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Abstract— Wireless communication over terahertz (THz) fre-
quency bands is envisioned as the key enabler of many appli-
cations and services offered in 6G networks. The abundantly
available bandwidth in THz frequencies can satisfy the ultra-
high user throughput requirements and accommodate a massive
number of connected devices. However, poor propagation charac-
teristics, shadowing, and blockages may result in sudden outages
and necessitate frequent handovers. Therefore, an inefficient
handover procedure will impose severe challenges in meeting the
ultra-high reliability and low latency requirements of emerging
applications. In blockage driven mmWave and THz networks,
a higher multi-connectivity degree and efficient handover pro-
cedures are needed to reduce the data plane interruptions and
to achieve high reliability. We present an analytical model to
study the impact of handover procedures and multi-connectivity
degree on the latency and reliability of blockage driven wireless
networks. From the network protocol design perspective, our
study offers a quick and accurate way to envisage how network
architecture and protocols should evolve in terms of multi-
connectivity degrees and handover procedural efficiency. Our
results suggest that, for THz systems, coverage range should be
increased even if it comes at the cost of increased initial access
and base station discovery times.

Index Terms— Handover, reliability, low latency, millimeter
wave, mmWave, terahertz, THz, blockages, multi-connectivity,
quality of service, URLLC.

I. INTRODUCTION

F IFTH Generation (5G) cellular networks, currently being
rolled out, serve a wide range of new emerging applica-

tions and services including eHealth, Augmented and Virtual
Reality, and the tactile Internet. Not only do these applications
and services require a high data rate in the range of 100
Mbps to a few Gbps, but they also impose stringent latency
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and reliability requirements on the 5G cellular networks.
To implement different policies based on the QoS requirements
of applications and services, the 3rd Generation Partnership
Project (3GPP) categorizes them in three different classes
of services [1], [2]. These are massive Machine Type Com-
munication (mMTC), enhanced Mobile Broadband (eMBB),
and Ultra-Reliable Low Latency Communication (URLLC).
A comprehensive set of requirements for these services and
applications is presented in Table I. As throughput is the
primary performance metric for eMBB services, 5G wireless
networks are expected to use millimeter wave (mmWave)
frequencies, due to its large available bandwidth [3], [4].

Although mmWave frequencies are adequate for the current
traffic demand in 5G, wireless usage is expected to increase
significantly over the next decade [7]. In fact, it is antic-
ipated that by 2030, the wireless data rates will compete
with wired broadband [8]. Towards this end, the terahertz
(THz) frequency band (0.1-10 THz) is attracting attention
from the global community, and its distinctive characteristics
are extensively being studied in order to achieve an efficient
communication channel for Sixth Generation (6G) networks.
Nevertheless, 6G networks are expected to offer services,
such as holographic communications, fully automated driving,
and telesurgery [9]–[11], as well as applications that have
not yet been conceived. These emerging 6G use cases will
impose stringent design requirements to jointly satisfy ultra-
high throughput, ultra-high reliability, and extremely low
latency [12], as distinct from 5G uses cases [1], [2] which
do not require high throughput, ultra-high reliability, and low
latency simultaneously.

Although mmWave and THz systems are capable of trans-
mitting at speeds of multiple gigabits-per-second on the air
interface, they share a vulnerability to blockages and shadow-
ing [13]–[16]. mmWave links can suffer significant penetration
loss due to dynamic and static blockers, while the penetration
loss at THz frequencies can be up to 3-4 times higher [12].
Furthermore, free-space path loss is higher in THz frequencies,
where the attenuation is proportional to the square of carrier
frequency [17]. As a result, the combined attenuation in
the THz band is considerably high, limiting the maximum
transmission range of future devices [18]. To overcome such
high path loss, a highly directive antenna pattern must be used,
which however results in frequent misalignment of beams due
to small scale mobility (UEs) [19]. High directivity is achieved
by narrow beam-vectors steered by a large number of antenna
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TABLE I

QoS REQUIREMENTS AND EXAMPLE APPLICATIONS FOR mMTC, URLLC AND eMBB SERVICES IN 5G [1], [5], [6]. UNLIKE 5G, 6G APPLICATIONS

WILL LIKELY SIMULTANEOUSLY REQUIRE HIGH RELIABILITY, HIGH BANDWIDTH AND LOW LATENCY

elements, which requires a lengthy period to achieve beam
alignment [20], [21]. As a result, the cell search time, or equiv-
alently the Base Station (BS) discovery time, can be sig-
nificantly higher for THz systems as compared to mmWave
systems. Although frequent blockages exist in both mmWave
and THz systems, the impact on performance during handover
can be significantly worse in THz systems due to the higher
BS discovery time. In addition to the higher BS discovery
time, the high cell association time due to inefficient handover
mechanisms [22], or equivalently the high handover execution
time will induce a further increase in handover latency, which
will be unacceptably high for 6G networks. Moreover, service
reliability can severely deteriorate if handover is not performed
in a timely fashion, due to handover failures and Radio Link
Failures (RLFs) [22], [23]. Fast discovery of unblocked BSs
as well as robust and efficient handover techniques will be
required to exploit the full promise of THz cellular networks.
This necessitates an extensive study of the impact of BS
discovery time and handover latency on the QoS of blockage
driven cellular networks.

As mmWave and THz links are less reliable and inter-
mittent, it will be greatly beneficial for the UEs to harness
macrodiversity from the nearby BSs in 5G and future cellular
networks. Concomitantly, networks should evolve to support
fast BS discovery, efficient handover procedures, and efficient
mechanisms for achieving multi-connectivity. Therefore, it is
essential to study the impact of the BS discovery time, the han-
dover execution time, and the degree of multi-connectivity on
the QoS of different applications and services. As discussed
earlier, mmWave and THz systems may have different propa-
gation characteristics, yet they are both vulnerable to static and
dynamic blockages, thus a similar handover analysis frame-
work can be applicable to both of these blockage driven cel-
lular networks. A comprehensive study of the trade-offs among
the aforementioned parameters will be vital for the design of
next-generation mmWave and THz cellular networks.

In this paper, we use a stochastic geometry based model and
a continuous time Markov chain to study the impact of the
BS discovery times (including handover preparation times),
handover execution time, and the multi-connectivity degree
on the out-of-service probability, the out-of-service duration,
and RLF probability. This, in turn, allows us to determine
whether and in which ways the network architecture and
protocols should further evolve to satisfy the QoS of different
applications and services in mmWave and THz cellular net-
works, where links are highly intermittent in nature. The key
contributions of this paper are as follows:

• We provide an analytical model to study the impact of BS
discovery time, handover execution time, and the degree
of multi-connectivity on the QoS of different applications

and services considering dynamic blockages (UE blocked
by mobile blockers) and self-blockages (UE blocked by
the user’s own body).

• We derive closed-form expressions and/or bounds on the
out-of-service and RLF probabilities, and expected out-
of-service duration using stochastic geometry and Markov
chain frameworks. From our analytical study, we derive
the required degree of connectivity, BS discovery and
handover execution times to meet the QoS requirements
of future applications and services for different BS den-
sity, coverage range, and blocker density values.

• We verify our analytical results through Monte-Carlo
simulations by considering the random waypoint mobility
model for the movement of blockers. Finally, using our
initial results, we argue that for THz cellular networks,
coverage range should be increased to reduce the required
BS density even if it comes at the cost of increased
BS discovery time. Moreover, a dual connectivity archi-
tecture is needed to avoid short interruptions caused by
protocol limitations.

The rest of the paper is organized as follows. Section II
presents related work. Section III describes the system model.
In Section IV, we provide an analytical model to study the
impact of handover latency (BS discovery and handover exe-
cution times) and multi-connectivity degree on the overall QoS
of different applications and services. In Section V, we present
results obtained by our theoretical analysis and MATLAB
simulations. In Section VI, we discuss the implications of
our results on mmWave and THz cellular networks. Finally,
Section VII concludes the paper.

II. RELATED WORK

The BS discovery time (measurement reports
of 200 ms [24]), handover trigger time (a couple of
measurement reports [24]), and handover procedures (Break-
Before-Make (BBM) [25]) in legacy Long Term Evolution
(LTE) heterogeneous networks are prohibitively high for
the 5G and next-generation wireless networks. In the BBM
handover mechanism, the UE breaks the existing connection
with the serving BS before initiating a handover procedure
to the target BS that results in a 40 − 50 ms interruption
to data plane services [22]. In the 3GPP standard (Release
14), Make-Before-Break (MBB) and Random Access Channel
(RACH)-less techniques were introduced to significantly
reduce these data plane interruptions during handover [26].
In the MBB handover procedures, the UE breaks the existing
connection with the serving BS only before the random
access procedure is initiated with the target BS.

Due to the high implementation cost and the limited benefits
of the MBB and RACH-less handover techniques in practical
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systems [27], Conditional Handover (CHO), and Dual Active
Protocol Stack (DAPS) handover techniques were introduced
in Release 16 [28] to achieve mobility robustness. In the CHO,
the network can configure the UE with multiple target BSs
in the RRC Reconfiguration message. Furthermore, the UE
can appropriately select a target BS from the configured
BSs in the RRC Reconfiguration message when the handover
execution criteria are met. If the handover procedures fail
with the selected target BS, the UE can select and attempt
to connect to another target BS. Although CHO reduces
the handover failure probability, it increases the handover
latency if the UE performs multiple HO attempts during a
single RRC Reconfiguration. In the DAPS handover technique,
the connection to the source BS is maintained unless and until
the connection to the target BS is fully made. Even though
the DAPS handover technique reduces the handover failure
probability and downlink data plane interruptions, the uplink
data plane is still interrupted during the execution of a DAPS
handover [28]. Furthermore, a DAPS handover can still fail if
both source and target BSs get blocked.

Another technique that can help in achieving low latency
and high reliability in cellular networks is multi-connectivity.
Dual Connectivity (DC) in heterogeneous LTE networks was
introduced in the 3GPP standard Release 12 [26] primarily to
achieve high throughput by maximizing the received power at
the UE. Although DC contributed to throughput gain, it also
resulted in higher buffering latency at the secondary BS [29].
In [30], it was shown that increasing the multi-connectivity
degree up to 4 can be beneficial for both outage probability
and spectral efficiency. Moreover, it was suggested that any
further increase on the multi-connectivity degree does not
significantly improve the performance, but instead dramati-
cally increases the signaling overhead and the complexity of
the network protocols. However, switching between the BSs
was assumed instantaneous in [30], i.e., the BS discovery and
handover execution times were not considered in the analysis.
In 5G and next-generation cellular networks, where frequent
handovers may be required, Multi-Radio Access Technology
(Multi-RAT) and multi-connectivity may prioritize low latency
and high reliability over high throughput. In our previous
work [31], we showed that by prioritizing low latency and
high reliability, fast BS discovery, and an efficient handover
procedure we can significantly enhance QoS in mmWave
cellular networks.

To achieve a high QoS, M. Polese et al. [32] have proposed
procedures for fast switching among BSs in the multi-RAT DC
settings. During a blockage, the UE switches to the LTE BS
after receiving a handover command, and once a new mmWave
BS is found, the UE switches to the discovered mmWave BS.
This results in a temporary overloading of the LTE BSs [33]
and a framework for fast switching among mmWave BSs will
be required. Considering different multi-connectivity scenar-
ios, V. Petrov et al. in [34] studied the impact of the multi-
connectivity degree. In our previous work [31], we proposed
a new transport network architecture for mmWave cellular
systems and fast control signaling among BSs to achieve high
QoS for different applications and services. Using MATLAB
simulations we showed that the achievable QoS is dependent

upon the BS discovery time, handover execution time, and
the multi-connectivity degree. In this paper, we want to
explicitly establish a relationship between the BS discovery
time, the handover execution time, and the multi-connectivity
degree with the achieved QoS of different applications and
services.

In [35], B. Zhang et al. proposed a Markov chain based
process to model the handover procedure and offloading in
LTE heterogeneous networks. By optimizing different para-
meters, they attempted to decrease the handover rate and
the load imbalance caused by different transmission powers.
In an effort to optimize the handover procedure in the LTE
heterogeneous networks, F. Guidolin et al. [36] proposed a
novel context-aware policy. Their scheme aims to maximize
the UE average capacity by using a non-homogeneous discrete
time Markov chain to model the evolution of the UE state.
M. Gerasimenko et al. [37] and A. Shafie et al. [38] con-
sidered Markov chains for developing connectivity strategies
in the mmWave and THz network respectively, where they
assumed that the UE maintains backup connections with
the other non-blocked access points. However, in practical
systems, a UE can maintain connections with only a limited
number of access points. Furthermore, the UE will always
require additional time to find the unblocked access points
and associate with a discovered access point.

V. Begishev et al. considered the session management in
multi-band microwave and mmWave multi-connectivity sys-
tems [39] and in 3GPP New Radio (NR) multi-connectivity
systems [40], using multi-dimensional Markov chains. In the
former work [39], switching between mmWave BS and sub-
6 GHz BS depending on the available resources and blockage
events is considered. However, the authors assumed imme-
diate switching between sub-6 GHz BS and mmWave BS
while neglecting the discovery and association delays for
the mmWave BS after blockage events end. In the latter
work [40], the authors have considered a single NR BS and
demonstrated that reserving guard capacity for the services
of already accepted UEs can increase the system throughput
while overlooking the reliability and latency requirements of
the services.

Authors in [35]–[40] aim to maximize the UE throughput
without considering the induced latency and service interrup-
tions due to the blockages in the mmWave and THz cellular
networks. In mmWave and THz cellular networks, where
abundant bandwidth is available but the channels are sporadic
in nature, it will be more challenging to meet the low latency
and ultra-high reliability requirements of applications and ser-
vices than delivering high throughput. Therefore, we focus our
study on the reliability and latency of the services by taking
into account several key factors such as BS discovery time,
handover execution time in addition to the multi-connectivity
degree, which is essential for an optimized design of the
blockage driven mmWave and THz cellular networks.

III. SYSTEM MODEL

In our system model, the BS blocking and unblocking
processes are similar to the model in [14] which are presented
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Fig. 1. System model [14]. The physical blockage process for BSs is similar
to [14]. The handover latency impact is neglected in [14], where instantaneous
handover in a macro diversity setting is considered.

in III-A for the sake of convenience. We discuss the handover
procedure related details of our system model in III-B. The
novelty of our work lies in considering the blockage process
together with the handover procedures to evaluate their impact
on blockage driven mmWave and THz cellular networks.
A brief summary of notations is provided in Table II.

A. Physical Blockage Process

A stationary UE is assumed at the center of a disc B(o, R)
having radius R and origin at o. In a mmWave and THz
cellular system, the Line-of-Sight (LOS) paths between the
UE and the BS can be blocked by the user’s own body and/or
dynamic blockers such as humans, moving vehicles, and other
moving objects around the UE (see Fig. 1). The system model
consists of the following components:

1) BS Model: The mmWave and/or THz BS location is
modeled as a homogeneous Poisson Point Process (PPP) inside
the disc B(o, R) with density λT . The number of BSs M in
the disc follows a Poisson distribution with parameter λT πR2:

PM (m) =

�

λT πR2
�m

m!
e−λT πR2

. (1)

Given the number of BSs in the disc B(o, R), the BSs
locations follow a uniform probability distribution. Thus,
the radial distance Ri i = 1, 2, · · · , m of BSs from the UE
are independent and identically distributed (i.i.d.):

fRi|m(ri) =
2ri

R2
; 0 ≤ ri ≤ R, i = 1, 2, · · · , m, (2)

and the angular positions θi, i = 1, 2, · · · , m of BSs relative
to the positive x-axis are i.i.d. and follow uniform distribution
in [0, 2π].

2) Self-Blockage Model: The self-blockage zone is defined
as the sector of the disc B(o, R) with angle κ in which all of
the BSs are considered blocked to the UE due to the user’s own
body (see Fig. 1). Note that the orientation of the user’s body
is uniform in [0, 2π]. Thus, the probability that a randomly
chosen BS is blocked due to self-blockage can be derived as

P
(

Bself
)

=
κ

2π
. (3)

Further, the probability that a randomly chosen BS is not
blocked by self-blockage is derived as

p = 1 − P
(

Bself
)

= 1 −
κ

2π
. (4)

Thus, the number of BSs in the disc B(o, R) out of the
self-blockage zone follows another Poisson distribution with

TABLE II

SUMMARY OF NOTATIONS

parameter pλT πR2, i.e.,

PM (m) =

�

pλT πR2
�m

m!
e−pλT πR2

. (5)

Furthermore, the Line-of-sight (LOS) coverage probability,
P
(

CLOS
)

, can be obtained by considering that at least one BS
should lie outside the self-blockage zone in disc B(o, R), i.e.,

P
(

CLOS
)

= PM (m 6= 0) = 1 − e−pλT πR2

. (6)

3) Dynamic Blockage Model: Dynamic blockages (illus-
trated in Fig. 1) in the mmWave cellular networks are exten-
sively studied in [14], [15] assuming a homogeneous PPP
model with dynamic blocker density λB in the disc B(o, R).
The blocker arrival rate αi at the ith BS-UE link is considered
Poisson and was derived in [14], [15] as

αi = Θri, i = 1, 2, · · · , m, (7)

where Θ is proportional to the blocker density λB and it is
given by

Θ =
2

π
λBV

hB − hR

hT − hR

,

where V is the speed of the blocker, hB , hT and hR are
the heights of the blocker, the transmitter and the receiver,
respectively. The expected blocker arrival rate is

E [α] =

Z R

r=0

Θr
2r

R2
dr =

2ΘR

3
. (8)

B. Handover Process Details

In our system, we model the handover process in conjunc-
tion with the physical blockage process in a multi-connectivity
setting. The details are as follows:
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Fig. 2. (a) The BS state is determined by the BS-UE link and connection status: until a BSs-UE link becomes unblocked, the BS cannot be discovered
by the UE. Once a BS-UE link gets unblocked, the BS remains undiscovered until the UE discovers the BS through physical layer procedures, such as cell
search. Furthermore, when one of the associated BSs gets blocked, to replace it a discovered BS becomes a candidate BS for the BS-UE connection, i.e., the
discovered BS is considered for the handover procedure. Furthermore, once the BS is considered for handover, the association process or equivalently the
handover execution can take Ω time units, before the BS can be associated with the UE. (b) A dual connectivity example: A secondary BS in the associated
list becomes the serving BS immediately after the link connecting the UE and the serving BS is blocked. Simultaneously, the UE initiates the association
process with one of the discovered BSs.

1) Connectivity Model: In the multi-connectivity setting,
we assume that the UE can be associated with multiple BSs
at the same time. Specifically, the UE has a data and control
plane connection with one serving/master BS, while it can
maintain a data plane connection with the rest of the associated
BSs, which we will call secondary BSs. The UE maintains a
list of associated/active BSs, i.e., a list that consists of the
serving/master BS and the secondary BSs. In our system,
we do not distinguish among the serving/master and secondary
BSs, i.e., the data plane is not considered interrupted unless
and until all the serving/master and secondary BSs get blocked.
The UE initiates a handover procedure to a discovered BS,
once a serving/master or secondary BS gets blocked. On the
initialization of the handover procedure to a discovered BS,
we move the BS to the candidate set, and once the handover
is completed that BS becomes an associated BS. Note that BSs
in the discovered set are BSs for which the UE can obtain the
Radio Resource Management (RRM) measurements [42]. If a
BS is blocked, the UE will not obtain the RRM measurements
for that BS. A UE is considered being out-of-service in the
following scenarios: 1) out of coverage: the UE is out of
coverage, i.e., no serving BSs are in the UE coverage region,
2) physically blocked: the UE is completely blocked from
all of the BSs in the UE coverage region, or 3) blocked
by protocol: a new BS is not added in time to the list of
associated BSs before the only remaining serving BS also gets
blocked, due to high BS discovery and/or handover execution
times.

2) BS Status: Fig. 2(a) illustrates the transitions of the BS
status. The BS status depends upon whether the link between
the BS and the UE is blocked or unblocked. Until a BS-UE
link becomes unblocked, the BS cannot be discovered by
the UE. Even after a BS-UE link gets unblocked, it remains
undiscovered until the UE discovers the BS through physical
layer procedures, such as a cell search and measurement
reports. Let us assume that the UE needs ∆ time units to
discover the unblocked BSs in its coverage region. If we also
take into account that the BS-UE link remained blocked for

Γ time, then the BS remains undiscovered by the UE for a
duration of Ψ = ∆ + Γ. After the UE finds the BS through
measurement reports or cell-search, the BS status changes
to discovered. The BS remains in this status, until one of
the associated BSs to the UE gets blocked. Then, one of
the discovered BSs becomes a candidate BS for the BS-UE
connection, i.e., it is considered for the handover procedure.
Furthermore, once the BS is considered for handover, the asso-
ciation process or equivalently the handover execution can take
up to Ω time units. Fig. 2(b) illustrates two snapshots of the
BS-UE links status. In this example, there are five BSs in
the UE coverage region, and the degree of connectivity is
2. In the first snapshot, two of the BSs are not associated
with the UE: one is blocked and the other has recently been
unblocked, thus it will be discovered by the UE after ∆ time
units. Furthermore, one BS has already been discovered by the
UE and two BSs are associated with the UE. In the second
snapshot (at a later time than the first snapshot), one of the
associated BSs gets blocked, thus the UE begins a connection
establishment process with the discovered BS, which will be
completed after a handover execution duration of Ω time units.

In [14], [15], macro-diversity is considered with the assump-
tion that a UE can switch to any of the BSs in its coverage
region instantaneously, i.e., the BS discovery time, and the
handover execution time are completely neglected. In [31],
an alternative mmWave transport network architecture is pro-
posed considering a similar connectivity model as discussed
here. However, [31] did not incorporate the details of the
handover procedure. In the next section, we will present an
in-depth theoretical analysis of the handover procedure in
a multi-connectivity setting that takes into account the BS
discovery and handover execution times.

IV. HANDOVER ANALYSIS

In this section, we evaluate the impact of blockage duration
Γ, BS discovery time ∆, and handover execution time Ω on the
service reliability and latency of applications in the blockage
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driven mmWave and THz cellular networks. Recall that, for
the discovery of BSs in the UE coverage region, the BSs must
be unblocked and discovered by measurement report or cell-
search procedures, which takes an average of Ψ = ∆ + Γ.
For tractability, we model the total BS discovery time as
an exponential random variable with parameter ψ = 1/Ψ.
We also model the handover execution time as an exponential
random variable with parameter ω = 1/Ω [43], [44]. We
further assume that the blocker arrival rate at each BS-UE
link follows the same exponential distribution with mean E[α],
as calculated in (8). Using these parameters, we develop
Markov chains for the 1 × 1 connectivity model (for ease
of presentation) in Fig. 3 and for the general case M × K
in Fig. 4, where M is the number of BSs in the UE coverage
region and K is the degree of connectivity maintained by the
UE. Note that M ≥ K , as the multi-connectivity degree cannot
exceed the number of available BSs. We denote the states of
the Markov chains as [x, y], where x is the number discovered
BSs with an unblocked LOS link to the UE, and y is the
number of associated BSs to the UE (serving and secondary).

A. 1 × 1 Connectivity

For the purpose of presentation ease, we will first present a
continuous time Markov chain depicting the handover process
in the simple 1 × 1 setting is shown in Fig. 3, where 1 × 1
implies that there is a single BS in the UE coverage region
and that the UE can support at most single connectivity.
In the state [0, 0], the BS-UE link is blocked or this BS is
currently undiscovered. In the state [1, 0], the BS-UE link
is discovered but the BS-UE connection has not been yet
established. In the state [1, 1], the BS-UE connection has been
established. Thus, a UE is considered being out-of-service in
the 1 × 1 connectivity scenario if either the BS-UE link is
blocked (state [0, 0]) or the BS is discovered but the BS-UE
connection has not been yet established (state [1, 0]).

Lemma 1: For the 1 × 1 connectivity scenario, the proba-
bility of the UE being out-of-service is

P 1×1
OS =

α

α + ω
+

α

α + ψ

ω

α + ω
. (9)

Proof: To obtain the probability of the UE being out-
of-service, we will solve the Markov chain in Fig. 3. Let
us assume that P 1×1

00 , P 1×1
10 , and P 1×1

11 are the steady state
probabilities of states [0, 0], [1, 0], and [1, 1], respectively, for
the 1 × 1 connectivity scenario. Then, we have

ψP 1×1
00 = αP 1×1

10 + αP 1×1
11 ,

(α + ω)P 1×1
10 = ψP 1×1

00 ,

αP 1×1
11 = ωP 1×1

10 . (10)

By solving the set of linear equations in (10) and P 1×1
00 +

P 1×1
10 + P 1×1

11 = 1, we can derive the state probabilities as

P 1×1
00 =

α

α + ψ
,

P 1×1
10 =

α

α + ω

ψ

α + ψ
,

P 1×1
11 =

ω

α + ω

ψ

α + ψ
. (11)

Fig. 3. Markov chain for the 1 × 1 connectivity model, where a single BS
lies in the UE coverage region and the UE can support at maximum single
connectivity. Here, in state [0, 0] the BS-UE link is blocked or undiscovered,
in state [1, 0] the BS-UE link is unblocked, the UE has discovered the BS
but the BS-UE connection has not been yet established, and in state [1, 1] the
BS starts serving the UE.

Using (11), the probability of the UE being out-of-service
can be derived as

P 1×1
OS = P 1×1

00 + P 1×1
10 =

α

α + ω
+

α

α + ψ

ω

α + ω
.

This concludes the proof.

B. M × K Connectivity: Out-of-Service Probability

A Markov chain representing the generalized M × K
connectivity model is presented in Fig. 4, where M BSs lie in
the UE coverage region and the UE can support a maximum
multi-connectivity degree of K . In the state [x, y], x represents
the number of unblocked BS-UE links and y represents the
number of associated BSs (serving and secondary). In the
state [0, 0], all of the BSs are blocked or undiscovered.
In the states [1, 0], · · · , [M, 0], the number of discovered
BSs are 1, 2, · · · , M , respectively, but none of the BS-UE
connections has been established yet. While being in the states
[0, 0], · · · , [M, 0], the UE is considered out-of-service and
experiences a data plane interruption. Furthermore, the data
plane interruption continues till a transition from those states to
[1, 1], · · · , [M, 1], i.e., until it regains a serving BS. Note that
in all other state transitions there will be no data plane inter-
ruption, as we consider a MBB and synchronized RACH-less
handover procedure during those transitions.

Proposition 1: In the Markov chain representing the gener-
alized M × K connectivity model (see Fig. 4), the sum of all
the state probabilities where l ∈ {0, 1, · · · , M} BS-UE links
are unblocked is independent of K and is given by

PM×K
l =

min(l,K)
X

i=0

PM×K
li =

�

M

l

	�

ψ

α + ψ

	l�
α

α + ψ

	M−l

.

(12)

Proof: See Appendix A.
Proposition 1 implies that the number of unblocked and

discovered BSs in the UE coverage region depends on the BS
discovery rate and the physical blockage characteristics of the
system, i.e., the blocker arrival and departure rates.

Proposition 2: If M ≤ K in M × K connectivity model,
the probability of the UE being associated to y BSs is given
by

PM×K
Cy =

M
X

l=y

PM×K
ly =

�

M

y

	

×




α

α + ω
+

α

α + ψ

ω

α + ω

�M 


ψω

α(α + ψ + ω)

�y

(13)
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Fig. 4. Markov chain for the M × K connectivity model, where M BSs lie in the UE coverage region and the UE can support up to K connectivity.
Here, in state [0, 0] all BS-UE links are blocked. In states [1, 0], · · · , [M, 0], 1, 2, · · · , M BS-UE links are unblocked, respectively, but none of the BSs
are in connected mode. The UE experiences data plane interruption while being in states [0, 0], · · · , [M, 0] and until it reaches the states [1, 1], · · · , [M,1],
i.e., until it stops being out-of-service. In any state [x, y], x BSs are discovered with unblocked LOS links to the UE, and y BSs are associated to the UE
(serving and secondary).

Proof: See Appendix B.
In Corollary 1, using Proposition 2, we compute the out-

of-service probability, i.e., the probability of the UE being
associated with no BS, i.e., y = 0.

Corollary 1: For M ≤ K , the out-of-service probability is

PM×K
OS =

�

α

α + ω
+

α

α + ψ

ω

α + ω

	M

. (14)

Proof: The out-of-service probability for
M × K, ∀M ≤ K connectivity model can be obtained
from Proposition 2 by putting y = 0, i.e., it can be derived
by considering the scenario in which the UE is associated to
none of the BSs in its coverage region. Thus, we obtain the
out-of-service probability for M ≤ K connectivity setting as:

PM×K
OS =

�

α

α + ω
+

α

α + ψ

ω

α + ω

	M

, ∀M ≤ K.

This concludes the proof.
Note that Proposition 2 is valid only when M ≤ K , i.e., the

number of BSs in the UE coverage region is smaller than the
maximum supported connectivity degree. Next, we will obtain
a generalized expression for the out-of-service probability in
Proposition 3.

Proposition 3: In a generalized M × K connectivity sce-
nario, the out-of-service probability can be derived as

PM×K
OS = PM×K

0 −
M
X

i=2

min(i − 1, K − 1)

×PM×K
i0 +

α

ω
PM×K

C1 . (15)

Proof: See Appendix C.
In Corollary 2, using Proposition 3, we obtain the out-of-

service probability when K = 1, i.e., when the UE can only
achieve single-connectivity.

Corollary 2: In the M × 1 connectivity setting, i.e., single
connectivity, the out-of-service probability is given by

PM×1
OS =

α

α + ω
+

�

α

α + ψ

	M
ω

α + ω
(16)

Proof: In the M × 1 connectivity setting, from Propo-
sition 3, we have

PM×1
OS = PM×1

0 +
α

ω
PM×1

C1

= PM×1
0 +

α

ω

(

1 − PM×1
OS

)

=
α

α + ω
+

ω

ω + α
PM×1

0 . (17)

Furthermore, using Proposition 1 and (17), we obtain the
out-of service probability in the M ×1 connectivity setting as

PM×1
OS =

α

α + ω
+

�

α

α + ψ

	M
ω

α + ω

This concludes the proof.
Note that in order to compute the second term in Propo-

sition 1, we need the individual state probabilities of the
generalized M ×K Markov chain. Thus, we will instead use
Proposition 1 to obtain upper and lower bounds on the out-
of-service probability for the generalized M × K scenario.

Corollary 3: The upper and lower bounds on the out-of-
service probability for M × K are given by

PM×K
OS,UB ≤ PM×K

0 +
1

2
PK×K

10 +
α

2ω
PK×K

C1

=




α

α + ψ

�M

+
K

2




α

α + ψ

�K 

ψ

α + ω

�

+
Kα

2ω




α

α + ω
+

α

α + ψ

ω

α + ω

�K−1

×




ψω

(α + ψ)(α + ω)

�

(18)

PM×K
OS,LB ≥ PM×K

0 +
K − 1

K
PM×M

10 +
α

Kω
PM×M

C1

=




α

α + ψ

�M

+ M
K − 1

K




α

α + ψ

�M 

ψ

α + ω

�

+
Mα

Kω




α

α + ω
+

α

α + ψ

ω

α + ω

�M−1

×




ψω

(α + ψ)(α + ω)

�

(19)

Proof: See Appendix D.
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Using Corollaries 1-3, we derive the out-of-service probabil-
ity given m BSs in the UE coverage region in (20), as shown
at the bottom of the page. Finally, using (5), (6), and (20),
we derive the out-of-service probability given LOS coverage
in Theorem 1.

Theorem 1: We obtained the exact expression for out-of-
service probability given LOS coverage for single connectivity,
and lower and upper bounds on the out-of-service probability
given LOS coverage for connectivity K ≥ 2. The out-of-
service probability given LOS coverage is given in (21), as
shown at the bottom of the page.

Proof: See Appendix E.
Corollary 4 is obtained using Theorem 1, for the case

when the handover execution rate is significantly higher than
the blockage arrival and the BS discovery rates. In such
scenario, the out-of-service probability becomes independent
of the degree of multi-connectivity. Thus, in cellular transport
network architectures, if the handover latency can be reduced
significantly, then a high degree of connectivity will be not be
required to meet the QoS requirements.

Note that the equation in Corollary 4 is the same as
the result for the blockage probability given LOS coverage
assuming instantaneous handover among BSs in [14], [15],
which shows that if the handover execution and BS discovery
times are close to zero, we obtain the same result.

Corollary 4: If ω � α and ω � ψ, the out-of-service
probability can be approximated by

P
(

OS|CLOS
)

=
e−qpλT πR2

− e−pλT πR2

1 − e−pλT πR2
. (22)

Proof: See Appendix F.
In Corollary 5, using Corollary 4, we try to answer what BS

discovery time will be sufficient to achieve a certain out-of-
service probability, P

(

OS|CLOS
)

, in the blockage driven THz
and mmWave cellular networks. Thus, Corollary 5 can be used
to study the trade-off between maximum allowed BS discovery
time and minimum BS density required to achieve the desired
reliability.

Corollary 5: If ω � α and ω � ψ, then the maximum
allowed BS discovery time to achieve a certain out-of-service
probability, P

(

OS|CLOS
)

, is given by

∆ = −
(1 + Υ)

Υα
− Γ,

where ,

Υ =
ln
h

P
(

OS|CLOS
)

+ e−pλT πR2 (

1 − P
(

OS|CLOS
))

i

pλT πR2
.

(23)

Proof: See Appendix G.

P (OS|m) =
α

α + ω
+

�

α

α + ψ

	M
ω

α + ω
; if K = 1, ∀m ∈ {1, 2, · · · , M},

=




α

α + ω
+

α

α + ψ

ω

α + ω

�m

; if K ≥ 2, ∀m ∈ {1, 2, · · · , K},

≤




α

α + ψ

�m

+
K

2




α

α + ψ

�K 

ψ

α + ω

�

+
K

2




α

α + ω
+

α

α + ψ

ω

α + ω

�K−1 

ψ

α + ψ

α

α + ω

�

;

if K ≥ 2, ∀m ∈ {K + 1, K + 2, · · · },

≥




α

α + ψ

�m

+ m
K − 1

K




α

α + ψ

�m 

ψ

α + ω

�

+
m

K




α

α + ω
+

α

α + ψ

ω

α + ω

�m−1 

ψ

α + ψ

α

α + ω

�

;

if K ≥ 2, ∀m ∈ {K + 1, K + 2, · · · }. (20)

P
(

OS|CLOS
)

=
1 − ω

α+ω

�

1 − e−qpλT πR2

�

− e−pλT πR2

1 − e−pλT πR2
; if K = 1,

≤
e−pλT πR2

1 − e−pλT πR2

"

K
X

m=1

�

cpλT πR2
�m

m!
+

∞
X

m=K+1

 

�

q̃pλT πR2
�m

m!
+ χ

�

pλT πR2
�m

m!

!#

; if K ≥ 2,

≥
e−pλT πR2

1 − e−pλT πR2

"

K
X

m=1

�

cpλT πR2
�m

m!
+

∞
X

m=K+1




1+
mψ(K − 1)

K(α + ω)

�

�

q̃pλT πR2
�m

m!
+

αζ

Kω

∞
X

m=K+1

�

cpλT πR2
�m

(m − 1)!

#

; if K ≥ 2,

where, c = P 1×1
OS , q =

ψ

α + ψ
, q̃ = (1 − q), χ =

K

2




α

α + ψ

�K

ψ

α + ω

�

+
K

2




α

α + ω
+

α

α + ψ

ω

α + ω

�K−1 

ψ

α + ψ

α

α + ω

�

,

and ζ =
ψω

α(α + ψ + ω)
. (21)
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Corollary 6 is obtained using Theorem 1, when the UE is
not limited by the degree of connectivity, i.e., the UE has
sufficient RF chains and antenna elements available to exploit
BS available in its overage region. In such a scenario, the out-
of-service probability is limited by how efficiently UE can
exploit the discovered BSs in its coverage region.

Corollary 6: When K→∞, i.e., the UE can connect to all
of the BSs in its coverage region if they are not blocked, then
the out-of-service probability given LOS coverage is given by

lim
K→∞

P
(

OS|CLOS
)

=
e−c̃pλT πR2

− e−pλT πR2

1 − e−pλT πR2

where, c̃ = 1 − P 1×1
OS . (24)

Proof: See Appendix H.
We can use Corollary 6 to examine whether the reliability

requirement of different applications and services can be
achieved for a choice of handover execution and BS discovery
times given a sufficiently high degree of connectivity.

C. M × K Connectivity: RLF Probability

An RLF is detected by the UE when it is out-of-service
for a determined time duration. In particular, RLF is declared
upon the expiration of the T310 timer [45]. In the Markov
chain presented in Fig. 4, RLF will be declared if there is
a transition from [i, 1], to [i − 1, 0], ∀i ∈ {1, · · · , M} and
the time to transition back to [j, 1], j ≥ 1 exceeds T time
units. If there is a transition back to [j, 1], j ≥ 1, within T
time units, the T310 timer stops counting down and an RLF is
avoided. On the other hand, if there is a transition from [i, 0]
to [j, 0], j 6= i within T , the T310 timer will not reset and
continue to count down. However, for analytical tractability
of the RLF probability, we assume, that once the T310 timer
starts counting down when entering [i, 0], the first state to
transition will be [i, 1], ∀i ∈ {1, · · · , M} i.e., we do not take
into account transitions from [i, 0] to [j, 0], j 6= i within T .
Note that since we exclude transitions to neighboring states
[j, 0], j 6= i within T , we decrease the time spent in the out-
of-service states, which results in a lower bound on the RLF
probability. Indeed, we argue that for the range of parameters
we are interested in, the transition rate from [i,0] to [i,1]
(around 50 - 100) is significantly larger than the transition
rates to [i-1,0] (around 0.05 - 0.5) and [i+1,0] (around 1- 2),
thus we obtain a tight lower bound on the RLF probability.
This lower bound is given by

PM×K
RLF ≥ PM×K

00 P (exp(Mψ) > T )

+

M
X

m=1

PM×K
m0 P (exp(ηmω) > T )

≥ PM×K
0S P (exp(Kω) > T )

+PM×K
00 (P (exp(Mψ) > T )

−P (exp(Kω) > T ))

= PM×K
0S e−KωT + PM×K

00

(

e−MψT − e−KωT
)

where, ηm = min(m, K). (25)

Theorem 2: A lower bound on the RLF probability given
LOS coverage is derived as

P
(

RLF |CLOS
)

≥ P
(

OS|CLOS
)

e−KωT +
e−pλT πR2

1 − e−pλT πR2

×
h

eξq̃pλT πR2

− e−KωT
�

eq̃pλT πR2

− 1
�

− 1
i

,

where , ξ = e−ψT and q̃ = 1 − q =
α

α + ψ
. (26)

Proof: See Appendix I.
Corollary 7 is obtained using Theorem 2 when the handover

execution rate is significantly higher than the blockage arrival
and the BS discovery rates.

Corollary 7: If ω � α and ω � ψ, then the RLF
probability can be reduced to

P
(

RLF |CLOS
)

≥
e−(1−ξq̃)pλT πR2

− e−pλT πR2

1 − e−pλT πR2
. (27)

Proof: See Appendix J.
We further develop Corollary 8 using Corollary 7 to present

the trade-off between the maximum allowed BS discovery time
and the minimum required BS density for meeting a given RLF
probability, P

(

RLF |CLOS
)

.
Corollary 8: If ω � α and ω � ψ, then the maximum

allowed BS discovery time to achieve a certain RLF probabil-
ity, P

(

RLF |CLOS
)

, is given by

∆ =
T

Wn

�

αT eαT

η+1

�

− αT
− Γ,

where,

η =
ln
h

P
(

RLF |CLOS
)

+e−pλT πR2 (

1−P
(

RLF |CLOS
))

i

pλT πR2
,

(28)

and Wk(z) is the analytic computation of the product log
function.

Proof: See Appendix K.
Corollary 9 is obtained using Theorem 1 and Theorem 2

when the handover execution rate is significantly higher than
the blockage arrival and the BS discovery rates.

Corollary 9: If ω � α and ω � ψ, and δ � γ, then the
ratio of the RLF probability to the out-of-service probability
has the following lower bound

P
(

RLF |CLOS
)

P (OS|CLOS)
≥

eξq̃pλT πR2

− 1

eq̃pλT πR2 − 1
≈
�

e−q̃pλT πR2
�1−ξ

(29)

Proof: See Appendix L.
From Corollary 7 and Corollary 9, we can observe that most

of the out-of-service instances will result in RLF failure if
T → 0. On the other hand, note that T can be as large as
2 seconds [42]. Thus, if T is significantly large, then ξ → 0
and the RLF failure rate will in turn reduce to e−q̃pλT πR2

.
However, if T → ∞, the UE will have to suffer a very large
out-of-service duration for an RLF to be declared. Moreover,
for a small mean blockage duration, or equivalently when
ψ → ∞, then ξ → 0, which will greatly reduce the RLF
probability.
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D. M × K Connectivity: Expected Out-of-Service Duration

In the Markov chain of Fig. 4, the data plane connection
is interrupted when there is a transition from any connected
state to an out-of-service state, i.e., a state [k, 0], ∀k ∈
{0, 1, · · · , M}. Furthermore, data communication remains
suspended until there is a transition from the out-of-service
states to the connected states, i.e., it enters [k, 1], ∀k ∈
{1, · · · , M}. Note from Fig. 4 that there can be direct transi-
tions from [k, 0] only to [k, 1], [k + 1, 0], or [k − 1, 0]. Thus,
the average out-of-service duration t

M×K ([k, 0]), for state
[k, 0] can be derived as the weighted sum of

1) time to transition from [k, 0] to [k, 1],
2) time to transition from [k, 0] to [k + 1, 0] and thereafter

to a connected state, and
3) time to transition from [k, 0] to [k − 1, 0] and thereafter

to a connected state.

In a continuous Markov chain with exponential transition
rates, the expected time to transition from one state to another
is an exponential random variable with rate equal to the sum
of the outgoing rates [46]. Thus, for the Markov chain shown
in Fig. 4, the expected duration to leave the state [m, k],
m ∈ {0, 1, . . . , M}, k ∈ {0, 1, . . . , K} is:

t
M×K

leave ([m, k]) =
1

(ηm − k)ω + (M − m)ψ + mα
,

where ηm = min(K, m) (30)

Thus, we derive the out-of-service duration given M BSs in
the UE coverage region outside of the self-blockage zone by
solving the following system of M +1 linear equations where
we derive the duration it takes to regain service starting from
state [k, 0], t

M×K ([k, 0]), as:

t
M×K ([m, 0]) = t

M×K

leave ([m, 0])

×
ηmω

ηmω + (M − m)ψ + mα

+
�

t
M×K

leave ([m, 0]) + t
M×K ([m − 1, 0])

�

×
mα

ηmω + (M − m)ψ + mα

+
�

t
M×K

leave ([m, 0]) + t
M×K ([m + 1, 0])

�

×
(M − m)ψ

ηmω + (M − m)ψ + mα

= t
M×K

leave ([m, 0]) + t
M×K ([m − 1, 0])

×
kα

ηmω + (M − m)ψ + mα
+ t

M×K

× ([m + 1, 0]) ×
(M − m)ψ

ηmω+ (M− m)ψ+ mα
,

∀m ∈ {0, · · · , M},

where t
M×K ([M + 1, 0]) = 0,

t
M×K ([−1, 0]) = 0. (31)

We can obtain t
M×K ([k, 0]) , ∀m ∈ {0, 1, · · · , M} by

solving (31). Furthermore, the out-of-service duration T M×K
OS

when the UE is in out-of-service can be derived as (see
Appendix M for details):

T M×K
OS =

PM−1
m=0 t

M×K

leave ([m + 1, 1]) tM×K ([m, 0])PM×K
m+1,1

PM

j=1 t
M×K

leave ([j, 1])PM×K
j1

(32)

In order to compute the out-of-service duration from (32),
we need to know each individual state probability PM×K

m+1,1,
∀m ∈ {0, · · · , M − 1}. This can be computed, but it is more
convenient to have an expression that is simple to compute,
thus, we will instead obtain a lower bound on the out-of-
service duration by using Little’s Law [47].

Lemma 2: In the M ×K connectivity setting, the expected
out-of-service duration obtained using Little’s Law is given by

T M×K
OS =

PM×K
OS

αPM×K
C1

. (33)

Proof: See Appendix N.
Theorem 3: The expected out-of-service duration given

LOS coverage is given in (34), as shown at the bottom of
the page.

Proof: See Appendix O.
To study the trade-off between the maximum allowed BS

discovery time and minimum required BS density for meeting
the out-of-service duration for different applications and ser-
vices, we develop Corollary 10 using Theorem 3. We assume
in Corollary 10 that the UE has a sufficiently high number of
antenna elements available.

Corollary 10: When K→∞, i.e., the UE can connect to all
of the BSs in its coverage region if they are not blocked, then
the maximum allowed BS discovery time to achieve a certain
out-of-service duration is given by

∆ =
νω − 1

α + ω
− Γ,

where, ν =
E
�

T
(

OS|CLOS
)�

�

1 − e−pλT πR2

�

Ei [pλT πR2] e−pλT πR2
,

and Ei
�

pλT πR2
�

=

∞
X

m=1

[pλT πR2]m

mm!
. (35)

Proof: See Appendix P.

V. NUMERICAL RESULTS

For the MATLAB simulation, we considered a square of
size 2R × 2R with blockers located uniformly in this
area, where R is the radius of disc B(o, R) that perfectly
fits in the considered square area. This disc represents the UE

E
�

T
(

OS|CLOS
)�

=

1
ω

h

1 − e−pλT πR2

i

+ 1
α

h

e−(1−q̃)pλT πR2

− e−pλT πR2

i

1 − e−pλT πR2
; if K = 1,≈

e−pλT πR2

1 − e−pλT πR2

×

"

α + ψ + ω

ψω

K
X

m=1

(pλT πR2)m

mm!
+

1

Kω

∞
X

m=K+1

�

1 +
q̃m

χ

	

(pλT πR2)m

m!

#

; if K ≥ 2. (34)
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Fig. 5. Out-of-service probability in different coverage ranges (R) for mmWave and THz cellular networks: a comparison between the simulation, the numerical
solution and the theoretical lower bound for different BS and blocker density values (λT , λB ), different degrees of connectivity (K), for fixed BS discovery
time, ∆, of 20 ms, and handover execution time, Ω, of 10 ms. Note that, theoretical bounds, numerical estimate, and simulation results agree with each other
for various parameter settings.

coverage region in the mmWave or THz cellular network.
Note that the coverage region can be significantly smaller
in THz networks as compared to legacy microwave and
mmWave cellular networks. In mmWave cellular networks
we assume a UE coverage range of 100 m [31], whereas in
the THz cellular network we assume a UE coverage range
of 23 m and 56 m [41], due to the significantly higher path
loss at THz frequencies. Furthermore, as a larger number of
antenna elements at the UE and BS are required for efficient
beamforming to overcome the path loss in THz systems,
the BS discovery time in THz systems can be significantly
higher as compared to mmWave systems [20], [21]. While the
BS discovery time can be reduced using digital beamforming,
it requires a large number of independent RF chains mak-
ing it impractical for THz systems [48]. In our simulation,
we consider the BS discovery times of 5 ms and 20 ms [32]
in the mmWave cellular networks, and we assume that at
least an order of magnitude increase in BS discovery time
will be required in THz systems. Thus, we consider the cell
search time for THz networks as 20 ms, 50 ms, and 200 ms.
Note that THz networks are still in an early study phase and
many factors of the system design are yet to be determined.
Therefore, our selection of BS discovery time in THz net-
works is considered just for illustration. However, as THz
systems evolve, one can use our theoretical framework to
obtain system performance metrics by updating the parameter
selection.

Note that a significantly higher BS density is required
in THz cellular networks due to the lower coverage range
as compared to mmWave cellular networks. Thus, we con-
sider a BS density from 500 BSs/km2 to 2000 BSs/km2 for
the THz cellular network, whereas for the mmWave network
we consider a BS density from 200 BSs/km2 to 500 BSs/km2.
We use two dynamic blocker density values, 0.01 bl/m2 and
0.1 bl/m2 [15]. For blocker movement in the considered square
region, we use the random waypoint model [49], [50], where
blockers choose a direction randomly, and move in that direc-
tion for a time duration chosen uniformly over (0, 60] seconds.
We performed 10,000 runs where each run consisted of the
equivalent of 4 hours of blocker mobility. To maintain a fixed
density of blockers in the square region, we consider that once

TABLE III

SIMULATION PARAMETERS

a blocker reaches the edge of the square, it gets reflected. The
average blockage duration is 0.5 seconds [51]. Furthermore,
we limit the highest achievable connectivity degree to 4,
i.e., the UE can connect up to 4 BSs simultaneously if there
are at least 4 BSs in the UE coverage region. Note that if there
are less than 4 BSs in the UE coverage region, the UE can
connect only up to the number of the BSs in the UE coverage
region (0, 1, 2 or 3).

In the multi-connectivity scenario, we assumed that switch-
ing to a secondary BS occurs immediately after the serving
BS gets blocked. However, adding a new BS to the list of
serving and secondary BSs can take up to the sum of the BS
discovery and handover execution time. Thus, the UE will be
out-of-service in following scenarios: 1) UE is out of coverage,
i.e., there are no serving BSs in the UE coverage region,
2) the UE is completely blocked from all of the BSs in its
coverage region, and 3) the only remaining serving BS gets
blocked, and an unblocked BS is not added promptly enough
due to BS discovery and handover execution times to prevent
a period of blockage. We will refer to the second scenario
as physically blocked and to the third scenario as blocked by
protocol. The rest of the simulation parameters are presented
in Table III.
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Fig. 6. Out-of-service probability in mmWave and THz cellular networks with different degrees of connectivity K , UE coverage range R, BS density values
λT , and BS discovery times ∆ for a fixed value of handover execution time, Ω, of 10 ms, and blocker density, λB , of 0.01 bl/m2. In the THz networks, the
BS discovery time can be significantly higher than mmWave cellular networks due to longer time required searching for suitable beams.

Fig. 7. Out-of-service probability with different degrees of connectivity K , BS density values λT , and handover execution times Ω for a fixed value of BS
discovery time, ∆, of 20 ms and blocker density, λB , of 0.01 bl/m2 .

Fig. 8. Out-of-service duration: an illustration of the impact of the multi-connectivity degree K , BS density λT , BS discovery time ∆, and handover
execution time Ω, on the expected out-of-service duration of mmWave and THz systems.

A. Out-of-Service Probability

Fig. 5, Fig. 6, and Fig. 7 plot the out-of-service probability
for different values of a) coverage range in mmWave and THz
cellular networks b) BS density, c) blocker density, d) degree
of connectivity, and e) BS discovery and handover execution
times. Fig. 5 demonstrates that our simulation and analytical
model produce similar results. Fig. 6 and Fig. 7 give useful
insights into the trade-off of different parameters to meet the
reliability requirement of URLLC applications.

Fig. 5 illustrates a comparison of the out-of-service proba-
bility results generated by our simulation, a numerical com-
putation of the analytical solution and the theoretical lower

bounds. From Fig. 5, we observe that a lower out-of-service
probability can be achieved in a mmWave network as com-
pared to THz networks, due to its larger coverage range.
Furthermore, we can observe that in the THz system if the
coverage range is small, for example 23 m, even increasing
the connectivity degree does not help in reducing the out-of-
service probability. This happens because with low coverage
range and BS density, the number of BSs that the UE can
connect to is significantly reduced. Thus, to achieve a low
out-of-service probability in the THz network, we may need a
significantly higher BS density as compared to the mmWave
network. Finally, as expected, we observe that the out-of-
service probability reduces with smaller blocker density.
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Fig. 9. Physical blockage probability and blockage-by-protocol probability for different multi-connectivity degrees and BS density values with Ω = 20 ms
and ∆ = 20 ms.

Note from Fig. 5 that theoretical bounds, numerical esti-
mates, and simulation results agree with each other for various
parameter settings considered for mmWave and THz cellular
networks. Thus to improve readability, for the rest of the paper
we will use only the easily computable theoretical bounds.
Note that the small differences between the simulation and the
theoretical results can be explained by considering the fact that
there are two main differences between the two approaches:
In our analysis, we assume the blocker arrival rate αi of a
single UE-BS link can be approximated by an exponential
distribution with mean equal to E[α], as calculated in (8),
whereas in our simulation, the blocker arrival rate (calculated
using (7)) is a function of the BS-UE distance. Furthermore,
in our analytical model, we assume the BS discovery and
handover execution times are exponential random variables.
In our simulation, the BS discovery and handover execution
times are constant values, equal to the mean of the respective
exponential random variables.

From Fig. 6, we observe that a lower BS discovery time
helps in achieving a modestly lower out-of service proba-
bility in both mmWave and THz networks irrespective of
the coverage range. Furthermore, we observe from Fig. 6(a)
and Fig. 6(b) that the out-of-service probability drops sharply
when connectivity increases from 1 to 2, especially for higher
BS density values, for both mmWave and THz networks
provided that a suitable coverage range can be achieved.
However, any further increase in connectivity leads to only
a marginal reduction in the out-of-service probability. Note
from Fig. 6(c) and Fig. 7(c) that even increasing the UE
connectivity degree beyond one does not help, due to the
low number of BSs available to a typical UE for this
range and BS densities. Furthermore, we can infer from
Fig. 7 that in a single connectivity scenario reducing the
handover execution time is much more important to obtain
a lower out-of-service probability than in multi-connectivity
scenarios.

B. Out-of-Service Duration

Fig. 8 plots the out-of-service duration for different values
of coverage range, BS density, connectivity degree, BS dis-
covery time, and handover execution time for both mmWave
and THz networks. We observe from Fig. 8 that the out-

of-service duration can be significantly higher in the THz
network as compared to the mmWave network, due to the
following:

1) The Smaller Coverage Range and in turn the Smaller
Number of BSs in the UE Coverage Region: We achieve lower
average physical blockage duration with higher number of BSs
in the UE coverage region. To understand that, let us consider
a scenario with only one BS in the UE coverage region. In case
of a blockage, the UE will be out-of-service unless and until
the blockage ends and this single BS is discovered by the
UE, which takes at least the sum of blockage duration and BS
discovery time. On the contrary, if there are multiple BSs in the
UE coverage region, the UE will be out-of-service until one BS
gets discovered. The BS discovery by the UE after going out-
of-service will require the minimum time before at least one
BS gets unblocked and discovered, i.e., the earliest finishing
time among all blockages and associated BS discovery.

2) Higher BS Discovery Time: Due to higher cell search
time when a UE goes to the [0, 0] state, the time to discover an
unblocked BS will be much higher for a UE. Furthermore, with
higher discovery time, it is more likely that another blocker
will block the link before a new BS is discovered.

On the other hand, from Fig. 8, we observe that the expected
out-of-service duration is larger for a higher multi-connectivity
degree, which at first glance is counter-intuitive. This happens
because, for a higher connectivity degree, the UE is out-of-
service mostly when it is physically blocked, not protocol
blocked as in the case of K = 1. For example, if we fix
the BS density, the out-of-service probability reduces with
the multi-connectivity degree (see Fig. 9) while the physical
blockage probability (see Proposition 1) remains the same.
The probability of blockage-by-protocol is higher when the
multi-connectivity degree is lower (see Fig. 9). Therefore,
many more instances of blockage-by-protocol will occur for
a lower multi-connectivity degree. Note that in the mmWave
and THz cellular networks, physical blockage duration can be
quite large (typically a few hundreds of milliseconds [51]) as
compared to blockage by protocol (typically a few tens of
milliseconds [22]). Thus, from Fig. 8(a), Fig. 8(b), Fig. 9(a),
and Fig. 9(b), we observe a lower average blockage duration
for K = 1 than a higher connectivity degree K > 1, since in
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Fig. 10. A comparison of the out-of-service probability and the RLF probability (Theorem 2). An illustration of the impact of the handover execution time
Ω (10 and 50 ms) and multi-connectivity degree K (1 and 4) on RLF and out-of-service probability for BS density λT , blocker density λB (0.01 bl/m2),
BS discovery time ∆ (20 ms).

a single connectivity (K = 1) scenario the average blockage
duration is dominated by protocol blockages of short duration.

C. RLF Probability

Fig. 10 shows a comparison of the RLF probability and
the out-of-service probability for different values of coverage
range, BS density, connectivity degree, BS discovery and
handover execution time.

From Fig. 10, we can observe that if the UE coverage
range is large enough to have a sufficient number of BSs
in its coverage region, reducing the handover execution time
can significantly reduce the RLF probability (see Fig. 10(a)
and Fig. 10(b)). However, if the UE has a small number of
BSs in its coverage region, either due to smaller coverage
range (see Fig. 10(c)) or lower BS density in the UE coverage
region (see Fig. 10(a) and Fig. 10(b)), reducing the handover
execution time does not help in reducing the RLF probability
(see Fig. 10(c).) From Fig. 10(a) and Fig. 10(b), we further
observe that having a small handover execution time, Ω, can
significantly reduce the RLF probability in the single connec-
tivity case and reaches close to the theoretical lower bound
obtained in Corollary 7. Note that for K = 1 reducing the
handover execution time is important, since in this scenario the
UE will experience significantly more blockage-by-protocol
events, which have an average duration of approximately Ω.
Thus, a lower RLF probability can be achieved by reducing the
handover execution time, Ω, below the RLF timer, T , to avoid
RLF declaration. From Fig. 10(a) and Fig. 10(b), we can
further observe that even if the handover execution time is
higher, for example Ω = 50 ms, a higher degree connectivity
results in similar performance to smaller handover execution
time. Therefore, a lower RLF probability can be obtained
by either reducing the handover execution time or increasing
the connectivity degree, provided that the UE has a sufficient
number of BSs in its coverage region.

Recall from the above discussion and our discussion in V-B
that in a scenario with a small number of BSs in the
UE coverage region, the physical blockage probability is
higher as compared to a scenario with a higher number of
BSs (see Fig. 9). Moreover, the physical blockage instances
have a much higher expected duration (a few hundred of
milliseconds) than the blockage-by-protocol instances in the

aforementioned scenario. Thus, in this scenario, the UE will
almost always stay out-of-service for a duration longer than
T = 50 ms (see also Fig. 8) resulting in an RLF declaration.

D. Trade-off Analysis

Fig. 11 illustrates the minimum required BS density to
achieve different target values of out-of-service and RLF
probabilities, and out-of-service duration for a given coverage
range and BS discovery time. Fig. 11 also illustrates the trade-
off between coverage range and BS discovery time in THz
cellular networks. In order to meet different QoS targets,
the required number of BSs can be significantly reduced if
a higher coverage range can be achieved in THz networks.
However, as discussed earlier, compensating for the path loss
requires a high beam directivity and consequently, the UE may
have to spend a significantly higher amount of time for initial
access and BS discovery procedures. For example, consider
two THz cellular systems wherein one UE can communicate
up to a range of 23 m whereas in another UE can communicate
up to a range of 100 m by overcoming the path loss in THz
systems. We observe from Fig. 11, the same target out-
of-service and RLF requirement of 10−3 can be met with
approximately one twelfth of the BS density (200 BSs/km2

to 2400 BSs/km2), in the long range THz system. However,
as discussed earlier, in THz systems, it is not feasible to
achieve a high coverage range with the same BS discovery
budget. Nevertheless, even if the cost of using highly directed
beams is a one to two orders of magnitude increase in the BS
discovery time (e.g., 200 ms to 4000 ms), the same target out-
of-service probability can still be achieved with one eighth of
BSs density. Our initial results suggest that, in THz cellular
systems, the target QoS requirements can be achieved by a
significantly lower BS density if the coverage range of the
system can be increased, even when this increase comes at
the expense of much higher initial access and BS discovery
times.

VI. DISCUSSION

In the previous sections, we presented an analytical model
to study the overall QoS performance in a blockage driven
network and presented a detailed discussion for selected
parameters in both mmWave and THz cellular networks.
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Fig. 11. Trade-off between the coverage range and BS discovery time for different target values of out-of-service probability, RLF probability, and out-of-
service duration. To conduct the trade-off analysis for target out-of-service and RLF probabilities, we consider that the handover execution time (20 ms) is
significantly smaller than the sum of blockage duration (500 ms) and BS discovery time (for any BS discovery time). For the out-of-service duration trade-off
analysis, the handover execution time is considered as 20 ms. For all of the three scenarios, dynamic blocker density is 0.01 blockers/m2 and RLF timer is
T = 50 ms.

There are three main QoS performance metrics, namely out-
of-service probability, RLF probability, and out-of-service
duration. Based upon application requirements, a network
designer needs to consider the trade-off between these metrics.
Furthermore, these QoS metrics are functions of UE coverage
range, BS density, multi-connectivity degree, and BS discovery
and handover execution times. While it is challenging to
meet the QoS requirements in mmWave networks, it will be
significantly more difficult to do so in THz networks due
to their inherently short range and significantly higher BS
discovery time. Our initial results suggest that, to reduce the
required BS density in THz cellular systems, the coverage
range should be increased, even when this increase comes at
the cost of much higher initial access and BS discovery times.

Our discussion on the out-of-service and RLF probabilities
suggests that dual connectivity is sufficient to meet the reliabil-
ity requirements of emerging ultra-low latency and high reli-
ability applications given a sufficiently high BS density, large
UE coverage range, and small BS discovery and handover
execution time. While meeting the reliability requirements
poses significant challenges on the network, satisfying the
latency requirement is even more challenging due to long
blockage duration and difficulty in achieving the required
cell search time. Thus, from a network designer prospective,
if an application is tolerant to frequent short outages, then the
network designer should consider reducing the BS discovery
and handover execution times, instead of increasing the multi-
connectivity degree. For example, to support applications like
online gaming, voice-over-IP, and teleconferencing, where
the average delay requirement is of the order of 50 ms or
higher, single connectivity may be sufficient. Thus, a service
provider can provision single connectivity and still meet the
required QoS. In contrast, if the application can tolerate
a few longer outages but is susceptible to frequent short
outages, the network designer should consider increasing the
multi-connectivity degree. For example, to support AR/VR
applications, where frequent interruptions cannot be tolerated,
a higher multi-connectivity degree may be desired. Note that
the duration and frequency of physical blockage is driven
by BS station density and UE coverage range. Finally, for
applications that cannot tolerate frequent short out-of-service

instances or infrequent long out-of-service instances, alterna-
tive techniques, such as time-sensitive networking, should be
explored [52].

As the design of THz networks is still in an early study
phase, many of the specific procedures and associated para-
meters are yet to be fully determined. The observations made
in this work are based on the parameter selections presented
in Table III. The presented modeling for protocol design can
still be used by a cellular provider or UE vendor for a trade-off
and system performance analysis even if the parameter values
turn out to be different in future networks.

VII. CONCLUSION

THz wireless networks are expected to meet the QoS
requirements of next-generation applications. Even though
these higher carrier frequencies can provide high data rates,
mmWave and THz links are quite susceptible to blockages,
which will increase the need for frequent and fast handovers,
as well as a higher degree of multi-connectivity. To study
the impact of the handover latency and the multi-connectivity
degree on service interruption and reliability, we designed a
system model using a Markov chain that considers dynamic
blockages, self-blockages, multi-connectivity, and BS discov-
ery and handover execution times. The theoretical framework
presented in this work can be used to evaluate the performance
of any blockage driven network. The power of our theoretical
modeling lies in the availability of analytic or closed form
expressions allowing a network designer to quickly evaluate
various trade-offs between coverage range, multi-connectivity
degree, blocker density, BS deployment density, handover
execution and BS discovery times. The results of this analysis
are presented along with suggestions for future THz systems
that stem from it.

APPENDIX

A. Proof of Proposition 1

Let us denote the number of unblocked BS-UE links by the
binomial random variable, L ∼ Binom(M, q), where q = ψ

α+ψ

and it represents a BS being unblocked and discovered by the
UE in the 1 × 1 connectivity model. Let us also denote the
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number of associated BSs as I .

min(l,K)
X

i=0

PM×K
li =

min(l,K)
X

i=0

P [L = l, I = i]

=

min(l,K)
X

i=0

P [L = l]P [I = i|L = l]

= P [L = l]
X

i∈S

P [I = i|L = l]

=

�

M

l

	�

ψ

α + ψ

	l �
α

α + ψ

	M−l

,

where S is the set containing all possible realizations of I ,
thus the summation adds up to 1.

This concludes proof of Proposition 1

B. Proof of Proposition 2

Let us consider two distinct cases for Proposition 2:

1) M < K: If the number of BSs in the UE coverage
region is less than maximum degree of connectivity UE
can support, then the maximum achievable degree of
connectivity, K̃, will be K̃ = M .

2) K = M : In this case, the UE is allowed to achieve a
maximum degree of connectivity equal to the number
of BSs in the UE coverage region, i.e., UE can simul-
taneously connect to all of the BSs irrespectively of the
connection status of the other BSs.

In fact, in both of the cases discussed above, the connectivity
processes between the UE and the BSs can be considered as
independent and identically distributed. Thus, the probability
of state [x, y] can be derived using (11) as
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M
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,

Now, the probability of the UE being associated to y BSs
can be derived as
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(36)

Finally, using (11) and (36), we obtain the probability of
the UE being associated to y BSs as

PM×K
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This concludes the proof of Proposition 2.

C. Proof of Proposition 3

For this proof, we will refer to all probabilities PM×K
ij

as Pij for simplicity and readability. From the Markov chain
in Fig. 4, we have ∀i ∈ {2, 3, · · · , M − 1}:
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For the edge cases of the Markov chain, we can further write:
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and
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By adding equations (37), (38), and (39) together, we have:

(ω + α)(PM0 + · · · + P00)

= α(PM + · · · + P0) + ωP0
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This concludes the proof of Proposition 3.

D. Proof of Corollary 3

In Proposition 3, we derived the relationship among out-of-
service states and other states. Finding the exact expression
of out-of-service probability in the M × K connectivity
setting was challenging. Instead, we derived upper and lower
bounds on the out-of-service probability in Corollary 3. From
Proposition 3, the relation is derived as:

PM×K
OS =PM×K

0 −

M
X

i=2

min(i − 1, K − 1)PM×K
i0 +

α

ω
PM×K

C1 .

In the above equation, to find the upper bound, we replaced
min(i − 1, K − 1) with 1, as it takes the minimum value
of 1. Furthermore,

PM

i=2 min(i − 1, K − 1)PM×K
i0 ≥

PM

i=2 PM×K
i0 = PM×K

OS −
(

PM×K
0 + PM×K

10

)

. Thus, we get
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2
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10 +
α

2ω
PM×K

C1 .
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Now, we argue that if M is significantly larger than K ,
then PM×K

10 ≤ PK×K
10 and PM×K

C1 ≤ PK×K
C1 . This happens

because in the M ×K scenario a large number of new states
are introduced as compared to the K × K scenario, thus the
rate of transitioning to the old states will become smaller.
Therefore, we obtain the upper bound as:
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To find the lower bound, we replaced min(i − 1, K − 1)
with K−1, as it takes maximum value as K−1. Furthermore,
PM
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i0 and
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Now, we argue that if M is significantly larger than K ,
then PM×K

10 ≥ PM×M
10 and PM×K

C1 ≥ PM×M
C1 . This happens

because after removing a large number of states from M ×M
connectivity setting, we get the M × K connectivity setting,
thus the state probabilities in the M × K connectivity setting
will be higher than M ×M for particular states. Thus, we get
the lower bound as:
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This concludes the proof of Corollary 3.

E. Proof of Theorem 1

Let us first derive the marginal out-of-service probability
for K = 1. Using (5) and (20), we can derive the marginal
out-of-service probability as
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Furthermore, the out-of-service probability given LOS cov-
erage is derive using Bayes’s rule, (6), and (40) as

P (OS) = P (OS|CLOS)P (CLOS) ⇒ P (OS|CLOS)

=
P (OS)

P (CLOS)
. (41)

Thus,

P
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α+ω
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,

if K = 1,

where q = ψ
α+ψ

. Furthermore, using (20), (41), and similar
steps as in K = 1, we can prove upper and lower bounds on
the out-of-service probability given LOS coverage for K ≥ 2.
This concludes the proof of Theorem 1.

F. Proof of Corollary 4

If ω � α, ω � ψ, then ψ
α+ω

→ 0 ⇒ χ → 0, α
α+ω

→ 0 ⇒

P 1×1
0S → α

α+µ
, andmαζ

Kω
→ 0. Thus, we get

P
(

OS|CLOS
)

=
e−qpλT πR2

− e−pλT πR2

1 − e−pλT πR2
; if K = 1

≤
e−pλT πR2

1 − e−pλT πR2

"

∞
X

m=1

�

q̃pλT πR2
�m

m!

#

;

if K ≥ 2.

≥
e−pλT πR2

1 − e−pλT πR2

"

∞
X

m=1

�

q̃pλT πR2
�m

m!

#

;

if K ≥ 2.

Therefore, for small handover execution times, we obtain
the out-of-service probability given LOS coverage as

P
(

OS|CLOS
)

=
e−qpλT πR2

− e−pλT πR2

1 − e−pλT πR2
,

irrespective of the multi-connectivity degree. This concludes
the proof of Corollary 4.

G. Proof of Corollary 5

Using Corollary 4, we have

e
−qpλT πR2

= P
�
OS|CLOS

�
+ P

�
OS|CLOS

��
1−P

�
OS|CLOS

��

⇒q = −
ln
�
P
�
OS|CLOS

�
+P

�
OS|CLOS

� �
1−P

�
OS|CLOS

���

pλT πR2

⇒
ψ

α + ψ
= −Υ ⇒ Ψ = −

1 + Υ

Υα
⇒ ∆ = −

1 + Υ

Υα
− Γ,

where Υ =

ln
�
P
�
OS|CLOS

�
+ e−pλT πR2 �

1 − P
�
OS|CLOS

���

pλT πR2
.

This concludes the proof.
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H. Proof of Corollary 6

From (21), we have

lim
K→∞

P
(

OS|CLOS
)

≤ lim
K→∞

"

e−pλT πR2

1 − e−pλT πR2

K
X

m=1

�

cpλT πR2
�m

m!

#

≥ lim
K→∞

"

e−pλT πR2

1 − e−pλT πR2

K
X

m=1

�

cpλT πR2
�m

m!

#

(42)

Thus, from (42), we have

lim
K→∞

P
(

OS|CLOS
)

= lim
K→∞

"

e−pλT πR2

1 − e−pλT πR2

K
X

m=1

�

cpλT πR2
�m

m!

#

=
e−pλT πR2

1 − e−pλT πR2

�

e−cpλT πR2

− 1
�

=
e−c̃pλT πR2

− e−pλT πR2

1 − e−pλT πR2
,

where c̃ = 1 − c. This concludes the proof.

I. Proof of Theorem 2

Using (5), (20), and (25), we have

P (RLF )

≥

∞
X

m=1

PM×K
0S e−KωT

�

pλT πR2
�m

m!
e−pλT πR2

+
∞
X

m=1

PM×K
00

(

e−mψT − e−KωT
)

�

pλT πR2
�m

m!
e−pλT πR2

= P (OS)e−KωT +

∞
X

m=1

(q̃)m
(

e−mψT −e−KωT
)

×

�

pλT πR2
�m

m!
e−pλT πR2

= P (OS)e−KωT +

"

∞
X

m=1

�

q̃e−ψT pλT πR2
�m

m!
−e−KωT

×

∞
X

m=1

�

q̃pλT πR2
�m

m!

#

e−pλT πR2

= P (OS)e−KωT

+
�

eξq̃pλT πR2

−e−KωT
�

eq̃pλT πR2

− 1
�

− 1
�

×e−pλT πR2

(43)

Furthermore, using (41) and (43), we have

P
(

RLF |CLOS
)

≥ P
(

OS|CLOS
)

e−KωT

+
e−pλT πR2

1 − e−pλT πR2

h

eξq̃pλT πR2

−

e−KωT
�

eq̃pλT πR2

− 1
�

− 1
i

,

where ξ = e−ψT and q̃ = 1 − q = α
α+ψ

. This concludes the
proof of Theorem 2.

J. Proof of Corollary 7

From Corollary 4 and Theorem 2, we have

P
(

RLF |CLOS
)

≥
e−pλT πR2

1 − e−pλT πR2

�

eq̃pλT piR2

− 1
�

× e−KωT +
e−pλT πR2

1 − e−pλT πR2

×
h

eξq̃pλT πR2

− e−KωT
�

eq̃pλT πR2

− 1
�

− 1
i

=
e−pλT πR2

1 − e−pλT πR2

h

eξq̃pλT πR2

−1
i

=
e−(1−ξq̃)pλT πR2

−e−pλT πR2

1 − e−pλT πR2
.

This concludes the proof of Corollary 7.

K. Proof of Corollary 8

The proof follows similar steps as presented in proof of
Corollary 5 and we get

αe−ψT

α
+ ψ = 1 + η

where,

η =
ln
h

P
(

RLF |CLOS
)

+e−pλT πR2 (

1−P
(

RLF |CLOS
))

i

pλT πR2

(44)

By solving (44), we get

∆ =
α

Wn

�

αT eαT

η

�

− αT
− Γ,

where Wk(z) is the analytic computation of the product log
function. This concludes the proof.

L. Proof of Corollary 9

From Corollary 7, we have

P
(

RLF |CLOS
)

≥
e−pλT πR2

1 − e−pλT πR2

h

eξq̃pλT πR2

−1
i

(45)

Now, using Corollary 4 and (45), we have

P
(

RLF |CLOS
)

P (OS|CLOS)
≥

eξq̃pλT πR2

−1

eq̃pλT πR2−1
≈
�

e−q̃pλT πR2
�1−ξ

,

where the approximation is obtained by considering
eξq̃pλT πR2

� 1 and eq̃pλT πR2

� 1. This concludes the proof
of Corollary 9.

M. Details of the Out-of-Service Duration T M×K
OS

Computation

Recall from Fig. 4 that if the UE is in service, it can only get
to an out-of-service state [i,0] via the connected state [i+1,1].
Let us denote by Ai the event of the UE going to the out-of-
service state [i, 0] via the state [i + 1, 1], i = 0, · · · , M − 1.
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Then, we can write the event of the UE going to an out-of-
service state while being in service as:

A =
M−1
[

i=0

Ai

To obtain the expected out-of-service duration T M×K
OS ,

we need to calculate the expected time that the UE spent in
out-of-service states starting from the instant the UE entered an
out-of-service state via an in-service state, i.e., by conditioning
on the event A.

T M×K
OS = E

�

tM×K
OS |A

�

=

M−1
X

k=0

E
�

tM×K
OS |A, Ak

�

× P (Ak|A)

=

M−1
X

k=0

E
�

tM×K
OS |Ak

�

×
P (Ak)

P (A)

=

M−1
X

k=0

t
M×K ([k, 0]) ×

P (Ak)
PM−1

j=0 P (Aj)
(46)

However, the event Ak, k = 0, · · · , M − 1 is equivalent to
the event of 1) being in the state [K+1, 1], and 2) transitioning
from [K + 1, 1] to [k, 0]. Thus,

P (Ak) = Pk+1,1 ×
α

(ηk − 1)ω + (M − k − 1)ψ + kα

= Pk+1,1 × α t
M×K

leave ([k, 1]) (47)

By substituting P (Ak) in (46) with (47), we obtain the
expected out-of-service duration.

N. Proof of Lemma 2

To obtain the expected out-of-service duration using Lit-
tle’s Law, we can envision our M × K Markov chain
as a simplified queueing system. In this queueing sys-
tem, there are two states, connected and blocked. The cus-
tomer in this system arrives (enters the blocked state) with
rate

rb = αPM×K
C1 .

Once a customer arrives, the system goes to outage.
There cannot be new customers until the existing cus-
tomer gets served, i.e., the system gets back to a con-
nected state. The average number of customers in the system
is

Eb = 1 × PM×K
OS = PM×K

OS

By applying the Little’s Law into the aforementioned system
we get

T M×K
OS =

Eb

rb

=
PM×K

OS

αPM×K
C1

.

This concludes the proof of Lemma 2.

O. Proof of Theorem 3

From Lemma 2, we have

E
�

T M×K
OS

�

=

∞
X

m=1

T M×K
OS PM (m)=

∞
X

m=1

Pm×K
OS

αPm×K
C1

PM (m)

(48)

Let us first derive the out-of-service duration for K = 1.
Using (48), we have:

E
�

T m×1
OS

�

=

∞
X

m=1

T m×1
OS PM (m)

=

∞
X

m=1

α
α+ω

+ ( α
α+ψ

)m ω
α+ω

α
h

ω
α+ω

− ( α
α+ψ

)m ω
α+ω

i

[pλT πR2]m

m!
e−pλT πR2

=

∞
X

m=1

ω
α+ω

h

α
ω

+
�

α
α+ψ

�mi

αω
α+ω

h

1 −
�

α
α+ψ

�mi
[pλT πR2]m

m!
e−pλT πR2

'

"

α

ω

∞
X

m=1

[pλT πR2]m

m!
+

∞
X

m=1

[q̃pλT πR2]m

m!

#

e−pλT πR2

α

=
hα

ω
[epλT πR2

− 1] + eq̃pλT πR2

− 1
i e−pλT πR2

α

=
1

ω

h

1 − e−pλT πR2
i

+
1

α

h

e−(1−q̃)pλT πR2

−e−pλT πR2
i

Now for K ≥ 2, using Proposition 3, we can obtain the
expected out of service duration for M × K connectivity
model, E

�

T m×k
OS

�

in a similar fashion as described above.
By further using the fact that

E
�

T
(

OS|CLOS
)�

=
E [T (OS)]

P (CLOS)
,

we obtain expression (34). This concludes Theorem 3.

P. Proof of Corollary 10

When K → ∞, from Theorem 3, we have

E
�

T
(

OS|CLOS
)�

=
e−pλT πR2

1 − e−pλT πR2




α + ψ + ω

ψω
Ei
�

pλT πR2
�

�

⇒ ψ =
α + ω

νω − 1
⇒ ∆ =

νω − 1

α + ω
− Γ,

where ν =
E[T(OS|CLOS)]

�
1−e−pλT πR2

�

Ei[pλT πR2]e−pλT πR2 and

Ei
�

pλT πR2
�

=
P∞

m=1
[pλT πR2]m

mm! .
This concludes the proof.
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