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Abstract—Terahertz (THz) band is considered as the main
candidate for new radio access technology in sixth-generation
(6G) cellular systems. However, the performance of these systems
will be severely affected by not only blockage but user equipment
(UE) micromobility in hands of a user. The negative effects
of these phenomena can be alleviated by utilizing the multi-
connectivity functionality that allows UE to maintain two or
more links to nearby base stations (BS) and use them when
the currently active link is lost. By accounting for THz specific
propagation, antenna and beamsearching design, the density
of THz BS deployment, and multi-connectivity operation, we
investigate the successful session completion probability under
both types of impairments. Our results indicate that the gains of
multi-connectivity are observed up to 5 simultaneously supported
links and heavily depend on the application outage tolerance
time and is mostly affected by micromobility. To improve it, one
needs to ensure that the application may tolerate outage caused
by beamsearching time which is on the order of milliseconds.

Index Terms—Terahertz communications, micromobility, out-
age, multi-connectivity, human body blockage, beamsearching

I. INTRODUCTION

Nowadays, when the standardization process of fifth gen-
eration (5G) New Radio technology is almost over, the re-
searchers start to explore the new radio interface technology
for 6G systems [1], [2]. The common consensus is that this
new interface would operate in the lower part of terahertz
(THz, 0.3− 3 THz) frequency band [3], [4].

Requiring large antenna arrays at base station (BS) and
user equipment (UE) sides to compensate for extreme path
losses, THz systems would utilize extremely directional an-
tenna radiation patterns with half-power beamwidth (HPBW)
approaching the fraction of a degree [5], [6]. As a side effect,
such high directivity allows to efficiently suppress inter-cell
interference [7]. However, it also brings a number of unique
challenges to system designers. Particularly, in addition to
more profound blockage effects as compared to mmWave
systems [8], high directivities would lead to frequent outage
situations caused by micromobility of UEs, i.e., quick rotations
in the user’s hands along vertical and transverse axes as well
as small displacements along Cartesian axes [9]. As a result
of these outages, a beamsearching procedure needs to be
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invoked to re-establish the active link. The THz link-level
performance in presence of UE micromobility impairments
has been investigated in [10], where the authors demonstrated
principal trade-offs between the fraction of time in outage
conditions and achieved link capacity. Depending on the type
of impairment, blockage or micromobility, user applications
may experience outage periods of different duration affecting
session continuity.

One of the ways to avoid blockage in mmWave and THz
systems is the use of standardized by 3GPP multi-connectivity
functionality [11]. According to it, UE may maintain two or
more concurrent connections to nearby BSs and use them
once the current link is lost. The multi-connectivity has been
studied at the system level in the context of 5G mmWave
systems, e.g. [12]–[14]. The use of multi-connectivity for
THz systems has been investigated in [15], where the authors
demonstrated spectral efficiency and connectivity gains under
dynamic blockage impairments. However, this functionality
can also be utilized to combat the effects of micromobility.

The studies of multi-connectivity in either mmWave and
THz deployments performed so far concentrated on average
performance metrics of interest such as outage probability or
mean spectral efficiency. However, in practice, the applications
utilizing the network often require uninterrupted connectivity
to the network ensuring session continuity. However, this
problem is significantly more difficult to solve as it requires
capturing UE state evolution in time. In this paper, we fill this
void by deriving the probability density function (pdf) of the
amount of time uninterrupted connectivity time. We explicitly
account for THz specific propagation conditions, the density of
deployed THz BS, antenna design and beamsearching, as well
as the degree of multi-connectivity. Then, by specifying the
amount of time an application may spend in outage conditions,
we characterize the successful session completion probability.

The main contributions of our study are:
• the mathematical framework for assessment of uninter-

rupted connectivity time in dense THz BS deployments
under user micromobility and blockage impairments in
presence of multi-connectivity functionality;

• numerical results illustrating that the session completion
probability improves linearly with the degree of multi-
connectivity up until 5 simultaneously supported links,



mostly affected by micromobility, heavily depends on the
application outage tolerance time and session duration.

The rest of the paper is organized as follows. First, in
Section II we specify our system model. In Section III we
introduce our performance evaluation framework and derive
the metrics of interest. Numerical results are presented in
Section IV while the conclusions are drawn in the last section.

II. SYSTEM MODEL

1) Deployment Model: The system model is illustrated in
Fig. 1. We assume that THz BSs locations follow Poisson
point process (PPP) in ℜ2 with the density λA. The height of
THz BS is hT . The location of UE of interest is random in
the field of BSs implying that the pdf of the distance to the
i-s nearest THz BS is [16]

fi(x) =
2(πλA)

i

(i− 1)!
x2i−1e−πλAx2

, x > 0, i = 1, . . . . (1)

2) Propagation and Blockage Models: We assume that line-
of-sight (LoS) THz propagation path may suffer from dynamic
human body blockage. To capture it, we represent humans by
cylinders with base radius rB and height hB . The density of
blockers is λB bl./m2 and they are assumed to move according
to the random direction model (RDM) with the speed v m/s
[17]. The UE height is assumed to be hU , hU ≤ hB . Following
[18] the time between successive blockage events under RDM
is approximately exponentially distributed. Thus, the process
of blockage events with i-s BS is Poisson with the mean
intensity of µB,i provided by

µB,i =

∞∫
0

fi (x)
(x [hB − hU ] + rB [hT − hU ])

(2rBλBv)−1 (hT − hU )
dx. (2)

As the effect of human body blockage is known to be more
impactful in the THz band [19]–[21], similarly to other studies,
e.g., [15], we assume that no communications are feasible in
LoS blocked state. The value of SINR at the UE in LoS non-
blocked state can be written as [22]

S(x) = PTGTGU

[x−ζT e−Kx

N0

]
, (3)

where ζT is path loss exponent, N0 is the thermal noise, PT

is BS emitted power, GT and GU are the antenna gains at BS
and UE, K is the absorption coefficient [22].

3) Micromobility Model: Following [10], we describe the
micromobility process as the Brownian motion with random
displacement process over x- and y-planes, and rotations over
vertical and transverse axes, ϕ(t) and θ(t). The displacements
over z-plane and rotations over longitudinal axis are left out
as their contribution to the effect of beam misalignment is
negligibly small [10]. This delivers the pdf of the time to beam
misalignment, TA, in the form of the minimum of two random
variables (RV) with pdfs corresponding to first passage times
of the Brownian particle, i.e.,

fTA
(t) = fθ (t) [1− Fϕ (t)] + fϕ (t) [1− Fθ (t)] , (4)
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Fig. 1: Illustration of the considered system model.

where the components are provided by

f(·)(t) =
MΦΘ√
4πD(·)t3

exp

(
−−M2

ΦΘ

4D(·)t

)
, (5)

D(·) is the diffusion constant in appropriate plane set to
∆2

(·)/2, and MΦΘ = (102π/360)(1/NT + 1/NU ), NU and
NT are the number of antenna elements at THz BS and UE.

4) Antenna Models and Beamsearching Algorithms: We
consider square planar antenna arrays at both UE and THz
BS. Similarly to [23], [24], we employ a cone radiation
pattern model with the beamwidth corresponding to half-
power beamwidth (HPBW) of the antenna radiation pattern.
Following [25] we approximate the HPBW with 102/N(·).

We assume that in the case of LoS blockage or beam
misalignment, the THz BSs initiates iterative beamsearching
algorithm implemented by sector level sweep and beam re-
finement procedures, as utilized in, e.g., IEEE 802.11ad/ay
systems [26]. The duration of beamsearching procedure is
TB = (NU +NT )σ, where σ is the array switching time.

5) Multi-connectivity Scheme: To evaluate the effect of
multi-connectivity on session continuity, we assume that the
tagged UE maintains N , N = 1, 2, . . . links to the nearest THz
BSs. Since SNR metric is inversely proportional to the distance
between the THz BS and UE (3), the nearest BS delivers
the best channel quality in terms of time-averaged SNR. The
beamsearching procedure is assumed to select a BS with the
greatest SNR value at the moment, i.e., the nearest BS in LoS
non-blocked conditions. We assume that the beamsearching is
invoked at the time when the active connection is lost as a
result of micromobility or LoS blockage.

6) Metric of Interest: As opposed to other studies of
multi-connectivity, where the authors primarily concentrate on
average performance metrics such as outage probability or
mean spectral efficiency, we characterize temporal properties
of the session service process. Particularly, we first derive
the pdf of uninterrupted connectivity time and then use it to
express the successful session completion probability.

III. PERFORMANCE EVALUATION FRAMEWORK

The connectivity and outage intervals in our system organize
an alternative renewal process. The idea of our approach is



based on the application of semi-Markov process theory [27]
allowing us to characterize an alternating renewal process by
the matrix of interval-transient probabilities Φ(t) consisting of
conditional transition probabilities within time t.

To construct the semi-Markov process, we first introduce
the chain with states divided into five non-overlapping subsets
describing the following states of connectivity, see Fig. 2: (i)
active communication with BSs, j = 1, · · · , N states, (ii)
beamsearching due to LoS blockage, j = N + 1, · · · , 2N
states, (iii) beamsearching due to micromobility, j = 2N +
1, · · · , 3N states, (iv) outage conditions with continuous con-
nectivity j = 3N+1, · · · , 4N states and zero state for outage.
The states i = 1, . . . , N correspond to continuous commu-
nication periods with i-s BS in LoS conditions.The states
j = N + i, . . . , 2N represent beamsearching procedure due
to LoS blockage after association with i-s BS. The introduced
absorbing model is characterized by initial vector π⃗ = [πi],
i = 0, ..., 4N and matrix of transition probabilities U = [uij ],
i, j = 0, ..., 4N . We now proceed parameterizing the model
and then solve it for pdf of uninterrupted connectivity time.

Recalling the LoS blockage probability with i-s BS [28]

pN,i = 1−
∫ ∞

0

2(πλA)
i

(i− 1)!

x2i−1

eπλAx2 e
−2xrBλB

hB−hU
hA−hU dx, (6)

and assuming independence of LoS blockage process, the
probability of simultaneous LoS blockage at all the N BSs,
i.e., outage condition, can be found as pN =

∏N
i=1 pN,i.

Now, we evaluate the temporal characteristics of simultane-
ous blockage at all N BSs. Following [29] it can be modeled as
a busy period in M/GI/∞ system. Let FB,i(t;x) be cumulative
distribution function (CDF) of the LoS blocked period with i-s
BS that is given by

FB,i(t) = 1−

( t∫
0

[1− FB,i (t− z)]
∣∣∣de−µB,iFT (z)

∣∣∣+ (7)

+ [1− FT (t)]

1− t∫
0

1− FB,i (t− z)

eµB,iFT (z)
µB,idz

),
where FT (t) is the CDF of the time elapsed by a single blocker
to pass through the UE LoS blockage area. In our model, we
consider the rectangular LoS blockage area with the length
much greater than its width [30]. This property allows us to
assume that the blockers enter the area strictly in a direction
orthogonal to the long sides. Thus, the time it takes to cross
the LoS blockage zone is 2rB/v, which can be written using
the Heaviside step function as FT (t) = H (t− 2rB/v).

The CDF of the period when all the N BSs are in LoS
blocked conditions that follow the connection loss with i-s
BS, TNL,i, is delivered by the minimum of the LoS blockage
periods with all the BS, i.e.,

FNL (t; i) = 1− [1− FB,i (t)]

N∏
j=1,j ̸=i

[
1− FB∗

j
(t)
]
, (8)

where Bi and B∗
j are the RVs representing blockage and

residual blockage periods after continuous association with i-s
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Fig. 2: The absorbing semi-Markov model.

and j-s BSs, respectively, while FBi(x) and FB∗
j
(x) are the

corresponding CDFs. The latter is provided by [29]

FB∗
j
(t) =

∞∫
0

FB,i (t+ τ)− FB,i (τ)

τ [1− FB,i (τ)]
dτ, j = 1, . . . , N. (9)

Now we determine the transition probability metric U of
the introduced model in Fig 2. The transition probabilities
u2N+i,i, i = 1, . . . , N corresponding to choosing the same
BS after beamsearching procedure triggered by micromobility
are conditioned on the fact that the procedure duration is less
than outage threshold TN and none of the i − 1 nearer BSs
are available in LoS non-blocked conditions. We can write

u2N+i,i = [1− FI (TB)]

i−1∏
k=1

pN,k, i = 1, . . . , N, (10)

where FI (t) = H (t− TN ) is a shifted Heaviside function.
Observe that the choice of other BSs is conditioned on

similar requirements given that i-s BS has not been blocked
during beamsearching time TB , i.e.,

u2N+i,j = [1− FI (TB)] (1− pN,i)×

×
j−1∏

k=1,k ̸=i

pN,k, i, j = 1, . . . , N, i ̸= j.
(11)

Recall that the beamsearching procedure can be triggered
by either beam misalignment or LoS blockage, providing
the conditions for further BS selection. The probability of
beamsearching due to beam misalignment should account for
the duration of the period to a consequent LoS blockage with
the current BS. Thus, we have

ui,2N+i =

∞∫
0

∞∫
y

fTA
(y) fTL,i (x)dxdy, i = 1, . . . , N. (12)

The probability of beamsearching as a result of LoS block-
age is the complementary probability, that is,

ui,N+i = 1−
∞∫
0

∞∫
y

fTA
(y) fTL,i (x)dxdy, i = 1, . . . , N. (13)



Summarizing the above-mentioned exposition, the elements
of U = [uij ], i, j = 0, ..., 4N , can be written as

ui,N+i = 1−
∫ ∞

0

∫ ∞

y

fTA
(y) fTL,i (x)dxdy, i = 1, . . . , N,

ui,2N+i =

∫ ∞

0

∫ ∞

y

fTA
(y) fTL,i (x)dxdy, i = 1, . . . , N,

uN+i,j = (1− FI (TB))

j−1∏
k=1

pN,k, i, j = 1, . . . , N, j ≤ i,

u2N+i,i = (1− FI (TB))

i−1∏
k=1

pN,k, i = 1, . . . , N,

uN+i,3N+i = (1− FI (TB))

N∏
k=1,k ̸=i

pN,k, i = 1, . . . , N,

uN+i,0 = FI (TB) , i = 1, . . . , 2N,

u3N+i,2N+i = FNL (TN ; i)

i−1∏
k=1

pN,k, i = 1, . . . , N,

u3N+i,0 = 1− FNL (TN ; i) , i = 1, . . . , N,

u0,0 = 1, i = 1, . . . , N,

ui,j = 0, otherwise. (14)

Now, we proceed to derive the metrics of interest. Applying
the one-sided Laplace transformation denoted as f∗(s) =∫∞
0
e−sxf (x) dx, we obtain the sought matrix in the form

Φ∗ (s) = [I − U ◦ F ∗ (s)]
−1

Ψ∗ (s) , (15)

where U is the transition probability matrix, F (t) is the matrix
of pdfs for residence time in state i before transiting to the
j-s state obtained further in (16), Ψ is a diagonal matrix with
elements ψii =

∫∞
t
ωi (t) dt, ωi (t) =

∑3N
j=0 uijfij (t) is the

residence time in i-s state, i, j = 0, . . . , N + 1, and ◦ is the
Hadamard product of the two matrices.

The elements of F (t) = [fij (t)], i, j = 0, ..., 4N , consist-
ing of transition probabilities within time t can be written as

fi,N+i (t) = fTL,i (t) (1− FTA
(t)) , i = 1, . . . , N,

fi,2N+i (t) = fTA
(t) (1− FTL,i (t)) , i = 1, . . . , N,

fN+i,j (t) = δ (t− TB) , i = 1, . . . , N,

f2N+i,i (t) = δ (t− TB) , i = 1, . . . , N,

fN+i,3N+i (t) = δ (t− TB) , i = 1, . . . , N,

fN+i,0 = δ (t− TN ) , i = 1, . . . , 2N,

f3N+i,2N+i (t) = fNL (t; i)FNL (TN ; i), i = 1, . . . , N,

f3N+i,0 (t) = fNL (t+ TN ; i)1− FNL (TN ; i), i = 1, . . . , N,

fi,j (t) = 0, otherwise, (16)

where δ (t) is the Dirac delta function. Here, the pdf of the
time to LoS blockage at the i-s BS fi,N+i (t) is provided
by LoS non-blocked period conditioned on LoS blockage
occurring sooner than beam misalignment. On the contrary,
fi,2N+i (t) denoting the time to beam misalignment, is condi-
tioned on the complementary event. The constant duration of
beamsearching implies that connectivity is resumed in exactly

TABLE I: The default system parameters

Notation Description Values
λA THz BS density 10−3 units/m2

λB density of blockers 0.3 units/m2

rB blocker radius 0.4 m
hB blocker height 1.7 m
hU UE height 1.5 m
hT THz BS height 4 m
v blocker speed 1 m/s
PT BS emitted power 2 W
ζT path loss exponent in non-blocked state 2.1
K absorption coefficient 0.2
σ array switching time 2 µs
TC complete session duration 30 s
TN tolerable outage period 1 s
NT BS antenna array configurations 64x64
NU UE antenna array configurations 4x4
N number of THz BSs 1-10
N0 density of noise -84 dBi
∆θ,∆ϕ mean displacement over vertical 0.1◦/s

and transverse axes
∆X,∆Y mean displacement over Ox and Oy 3 cm/s

TB s that is indicated by the shifted Dirac delta function for
fN+i,j (t) and f2N+i,j (t), i, j = 1, . . . , N . Similarly, in TB
s the UE may fall into outage conditions, that is captured by
fN+i,3N+i (t). Observe that the session is interrupted if the
beamsearching lasts longer than TN , and this is reflected in
fN+i,0 = δ (t− TN ). Once the LoS blockage is over, the
transition time follows the conditioned pdf to account for the
probability P{TNL < TN} = FNL (TN ; i). The transition to
the absorbing state is similarly conditioned on the complemen-
tary probability P{TNL > TN} = 1− FNL (TN ; i).

Utilizing U and F provided in (14) and (16), the diagonal
elements of Ψ∗ =

[
ψ∗
ij

]
, i, j = 0, . . . , 4N , are found as

ψ∗
ii (s) =

1

s

1−
4N∑
j=0

uijf
∗
ij (s)

 , i = 0, . . . , 4N,

ψ∗
ij (s) = 0, otherwise.

(17)

Once Φ∗ (s) is derived, the reverse Laplace transformation
allows us to return to the original matrix of interval-transient
probabilities Φ (t). One needs to perform this step numerically
utilizing, e.g., the Talbot algorithm [31], [32]. Then, we
determine the pdf of the uninterrupted connectivity time and
the probability of successful session completion as follows

fU (t) = 1−
4N∑
i=1

πiΦi0(t), pU =

∫ TC

0

fU (t)dt, (18)

where TC is the complete session duration.

IV. NUMERICAL ASSESSMENT

In this section, we present our results by numerically
investigating the effect of system parameters on the considered
metrics in (18). The default system parameters are provided
in Table I.

We start our analysis by illustrating the effect of the degree
of multi-connectivity on the probability of successful session
completion, pU , in Fig. 3. Expectedly, the increase in the value
of N leads to a higher probability that the session will be



successfully completed. However, as opposed to time-averaged
metrics such as outage probability reported in [13] that only
gradually improves starting from N = 3, here, we observe the
gains of utilizing N = 4 and N = 5. However, starting from
N = 5 the gains of utilizing additional links diminish.

Different applications may have different outage tolerance
times, TN , i.e., time that they may spend in outage conditions
without dropping end-to-end connection. Fig. 4 characterizes
the considered metric as a function of session duration, TC for
four considered values of TN and N = 1. Here, TN = 5 ms
and TN = 5 s corresponds to extreme cases of highly outage
sensitive and insensitive applications, while TN = 50 ms
and TN = 0.5 s represents intermediate cases. As one
may observe, there is a drastic difference between successful
session completion probability for TN = 5 ms and TN = 5 s.
The rationale is that in the former case micromobility and
blockage both lead to session interruption (TB = 0.008224 s,
mean blockage duration for N = 1 is 0.96 s) while in the
case of TN = 5 s applications may tolerate both blockage
and micromobility impairments. It is important that there is
no much difference between applications characterized by
intermediate values of outage tolerance time, TN = 50 ms
and TN = 0.5 s. In spite of the drastic differences in TN ,
these applications cannot maintain active connection in case of
blockage but are not affected by micromobility. This implies,
that adapting future applications to THz access technology one
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needs to ensure that the application can tolerate outage times
on the scale of the beamsearching procedure duration.

Consider now the effect of blockers intensity on the suc-
cessful session completion probability illustrated in Fig. 5 for
two degrees of multi-connectivity N = 1 and N = 3 and
two session durations, TC = 10 s and TC = 30 s. Here,
we observe that the positive effect of multi-connectivity is
preserved across the whole considered range of λB . However,
the ultimate value of the sought metrics heavily depends on
the chosen operational values of N and session duration.
Particularly, the curves corresponding to N = 1, TC = 10 s
and N = 3, TC = 30 s are characterized by nearly identical
behavior across the considered range of λB . Recalling that
the use of multiconnectivty may lead to the increased power
consumption, this may imply that the choice of the degree of
multi-connectivity can be based on the session duration.

Finally, consider the effect of THz BS deployment density,
λA, on the successful session completion probability illus-
trated in Fig. 6 for two session durations and two degrees
of multi-connectivity. As one may observe, the increase in
the THz BS deployment density leads to slight increase in
the session completion probability. For example, for N = 3
and TC = 10 s, it improves from 0.6 at λA = 10−4 to just
0.82 at λA = 10−3. The rationale is that the use of multi-
connectivity functionality in THz systems inherently requires
very dense deployments while the distance to nearby BSs at
these densities only slightly varies with λA. This is in contrast
to 5G mmWave BS deployments, where the operational de-
ployment densities for multiconnectivity are much sparser and



thus significant densification gains have been reported [13].

V. CONCLUSION

In this paper, we investigate the temporal characteristics of
the connectivity process in dense THz deployments under dy-
namic user micromobility and blockage impairments. To this
aim, we utilized the semi-Markov framework characterizing
the alternative process of connectivity and outage intervals by
the matrix of interval-transient probabilities.

We numerically investigated the successful session com-
pletion probability as a function of system parameters. Par-
ticularly, we have shown that the multi-connectivity gains
are observable up to 5 simultaneously supported links. These
gains heavily depend on the expected session duration and
preserved across the considered range of blockers intensity.
The successful session completion probability of applications
that are highly sensitive to outage durations is mostly affected
by micromobility. In practice, to improve the sought metric,
one needs to ensure that the application may tolerate outage
caused by beamsearching time which is on the order of mil-
liseconds. Finally, we demonstrated that for practical ranges of
THz BS deployment densities, where multi-connectivity can
be utilized, no significant densification gains are attained.
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