fig. 16. Empirical and modeled FPT CDFs.

radius leads to a very good match between CDFs while even
further increase again results in the mismatch. These latter
deviations might be explained by an insufficient amount of
observations available for analysis, especially, in the case of
video viewing application.

The abovementioned observations are also confirmed in
Table III showing the results of the Kolmogorov-Smirnov
test for video viewing and phone calling applications. As
one may observe, both applications do not pass the test up
until 6 cm for video viewing and 8 cm for phone calling
applications. Then, the test confirms that the models correctly
predict the empirical data up until the point where the number
of observations becomes too small to build CDF reliably. As
a result, we may conclude that for applications, where there is
no explicit control of user behaviour, the developed Markov
models provide a good approximation of empirical data.

C. Simplified Models

In the previous sections, we revealed that the micromobility
patterns of real applications have very specific properties (de-
pendence between axes, drift to the origin, distance-dependent
velocity, etc.) that prevents from applying simple modelling
techniques based on decomposition principles, e.g., by utiliz-
ing independent Brownian motions for individual axes as it is
done in [11]. Furthermore, the models we provided in Section
V.A are not analytically tractable due to extreme state-space,
e.g., using 2500 and 104 as the number of states. These models
can be utilized for benchmarking purposes when developing
new analytically tractable models for UE micromobility.

In an attempt to define an analytically tractable model for
link-level performance assessment of THz systems according
to the methodology reported in [11], in addition to the two-
dimensional reference model reported in the previous section,
we also define models that might potentially have analytical
properties including: (i) decomposed Brownian motion model
with independent movements along x- and y-axes, where
we drop potential dependence between axes movements as
well as a drift to the origin and distance-dependent velocity,

TABLE III
KOLMOGOROV-SMIRNOV TEST FOR FPT CDFS, α = 0.1

Radii, cm 2 4 6 8 10 12 14 16
Video viewing N N Y Y N N N N
Phone calling N N N Y Y Y N N
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Fig. 17. Illustration of empirical and modeled mean FPT values for three considered applications.

TABLE IV
SUMMARY OF MICROMOBILITY CHARACTERISTICS AND MODELING INSIGHTS

Characteristics Video viewing Phone calling VR viewing Racing game
Radial symmetry Yes No No No
Velocity as a function of distance Increases, 3 − 10 m/s Constant, 7 m/s Increases, 9 − 13 m/s Decreases, 9 − 5 m/s
Drift to the origin as a function of distance Decreases, 0.17 − 0.11 Increases, 0.17 − 0.3 Constant, 0.17 Constant, 0.17
Axes dependence Negligible Moderate Negligible Strong
Axes increment correlation coefficient 0.0 -0.2 0.0 -0.4
X-axis velocity as a function of distance Increases, 1 − 6 m/s Increases, 3 − 6 m/s Increases, 6 − 9 m/s Decreases, 7 − 4 m/s
Y-axis velocity as a function of distance Increases, 2 − 8 m/s Increases, 3 − 5 m/s Increases, 5 − 8 m/s Decreases, 3 − 2 m/s
X-axis drift as a function of distance Decreases, 0.17 − 0.05 Decreases, 0.17 − 0.13 Constant, 0.17 Increases, 0.13 − 0.21
Y-axis drift as a function of distance Increases, 0.17 − 0.21 Increases, 0.17 − 0.25 Constant, 0.17 Decreases, 0.19 − 0.14
Markov modeling Yes Yes Limited No

and (ii) decomposed one-dimensional Markov models with
independent movements along x- and y-axes, but accounting
for the distance-dependent velocities and the drift to the origin.
The results in terms of the mean FPT are illustrated in Fig. 17.
Note that here we intentionally omit racing game application
as it is characterized by different semi-regular nature and
thus require different modelling methods. Expectedly, the best
approximation is observed for the two-dimensional Markov
model as it captures all the statistical characteristics of the
considered mobility patterns. The rest of the models, however,
provide a rather inaccurate approximation of realistic patterns.
Furthermore, the simplest fully independent and unbiased
Brownian motion model performs comparably to the one-
dimensional Markov model, where both distance-dependent
velocity as well as a drift to the origin are taken into account.

VI. CONCLUSIONS

To facilitate the development of THz beam searching algo-
rithms, in this paper, we comprehensively characterized the UE
micromobility process for different applications. We consid-
ered state-of-the-art applications including video viewing and
VR viewing, phone calling and racing game and characterized
first- and second-order statistical properties such as sample tra-
jectories, two-dimensional occupancy distributions and FPTs.
The latter is of critical importance as it characterizes the time
to an outage in THz communications systems.

Having set the aim for stochastic mathematical modelling
of UE micromobility process we also revealed modelling
implications of UE micromobility patterns of the considered
applications. We have shown that none of those is character-

ized by radial symmetry. Furthermore, the velocity and drift of
the random mobility patterns are both distance-dependent in
nature. Thus, to accurately capture stochastic properties of UE
micromobility patterns, these properties call for complex mod-
elling approaches involving two-dimensional random walks
with non-independent increments. The summary of statistical
characteristics and modelling insights is presented in Table IV.

We also developed reference two-dimensional Markov mod-
els and demonstrated that they are only suitable for applica-
tions with low and purely random dynamics such as video
viewing and phone calling. We also note that the Markov
models considered in this paper are not suitable for the
case when the application directly controls user behaviour
as in the case of “race gaming”. Here, one needs to utilize
mobility models characterized by long correlation resulting
in visible “flights” superimposed with local fluctuations. The
models suitable for capturing such patterns are Levy flight
and Brownian motion with jumps [18]. Thus, one of the
major conclusions of the paper is the ”call for accurate and
analytically tractable UE micro-mobility models” for link-
level performance assessment of THz systems according to the
methodology reported in [11], and based on the measurements
campaign and statistical analysis of UE micromobility patterns
provided in this paper. Finally, we emphasize that the actual
micromobility pattern may not consist of a single applica-
tion as users may change them on-the-fly or, for example,
occasionally change smartphone orientation. These complex
patterns can be modelled as a superposition of the considered
applications superimposed with occasional outliers.

The statistical analysis reported in this paper can be useful
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for the design of beam searching schemes for THz systems
that tries to avoid outages caused by micromobility or at least
alleviate the effect of outages. There are two potential designs
for such systems: (i) initiate beam searching when the con-
nection is lost, so-called, WLAN design and (ii) initiate beam
searching regularly as it is done in, e.g., 5G New Radio (NR)
systems. For the latter case, the beam searching is performed in
each frame of 10 ms in duration which is significantly smaller
than the average FPT time reported in this paper. However, it
is only feasible in NR as the utilized antennas arrays are rather
limited in terms of the number of elements, e.g., arrays 16×4,
32× 4 are planned to be utilized for mmWave NR. When the
number of antenna elements will increase to, e.g., 128× 128
or even higher which is needed in THz systems to compensate
for two orders of magnitude increase in the path loss, the time
required for beam searching can be extremely high preventing
the regular beam searching design as in NR systems. Note
that the use of hierarchical beam searching also will greatly
reduce the coverage of prospective THz BS and may not be
even feasible at all for THz arrays having a high number of
elements forming directional radiation patterns. As a result,
for efficient use of THz systems both drastic improvements
in algorithmic beam searching design and a further significant
reduction in the array switching time are needed.
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