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ABSTRACT
Terahertz (THz, 0.3− 3 THz) communications are envisioned
as one of the enablers at the air interface for sixth-generation
(6G) cellular systems. However, by utilizing large antenna
arrays to overcome severe path losses, this system will suffer
from micromobility phenomenon manifesting itself in occa-
sional rotations and displacements of user equipment (UE) in
the hand of a user. In this paper, based on the measurements
of micromobility patterns we propose several models charac-
terized by various degrees of details to capture micromobility
patterns of different applications. By utilizing the time to the
outage as a metric we compare their accuracy. Our results
show that drift to the origin is a critical property that has
to be captured by the model. While the two-dimensional
Markov model is shown to provide the most accurate ap-
proximation, the decomposed Brownian motion model is
characterized by the worst match of data. The decomposed
one-dimensional Markov model provides the trade-off be-
tween simplicity and approximation accuracy.
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1 INTRODUCTION
Terahertz (THz, 0.3 − 3 THz) communications systems are
envisioned to become a new radio access technology (RAT)
in prospective sixth-generation (6G) cellular networks [13,
18]. By potentially utilizing tens of gigahertz of consecutive
bandwidth this RAT may enable rate greedy applications at
the air interface at massive scales including virtual reality
(VR), holographic communications, remote monitoring, etc.

To overcome severe path losses, THz systems are expected
to utilize massive antenna arrays at least at the base station
(BS) side [1]. These antennas will have extremely directional
radiation patterns having half-power beamwidth (HPBW)
on the order of degree or even fraction of a degree [4]. As a
result in addition to blockage impairments that are already
significant at the lower millimeter wave (mmWave) band,
these systems will be susceptible to UE micromobility, i.e.,
fast rotations and displacements in hands of a user. Depend-
ing on the application type, this phenomenon may lead to
frequent outages invoking beamalignment procedure.

The impact of multiconnectivity on THz link performance
has been addressed in [11, 12]. These studies have shown that
depending on the type of applications utilizing THz channel,
conventional periodic beamalignment system design utilized
in 5G systems may lead to drastic performance degradation
in terms of achievable link rate and outage probability due
to frequent misalignments caused by micromobility. The
on-demand beamalignment is much more efficient for ap-
plications characterized by high micromobility but, at the
same time, always induces outage situations and are not in
line with the current cellular systems design. This implies
that the beamtracking schemes utilized in prospective THz
communications should not be static in nature requiring dy-
namic adaptation to both dynamically changing multi-path
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channel conditions and the type of application utilizing the
resources of the air interface. However, the model utilized
in [12] is based on unbiased Brownian motion that may not
capture the details of micromobility of realistic applications.

Motivated by the lack of micromobility models, the aim of
this paper is to compare evaluate the accuracy of micromo-
bility models for THz communications. To this aim, we first
carry out a measurements campaign of UE micromobility for
different applications. We then identify critical properties of
these patterns and propose three models characterized by dif-
ferent degrees of details taken into account and complexity,
including two-dimensional Markov chain, simple unbiased
Brownianmotion, and decomposed one-dimensional Markov
model with distance-dependent drift and velocity. We com-
pare these models with statistical data based on the main
metric of interest – time to an outage.

The rest of the paper is organized as follows. In Section 2
we introduce the considered scenario and also describe the
measurement methodology. Further, in Section 3 we perform
statistical analysis of obtained data. Micromobility models
are introduced in Section 4 while their comparison is pre-
sented in Section 5. Conclusions are drawn in the last section.

2 SYSTEM MODEL AND METHODOLOGY
In this paper, we consider a point-to-point communications
link between THz BS and UE. Both THz BS and UE are
equipped with identical planar two-dimensional antenna ar-
rays with 𝑁𝐵 × 𝑁𝐵 and 𝑁𝑈 × 𝑁𝑈 elements each. We assume
a cone antenna radiation pattern [10], with non-zero gain
over the main lobe’s HPBW approximated by 102◦/𝑁𝐵 and
102◦/𝑁𝑈 [3]. The THz BS is assumed to be tightly fixed. Con-
trarily, THz UE is subject to micromobility affecting beam
alignment between UE and BS.
In this paper, we concentrate on such distances between

BS and UE, 𝑑 , that there is no outage when main lobes of
UE and BS antennas are oriented towards each other. This
distance can be estimated for a given carrier frequency 𝑓𝐶 by
utilizing THz specific propagation model specified theoreti-
call in, e.g., [2, 5] or recently via measurements in [16, 17].In

Figure 1: THz micromobility measurements setup.

these conditions, by utilizing geometric interpretation of the
considered link model illustrated in Fig. 1 we observe that
the system enters the outage state when the center of the
UE beam leaves the squared shaped area corresponding to
HPBW of THz BS. Observe that it could happen due to small
displacements of UE over 𝑂𝑥 and 𝑂𝑥 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
over𝑂𝑧 axis as well as roll (longitudinal axis) motion do not
severely affect the communications. Thus, to exhaustively
capture UE micromobility affecting THz communications it
is sufficient to characterize the motion pattern of the center
of UE beam. We now proceed by describing the associated
methodology and the beam detection principle.

Instead of relying upon smartphone’s motion sensors that
are characterized by excessive errors, we use the direct mea-
surements methodology, see Fig. 1. Particularly, we track
the movement of the center of UE HPBW. To facilitate it, it
is sufficient to utilize a laser pointer firmly connected with
the smartphone. To track the laser spot we utilize a Nikon
D3100 camera in the video recording mode at a resolution
of 1280x720, 30 frames-per-second. Laser pointer with laser
diameter of 3 mm, output power of 5 mW, and light wave-
length of 650 nm±10 has been utilized. A tripod has been
used to mount the camera capturing the motion of the laser
pointer representing the center of THz beam’s HPBW. A laser
pointer is firmly mounted on a mobile device and shines on
the flat wall surface. The distance between the wall and the
camera was set to 2 m. The observed area on the wall is
1.5×1.5 m. We consider three typical applications: (i) video
viewing, (ii) phone calling, (iii) VR viewing.

To obtain the statistical data 30 independent experiments
have been carried out for each considered application. The
duration of each experiment has been set to 10 s. To obtain
the laser trajectory out of video recordings the background
difference method has been utilized [9].

2.1 Metrics of Interest
As the main metric of interest for comparison of micromo-
bility models we utilize the uninterrupted time in connected
state. This is defined as the interval between time instant,
when UE and BS antennas are perfectly aligned (e.g., as a re-
sult of beamalignment procedure) till the center of UE HPBW
touches the squared boundary. Note that in the context of
the stochastic model it is interpreted as first passage time
(FPT) to the square boundary.

3 STATISTICAL ANALYSIS
3.1 Statistical Analysis
Sample trajectories of considered applications are illustrated
in Fig. 2. Visual observation of the presented data allows to
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conclude that considered applications are characterized by
different ranges of values. Particularly, VR viewing applica-
tion is characterized by the higher dispersion from the origin
while the corresponding ranges for video viewing and phone
call applications are much smaller.
From the modeling perspective, we have the following

requirements for potential stochastic processes representing
micromobility patterns. As demonstrated in [12], in order
to evaluate outage probability and spectral efficiency one
needs to obtain the distribution of FPT to the beam boundary.
However, obtaining FPT distribution when utilizing two-
dimensional random walk models is much more complicated
as compared to one-dimensional ones [8, 14].

The dimension reduction can be achieved by utilizing spe-
cial properties ofmicromobility patterns. Particularly, if there
is a radial symmetry in the micromobility characteristics it
would imply that one may restrict its characterization to a
one-dimensional random walk. Visual observation of sam-
ple trajectories presented in Fig. 2 however does not allow
to confirm this hypothesis. Furthermore, the Kolmogorov-
Smirnov test for heterogeneity of samples performed pair-
wise of trajectories belonging to different quadrants of Carte-
sian coordinates with the level of significance show that the
corresponding probability mass functions (pmf) are quanti-
tatively different even under the loose level of significance
set to 𝛼 = 0.1.
Another way to simplify the modeling of micromobility

patterns is to decompose the two-dimensional motions into
two components corresponding to 𝑂𝑥 and 𝑂𝑦 axes. In this
case, the overall FPT to the outage can be obtained as the
minimum of FPTs of two processes. However, the inherent
difficulty with this approach is that individual motions might
be dependent and this dependence has to be accounted for
in FPT calculations. To assess the level of dependence Fig.
3 presents the coefficient of correlation between absolute
displacements along 𝑥- and 𝑦-coordinates of individual mo-
bility processes for all considered applications as a function
of time resolution Δ𝑡 . Analyzing the presented data, one may

Figure 2: Sample trajectories of applications.

Figure 3: Correlation between x- and y-axes.

observe that individual processes for video and VR viewing
applications are completely uncorrelated. The correlation
coefficient for phone call application for all considered val-
ues of time resolution is limited by −0.2. These observations
allow us to deduce that for the set of considered applications
individual processes can be considered uncorrelated.
Having revealed the absence of correlation between in-

dividual components of decomposed mobility patterns, we
now proceed with illustrating two critical characteristics
of individual processes, drift from the origin and mean ve-
locity in Fig. 4 and Fig. 5, respectively. The former metric
represents the probability of moving from the center as a
function of the distance while the latter is the estimate of
distance-dependent velocity. Observing the presented data,
one may deduce that expectedly, all mobility patterns are
characterized by significant drift from the origin. In fact, the
probability of moving from the center coincides for all con-
sidered patterns at around 0.17 and is independent of the
distance from the origin. The velocity data are clearly both
application and axis dependent but still can be assumed to
be independent from the distance.

4 MICROMOBILITY MODELS
4.1 Brownian Motion Model
Following [12], we represent movement over 𝑥- and 𝑦-axes
by independent Brownian motions. Recall, that Brownian
motion process is described by [14]

𝜕𝑐 (𝑥, 𝑡)
𝜕𝑡

− 𝐷
𝜕2𝑐 (𝑥, 𝑡)

𝜕𝑥
= 0, 𝑡 > 0, (1)

where the “concentration” 𝑐 (𝑥, 𝑡) is interpreted as the proba-
bility density of having a diffusing point at a certain coordi-
nate at time 𝑡 , 𝐷 is the diffusion coefficient.

The only two parameters required to represent micromo-
bility patterns are 𝐷𝑥 and 𝐷𝑦 – diffusion constants over 𝑂𝑥
and𝑂𝑦 axes. These can be estimated from the statistical data.
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Figure 4: Drift from the origin over x- and y-axes.

Once parameterized, the sought probability density func-
tion (pdf) of FPT can be determined as follows

𝑓𝑇𝑋,𝑌
(𝑡) = 𝑓𝑋 (𝑡) [1 − 𝐹𝑌 (𝑡)] + 𝑓𝑌 (𝑡) [1 − 𝐹𝑋 (𝑡)], (2)

where 𝑓𝑋 (𝑡) and 𝑓𝑌 (𝑡) are pdf of FPT over 𝑂𝑥 and 𝑂𝑦 axe,
respectively, while 𝐹𝑌 (𝑡) and 𝐹𝑌 (𝑡) are the corresponding
cumulative distribution functions (CDF). The former coincide
with the pdf of FPT time with absorbing boundary at𝑀 and
reflecting boundary as 0 and are both provided by [6]

𝑓· (𝑡) =
𝑀

√
4𝜋𝐷𝑡3

exp
(
− 𝑀2

4𝐷𝑡

)
, 𝑡 > 0, (3)

where 2𝑀 is the length of the square.
Note that (2) assumes that movements along 𝑂𝑥 and 𝑂𝑦

axes are independent. Furthermore, observe that this model
does not take into account both drift to the origin and distant-
dependent velocity.

4.2 Two-Dimensional Markov chain
Consider now the two-dimensional Markov model. This
model is obtained by inducing a regular grid and associ-
ating each state of the model with a cell. To parameterize
this model, we need to determine the number of states,𝑁 ×𝑁 ,
corresponding to the grid size, and estimate the transition

Figure 5: Velocity characteristics over x- and y-axes.

probabilities 𝑝𝑖 𝑗 , 𝑖, 𝑗 = 1, 2, . . . , 𝑁 2. There is a critical param-
eter that affects the choice of the number of states – spatial
resolutions of the model, Δ𝑠 . The choice of Δ𝑠 affects the
trade-off between the amount of available statistics and the
model accuracy. For the model to accurately predict FPT Δ𝑠
has to be at least five times smaller than half of HPBW at
the considered distance 𝑑 [8, 14]. For typical THz communi-
cation distances (up to 50 m) and modern antenna arrays of
up to 128 × 128 elements one is interested in radii of at least
10 cm and no more than 50 cm [11]. Thus, in what follows
we will use Δ𝑠 = 2 cm to cover the screen space of 1.5 × 1.5
m resulting in 𝑁 2 = 5625. To keep the balance between state
transitions as a time resolution of the model we utilize the
native one, Δ𝑡 = 1/30 s, to recover lost waypoints.

Once 𝑁 2 is determined, we obtain the transition probabili-
ties 𝑝𝑖 𝑗 , 𝑖, 𝑗 = 1, 2, . . . , 𝑁 2 by using the conventional method-
ology. We first define the state boundaries and then calculate
the number of state changes for the particular values of 𝑖 and
𝑗 between the previous and the current value in the trace.
Finally, we divide it by the number of samples in the trace.
As compared to the Brownian motion model, the two-

dimensional Markov model implicitly account for potential
correlation between movements along 𝑂𝑥 and 𝑂𝑦 axes as
well as drift to the origin and distant-dependent velocity.
However, even though the pmf of the FPT can be found
numerically by formulating and solving the set of linear
equations [15] the state space of the resultingmodel prohibits
its efficient applications in performance evaluation studies.

4.3 One-Dimensional Markov Model
A simple Brownian motion model allows for analytical anal-
ysis of THz communications as illustrated in [12] but may
fail to capture intrinsic properties of micromobility patterns.
In contrast, the two-dimensional Markov model implicitly
accounts for them but is characterized by the extreme state-
space preventing its use in analytical performance studies.

As an alternative, we drop the dependence between move-
ments along 𝑂𝑥 and 𝑂𝑦 axes by modeling movements along
𝑂𝑥 and𝑂𝑦 axes by individual Markov chains. The transition
probabilities for these chains are estimated by utilizing the
methodology described above for two-dimensional Markov
model. Particularly, we utilize the same spatial and temporal
resolutions of Δ𝑠 = 2 cm Δ𝑡 = 1/30 s. In our case the number
of states of each components is just 75.
Note that this model still captures potential drift to the

origin and distance-dependent velocity over individual axes.
Furthermore, having a limited number of states a direct nu-
merical calculation is still feasible. Finally, as one may ob-
serve some of the considered applications are characterized
by nearly constant drift to the origin and velocity. This poten-
tially enables to consider a specific class of one-dimensional
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(a) Video viewing (b) Phone call (c) VR viewing

Figure 6: Illustration of empirical and modeled FPT CDFs for considered applications.

Markov chains – birth-death processes with constant transi-
tion probabilities. For these models, explicit expressions for
FPT times can be obtained by utilizing fundamental matrix
theory [7]. For this to be feasible, one also need to decrease
the spatial resolution of the model Δ𝑠 further ensuring that
transitions to nearby states are only feasible. However, fur-
ther exposition of this topic is out of the scope of this paper.

5 NUMERICAL RESULTS
In this section we provide a comparison between considered
models. The main metric of interest is the uninterrupted con-
nectivity time characterized by FPT of the considered models.
We consider both CDFs and mean values for comparison.

We start with Fig. 6 showing FPT CDFs of considered mod-
els as well as empirical CDF for all considered applications
and 4 cm circular boundary representing HPBW projection.
Visual observation indicates that the Brownianmotionmodel
provides the worst approximation as it significantly deviates
from the empirical CDF for both small and large values of
FTP times. Recalling statistical characteristics of the mobility
patterns, the reasons for mismatch can be mainly attributed
to the inability of this model to capture drift to the origin and
the lack of dependence between axial movements. To this
end, as one may observe, two-dimensional Markov model
provides a tighter approximation for empirical CDF as both
abovementioned properties are implicitly captured. Finally,
the decomposed one-dimensional Markov chain provides
a better match of the empirical CDF as compared to the
Brownian motion model. The rationale is that in spite of its
decomposed structure, it still captures the drift to the origin
property of micromobility patterns.
Consider now the behavior of models in detail for VR

application, one-dimensional Markov model and different
HPBW projection radii, 4, 6, and 8 cm. As one may observe,
the model is characterized by different behavior for different
radii. The biggest mismatch is observed for 4 cm. Then, at 6

cm the match is better except for the tail behavior. Finally,
at the maximum considered radii, 8 cm, the tail is closely
approximated while the mismatch is observed for small val-
ues of FPTs. This behavior indicates that the accuracy of the
considered model heavily depends on both antenna configu-
ration and communications distance between BS and UE as
these parameters directly translate to HPBW projection.
Now, we proceed with the mean values of FPT time for

considered applications and models as illustrated in Fig. 8
as a function of radii representing HPBW projection. Note
that for video viewing application the amount of statistics is
insufficient to reliably calculate the mean value for boundary
lengths larger than 6 cm. Expectedly, the best approximation
is observed for the 2D Markov model as it captures all the
statistical characteristics of the considered mobility patterns.
However, surprisingly, both decomposed Brownian motion
and one-dimensional Markov model provide qualitatively
similar approximation for the mean FPT values.

6 CONCLUSIONS
Along with blockage of propagation paths, micromobility of
UE in hands of users is considered to provide a significant

Figure 7: FPT CDFs for VR and different radii.
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(a) Video viewing (b) Phone call (c) VR viewing

Figure 8: Illustration of empirical and modeled mean FPT values for considered applications.

impact on future THz cellular systems. In this paper, based
on the measurements campaign, we formalized three micro-
mobility models having different degrees of details including
simple unbiased Brownian motion, two-dimensional Markov
chain and decomposed one-dimensional Markov model.

Our numerical results illustrate that for considered applica-
tions dependence between axial movements is insignificant
while the velocity remains relatively intact with the distance.
At the same time, drift to the origin is non-negligible. These
properties allow reducing the model dimension that signifi-
cantly simplifies the use of the models in performance eval-
uation studies. Our results indicate that the most complex
directly fitted two-dimensional Markov chain model pro-
vides the best approximation in terms of both CDF and mean
values of the time to the outage. The decomposed Brownian
motion model fails to accurately capture distributional prop-
erties of the time to the outage. For practical applications, the
one-dimensional decomposed Markov chain model provides
a viable compromise between simplicity and accuracy.
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