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Abstract—Wireless virtual reality (VR), a key 3GPP use case
of emerging cellular systems, imposes new visual and haptic
requirements directly linked to the quality-of-experience (QoE)
of VR users. These QoE requirements can only be met by
wireless connectivity that offers high-rate and high-reliability
low latency communications (HR2LLC), unlike the low rates
commonly associated with ultra-reliable low latency communi-
cation. The high rates for VR over short distances can only
be supported by an enormous bandwidth, available in the
terahertz (THz) frequency bands. To explore the potential of
THz for meeting HR2LLC requirements, a quantification of the
risk for an unreliable VR performance is conducted through a
novel and rigorous characterization of the tail of the end-to-end
(E2E) delay. Then, a thorough analysis of the tail-value-at-risk
(TVaR) is performed to concretely characterize the behavior of
extreme wireless events crucial to the real-time VR experience.
In particular, the probability distribution function of the THz
transmission delay is derived and then used to infer the system
reliability scenarios with guaranteed line-of-sight (LoS) as a
function of THz network parameters. Numerical results show that
abundant bandwidth and low molecular absorption are necessary
to improve the reliability. However, their effect remains secondary
compared to the availability of LoS, which significantly affects
the THz HR2LLC performance. In particular, for scenarios with
guaranteed LoS, a reliability of 99.999% (with an E2E delay
threshold of 20 ms) for a bandwidth of 15 GHz along with
data rates of 18.3 Gbps can be achieved by the THz network,
compared to a reliability of 96% for twice the bandwidth, when
blockages are considered.

Index Terms—virtual reality (VR), cellular networks, reliabil-
ity, performance analysis, terahertz (THz), risk.

I. INTRODUCTION

Virtual reality (VR) applications have emerged as a key
use case of wireless cellular as evidenced by recent industry,
academic, and standardization efforts [1] and [2]. In order to
integrate VR services over wireless cellular networks, it is
imperative to equip the wireless network with the ability to
meet the stringent quality-of-service (QoS) requirements of
VR applications. On the one hand, it is important to ensure
reliable low latency communications [2], i.e., the instanta-
neous end-to-end (E2E) delay for wireless VR must be very
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low to maintain a satisfactory user experience [3]. On the
other hand, along with high-reliability, wireless VR services
also require high data rates to deliver the 360° content to
their users. Unlike the commonly considered low-rate ultra
reliable low latency communications for the Internet of Things
[4], VR requires high-rate and high-reliability low latency
communications (HR2LLC) where high reliability and high
rates are simultaneously needed for the transmission of large
VR content packets [1]. Additionally, VR applications must
immerse users in a seamless experience, and, thus, existing
reliability definitions. e.g. [5], must be extended accordingly
to encompass the unique timing requirements of VR. In par-
ticular, offering a high probability of successful transmission
must be considered within a given (low) latency constraint.

This challenge can be addressed only through the use of
abundant bandwidth, available at terahertz (THz) and mil-
limeter wave (mmWave) frequencies [6]. In fact, the delayed
deployment of the THz frequency band is due to the THz gap
and the challenges accompanying semiconductor and optical
transceivers at such frequencies [7]. Nonetheless, with the
advent of plasmonic devices, and graphene-based designs, the
aforementioned challenges were alleviated. As a result, novel
tunable, high-speed, and energy-efficient THz transceivers
started seeing light [8]-[10].

While early generations of VR services (up to full-view
12K video) can be delivered using mmWave systems, 5G
remains limited by a maximum downlink data rate up to a
few Gbps. Such a data rate can only fulfill the requirements
of the advanced VR generation. Meanwhile, a new generation
of VR services, dubbed ultimate VR, i.e., the new generation
of VR that delivers higher video quality and a multi-sensory
experience, will soon be deployed [11]. In ultimate VR, a data
rate of 6.37 — 95.55 Gbps is needed (the range varies based
on the compression technique used) [2], and that is clearly
beyond the capabilities of today’s mmWave 5G systems. Thus,
this naturally motivates the migration towards THz frequency
bands. In addition to the extremely high data rate needs,
ultimate VR requires incorporating the five senses [12], which
necessitates stringent instantaneous low latency requirements.
Henceforth, in alignment with the current established 5G stan-
dard by 3GPP for 360-degree VR streaming services within
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Release-15 [13], this work envisions a need for a sustainable
support of VR services by next-generation cellular systems.
Moreover, beyond 5G systems support a migration towards
higher frequency bands, namely sub-THz and THz bands,
which require dealing with a high level of uncertainty. In
particular, wireless systems at THz frequency bands are limited
by a short communication range and a high susceptibility to
molecular absorption, blockage and deep fades. This results
in an on-off behavior of wireless links and leads us to the
hypothesis that, if properly managed, THz can potentially offer
HR2LLC: high rate concurrently with high reliability and low
latency, to ensure an immersive VR experience. Investigation
of this hypothesis is the subject of this work.

A. Prior Works

A number of recent works addressed the challenges of
wireless VR [14]-[18]. The authors in [14] investigated the use
of communication-constrained mobile edge computing (MEC)
systems for wireless VR. In [15], the authors proposed a
VR model using multi-attribute utility theory to capture the
tracking and delay components of VR QoS. Recently, the
problem of HR2LLC for VR networks was studied in [16]-
[18]. For instance, in [16], the authors introduced an MEC-
based mobile VR delivery framework that minimizes the av-
erage required rate. The work in [17] studied the challenge of
concurrent support of visual and haptic perceptions over wire-
less networks. The authors in [18] proposed a joint proactive
computing and mmWave resource allocation scheme for VR
under latency and reliability constraints. However, the prior
works in [15]-[18] only examine the average delays and data
rates; thus reflecting limited information about the wireless
VR systems analyzed. In contrast, to guarantee HR2LLC, it
is necessary to obtain the statistics of the delay in order to
properly characterize the system’s reliability. Moreover, the
works in [15]-[18] do not consider the more challenging
reliability problem at high-frequency THz bands. Meanwhile,
in [19] and [20], the authors investigate the ultra-reliability of
wireless networks using a statistical approach. However, the
works in [19] and [20] define reliability based on an outage
event, while ignoring the E2E behavior of the system. Finally,
the use of THz has recently attracted significant attention
(e.g., see [6] and [21]-[25]) as an enabler of high data rate
applications. However, these prior works in [6] and [21]-[25]
focus primarily on the physical layer, and they do not address
HR2LLC challenges for wireless VR. Meanwhile, in [26], we
have conducted a performance analysis assessing how and
when a THz network can meet the reliability, low latency and
high data rate requirement. However, our work in [26] does not
take into account realistic THz dynamic network conditions
as it ignores the effect of self and dynamic blockages and
focuses on idealized settings. Furthermore, given that the real-
time dynamic nature of THz wireless systems complicates
the tractability of the performance analysis, novel analytical
frameworks must be proposed to formulate the performance
limits of the system. Clearly, there is a lack in existing works
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that study the potential of THz frequencies to deliver HR2LLC
VR services.
B. Contributions

This work provides a comprehensive analysis of delay,
reliability, and rate, for a wireless THz network that serves
VR users. The specific contributions are:

o To examine the instantaneous reliability of a wireless
VR system, we derive the tail distribution of the E2E
delay, including queuing and transmission delays over
THz links, via its moments. This allows us to characterize
the performance of a wireless VR system at extreme
events while shedding light on THz’s potential despite
its short communication range and its high susceptibility
to blockages and molecular absorption. To scrutinize the
risk of an unreliable VR user experience at THz, we
derive the tail-value-at-risk (TVaR) of the E2E delay
based on rigorous tools from extreme value theory (EVT)
and economics [27], [28]. Our analysis is unique with
respect to its novel analytical framework (instantaneous
and tail-risk approach) and its application (wireless VR
operating at THz frequencies).

o Our analysis shows that the probability of line-of-sight
(LoS) at THz frequencies, which is influenced by the
density of VR users and their mobility, plays a primary
role in characterizing the moments of the E2E delay.
These results allow to characterize the tail distribution
of the E2E delay using the instantaneous VR content
requests, channel, and blockage parameters. Important
insights are offered by the expected worst-case E2E delay,
and the confidence level associated with the reliability.

o The asymptotic analysis of reliability is tailored to the
unique THz network parameters. It characterizes the E2E
delay distribution by finding the cumulative distribution
function (CDF) of the E2E delay after deriving the prob-
ability distribution function (PDF) of the transmission
delay in a dense THz network.

To our best knowledge, this is the first work that performance
a tail and risk analysis on the reliability and latency achieved
by VR services over a THz cellular network.
C. Main Findings

Following these contributions, we answered the question of
“Can THz provide high-rate reliable, low latency communi-
cations for wireless VR?” as follows:

o For wireless VR services over THz networks, the char-
acterization through quantities related to average delay
lead to overly optimistic performance prediction at THz.
Instead, tail delays reflect the performance during extreme
events, such as a deep fade or a blockage. Analysis of
extreme events is fundamental, as the occurrence of any
such event during a VR session will lead to a disruption of
the quality-of-experience (QoE). For example, our results
show that, during a typical VR session THz the tail
of E2E delay can range from 30ms to 90ms leading
to an unreliable VR experience, even when the average
delay is 20 ms. Hence, achieving HR2LLC requires new
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mechanisms that can guarantee LoS link and alleviate the
harsh propagation conditions at THz. For example, such is
the intelligent environment based on large multiple-input
and multiple-output (MIMO) arrays [21] and [29].

o From our results, we observe that increasing the band-
width and reducing the THz molecular absorption coeffi-
cient can reduce the risk of worst-case extreme events,
but are not sufficient to sustain a reliable experience.
Moreover, guaranteeing a TVaR with confidence levels
(i.e. the reliability during extreme events) above 90 % is
only possible at tail delays of 100 ms, even at a significant
bandwidth of 30 GHz.

¢ One of the most fundamental challenges to THz’s relia-
bility is the availability of LoS component. Overcoming
this challenge, ensures that THz can provide HR2LLC
via network densification and significant bandwidths. In
particular, our results show that, if one can ensure that
the THz network can continuously operate at LoS, a
reliability of 99.999% (with an E2E delay threshold of
20 ms) is achievable along with data rates of 18.3 Gbps,
thus, delivering promising rates to support ultimate VR’s
needs.

The rest of the paper is organized as follows. Section II
introduces the system model. Sections III and IV, respec-
tively, present the reliability analysis and asymptotic analysis
of reliability. Section V presents the simulation results and
conclusions are drawn in in Section VL.

II. SYSTEM MODEL

Consider the downlink of a small cell network servicing
a set V of V wireless VR users via a set of small base
stations (SBSs) operating at THz frequencies and densely
distributed in a confined indoor area according to an isotropic
homogeneous Matern hardcore point process (MHCPP) with
intensity 7 and a minimum distance € [30]. This process is a
special thinning of the Poisson point process (PPP) in which
the nodes are forbidden to be closer than a minimum distance
€, as in practice the distance between adjacent SBSs cannot be
arbitrarily small. Hence, this process can adequately capture
the distribution of VR SBSs in a confined area. In our network,
SBSs can also perform MEC functions for VR purposes and
the VR users are associated to the SBS with highest signal-
to-interference-plus-noise-ratio (SINR).

A. Wireless Model

We consider an arbitrary VR user in ) located at a constant
distance ro from its serving SBS. The chosen VR user and its
serving SBS are referred to as tagged receiver and transmitter
respectively. The interference surrounding this VR user stems
from a set M of M non-negligibly interfering SBSs that are
located within a radius of  around this user. Henceforth,
SBSs that are at a distance r > 2 add no interference on the
link between the VR user and its associated SBS, 2 refers
to the region of non negligible interference of the network.
It is important to note that interference occurs because we
consider a highly dense THz network whose SBSs are located
at very close proximity [31]. Indeed, if there are models in
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Figure 1: Illustrative example of the blockage and interference
model.

mmWave that consider interference after certain density of
SBSs, then there must be a higher density of THz SBSs
for which the interference becomes relevant. Moreover, in
such a dense environment, THz bands require a very narrow
pencil beamforming (even narrower than mmWave). Such
beamforming architectures face major practical challenges
given that they require a high available SINR link and a narrow
beamsteering angle, while providing localization and tracking
of the user equipment (UE) [32]. This also leads to higher
susceptibility towards mobility, and does not completely solve
the interference problem, given the difficulty to perform beam
re-alignment in a short time [33].

Another key challenge facing THz communications in such
a dense network is the inability to penetrate solid objects. In
fact, the electromagnetic properties of THz are different than
conventional bands, i.e., their penetration losses are higher
whereas their reflection coefficients are reduced' [34]. Sub-
sequently, the susceptibility of THz to blockage jeopardizes
its reliability, thus, highlighting the importance of studying the
probability of blockage, that further provides insights about the
tunable parameters needed to guarantee a LoS link between
the SBS and the VR user. We consider two types of indoor
blockages: self-blockage and dynamic blockage. Self-blockage
arises when a user blocks a fraction of SBSs by its own
body. Each user makes an angle w with the blocked SBSs.
w determines the orientation of the user and is assumed to
be uniformly distributed in [0,27], as shown in Fig. 1. The
uniform probability here captures the free range of motion of
mobile VR users in all directions. Real-world experiments in
[35] show that the azimuth angle follows closely a uniform
distribution along [—m,7], thus, confirming our choice. The
self-blockage zone is defined as the sector of a disc of radius
B having an angle w. Without loss of generality, hereinafter,
we assume that B = ), i.e., the blockage disc and the region
of non-negligible interference coincide, and, thus, we will
use {2 to refer to this region. This assumption is justified

IThis behavior is similar to mmWave bands but is more pronounced for
THz. For instance, while the molecular absorption effect might be negligible
for mmWave bands, it is more significant at THz and it must be accounted
for.
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Table I: List of our main notations.

Notation Description Notation Description
\%4 Wireless VR users € Minimum MHCPP distance
n Intensity of SBS according to MHCPP Np Equivalent Poisson intensity of SBSs
r Distance between SBS and VR user M Number of interfering SBSs
Q Radius of non-negligible interference B Radius of blockage region
w Angle of self-blockage Q Number of SBSs susceptible to blockage
LB Intensity of dynamic blockers vB Velocity of dynamic blockers
KB Arrival of blockers to blockage queue v Departure of blockers from blockage region
A LoS event N Noise
L VR image size w Bandwidth
Po Tagged transmission power i Interfering transmission power
T Temperature K(f) Overall absorption coefficient of the medium
f Frequency Cr, LoS Path rate
« Transmission delay 1 Interference
wr Mean of the interference 0’? Variance of the interference
T Total waiting time in Q1 p Total waiting time in Q2
w1 Service rate at Q1 A Arrival rate at Q1
w2 Service rate at Q2 Ao Arrival rate at Q2
9 Variance ac Confidence level
VaR Value-at-risk X Tail-value-at-risk

given that interferers and blockages are only non-negligible
within a specific radius around a given VR user. Thus, this
region draws the boundaries of the THz link range around
a given user. An SBS is thus considered to be self-blocked
if it lies in the self-blockage region of the considered VR
user. Hence, the probability of self-blockage will be [36]:
P(Bs) = 5=, where By is a random variable that captures
self-blockage event.  Dynamic blockage captures the event
in which the LoS signal between the considered VR user
and its serving SBS is interrupted by other users. The users
contributing to dynamic blockage are moving in a blockage
area of radius €2 within which a set Q of ¢ SBSs are susceptible
to blockage. The VR users in this region are dynamic blockers
that move in a random direction with velocity vp, and they are
distributed according to a homogeneous PPP with density ¢ 5.
Thus, the overall dynamic blockage process can be modeled
as an M/M/oo queuing system?, as explained in [36]. The
first M stands for a Poisson arrival process of blockers
with a rate of kp; blockers/sec, and the second M stands
for a blockage duration that is assumed to be exponentially
distributed with parameter v blockers/sec. For tractability, we
use the approach from [36] to model the dynamic blockage
and further approximate the MHCPP by an equivalent PPP of
intensity np. This is justified by the fact that our dense network
will naturally have small distances between SBSs. Beyond this
blockage modeling, we keep the deployment according to an
MHCEPP rather than a filtered PPP. A simultaneous blockage
event by two or more dynamic blockers for the same LoS
link is a negligible (null) event because of the short range of

2While an ideal model would follow an M/G/oco queue as an alternating re-
newal process with exponentially distributed periods of blocked and unblocked
intervals, similar to [37], such a model applied to our setting lacks tractability.
Hence, for mathematical simplicity, and as done in [36], the dynamic blocker
arrival process is relaxed to an M/M/oco.

Authorized licensed use limited to: Oulu University. Downloade

THz links and the low likelihood of two users simultaneously
disrupting a link of a few meters. Let 7 £ (7;);—0,1,... 4 be a
row vector, where rg is the distance between the VR user
and its SBS, and r; is the distance between the VR user
and the blocked SBS ¢ € Q. The SBS distances to the VR
user are independently and identically distributed (i.i.d.) with
distribution f(r;|q) = %%. Hence, the probability of dynamic
blockage is [36]: P(Bg|ri,q) = —SB2 and the probability

KBitv
of simultaneous blockage of all LoS links is given by:

q
P(Blg, ;) = [[ P(Bilg,rs)
=1

q

~ L1t - (- PG - B = [[0 - s
i1 !

).
i=1 v

(D

where 3¢ is the probability that a random SBS is not self-
blocked and A = %LBUBEZ?_;Z:) where hp, hg, and hr are,
respectively, the height of the dynamic blocker, the height of
the considered VR user, and the height of the SBS. Also, A
is related to the blockage rate by the following A = £E.. The

T
channel and data rates of THz links are modeled next.

B. Data Rate Formulation

As shown in [31], the THz signal propagation is mainly
affected by molecular absorption®, which results in molecular
absorption loss and molecular absorption noise. At THz, the
gap between the LoS and non-line-of-sight (NLoS) links is
very significant and more drastic than at mmWave frequencies.
Given that the distance between a VR user and its respective
SBS is short in our dense network, we consider only the LoS

3The molecular absorption can be mitigated by establishing shorter commu-
nication distances when leveraging dense SBSs deployments, reconfigurable
intelligent surfacess (RISs), or multi-hop links.
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link. Consequently, the total path loss affecting the transmitted
signal between the SBS and the VR user will be given by [31]:

47rf7">2 1

L(f,’/’) = LG(fa T)Lm(far) = ( c Wa (2

where Ls(f,r) = (%)2 is the free-space propagation loss,
Lu(f.r) = 77 is the molecular absorption loss, f is
the operating frequency, r is the distance between the VR
user and the SBS, c¢ is the speed of light, and 7(f,r) is
the transmittance of the medium following the Beer-Lambert
law, i.e., 7(f,r) = exp(—K(f)r), where K(f) is the overall
absorption coefficient of the medium. For sub-THz frequencies
(0.1 — 0.275THz) K(f) can be calculated using the model
suggested by [38]. Meanwhile, for frequencies higher than
0.275 THz, K(f) can be obtained from the high resolution
transmission (HITRAN) database [39]. Let p = (Pi)i=0,1,- M
be a row vector, where pg represents the transmission power of
the SBS servicing the considered VR user, and p; represents
the transmission power of the interference from any other
SBS i € M. The total noise power is the sum of the
molecular absorption noise and the Johnson-Nyquist noise
generated by thermal agitation of electrons in conductors.
Consequently, the total noise power at the receiver can be
given by [311: N(r,pi,f) = No + Sis, pidor; *(1 —
e—K(f)”), where Ny = mii;:szTO +p0AoT()_2(1 — (B_K(J[)T”o)7
kp is the Boltzmann constant, 7; is the temperature in
Kelvin, and Ay = ﬁ [29], [40]. By accounting for
the total path loss affecting the transmitted signal and con-
sidering the M backlogged SBSs in the region of non-
negligible interference, the aggregate interference will be
[B311: I(r,p;, f) = ZglpiAor;Qe_K(f)”. The instantaneous
frequency-dependent SINR at LoS will be: Sp(r,p,f) =
1(7_75 SX;;_‘;]{’,‘}:;M), where piX is the received power at the VR
user from its associated SBS. Substituting each of the received
power, noise, and interference terms results in the following
SINR:

—~2,—K(f)ro
poAory “e
SL(Tapmf) = O]\,[ _9"
No + Zi:l DiAor;

Furthermore, our model adopts a single-carrier waveform due
to the worsening of the high peak-to-average power ratio
(PAPR) problem of orthogonal frequency division multiplex-
ing (OFDM) at THz bands [41]. Also, we consider narrow
beamforming and, thus, the delay spread is significantly re-
duced, and the coherence bandwidth will increase. Hence,
similarly to [6], [42], [43] and for tractability, the achievable
instantaneous rate with an available LoS link is given by:

3)

poAgrg e Ko @
No + Zi\; piAor;? ,

where W is the bandwidth. Here, we can see that the only
random factor is the second term in the denominator which
corresponds to the interfering signals. For technical tractability,
following [31], we assume that this term tends to a normal
distribution [44]. Indeed, it has been shown in [31] that
such an approximation is realistic. Also, finding the mean

Cr(r,p, f) = Wlog, (1 +
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and variance of this term will allow us to characterize the
PDF of this random interference signal, as follows: g(I) =

1 _—pr)® 2
Taror exp( 37 ) where ;17 and o7 are the mean and

variance of the interference, respectively, given by [31]: u; =

pAy (P ) (252). and 07 = (pA0)* (52 (5w).

Subsequently, the total instantaneous achievable rate is given
by: Cr = P(A)CL + P(l — A)CN ~ P(A)CL Here, Cy is
the rate of the NLoS link and P(A) is the probability of an
available LoS link between the SBS and the VR user. This
approximation is based on the significant gap between the
power of LoS and NLoS links. P(A) is fundamental in our
analysis given that it can degrade the rate and affect the QoE
of the VR users. Given the probabilities of static and dynamic
blockages, in Section III, the probability of LoS will be derived
in terms of the network parameters.

Next, we analyze whether this network can provide
HR2LLC guaranteeing the dual VR requirement. In fact, the
rate requirement can easily be achieved by leveraging the
large THz bandwidth, however, the reliability remains unclear.
To scrutinize the performance of the THz reliability in terms
of the E2E delay, we rigorously characterize the distribution
of its tail, thus, outlining the worst-case performance. Then,
we leverage analysis of delay moments to derive the tail
distribution and its TVaR.

III. RELIABILITY ANALYSIS

In this section, we examine the probability of blockage
and use it to derive the tail distribution of the E2E delay.
Furthermore, we evaluate the TVaR of the E2E delay to
scrutinize the risks pertaining to an unreliable VR experience
at the THz band.

A. Blockage Analysis

Given the electromagnetic properties of THz and its sus-
ceptibility to blockage, guaranteeing a LoS path link is nec-
essary to provide a high rate. Therefore, we next quantify the
probability of an available LoS link in terms of the channel
parameters, thus, characterizing the conditions needed to boost
the QoE of the user, as follows:

Proposition 1. In the considered network, the probability of
LoS is given by:

P(A) =1 — exp(seRnpmQ?), (5)

where A is the event of having a LoS path, and X =

22 (|AQ+v|) —v2In(lv])) 2w
A20? AQ

Proof: See Appendix A. [ ]

The probability of LoS in (5) captures the susceptibility

of the THz links to blockage as an exponential function of

the network parameters. We observe that an increase in the

density of the VR blockers or in the region of blockage affects

negatively the availability of LoS. Also, the bigger the sector

of the disc of self-blockage, the lower the availability of LoS.
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VR user requests a
certain VR image

Task
Request
Data

Figure 2: Tllustrative example of our queuing model.

B. Delay Analysis

1) Queuing Analysis: Our service model of the VR content
request is illustrated in Fig. 2. Here, once a VR user requests
a new VR content, it goes through two queues: A first queue,
@1, for processing a 360° VR content, and a second queue,
(@2, for storing and transmitting the VR content over the
wireless THz channel. In particular, (J;’s processing tasks
comprise rendering the VR content to be to be viewable
on an head-mounted display (HMD). In other words, the
MEC processor needs to perform projective transformation
operations to render and reverse-project the VR content [45].
Also, the MEC processor needs to process the virtual haptic
feedback received by the VR user. Subsequently, it will render
this haptic feedback so that the VR user experiences different
vibrations and forces while using the VR gloves. We assume
a negligible time for sending a request by VR user. Hence,
for each VR content request, the total delay depends on the
waiting and the processing time at (; and the waiting time
and VR transmission delay at Q2. We consider a Poisson
arrival process for the VR content requests with mean rate ;.
The buffer of the processor is assumed to be of infinite size
and the MEC processor at the SBS adopts a first-come, first-
serve (FCFS) policy. The service time for each request follows
an exponential distribution with rate parameter p; > Aq,
to guarantee the stability of the first queue ;. Thus, we
can model queue ()1 as an M/M/1 queue. This model can
reasonably capture the computation of tasks, as well as the
mobility of users requesting VR content [46]. According to
Burke’s theorem [47], when the service rate is larger than the
arrival rate for an M/M/1 queue*, then the departure process
at steady state is a Poisson process with the same arrival rate.
Hence, the arrival of requests to Q5 also follows a Poisson
process with rate Ay = py. Similar to )1, we assume an
infinite buffer size and an FCFS policy for ). The service
time of Q)5 is the transmission time of the SBS, that depends
on the random wireless THz channel, i.e., the size of the VR
content, the LoS rate, and its associated probability of LoS.
Thus, different from @1, ()2 is an M/G/1 queue. Our goal is to

4In our model, the processing unit’s speed is significantly higher than the
VR content’s request
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study when and how our proposed system can guarantee the
dual HR2LLC QoS requirements of VR, i.e. visual and haptic
perceptions. This dual specification requires a high data rate
link for visual perception and a low latency communication
for the haptic. Under favorable channel conditions, THz can
provide high rate links, however, providing HR2LLC may
be challenging. Hence, our key step is to define the system
reliability and study the fundamental performance of the VR
network in terms of HR2LLC requirements. This fundamental
performance analysis will shed light on the capability of THz
to provide a dual-metric performance for VR: high rate and
high reliability.

In our system, reliability cannot be defined merely on
average values of delays as done in [2] and [15]. Given the
stringent requirements of VR services, a full view on the statis-
tics of the delay must be taken into account to design a system
capable of withstanding extreme and infrequently occurring
events such as a sudden user movement or a sudden blockage
event which can impact reliability. To analyze reliability, next,
we derive the moments of the E2E delay and use them to
derive the tail distribution of the E2E delay. Based on the
expression of the tail distribution, the TVaR will be derived
to characterize the value of the E2E delay at the tail, in the
presence of a risk of an unreliable user experience.

2) Tail Reliability Analysis: Fundamentally, to guarantee
reliability in the face of stochastic and dynamic wireless
channels, its is necessary to analyze the instantaneous behavior
of the network rather than its average [48]. Furthermore,
it is necessary to examine any instantaneous exceedance of
the E2E delay above a threshold that disrupts the user QoS.
Since VR services call for perceptual and haptic requirements
directly linked to the user QoE; we define the reliability of the
VR system as a guarantee that the instantaneous E2E delay
can be maintained below a target threshold . Formally and
according to 3GPP [5], reliability is defined as the capability of
transmitting a given amount of traffic within a predetermined
time duration with high success probability. However, given
that our traffic consists of VR content that needs more stringent
reliability measures to ensure a seamless experience, we
fortify that statement and make it more stringent by defining
reliability as the probability that the E2E delay — defined as
the delay incurred between the time the VR user requests a
VR image to the time the image is received — remains below
a stringent threshold §. Here, central statistical characteristics
of the E2E delay such as the average or median performance
do not guarantee a continuously reliable system. Meanwhile,
shifting our focus to extreme values of the E2E delay and their
corresponding limiting distribution allows us to guarantee a
highly reliable system under very difficult conditions. In other
words, analyzing the behavior of E2E tail delay distributions
is suited to capture the reliability response vis-a-vis the worst-
case conditions, i.e., tail analysis will guarantee high reliability
for a user experiencing a deep fade or a sudden blockage.
Thus, this guarantees an instantaneous and continuously re-
liable THz system. Subsequently, we leverage the renowned
EVT framework [27] to capture the behavior of the tails and
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extreme statistics of interest. In particular, we leverage block
maxima EVT models whose data points tend to be measured
over a particular period of time (e.g. VR session time in our
case) and tend to be time-sensitive. Consequently, the EVT
theorem is formally defined as:

Definition 1. (Fisher-Tippett—Gnedenko theorem [49]) Given
a sequence of i.i.d. variables {z1,...,z,}, the distribution of
M,, = max{zy,...,x,} representing the maximum value of
the sequence converges (for large n) toward the generalized
extreme value (GEV) characterized by the following CDF and
PDF:

(6)

exp

Xp| — r—pp\—1/¢E
FE(CU§§E):{6 pé (1 +&55,7) ) &g #0,

—exp(— 222 ), 6 =0,

where £ is the shape parameter, pp the location parameter,
and o > 0 is the scale parameter Thus for & > 0, the
expression is valid for “ZE2 > —1/¢, while for £ < 0 it

. . o _
is valid for 722 < —1/¢.

oo {(1+5E><1/5E“exp(<1+§E“;,*;E>1/EE),§E7A0,
E =

exp(~ 2522 ) exp(— exp(- 2525 ) ) €5 = 0.

In our model, the sequence of i.i.d. variables corresponds
to the sequence of E2E delays experienced by the VR user;
subsequently, this theorem paves the way to characterize the
distribution of the maximum E2E delay that a VR user can
experience, and hence the worst-case scenario. Consequently,
next, we perform moment matching to match the moments of
the GEV distribution to those of the moments of the E2E delay
over our THz network. First, for our model in Fig. 2, given
that ()1 is an M/M/1 queue, the mean of the total waiting time
at Q1 will be E[T}] L. Moreover, given that Q) is an

= ’LL 7)\ .
M/G/1 queue, the mean of the total waiting time is given by:

E[Ty] = Klpzm 03;1) +1] Ela], )

@)

where py = % is the queue utilization, « is the transmission
delay, and C? = gg?@)] is the squared coefficient of variation.
Next, we evaluate the mean of the E2E delay. This mean
constitutes the first moment, that is then used to perform a
moment matching between our empirical E2E delay moments
and the GEV distribution, to finally characterize the tail
distribution. Note that this characterization has not been done

in any prior work [6], [21]-[23], [50].

Theorem 1. The mean of the E2E delay is given by:

E[T)+T3) = +Elo] [1 + (2("7 x ©)

B — A1 1—p2)

1

2
—2 K (f)r
(Wlog2 (1 e °)>

VG(Z)—’_]' I
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where
L

emZ 1 poA ro2e—K(f)ro
(1- (=) (W1°g2 (”OO%T

Ela] ~

(10
Z = RnpQ°. an
Proof: See Appendix B. [ ]

From (9), we can see that the average E2E delay is equally
influenced by the mean of the total waiting time in ()1, the
utilization of @2, and the mean of the transmission delay
« (and thus the THz environment). The waiting time in @
is mainly influenced by the number of VR requests and the
processing speed of the MEC server, which are beyond the
control of the wireless network. Meanwhile, the transmission
delay depends on the average blockage rate (which in turn
is the complement of P(A) derived in (5) in Proposition 1)
and the average THz data rate. Clearly, the density of VR
users, their mobility, and their requests for VR content all
play a role in the average behavior of the network. Next, we
derive the second moment of the E2E delay, thus allowing us
later to capture the GEV of the E2E delay and examine the
instantaneous E2E delay and its consequent effect on the QoE.

Lemma 1. The second moment of the E2E delay is given by:

E[(Ti+T»)%) = (ul EAI) Efo] {1 + (ﬁx

1 2, K sVa(Z) +1
(wiog, (14 et ) )
# 2 sz[a?»] pz]E[OzQ]
’ (1 = A2 FERT 3(1— p2) * 2(1 — p2)
m ) ()]
! [(2(1 - pg)) (E[a] : a2
Proof: See Appendix C. .

Having the first and second moment in (9) and (12) of the
E2E delay allows us to derive the moments of the highest
order statistics of the E2E delay to finally characterize the
tail distribution. To do so, in what follows, we first order the
set of E2E delays and arrange them in an increasing order of
magnitude. Subsequently, we model the tail of the E2E delay
to be the highest order statistic, i.e., the maximum of the set.
Given that we have obtained the first and second moments of
the parent distribution of the E2E delay, we need to express the
first and second moments of the highest order statistic in terms
of the expectations formulated in Theorem 1 and Lemma 1.
Thus, from [51], given the mean and variance of the parent
distribution, we can find the highest order statistics expectation
as: .
E((T; + To)] = B[(Ty + Ty)] + 27519_(?);}))
Given (13), next, we characterize the GEV distributiop%%
the tail after performing a moment matching and deriving its
defining parameters.

: /
022 at 06:23:&()) UTC from IEEE Xplore. Restrictions apply.

ublications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2022.3142674, IEEE Internet of

Things Journal

Theorem 2. The tail distribution of the E2E delay follows a
GEV distribution with a location, scale and shape parameter
given by:

1 P2
=— + Ela [1+<7>< (14)
M a o] 2(1 — p2)
1
T R0 sVa(Z) +1 )
poAgry “e HUITO
<W10g2 (1 1 modorg e KO0 ))
1 E[a3 E[a?
0'%: +]E[O¢2]+ P2 [a} P2 [O‘]
B =M 3(L—p2)  2(1-p2)

X

15)

[(G25) ()] - (e [+ (5255
2
( ! Va(Z) +1 :

Agro 2e—K(f)ro
(W10g2 (1 + %))

I35 _ (2n—1)1/?
M- -1 (-1 (o
Proof: See Appendix D. ]

Theorem 2 allows us to tractably characterize the tail of the
distribution E2E , i.e., the worst case distribution over all of the
possible outcomes of randomness rather than just an average
value. Moreover, interestingly the tail distribution’s location
pg is the average of the E2E delay. Thus, the distribution
of the tail of the E2E delay is centered around the mean
of the E2E delay. Moreover, the scale of the distribution
is the variance of the E2E delay. Clearly, the tail variance
is highly influenced by the first three moments of the THz
data rate, thus characterizing the susceptible THz behavior to
the dynamic environment. As for the shape, it depends on
the number of VR requests in each VR session. Therefore,
the moments of the E2E delay mirror variations of lower
order statistics to obtain the highest order statistic distribution.
By obtaining the tail statistics and its distribution, we can
further quantify the E2E delay value given a specific level
of risk of unreliable experience. In other words, we define
the notion of risk based on its confidence level: a confidence
level of 99% means that we are 99% sure that the worst-case
delay will not exceed a specific value. Clearly, examining tail
distributions not only characterizes the worst-case scenario
but also provides guarantees through risk measures, thus
providing more leverage for HR2LLC. To formulate these risk
measures, in actuarial sciences, the value-at-risk (VaR) concept
is defined as a quantile of the distribution of aggregate losses,
VaR;_, = —infier{P(X < t) > 1 — a} [27]. However,
VaR is an incoherent® and intractable risk measure. TVaR, on
the other hand, is defined as the expected loss conditioned
on the loss exceeding the VaR [52]. Thus, TVaR not only
measures the risk but also quantifies its severity, making it
a superior risk measure. In our context, the TVaR allows us
to scrutinize the tail of the E2E delay, at a given confidence

5 A coherent risk measure is a metric that satisfies properties of monotonic-
ity, sub-additivity, homogeneity, and translational invariance.
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level. Thus, if the instantaneous E2E delay follows a PDF
®(t), such that the E2E delay does not exceed a certain
threshold ~y, we can define the risk of an unreliable QoE to
be related to the VaR as follows: fvoo ®(t)dt = 1 — ae, where
VaR(a¢) = 7. Subsequently, we define x to be the right-
tail TVaR to be defined as: x = -4 fvoo t®(t)dt. Given
our knowledge about the GEV distribution, the TVaR for our
network can be formally derived next (following directly from

Theorem 2).
Corollary 1. The TVaR of the E2E delay T, is given by:

X = hE+ e V(1= €6, —log(ac)) = (1 - ac)],
=E[T.] + % [v(1— &g, —log(ac)) — (1 — ac)],

an

where ~ is the lower incomplete gamma function defined by
Y(s,x) = [y t*"te tdt

As seen from (17), the TVaR is a tractable expression that
is a function of the first and second moment of the E2E delay.
These moments bring to view the fastness and robustness of
THz frequency bands and the MEC server in a dynamic VR
environment. Based on these moments, the TVaR provides us
with the expected E2E delay conditioned on the E2E delay
exceeding a specific threshold. In other words, it helps shed
light on the severity of exceeding the threshold, by quantifying
the expectation of the tail distribution. Considering the TVaR
allows us to provide the user a seamless experience with a
reliability in the order of its confidence level. A confidence
level of a¢ guarantees the maximum E2E delay to be below
that threshold, ath of the time.

Next, we perform an asymptotic analysis for reliability
under idealized conditions in which we assume the probability
of LoS to be equal to 1.

IV. RELIABILITY FOR SCENARIOS WITH GUARANTEED
LoS

Hereinafter, we assume the probability of LoS to be equal
to 1, i.e., a continuous LoS is available to the VR user. Thus,
this facilitates our model further making it feasible to analyze
true CDFs and PDFs of the delay instead of relying on tail
distributions. This special case scenario is meaningful given
that it portrays cases where the number of active VR users
is significantly low in the indoor area and where the user’s
orientation does not vary rapidly. Subsequently, for our model
in Fig. 2, given that @; is an M/M/1 queue, the PDF of the
total waiting time at ()1 will be [47]:

Y1(t) = (p1 — A1) exp (— (1 — A1)t) . (18)

Given that ()5 is an M/G/1 queue and that the queuing and
service time of an M/G/1 queue are independent, we find
the CDF of the total waiting time: Uy (t) = W, (t) * Yr(t),
where * is the convolution operator, ¥ ¢, (¢) is the CDF of the

: /
022 at 06:23:&()) UTC from IEEE Xplore. Restrictions apply.

ublications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2022.3142674, IEEE Internet of
Things Journal

Table II: Simulation parameters based on typical values.

Parameters Values Parameters Values

Carrier Frequency f {0.2THz,1THz} Number of VR users V/ 50

Noise power spectrum density at UE 02 | —174 dBm/Hz Molecular absorption coefficient K(f) | {2.107*m~1,0.0016 m~1}
Transmit power at SBS p 30 dBm VR content packet size L 10 Mbits

Density of SBSs i {0.06 m~1,0.25m~1} || Water vapor percentage 1%

Request arrival rate at Q1 A1 0.1 packets/s Computing service rate at Q1 1 {14 Gbps, 19 Gbps} effective
Velocity of dynamic blockers vp 1.5m/s Arrival rate to blockage queue kg 2 blockers/s
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Figure 3: (a) PDF fit of the tail end-to-end delay, (b) PDF fit of the transmission delay (Guaranteed LoS Scenario).

queuing time at Q2 and ¥ (t) is the PDF of the transmission
delay. The CDF of the total queuing time at Qo will be [47]:

T
Vo, = (1= p2) Y [ RO (19)

Here, I' is the number of sta?ezso that the queue has went
through, i.e., the number of packets that has passed through
the queue during a certain amount of time and R(™(¢) is the
CDF of the residual service time after the n-th state. Note that
R™)(t) can be computed by obtaining the residual service time
distribution R(t) after n packets, R(t) = f(f w2 (1= (z))dz,
where ¢ is the time of an arbitrary arrival, given that the arrival
occurs when the server is busy. To evaluate the PDF of the
E2E delay, we need the PDF of the transmission delay which
is found next:

Lemma 2. The PDF of the transmission delay is given by:

_ ¢ (T — pr)?
o= () e
where
(_m@ED2E (2N

Wa2(2wa —1)2’ 2Was — 1
Proof: See Appendix E. [ |
It is important to note that the PDF in (20) does not follow
a normal distribution since both T and { depend on the
transmission delay «. Burke’s Theorem allows us to infer that
1 and @ are independent, and, thus, the CDF of the E2E
delay can be expressed as the convolution of the PDF of the
total waiting time in () and the CDF of the total waiting time
in Q2. By using the dynamics in (18) and (19), the CDF of
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the E2E delay can formally expressed in the following theorem
which is a direct result of Lemma 2.

Theorem 3. The CDF of the E2E delay T, is given by:
O(t) = P(Te < t) = (1) x Va(t) = 11 (1) * (P, (1) * ¥r (1))

= (p1 — A1) exp(—=(p1 — A1)t)
r
T — p)?
x| (1— TRM (1)) ] * < ¢ ex (—( .
(( DI WTEOM) )+ (e (-
2D
Consequently, the reliability with respect to a certain threshold

n=0
d, is given by:

0= P(T. < §) = 2(5). (22)

The reliability defined in (22) provides a tractable character-
ization of the reliability of the VR system shown in Fig. 1, as
function of the THz channel parameters. For instance, from
Theorem 3, we can first observe that the queuing time of Qo
depends on the residual service time CDF and, thus, on the
transmission delay. Also, given that the processing speed of a
MEC server can be considerably high, the E2E delay will often
be dominated by the transmission delay over the THz channel.
In general, all the key parameters that have a high impact on
the transmission delay will have a higher impact on reliability.
One of the most important key parameters is the distance rg
between the VR user and its respective SBS; this follows from
the fact that the molecular absorption loss gets significantly
higher when the distance increases, which limits the com-
munication range of THz SBSs to very few meters. Indeed,
the THz reliability will deteriorate drastically if the distance
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Figure 4: THz Performance over a VR Session (f = 1 THz) (a) Average E2E delay versus VR session time, (b) Instantaneous E2E delay
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Figure 5: Sub-THz Performance over a VR Session (f = 0.2 THz) (a) Average E2E delay versus VR session time, (b) Instantaneous E2E
delay versus VR session time, (c) Tail E2E delay versus VR session time.

between the VR user and its respective SBS increased. Also,
in this special case, the PDF of the E2E delay is tractable.
Thus, providing the full statistics of the E2E delay without
having to examine averages and tails to scrutinize the risks
pertaining to reliability. In other words, the PDF of the E2E
delay provides us with generalizable information, reflecting the
overall behavior of reliability in this model. Hence, while the
tail reliability analyzed in Section III is mostly threatened by
the probability of blockage, in this scenario, the challenges that
need to be addressed to provide a robust reliability are the short
communication range as result of the molecular absorption
effect, and the interference stemming from the high network
density. Moreover, given the QoS of a VR application is a
function of the reliability, i.e., it is the reliability of the system
throughout the worst case scenario. VR users’ immersion
and experience will depend significantly on the reliability.
Therefore, maintaining reliability is a necessary condition to
guarantee the QoS for the user, thus increasing its satisfaction
and yielding it a seamless experience.

V. SIMULATION RESULTS AND ANALYSIS

For our simulations, we consider a setting in which VR
users are receiving VR content as they engage in a VR video
game (Star Wars: Squadrons). The SBSs are deployed in an
indoor area modeled as a square of size 20m x 20m at
T = 300K. All statistical results are averaged over 2,500

Authorized licensed use limited to: Oulu University. Downloade

independent runs. The main simulation parameters are shown
in Table II. The molecular absorption coefficient was obtained
using the HITRAN database for 1 THz and using the sub-
THz model [38] for 0.2 THz. The processing rate of @ is
chosen to comply with existing VR processing units such
as the GeForce RTX 3080 and GEFORCE RTX 2080 Ti
[53], [54]. Next, we compare how the realistic scenario, i.e.,
when considering blockages in Section II, contrasts with the
asymptotic analysis we have performed in Section IV where
LoS is always guaranteed.

Fig. 3a shows that the simulation results match the distri-
bution of the analytical result derived of Theorem 2. The small
mismatch between the analytical and simulation results stems
from the use of Jensen’s inequality. Clearly, the tail of E2E
delay is centered around 40 ms, but can reach up to 100 ms.
Moreover, Fig. 3b shows that the simulation results match the
distribution of the analytical result derived in Lemma 2. The
small gap between the analytical and simulation results stems
from the use of the normal distribution assumption for the
interference. Fig. 3b shows how the transmission delay is low,
i.e., it is centered at 0.75ms, owing to the high data rates at
THz frequency bands.

Fig. 4 shows how the average, instantaneous, and tail E2E
delays experienced by the user during a VR session, vary,
respectively for a carrier frequency of f = 1THz. Clearly,
the average E2E delay provides a positive viewpoint of the
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reliability of THz, as its upper bound is limited by 20 ms.
For the instantaneous E2E delay, we can see how a single
extreme event (a sudden self-blockage) throughout the VR
session can suddenly disrupt the VR experience. This is why
it is important to model the distribution of tails characterizing
these extreme events. Fig. 4c shows a negative perspective of
reliability, as the tails are lower bounded by an E2E delay of
30ms, i.e., any extreme event will lead to a minimum E2E
delay of 30ms, thus leading to a sudden disruption of the
user’s experience. Clearly, Fig. 4 reveals that average designs
overlook extreme events that disrupt real-time experiences.
Hence, it is important to provide solutions that particularly
improve the tail performance of THz, given that on average
reliability is high.

Similarly to Fig. 4, Fig. 5 characterizes the sub-THz perfor-
mance of the average, instantaneous, and tail E2E delays at a
carrier frequency of f = 0.2 THz. The sub-THz performance
also portrays a positive viewpoint of the reliability of THz,
whereby its upper bound is limited by 15ms. Moreover, the
instantaneous E2E delay shows a disruption due to a single
extreme event at time 200s of the VR session (a dynamic
blockage). Interestingly, the upper bound of the average,
instantaneous, and tail delay is considerably lower compared
to the performance at f = 1 THz. Meanwhile, the lower bound

Authorized licensed use limited to: Oulu University. Downloade

is higher. This is attributed to the fact that higher bands are
characterized by an all or nothing behavior. In other words,
at higher carrier frequencies, lower transmission delays can
be achieved, thus leading to extremely low E2E delays at
the lower bounds. Nevertheless, the higher end of the THz
frequency bands experiences a higher susceptibility to extreme
events, thus contributing to more breaks in the service and
heavier tails.

Fig. 6a and Fig. 7a show the prominent effect of the
bandwidth on the delays of (J; and ()2, in presence of
blockages and for the idealized, guaranteed LoS scenario at
THz and sub-THz respectively. We can see that, in both cases,
increasing the bandwidth ensures a reliable performance, but
remains limited by the processing speed at the MEC server.
Nevertheless, considering blockages increases (2 delay on
average from 0.3ms to 4ms at a bandwidth of 20 GHz for
THz frequencies, and from 0.23 ms to 3.5 ms at a bandwidth
of 20 GHz for sub-THz frequencies. Therefore, in presence
of blockage, increasing the bandwidth (up to 30 GHz) is not
sufficient to guarantee a high reliability. Interestingly, when
increasing the bandwidth at f = 0.2THz the transmission
delay sees a more significant change. Thus, changing the
bandwidth has a greater impact when the network operates
at f = 0.2 THz compared to f = 1 THz. This phenomenon
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is observed due to the more pronounced extreme events at
higher carrier frequencies. In particular, Fig. 6b shows that
the reliability of THz at f = 1THz is limited to 68% and
96% for a target delay of 6 = 10ms and § = 20ms at a
significant bandwidth of 30 GHz. In contrast, in the guaranteed
LoS scenario, we need a bandwidth of 15 GHz to achieve
a reliability of 99.999 %, thus reducing significant spectrum
resources when LoS is available, this also corresponds to a
data rate of 18.3 Gbps. Meanwhile, at f = 0.2THz, the
performance is limited to 80% and 98% for a target delay
of 6 = 10ms and § = 20ms at a bandwidth of 30 GHz.
However, this comes at the expense of a lower data rate of
11.5 Gbps.

To assess the reliability of the tails, Fig. 8a shows how
the TVaR varies with respect to the confidence level ac.
We can observe that while it is fairly easy to guarantee tail
delays with a confidence of 80% at 30ms, yet it is very
difficult to tame low E2E tail delay with a risk percentile
above 90 %. In fact, at a confidence level of 99 %, the tail
E2E delay becomes as high as 450 ms, compared to 63 ms at a
confidence level of 90 %. Moreover, Fig. 8b shows the effect of
bandwidth on the TVaR at a confidence level of 95 %: Clearly,
an increased bandwidth reduces the risk of occurrence of
extreme events. Nevertheless, given the susceptibility of THz
to the dynamic network conditions, increasing the bandwidth
remains limited by a best-case TVaR of 100 ms. Additionally,
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taking into account the beam-tracking delay® shows higher
values of TVaR. In this case, increasing the bandwidth remains
limited by a best-case TVaR of 130 ms.

Fig. 9a shows the effect of the molecular absorption coeffi-
cient on the E2E delay, we can see that with a guaranteed LoS,
the E2E delay increases monotonically with the molecular
absorption. Nevertheless, when blockages are considered, the
THz electromagnetic properties make it more susceptible to
the dynamic environment as the molecular absorption coef-
ficient increases, thus, increasing the occurrence of signal
disruptions and leading to fluctuations as the molecular ab-
sorption increases. Moreover, we can see in Fig. 9b that the
molecular absorption has a more pronounced effect on the
reliability of the system when considering blockages, this is
observed regardless of the reliability threshold ¢. Clearly, for
a threshold 6 = 10ms, the availability of LoS improves the
reliability by 13 % (from 70 % to 83 %).

Fig. 10 shows how the reliability varies as a function of
the region of non-negligible interference, in the guaranteed
LoS scenario. We can see that, when the distance between
the VR user and the SBS increases, the region of non-
negligible interference {2 has a higher impact on the reliability,
and the drop of reliability is sharper. This phenomenon is

5The beam-tracking method adopted is a low overhead technique that
combines hierarchical codebook search with a location prediction algorithm,
similar to the one in [55].
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observed regardless of the reliability threshold J. Hence, even
though the user can achieve high reliability, the dependence
of the molecular absorption on distance limits the user to a
very short distance to its respective SBS. Thus, the VR user
can be guaranteed reliability regardless of the interference
surrounding it, given that it is at a proximity of the respective
SBS.
VI. CONCLUSION

In this paper, we have studied the feasibility of ensuring
reliability of VR services in the THz band. To obtain an
expression for the E2E delay and reliability, we have proposed
a model based on a two tandem queue, in which we have
derived the tail distribution of the E2E delay via its lower order
moments. Subsequently, we have derived the TVaR of the E2E
delay tail, characterizing the worst case scenario. Furthermore,
we have conducted an asymptotic analysis where we derived
the PDF of the transmission delay of a THz cellular network,
based on which, we have derived the E2E delay expression
along with the reliability of this system. We particularly have
made the following observations regarding the reliability of
THz networks:

« While it is necessary to increase the bandwidth and op-
erate at regions of low molecular absorption, e.g., indoor
areas, to provide a reliable experience; extreme events
resulting from the unavailability of LoS links, disrupt the
user’s QoE and increase the E2E delay significantly.

« Performance analyses based on the tail of E2E delays are
fundamental to characterize the THz performance, given
the insights it provides on extreme events. In that regard,
guaranteeing a LoS is of primary importance to improve
the tail performance. Such a guarantee becomes more
challenging in outdoor areas and with highly mobile UE.
It is thus necessary to explore directions that optimize,
and increase the availability of LoS links in THz. One
potential solution could be the deployment of RIS as done
in our work in [29]. Another method is to leverage the
synergy of THz frequencies with lower frequency bands
at the control plane [56].

« Independent from the network architecture, guaranteeing
continuous THz LoS links necessitates predicting the
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user’s micro-mobility and micro-orientation at every time
step. Having such predictions in hand allows the network
operator to mitigate the intermittent nature of THz links.
Thus, it significantly improves the system reliability.
Henceforth, the artificial intelligence (AI) approaches
suggested in [29] and [56] can be extended to our studied
model, leading to a promising subject of future work.

« After guaranteeing a LoS availability, the THz reliability
remains impeded by factors such as the short communi-
cation range due to the molecular absorption effect and
the interference arising due to the high network density.
Consequently, it is necessary to explore new predictive
mechanisms that can handle the large-scale nature of
a wireless network and that is reliable in face of high
uncertainty and extreme network conditions.

o Similarly to the approach performed in our analysis,
considering tails and risks in the analysis of wireless
systems is fundamental for time critical use cases [57].
Hence, it is important to extend such analyses to use
cases like eXtended reality (XR) (VR, augmented reality
(AR), mixed reality (MR)), holographic teleporation, and
digital twins. Such use cases have slightly different QoS
and QoE needs than VR, and thus the performance
analysis needs to be tuned accordingly. For instance, in
holographic teleportation, one needs to guarantee that
the five senses are synchronized instantaneously, i.e.,
the instantaneous delay stemming from each sense is
identical and extremely low.

APPENDIX

A. Proof of Proposition 1

Proof: Given the probability of simultaneous blockage of
all LoS paths, the conditional probability of LoS is given by:

q
1
P(Alg,r:) =1— | | (1 — %A> .
i=1 I+ Dk

Subsequently, we need to find the marginal probability of one
LoS path:

(23)

P(Alg) = / / P(Algyro) f(rila) drs ... drq (24)

1 1
://1_}:[1(1—%@)f(m|q)dm L dr.

k3

Given that the SBS distances from the VR users are identically
and independently distributed, we can rewrite f(7;|q) =

f(r1) ... f(rqglg) = (f(r|q))?, thus:

: /
022 at 06:23:&()) UTC from IEEE Xplore. Restrictions apply.
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The second term on the right hand side (without taking it to
the power q) can be computed as:

r=Q
2r 1
A= T )d
/r:() QQ( %14—%7“) "

g (VxIn(AQ+v) | @2  vx@  viln(lv)x
A2 2 A A2

Simplifying further we get,

_ 2 (12 In(JAQ+v]) —v2In([v]) ) 2vs ]
- AZO? “A0Th
Consequently, P(A]g) =1 — (1 + »R)?, where:
2(PmAR ) )
B A20)2 A P

Finally to find the marginal probability of LoS P(A):

P(A) = P(Alg)Pa(q)

q=0
oo

|:(1 — (14 V)% We—(mﬂﬁﬂ
q=0

q!

B. Proof of Theorem 1

Proof: Based on (4), we express the transmission delay
in terms of the VR content size L, C},, and «, as follows:

L

a:P(A)CL’ (26)
B | Cov(L, P(A)CL) | 9(P(A)CL)
= Zemen {1 B(L)E(P(A)Cr) T [E(P(A)CL)](227})’

where the 9 operator is the variance and Cov is the covariance.
Since the VR image size is constant, and that P(A) and Cp,
are independent, we have: E[a] = m. Thus, we can

now compute the expected value of P(A) and C, respectively

w

E[P(A)] = /027r (1 —exp ((1 - %)Zw)) %dw (28)

Tz
1 (e - 1) 7

nZ
where Z = 3XnpQ?. Based on (4), the P(A) acts as a
discount factor for the LoS rate. The LoS rate expression
has only one random term in (26) which is the interference
that follows a normal distribution. Subsequently, the rate is
a convex function with respect to interference, and, hence,
using Jensen’s inequality C(pr) < E[CL(I)]. As a result,
given that the transmission delay is a concave function of
the interference, the previous inequality sign is reciprocated.
Consequently,

(29)

L

enZ 1 poA ro2e—K(H)ro
(1 (272)) (wims (1 i

Ela] <

(30)
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M =1- exp(%anﬂQQ).

Next, we need to find the variance of the transmission delay.
Given that L is constant, and that P(A) and Cp, are indepen-
dent, according to the first-order Taylor approximation:

9 { L } . E [L]?
P(A)CL|  E[P(A)Cy)
O(P(A)C1) = E[P(A)’|E[CE] — E*[P(A)]E*[CL].

79 [P(M)CL], Gn

We now compute the second moments of P(A) and Cy:

2
e27rZ _ 467\'Z 4 3
2w Z '

E[P(A)?] = /0277 <1 —exp (1 i)znf) %dw (32)

=1+ (33)

Similarly to the first moment, the rate squared as a function
of interference is convex; using Jensen’s inequality C% (117) <
E[C%(I)]. Consequently, the transmission delay squared is
a concave function of the interference, this reciprocates the
previous inequality. Hence,

> —4e™7 13
H(P(M)Cr) ~ 9(P(A)) = [1 + T}

- ()T

2" (nZ —21) 4+ 4™ — (24 7Z)

2(nZ)?
(34)
Subsequently, elaborating on (32) and (34):
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Moreover,
CQ —_ 19(0()
¢ E?a]

1

oz Agr—2e—K () 2
(1= (572)) (Whows (1 + 2255 ) )|
2

™2 (nZ —2) +4e™% — (2+12)

X

2(nZ)? ’
1
= Va(2), (36)
poAgry 2e Ko\ \?
(Wiors (14 =)
where
Vi(e) = e (nZ —21) + 4e™% — (2+72) 1
B 2(nZ)? 2

1-—

e™Z—1
w7z 2
37)

: /g)ublicationsﬁstandards/publications/rjghts/index4html for more information.
022 at 06:23:50 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2022.3142674, IEEE Internet of

Things Journal

Hence, the mean of the E2E delay can be computed as
follows:

BT + 1ol = 5} i)\1 - [(2(1‘:2/)2) (Cat 1)> - 1] Elol.

(33)
1 P2
= E 1 _ 39
T [a}{+(2(1_p2)x %
1
2 _K(f) QVG(Z)J’_l )
(Wlogz <1 + odorge T ))
where
L
Ela] =~ — .
o7 _ Agr—2e—K(Hro
(1= (=7)) (wiogs (1+ 22e5))
(40)
| ]

C. Proof of Lemma 1

Proof: To find the second moment of the E2E delay, we
can first derive the second moment of the total waiting time
of @ as such, given that it is an M/M/1 queue: E[T}] =
#&)2' Moreover, to find the second moment of Qo, we
lglI'St need to express the Laplace-Stieltjes transform of the total
waiting time. This transform is given by [58]:

(1 — p2) F5(s)
1-Fx(s)\’
1- P2 ( sE[a] )
Subsequently, using the Laplace-Stieltjes transform properties,

O*F;
we need to compute E[TF] = 3?2(3)

Fr,(s) = (41)

. Hereafter,
. . . Js=0 . .
finding the higher order derivatives of this expression is

challenging given that the limits of the fraction will yield
an undetermined result. In order to alleviate this issue, we
separate the numerator and the denominator, and compute
the limits on their higher order derivatives after applying
L’Hopital’s rule. Finally, the numerator and denominator are
coherently combined to yield the desired result. Thus,

. A(s) _ (1= p2)F3(s)

F = = o) 42
% (5) B(s) 1 p, I_SIJEF[(Z(JS) -

. " A'B—B'A)B?-2BB'(A'B—- B'A

(P (5) = e L ) @)

lim A(s) = (1 = p2), lim ;A(S) = —(1 - p2)Elq],
. d?

lim @A(S) = (1 — p2)E[”].

By applying L"Hopital’s rule on the second term of B(s):

iy B(s) = (1= p2) iy [ £] — (1= o)

s—0 s—0 | E[a]
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By applying L’Hopital’s rule twice on %B(s) and three
2

times on dd]igs)'
d B E[o?] . d? _ p2E[a?]
lim B8 = —Peggpyp lim G2 B = =5
L2
[aQ] ~ k() 2
e2mZ _fermZ T e T0
[1 + 2:2 +3] (Wlng (1 + 2 1(\]1o+u1 >)
L36mz
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01~ Geams —9ezm 1 1807 — 67z —11)
1
(44)

3
poAgry 2e—K(fro
<W10g2 (1 + —1(\)70+u1 ))

Finally, we replace all the derivatives in (43), thus obtaining

after mathematlcal manlpulatl()n.

Hence, we substitute the second moment of the second queue
in the expression of the E2E delay. According to Burke’s
Theorem, 1 and ()2 are independent thus their corresponding
waiting times are also independent. The E2E delay is thus
given by:

E((T: + T»)?] = E[T{] + E[T5] + 2E[T1E(T3]
_ 2 2 o p2
(= M)? * (Ml —Al)E[ ] [1+ (2(1—P2)X

1

2
P2 =K ()7
(Wlog2 (1 +Eofore e — 0 ))

2

E[T3] = ((Fs(s))
p2E[a’]
3(1—p2)

p2E[o’]

= E[o®] + 21— p2)

Vo(Z)+1

+E[o’] + sﬁiEf[a;j) 2?21]%[62) * Kﬂlpjm)) (]?E[Ef]] >(j62)
m

D. Proof of Theorem 2

Proof:  Given that the support of the delay is positive,
the support of the GEV needs to be positive as well, thus
&g > 0. Consequently, we can find the first moment of the
GEV:

I'(l1—¢p)—1
133

Comparing (13) and (47), we can recognize by identification
the following parameters of the tail of the E2E delay:

E(Th + T2)n] = pE + 0k 47

35 B (2n — 1)1/2
rl-¢g) -1 (n—1) ° “%)
HE = E[Te},
op = (L)} = ([T + 1)) - E[1 + To) . (49)

where n is the number of samples of collected E2E delays,
and T, = Ty + 1> is the E2E delay. After some mathematical
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manipulations to the moments obtained in Theorem 1 and
Lemma 1, we obtain:

1 P2
=+ E 1 _ 50
A mﬂ +<2ufpﬂx e
! Va(Z) +1
— — - 2 Va k)
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E. Proof of Lemma 2
Proof: Based on (4), we express the rate in terms of L

and « as:

poAgry 2e Ko

1+ ,
No+ M pAgr?

L
C===Wlog, . (53)

We can see that the only random term in (53) is the
interference that is assumed to follow a normal distribu-
tion. Subsequently, we can express the interference in terms

of (the tran)smission delay o as follows:X:i]\i1 pAOrZ._2 =
L
No(1-2Wa )+pfX
2 Wa —1
g(z)5, we can find the PDF of transmission delay by

transforming the PDF of interference accordingly. We let T
represent the interference and ( its derivative with respect to
the transmission delay. Then, we have:

. By applying the transform for PDFs g(y) =

M

T=> pidor; >, (54)
=1
dY
(= To (55)
_L
@ mads W@ L(No (1-2) 4 pfY) 2w
- L + L 2
Wa2 (2 Wa — 1) Wa? (2m —1
(56)
In (2) LpRX.2Wa
LIC) © 5. (57)
Wa? (2m - 1)
Hence, the transmission delay PDF will be: ¥r(a) =
T)4L = (g(T) = —=< _(r—un)?
9( do ¢g Vanor €xXp 207 .
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