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ABSTRACT Ultra-Reliable and Low-Latency Communication (URLLC) is considered one of the key use
cases in the current 5G and future 6G mobile communication networks. In this work, a hybrid transmission
scheme is proposed to improve reliability in Terahertz (THz) bands employing adaptive diversity combining
at the destination. The proposed scheme combines two links, the first link is a THz link (offering higher
capacity but less reliable connectivity) as the main link, and the second link is a millimetre wave (mmWave)
link (offering lower capacity but more reliable connectivity) as the backup link. The proposed scheme
utilises both links dynamically exploiting the benefits of transmitting over both frequency bands by changing
between the main link only and joint main/backup links based on the instantaneous quality of the channel
for the main link. The received signals are combined at the destination using Selection Combining (SC)
and Maximal Ratio Combining (MRC). The performance of the proposed scheme is evaluated analytically
considering the Fluctuating Two-Ray (FTR) and o — ;2 models for the mmWave and THz links, respectively.
The obtained results show that the proposed hybrid transmission scheme achieves the same reliability
provided by the continuous dual-link transmission scheme, where both links (THz and mmWave links) are
used continuously for transmission, thus making the proposed scheme an appropriate solution to provide
URLLC applications in a resource-efficient manner.

INDEX TERMS 5G new radio, 6G, Terahertz communication, millimetre wave communication, ultra-

reliable low-latency communication.

I. INTRODUCTION

| ] Itra-Reliable and Low-Latency Communication (URLLC)

in current 5G and future 6G mobile communication
networks is a crucial obstacle due to the strict constraints on
reliability and latency. This type of communication scenario
is created to offer highly dependable, low latency and time-
sensitive communication services in support of a variety of
applications such as autonomous driving, industrial automa-
tion and healthcare [1], [2].

Although 5G technology significantly outperforms earlier
wireless technology generations, there is still a demand for
even more reliable and fast communication solutions. There-
fore, millimetre wave (mmWave) communication, which uses
the extremely high frequency range from 30 to 300 GHz
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[3], is presented as a key solution that can offer substantially
faster data transmission rates and reduced latency compared
to earlier generations because of its capacity to operate at
extremely high frequencies [4], [S]. mmWave is an inno-
vative 5G technology that plays a key role in meeting the
ever-increasing demand of data-intensive applications such
as video streaming, virtual reality, real-time gaming and the
Internet of Things (IoTs) [6], [7]. Moreover, small-cell wire-
less networks can be deployed using this technology due to
the short wavelengths of mmWave signals providing high
connectivity in densely populated places [8].

Based on the success of mmWave communication, there
was a logical sense to explore higher radio frequency bands,
primarily the Terahertz (THz) band. The THz band is defined
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as the frequency range from 0.1 to 10 THz [9], [10]. THz
frequencies are anticipated to be essential in the development
of the upcoming 6G technology due to their capacity to offer
extraordinarily fast data transmission speeds and minimal
latency. Using THz technology is appropriate for several
applications such as virtual and augmented reality, medical
imaging and autonomous vehicles [11]. THz bands attracted
researchers due to its ability to fulfil the continuously growing
demand for data speeds as we move into imminent beyond
5G systems and projected 6G systems. In particular, due to
its potential to offer a significant amount of bandwidth, the
THz band is thought to be one of the major enablers for
wireless communications beyond 5G, supporting a significant
number of connected devices and extremely high user data
rates [12]. For instance, it is already widely acknowledged
that THz communications will play a crucial role in the
next 6G systems [13]. Although there are many obstacles
such as wireless channel modelling, signal processing and
system security, there is a growing body of research devoted
to creating THz communication technology because of the
significant potential advantages of THz bands for 6G net-
works [14]. In particular, a greater bandwidth is offered by the
THz band compared to the mmWave band providing higher
data rates and lower interference [15]. In addition, higher link
directionality is allowed in the THz band compared to the
mmWave band owing to shorter wavelengths and lower free-
space diffraction. Moreover, due to high directionality of THz
beams, lower risk of eavesdropping is presented in the THz
band compared to the mmWave band. The upcoming genera-
tions of wireless communication are expected to heavily rely
on THz communication [16]-[18].

However, propagation in THz bands is challenging, which
makes the provision of URLLC services problematic. Multi-
Connectivity (MC) has been proposed as a reliability en-
hancement feature to satisfy the demanding key performance
indicators for URLLC. This can be achieved by establishing
several parallel connections between the transmitter and re-
ceiver improving data reliability through path redundancy for
URLLC. This duplication of data significantly improves the
probability of the data reception at the expense of resource
usage [19]-[21]. Several methods and techniques have been
proposed in the literature to achieve the challenging reliabil-
ity requirement of URLLC using MC schemes at different
levels of complexity. The proposed works can achieve the
reliability requirement of URLLC at the expense of lower
system capacity [22]. Hybrid transmission techniques are
considered a hot topic that have recently attracted remarkable
research interests [23]. In this communication scheme, the
signal is transmitted over multiple frequency bands using
adaptive combining techniques at the destination. This helps
in achieving redundancy and leads to a better performance.
Several works have been conducted to study the statistical
characteristics of hybrid links over different frequency bands;
however, most existing works have explored this idea only
in the context of Free-Space Optical (FSO) communication
[24]-[27], while its application to other relevant wireless
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communication scenarios as the one considered in this work
has received very limited attention. In particular, [25] analy-
ses dual-hop Radio-Frequency/Free-Space Optical (RF/FSO)
relaying systems with imperfect Channel State Information
(CSI). The study derives outage probability, bit-error rate and
effective capacity expressions for both Amplify-and-Forward
(AF) and Decode-and-Forward (DF) relaying. The obtained
results show that Maximal Ratio Combining (MRC)-based
relaying enhances Signal-to-Noise Ratio (SNR) performance,
but imperfect CSI introduces an error floor, affecting system
reliability. [26] introduces a hybrid FSO/THz-based backhaul
network designed to provide high data rate and reliable com-
munication for terrestrial mobile users operating at mmWave
frequencies. The study accounts for the challenges posed by
atmospheric turbulence, pointing errors in FSO links and the
high path loss of THz channels. A soft-switching method is
proposed to reduce the frequent back-and-forth switching be-
tween links improving network stability. The obtained results
demonstrate that the joint implementation of FSO and THz
links enhances system reliability and data rates while mini-
mizing switching overhead. [27] proposes a hybrid FSO/RF
communication system with adaptive link selection, where
the RF link is activated only when the FSO link’s quality
degrades. The study derives outage probability expressions
and demonstrates that MRC combining improves system re-
liability under atmospheric turbulence. The obtained results
confirm that the proposed scheme with adaptive combining
outperforms standalone FSO and RF systems in terms of
outage performance across different weather conditions and
turbulence regimes. [28] analyses a hybrid THz/mmWave
network using a Poisson Cluster Process (PCP) model, where
THz nodes cluster around mmWave nodes. The study derives
interference expressions and evaluates coverage probability,
showing that optimal clustering enhances network perfor-
mance and mitigates blockage effects. The proposed frame-
work outperforms traditional Poisson Point Process (PPP)-
based networks, offering a practical approach for extending
THz communication coverage.

However, despite extensive research on THz and mmWave
communications, existing approaches have notable limita-
tions. Previous studies primarily focus on either THz or
mmWave transmission individually, failing to address the
combined reliability and latency challenges inherent in these
high-frequency bands [14], [29]-[31]. Single-band transmis-
sion methods struggle with severe path loss, atmospheric at-
tenuation and blockages making them unsuitable for URLLC
applications that require continuous and ultra-reliable con-
nectivity. On the other hand, previous dual-link architectures
often operate both links simultaneously leading to inefficient
resource allocation and increased power consumption. In
addition, previous research lacks an adaptive hybrid mech-
anism that dynamically switches between THz and mmWave
links based on real-time channel conditions. In contrast, our
proposed method implements an adaptive hybrid transmis-
sion mechanism that dynamically switches between THz and
mmWave links based on real-time channel conditions ensur-
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TABLE 1. Comparative analysis of hybrid communication systems.

[ Work [ Frequency Band | Diversity Technique Key Characteristics Limitations
[25] RF/FSO Dual-Hop Relaying with Imper- | Derives outage probability and | Performance degradation due to
fect CSI effective capacity expressions; | CSI estimation errors.
demonstrating MRC-based
relaying improves SNR
performance.

[26] FSO/THz Soft-switching mechanism Proposes hybrid FSO/THz back- | Limited analysis on real-time
haul network for high-data-rate | adaptive switching performance.
terrestrial users; mitigates frequent
switching.

[27] FSO/RF Adaptive link selection with MRC | Utilises adaptive link selection; ac- | Requires hard switching; perfor-
tivating RF only when FSO quality | mance affected by atmospheric
degrades; improving reliability in | conditions.
adverse conditions.

[28] THz/mmWave Spatial diversity via Poisson Clus- | Evaluates interference in hybrid | Requires high computational com-

ter Process (PCP) THz/mmWave networks; showing | plexity for real-time clustering ad-
optimal clustering improves cover- | justments.
age probability.
Proposed scheme THz/mmWave Adaptive link selection with SC & | Dynamically switches between | Requires real-time channel estima-
MRC THz and mmWave based on real- | tion.
time SNR; enhances reliability
and efficiency.

ing both high capacity and reliability. In addition, we incor-
porate Selection Combining (SC) and Maximal Ratio Com-
bining (MRC) at the destination to optimise signal reception
balancing performance trade-offs efficiently. Furthermore,
we perform an analytical evaluation using realistic fading
models, namely the Fluctuating Two-Ray (FTR) and o —
models for the mmWave and THz channels, respectively,
to accurately characterise system reliability under practical
network conditions. By integrating adaptive switching, ad-
vanced diversity techniques and rigorous channel modelling,
our approach enhances URLLC performance, optimises spec-
tral efficiency and reduces unnecessary energy consumption
compared to previous works. A structured comparison high-
lighting the key differences and limitations between prior
works and the proposed approach is provided in Table 1.
This work focuses on solving the challenge of maintain-
ing both ultra-reliability and low latency in high-frequency
bands. Traditional single-band communication approaches
struggle to achieve the strict requirements of URLLC due
to the severe path loss and environmental unreliability of
THz and mmWave signals. Our proposed solution integrates
both frequency bands to dynamically adapt transmission,
ensuring a continuous and stable link even in fluctuating
channel conditions. This method enhances the reliability of
URLLC systems making it a promising approach for future
wireless networks. In particular, a novel Physical (PHY) layer
MC technique is proposed in this work to benefit from the
complementary properties of THz and mmWave frequency
bands. In particular, the larger bandwidths available in the
THz spectrum and its rather minimal use make the THz band
a favoured option for the supply of high data rates. However,
in terms of propagation attenuation, THz waves experience
higher path loss and signal blockage than mmWaves. This
would lead to unstable connectivity and unreliable commu-
nication while propagating over THz bands [14], [32]. To
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leverage the complementary characteristics of both frequency
bands (i.e., higher reliability of mmWave bands and higher
capacity of THz bands) effectively, a novel scheme is pro-
posed in this work for hybrid THz/mmWave transmission
with adaptive combining at the destination. The choice of
THz and mmWave bands in the proposed scheme is motivated
by their complementary characteristics. THz enables ultra-
high-speed transmission but suffers from severe path loss
and limited coverage, whereas mmWave provides a more
reliable backup link while maintaining high data rates. Other
frequency bands, such as Sub-6 GHz, were not considered in
this study due to their significantly lower data rates, which
would not meet the URLLC requirements. This selection
aligns with emerging 5G and 6G communication frameworks,
where both THz and mmWave bands are envisioned as key
enablers of next-generation wireless networks. A THz link is
used as the main communication link providing high capacity,
while a mmWave link is used as a backup link to enhance
reliability when required. The THz link is used alone for
transmission provided that the instantaneous SNR is greater
than a certain threshold guaranteeing an acceptable quality.
Under this scenario, the mmWave link either stays in standby
mode or is utilised for other data transmissions. When the
main link (THz link) quality degrades (i.e., its instantaneous
SNR goes below a certain threshold) then the backup link
(mmWave link) is activated in parallel to the main link in
order to increase reliability. Both THz/mmWave links are then
combined with a diversity technique at the destination. When
the THz link quality recovers, the transmission goes back only
over the THz link, leaving the mmWave link in standby mode
or releasing it for other data transmissions. The proposed
hybrid scheme allows to gain concurrently from the relia-
bility of mmWave bands and the capacity of THz bands. In
addition, compared to the dual-transmission approach where
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both THz and mmWave links operate simultaneously [33],
the proposed scheme conserves energy and minimises in-
terference by keeping the backup mmWave link in standby
mode. Moreover, it enhances radio resource efficiency when
the mmWave link is utilised for alternate data transmissions.
This adaptive hybrid scheme inherently accounts for environ-
mental variations including user mobility, interference and
atmospheric conditions by dynamically switching between
THz and mmWave links based on real-time channel assess-
ment. This ensures reliable and uninterrupted communication
even in challenging network scenarios.

This work follows a link-level approach, focusing on SNR
as the main performance metric. While a system-level analy-
sis incorporating interference effects (Signal-to-Interference
Ratio (SIR)) could be explored in future studies, it does not
impact the fundamental advantages of the proposed hybrid
scheme. Moreover, advanced techniques such as beamform-
ing and Intelligent Reflecting Surfaces (IRS) help mitigate
interference by directing signals toward the intended receiver
reducing its impact. On the other hand, blockage modelling
is an important aspect of THz and mmWave communication
systems, as it primarily affects the path loss component of ra-
dio propagation. According to 3GPP Line-of-Sight (LoS) and
Non-Line-of-Sight (NLoS) probabilistic models, blockage
leads to a reduction in the average SNR rather than complete
communication failure. The fading models used in this work
focus on the multi-path component and can be adjusted to
account for blockage effects by incorporating a lower average
SNR and adjusting the fading parameters accordingly. There-
fore, the proposed hybrid THz/mmWave transmission scheme
remains functional, with necessary adjustments to reflect real-
world operating conditions.

The contributions of this work are summarised below:

o The SNR statistics at the destination of the proposed
hybrid transmission scheme are derived. The analysis
is carried out employing Selection Combining (SC) and
Maximal Ratio Combining (MRC) techniques.

« The probability of outage and the probability of using the
backup mmWave link under both diversity techniques
are provided in terms of the communication distance.
Moreover, the optimum switching threshold for the
THz/mmWave hybrid transmission scheme achieving
the highest communication reliability is also addressed.

« Analytical expressions are derived for the bit-error per-
formance of the proposed hybrid scheme under several
configurations using SC and MRC techniques, which are
employed to demonstrate the benefits of the proposed
transmission scheme in terms of reliability.

The remainder of this work is organised as follows. First,
Section II describes the system model considered in this
work. In addition, the proposed hybrid transmission scheme
is introduced. Analytical expressions for the SNR statistics
are derived at the destination under SC and MRC techniques
in Section III. Further analytical expressions for the outage
probability, backup link usage probability and bit-error rate
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FIGURE 1. Hybrid THz/mmWave transmission scheme.

of the proposed hybrid transmission scheme are derived in
Section IV. The evaluation scenario is presented along with
the evaluation for the performance of the proposed hybrid
transmission scheme in Section V. The conclusions are sum-
marised in Section VI. Finally, potential research directions
for future work are discussed in Section VII.

Il. SYSTEM MODEL

The proposed hybrid transmission system is illustrated in
Fig. 1. Specifically, two links are considered between the
source (S) and destination (D) in this hybrid system; the
THz link, which is the primary communication link, and the
mmWave link, which is the secondary link that is used as a
backup link for the THz link. The main link (THz link) is
always active while the backup link (mmWave link) remains
in standby mode until the instantaneous SNR of the main link,
72, becomes lower than a certain threshold 7. This threshold,
~r, is the minimum SNR required to deliver the desired link
performance in terms of the Bit Error Rate (BER). When 72
becomes lower than ~7, the activation for the backup link
is achieved by a feedback signal from the destination to the
source and then the source transmits the same data over the
two links. On the other hand, when 72 becomes higher than
~r, a feedback signal is sent to the source by the destination
to deactivate the backup link and thus the communication
proceeds via the main link only.

In this context, SC and MRC diversity techniques are
employed at the destination to combine the received sig-
nals from both links when they are in operation simultane-
ously. SC selects the strongest signal based on the highest
instantaneous SNR, which is given by max(v1,72) [34, eq.
(6.6)]. On the other hand, MRC averages the signals from
both links, weighted by their respective channel impulse re-
sponses. MRC maximises the effective SNR at the combiner
output and is higher than the instantaneous SNR of each link
individually, which is given by v, + 72 [34, eq. (6.22)]. MRC
has a higher gain and is more robust against noise compared
to SC, however it is more complex due to the required signal
processing and channel estimation [34].

For the mmWave link fading, the Fluctuating Two-Ray
(FTR) model is considered [35]. Based on this model, the
Probability Density Function (PDF) and Cumulative Distri-
bution Function (CDF) of the instantaneous SNR per symbol,
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v1, are expressed, respectively, as [36, eq. (6)—(8)]

K’d j
S () o
m ; ) X
_r(m);(ﬂ)év(f“’w) @

where m is the fading severity index, K is the ratio between
the average powers in the specular/dominant and the dif-
fuse/scattered multipath components, 202 is the total power
of the diffuse components, I'(+) is the standard gamma func-
tion [37, eq. (8.310.1)], v(-, -) is the lower incomplete gamma
function [37, eq. (8.350.1)], and d; is [38, eq. (13)]

b2 (0)(3) 5 () umran

k=0 1=0 m+K)?— (KA)?) 2
X (—1)2k 2! m+ K

Jj+m—1 <\/(m+K)2 — (KA)2> (3)

where the parameter A € [0, 1] characterises the similarity
of the two dominant waves (for A = 0 one of them is zero
and for A = 1 both are equal) and P~ (-) is the associated
Legendre function (or spherical function) of the first kind [37,
eq. (8.702)]. An alternative expression for d; is given by [38,
eq. (19)]. In the FTR model, the average SNR is obtained as
7, = (Ep/No)20%(1+K), where Ej, /Ny is the energy per bit
to noise power spectral density ratio.

For the THz link fading, the instantaneous SNR per sym-
bol, v, follows av— p distribution [39], [40]. Its PDF and CDF
are given, respectively, by [41, egs. (3) and (4)]

ot <%)au/271 exp (_M<Vx2)a/2> .

f’Yl =

Fel) = 0 (5)
X /2
Foy(x) = ’ <M;((;)) ) 5)

The upper incomplete gamma function can be used to express
(5) as follows [37, eq. (8.356.3)]

" (ra2)")

F’YQ ()C) =1- F(,LL)

where o > 0 represents the non-linearity on the received
signal envelope, ;¢ > 0 represents the number of multipath
components of the received signal, I'(+) is the gamma function
[37, eq. (8.310.1)], and T'(a,x) = fxoo t*~Le~'dt represents
the upper incomplete gamma function [37, eq. (8.350.2)].
Notably, the FTR model is widely accepted as an accurate
representation of mmWave fading channels, as it effectively
captures multipath fading characteristics with a dominant
LoS component. Similarly, the o — ¢ model is recognised
as a general fading model suitable for THz communications,
providing flexibility in modelling different propagation con-
ditions. These models have been extensively validated in the

(6)
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literature and are well-suited for characterising small-scale
fading effects in their respective frequency bands.

It is worth mentioning that the proposed scheme effec-
tively adapts to varying network conditions, including high
user density and rapid channel fluctuations. The adaptive
link selection ensures seamless transitions between THz and
mmWave links mitigating congestion while maintaining con-
nectivity. In addition, diversity combining enhances signal
reception and minimises outage probability reinforcing the
system’s robustness in dynamic URLLC environments. How-
ever, the computational complexity of the proposed scheme is
primarily influenced by adaptive link selection and diversity
combing techniques. The link selection process involves real-
time channel quality assessment activating the mmWave link
only when the THz link’s SNR drops below a predefined
threshold. As this relies on simple threshold comparisons,
the computational overhead remains minimal. For diversity
combining, SC selects the strongest signal with minimal pro-
cessing, whereas MRC applies weighted signal processing,
requiring additional computations. However, both techniques
remain computationally feasible for real-time URLLC ap-
plications. The proposed scheme ensures a balance between
reliability and computational efficiency making it practical
for deployment.

From a practical deployment perspective, the proposed
hybrid scheme is well-suited for integration into future 5G
and 6G networks, leveraging advancements in high-frequency
spectrum utilisation and intelligent radio resource manage-
ment. However, key challenges must be addressed including
beam alignment accuracy, channel estimation complexity and
network densification requirements. The sensitivity of THz
signals to blockages and environmental factors necessitates
robust beam tracking and adaptive reconfiguration mecha-
nisms. On the other hand, from an energy efficiency perspec-
tive, the proposed scheme leverages adaptive link selection
to minimise unnecessary transmissions over the mmWave
link, significantly reducing power consumption while main-
taining reliability. Unlike continuous dual-link transmission,
where the mmWave link remains active at all times, our
approach dynamically activates the backup link only when
needed, leading to substantial energy savings. In addition, the
scheme maintains low computational complexity, as link se-
lection involves simple threshold-based comparisons, which
are already performed in modern wireless systems. The SC
technique ensures minimal processing overhead by selecting
the strongest signal, while MRC applies weighted signal
processing for optimal reception, adding only a marginal
computational burden. As both techniques rely on lightweight
mathematical operations, the scheme is computationally effi-
cient and well-suited for real-time URLLC deployment with
minimal energy overhead.

The proposed hybrid THz/mmWave transmission scheme
requires minimal hardware modifications as Beyond 5G
(B5G) and 6G networks are expected to support both
mmWave and THz bands, with many commercial 5G devices
already operating in mmWave frequencies. Signal quality
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estimation for link adaptation aligns with 3GPP standards,
ensuring seamless integration. In addition, the scheme lever-
ages widely used diversity combining techniques (SC/MRC),
which are already supported in existing infrastructure, mak-
ing implementation cost-effective and practical.

Ill. ANALYSIS OF SNR STATISTICS

A. DISTRIBUTION OF THE SNR USING SC

As shown in Fig. 1, the instantaneous effective SNR at
the destination, denoted by 7., depends on the predefined
threshold 7. In particular, when 5 > 7, the main link only
is in operation and thus Ye¢ = 72. On the other hand, when
Y2 < r, the backup link is activated and v.¢ depends on
the considered diversity technique. Therefore, the CDF of the
instantaneous effective SNR can be written as

Fope(x) = P(g(71,72) < x,72 <v7)+P(2 < x,7%2 > 1)

(7
where g(7y1,y2) represents the effective SNR at the output of
the selected diversity technique in terms of the SNR for each
individual link. Hence, g(~1,v2) = max(v1,y2) for SC [34,
eq. (6.6)] and thus (7) can be customised for SC as follows

Fop (x) = P(max(y1,72) <x,72 <y7)+P(12 < x,72 > 1)

(®)

Theorem 1 (CDF of SNR under SC). The CDF of SNR for
the proposed hybrid system under SC is given by (9).

Proof. (8) can be expressed in terms of the associated condi-
tional probabilities as

Fo(x) = P(max(y1,72) < x[v2 < y7)P(v2 < 9r) (10)

+P(y2 <x[y2 >7)P(y2 > 1) (11
The conditional probability in (10) can be expressed as

P(max(y1,72) < x[72 <91) = P11 S x)P(y2 <x |72 < 77)
. F.,(x) )
= F., (x)-min 1, =2
0 (1 5
(12)
The conditional probability in (11) can be expressed as
F’Yz (x) — F’Yz ('YT)
1 —F, (7r)

P(y2 <x |72 >97) = 13,00 (%) -
(13)
where 14(x) is the indicator function of A, which is equal to
one when x € A and zero otherwise. Hence, introducing (12)
and (13) in (10) and (11), respectively, and simplifying yields
F’chf(x) :F% (x) - min (F"/z(x)7F’Yz (7T>)
+ 1(77700)( ) [ ’Yz(x) - F’YQ ('VT)]
However, the expression in (14) can be rewritten as follows
[23, eq. (14)]
F’Y1(X)F"/2(x)7 X S T (lsa)
F’Yeff (x) =
F’Y1(X)F’Y2(’VT)+FW(X)7F72(7T)ax > yr (15b)
Introducing (2) and (6) in (15a) yields (9a). Similarly, intro-
ducing (2) and (6) in (15b) and simplifying yields (9b). [

(14)

_ af
Freee (%) _2"/“”/27

Theorem 2 (PDF of SNR under SC). The PDF of SNR for
the proposed hybrid system under SC is given by (16).

Proof. When v < ~vr, the differentiation of (9a) using [37,
eq. (8.356.4)] yields

K/d xj X
Jra (X) = Z 2)+1 p(—@)
a/2
F(mu( ) >
X 1
IN(D)
m" = K'd;
A=)
" r<m>§o> 1+ 155
ap/2—1 a/2
o ()" e 1(2)”)
X — (17)
. . 291 (1) -
Employing the commutative and associative properties of
summation yields (16a). Similarly, when v > -7, the
differentiation of (9b) yields (16b). O

B. DISTRIBUTION OF THE SNR USING MRC

Theorem 3 (PDF of SNR under MRC). The PDF of SNR for
the proposed hybrid system under MRC is given by (18).

Proof. When vy < 77, the PDF of the instantaneous effective
SNR under MRC can be written as follows [42, eq. (6-45)]

f’chf / f’h f’m( ) (19)
oz/L“m Kid; X
Q,er/l Z (2 ,+1 P (7E)
. ! a/2
X /O (x =YYy exp (222 —n (%) )d» x <t
(20)

Using the series expansion [37, eq. (1.111)] and simplifying
the result, (20) can be written as

S5

jOI

X(_l)ixj—i/ yoR/2H=L g <L2_#
o 20

Hm™ X

af2
) >dy, x <r

2

exp (7
( y
Y2

To the best of the authors’ knowledge, there is no reported
elementary solution for the integral in (21). However, (21) can
be simplified using the infinite series representation of the
exponential function as follows [37, eq. (1.211)]

m >

—_ o' Ay ’()deng, X
Fres (%) Qﬁgﬂ/zF(u)F(m);,;Z (12 202y EXP( 2[,2)
1 ij—i px /2
Xi( r)l!x /0 YR/ 2T oy (—p <’7‘;> )dy, x <r
(22)
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The solution to the integral in (22) can be obtained with the
aid of [37, eq. (3.381.8)], which yields

§ /2 /2 a/2
) 27,
/ yau/2+t+n—1 exp <l”’ (71) ) d_V . ¥ (VA[L(_i) )
) Yo ajp 72

Theorem 4 (CDF of SNR under MRC). The CDF of SNR for
the proposed hybrid system under MRC is given by (24).

Proof. When 2 < ~7, (24a) can be obtained by integrating
the PDF in (18a) as follows

(23)
where v = Q4F2EE2 Faee(0) = | freee (0)dy (26)
Introducing (23) in (22) and grouping terms yields (18a). On P R o Aal-ma
the other hand, when 2 > 77, the PDF of the instantaneous =5 (};)Yf(m) D (Jl> WW% 7
effective SNR under MRC can be obtained by differentiating J=0n=014=0 .
(24b), derived as shown below, which completes the prooé.] v, Oxyj—i exp (7 ;7 ) , (V, u( % ) ) b x < p
27
r r ( . a/2
1229 Y (%) ) m e’} i
m K'd; X
1- S (it ) x <37 (%)
12 952 )
) (m) 2= D) 2
F’Yeff(x) = - a/2 3 . a/2
X a .
— — — ) - x
) ) im) = G2 V77202 e

m Kid; X/ X ) X
o 2 g7 | oy o (52) L5 o) x < or (162)
f’yeff (X) = ap/2-1 a/2 a/2
()" e ()”) Tl e g o
+ 1= x S ( 7) x > 7 (16b)
2,1 (0) (1) D(m) 2= G2 22yt P\ 722
m co oo ] R : i i —alv—p)/2 a/2
ptm 7\ K'd; ( X ) (D)W 74 X
—_— — - . — < 1
e 5 22 (e (o) * g (e(5) ) msam
f’Yeff ()C) = < )(x“/le_ ( (_ )a/2>
apt (2 exp | —p {3 0o oo jrk+l fr2k—ipio1 ma(w—p)/2 /2
A 32 p”m j+k+1\Kid; (—1y+2—iix Yo T
2521 (1) " i 2 2 Z( ) < gt e ’(W’”<m) ) x > 7r (18)
i SN () KUd; . 1 Yalv+k)/2+j—i+1,55)
T'(p)T(m) 2222 (z) (h2nlk! (=1) v+ k)75 a(k+p)/2 (202)n—a(v+k)/2+i » XS (24)
j=0 n=0 k=0 i=
Votr \X) =

Jk+1

L2
) u“m iwi

/ i=
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The lower incomplete gamma function in (27) can be replaced
with its series form as follows [37, eq. (3.381.2)]

a/2 oo vk a(v+k)/2
PN Sty
7(%#(%) ) > (7) (28)

k(v +k)
Introducing (28) in (27) and simplifying yields

( 1>i+k

- 0o oo oo j . K_/'d/_ _
Frean (0) =gyim) 25 22 22 @ ()2nlkT (202770

0 * , .
) v+ k)/ alk+p)/2 / YO exp (7
v 0

;7) dy, X S T
(29)

The integral in (29) can be solved with the aid of [37, eq.
(3.381.1)] and thus (29) can be expressed as

Frua ) =t 355 (1) it o0
Vet T T(w)T(m) S555 (1 2nlk! (202)nHi+1
K )/2 — 1,
§ I yaWv+k)/2+j—i+ zgz) L x < 7

(V+k):y§(k+”)/2 (20-2) a(v+k)/2—j+i—

(30)

Simplifying (30) yields (24a), which completes the proof for
Y2 < 7. When 72 > vr under MRC, the CDF of the output
SNR s can be expressed as

Floe(x) = G(x) + Fo, (x) 3D

where G(x) can be calculated as [42, egs. (6-38) and (6-42)]

—F,(r), x>nr

Yroopx—z
x) = / / For ) (2)elydlz (32)
Y1 X—2
" [ / fm(y)dy} & &%)
0 0
YT
= / Fry (x — 2)f5, (2)dz (34)
0

au"m

K/d
= ap,/2 Z
2T ()T (

T z a/2 X —z
></ 222 exp [ —p | = Y{j+1 55 |dz
0 Y2 20

(33)

The lower incomplete gamma function in (35) can be replaced
with its series form as follows [37, eq. (3.381.2)]

fe o]

.+1x—z 72(_1,{ 1 x -7\ (36)
TV e ) T Vi 2

k=0

Using the binomial identity [37, eq. (1.111)] and simplifying,
(36) can be written as

1)j+2k7ixizj+k—i+1

oo j+k+1 .
J+k+1\ (— g
(]H ) kz_(]z_o( i )k!(j+k+1)(202)f+k+1
(37

Introducing (37) in (35) yields

oo oo jtk+1
_ —aptm j+k+1\Kd
o) w3 ()
j=0 k=0 i=0
(-1 >J+2k71x, r N e Z a/2
X RG 11 ko2 /0 Z AT exp (W (%) &

(38)

The integral in (38) can be solved with the aid of [37, eq.
(3.381.8)], and simplifying the result yields

S SRE rrkyg
5 2
] 0 k=0 i=0 (‘1)
o (_1)/+2k iy ﬁ(W w)/2 . o a/2
G+ 1+ ke v M5,

(39)

—M“ m
(x) =

where w = Qut2H2K=20+2

Introducing (39) anoél (6)in (31) yields (24b), which completes
the proof for v > vr.
O

IV. PERFORMANCE ANALYSIS
A. PROBABILITIES OF OUTAGE AND LINK USAGE

The key performance parameters of URLLC are reliability
and latency. Reliability is defined as the probability of a data
packet being successfully transmitted within a certain time
period while latency is the time taken for a data packet to
be sent from the transmitter to the intended recipient. As
highlighted in Section I, the primary focus of this study is on
ensuring the reliability of URLLC systems. However, even if
latency is not explicitly included, reducing the probability of
outage can guarantee URLLC as discussed in [43]. Hence, the
probability of outage is recognised as an effective metric for
measuring the reliability of URLLC systems.

The probability of the proposed transmission system ex-
periencing an outage is defined as the probability that the
instantaneous effective SNR at the destination, 7.g, falls
below a specified outage threshold, v,yt, Which represents the
minimum SNR required to ensure the maximum allowable
BER is not exceeded. This probability can be represented as
Pout = P(’Veff S Vout) - F"/s-tt (lyout) where F’y ff( ) is
the CDF of the effective SNR at the destination as given by
(9) and (24) for SC and MRC, respectively. In the proposed
hybrid transmission scheme, the THz link is used for trans-
mission with probability one. On the other hand, the mmWave
link is used for transmission only when the quality of the THz
link degrades (in terms of the instantaneous SNR +2). The
probability of the mmWave link being used is expressed as
Pomwave = P(72 < yr) = F4, (), where F., (-) is given
by (6). A high P, wave means that the mmWave link needs
to be used frequently as a backup for the THz link.
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B. AVERAGE BIT ERROR RATE

For a given fading channel, the Average Bit Error Rate
(ABER), P;, can be obtained as [44, eq. (8.102)]

P, :/ Pp(x)f, (x)dx, (40)
0

where Py, () denotes the conditional bit-error probability for a
given SNR vy and £, (-) represents the PDF of the instantaneous
SNR per symbol. Binary modulations will be considered in
this section, without loss of generality, using the following
expression [45, eq. (13)]

(b, av)

Py(y) = 20 (b) (41)

where T'(+, -) represents the upper incomplete gamma func-
tion [37, eq. (8.350.2)] and a,b € {%, 1} are modulation-
dependent parameters (see [44, Table 8.1] for more details).
Based on (41), the ABER in (40) for binary modulations
under a given fading channel can be expressed alternatively
as [36, eq. (15)]

b o0
Py = %@ /O e~ XL (x)dx 42)
The solution to the integral in (42) for the backup link
(based on the FTR model) is provided in [36, eq. (16)] to-
gether with [38, eq. (16)]. The solution to the integral in (42)
for the main link (based on the o — p model) is provided
below.

Theorem 5 (ABER for the o — i channel). The ABER of the
o — p channel is given by (43).

Proof. Introducing (6) in (42) yields

(44)
By distributing the integral in (44) and with the aid of [37, eq.
(3.381.4)], (44) can be expressed as

= a” [I(b) 1
”‘2mm{w ‘nmq @

00 X /2
_ / efaxxbfll—w <u,u <> ) dx (46)
0 Y2

With the aid of [46, eqgs. (8.4.3.1) and (8.4.16.2)], (46) can be
written as follows

I:/ blG()l{ax
0
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where

1

. O} dx
)

Ko a2
_(x/2x
Y2

] ot

where Gm’” b

(9.301)]. For even «, the solution to the integral in (47) can
be obtained with the aid of [46, eq. (2.23.1-1)], which yields

) is the Meijer G-function given by [37, eq.

L@ e [ 5 (1,A@/21-b)
(Vamje/2=t TR ar2(g j9) 0/ 0
(48)

where A(A,B) = {8 8L BHA=L1 Introducing (48) in
(45) and simplifying yields (43a). Similarly, for odd «, the
solution to the integral in (47) can be obtained with the aid of

[46, eq. (2.23.1-1)], which yields

Ala,1-b),A(2,1)
A2, 1), A2,0)

11 2
_2#*§a§+b*1a*b da e 2
- 24,4

(Vam)" aa=e

(49)

Introducing (49) in (45) and simplifying yields (43b), which
completes the proof. O

For the proposed hybrid transmission scheme, (42) is cal-
culated as

R / T e IE (0 (50)
b_QF(b) 0 Yeff

a o0
+ / e “xPTE,  (x)dx 31D
v

where the expression for F., , (x) in each integral is related
to the corresponding SNR interval. The ABER expressions
of the proposed hybrid scheme under SC and MRC can be
obtained using (50) and (51) as discussed below.

Theorem 6 (ABER under SC). The ABER of the proposed
hybrid system under SC is given by

=K; + K> (52)

where Ky and Ko are given by (53) and (54) at the bottom
of the next page, respectively, ¥y, = a(k +n)/2 + b and
Wi = alk +n)/2 +i+D.

Proof. Introducing (9a) in (50) yields
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Distributing the integral in (55) and using the series forms for and (8.352.2)], (55) can be written as
the incomplete gamma functions given by [37, egs. (8.352.1) b n & Kid;

1 1 (/2% aap |p(e/2) 1,A(/2,1 - )
- — G, —_——t 43
5 9 QF(b)F(u) ( /271_)01/2_1 14+a/2,2 (aﬁ/z)a/2 ,U,O , even « (43a)
b 1 1
1 1 m—zabz o |A(e,1—0), %, 1
- — Gy, — , odd « (43b)
2 20(B)C(p) (vVar)e 2ot [4(6172)“ Lot o3
d  m" S Kid L (@t 502) "y (b + iy (a+ 55 )0r)
K = i —b b . 202 i 202 _
S T & H 1(b,arr) ; 120%)
p—1 oo k+n p=l j oo k+n (a+L)—19k,n,i 1
202 . I
[Z Z W Yk, avr) ZZ _a(k+n)/2 Knlil(202)i Y (ki (@ + 202 )
0 n=0 k=0 i=0 n=0
(53)
a/2
M_li i py )4 ) (M’M(YY“’) )
—azd Tmavr) + oommrs |1 — X
e L 7a(k+n)/2 2I(b)I'(m) L'(w)
> Kid [ _, U 1 e 1 T'(b, ayr) r\*?
— INQZ — — —) DD+ b — ———=T —
; | Tbar) ; 1007y @+ 357) (i4b @+ 55|+ gt (o r 5,
(54)

© oo o0 oo ; j 2\a(vtk)/2—n—i—s—£
_ J K'd i+k+e x (207) —(s+6)
T = B (T 2 2 2 2 2 < ) s g e ba)
(62)

NG A G 0)/2
(0:90) = 35y 2 &l gyt 4 O/ )

0
oo oo jtk+1 . ; Calw— /2
——ZZI JAkATy K (e g “WW w2 / b+ o)
2T (b)T ()T (m) 4 ; i (j1)2k! Q-+.k.+])(202y+%+4 o 5, ,anr

(63)
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Distributing the integrals in (56) and using the infinite series
representation for the exponential function [37, eq. (1.211)],
(56) can be rewritten as

b m 0 j
a m K'd;
K, 2 : i

j=0
A [y L [T g
. X e X pr l‘(20'2)1 0 * € T
pol pktn T a(krn)f24b—1
e
- 2 g
p=1 j oo k—+n
=22 > -y 7a/ELk:n>/2 k'nviiw)f
k=0 i=0 n=0 V2 o
y /’era(k+n)/2+i+blg(2i2+a)de}} &)
0

With the aid of [37, eq. (3.381.1)], K; can be obtained as given
by (53). Similarly, K3 can be obtained by introducing (9b) in
(51) as follows

></:e*‘”" 1( ngﬂ( x)l)dx (58)

Rearranging (58) and using the series forms for the in-
complete gamma functions given by [37, eqs. (8.352) and
(8.352.2)], (58) can be written as

=5/,

Using the infinite series representation for the exponential
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function [37, eq. (1.211)], (59) can be written as

uloo

n k oo

) M [ a(k+n)/2+b—1 ,—ax

—_— X e “dx
71111/2 X! 150k /2

k 0n V2 R r

o /2
P (%)
abmm . <H H >

2N (b)L(m) |~ T(w)
*i% /Oo e T
par il(202)" /.,

ab T o/ * —ax _b—1
+2F(b)F(M)F(u,u(%) )/ﬂ e “x""dx (60)

With the aid of [37, eq. (3.381.3)], K> can be obtained as given
by (54), which completes the proof. U

Theorem 7 (ABER under MRC). The ABER of the proposed
hybrid system under MRC is given by

=T, + T, (61)

where Ty and T are given by (62) and (63) at the bottom of
the previous page, respectively, and s = a(v+k)/2+j—i+1.

Proof. Introducing (24a) in (50) yields

I ZQI‘b iiiz () D) 2nlkl (1)

Jj=0 n=0 k=0 i=0

'uk T b1
—ax .b—
* o “**‘V?/ 7

+

0o .
K'd; o
§ . ¢ |:/ e—axxb—ldx
J: AT

=0

i+b—1dx]

y(a(v +k) /2+j’i+1’ﬁ)4
(20-2)11—a(v+k)/2+1 “

(64)

Replacing the lower incomplete gamma function in (64) with
its series form [37, eq. (3.381.2)] and rearranging, (64) can be
expressed as

— /t“ e ity ik
T\ =510 gt 2o 22 2= 220 ()
, 0 n=0 k=0 (=0 i=
y ’uk (20. )a(v+k)/2 n—i—s—~ /’YT e—axxs+€+b—1dx
(v+ k) (s + )75 72 Jo

(65)
where s = a(v+k)/2+j— i+ 1.
With the aid of [37, eq. (3.381.1)] and simplifying, T} can be
obtained as given by (62). Similarly, 75 can be obtained by
introducing (24b) in (51) as follows

a/2 a/2
Bl x
_ & /me—‘”x"—l r (uvu(%) ) ) r (mu(W ) )
270/, T(11) T(p
_ 1“ ii”fl <J+k+1> Kid;
] 0 k=0 =0 i (J')
_1V+2k—iyi ~a(w—p)/2 a/2
~ : (-1y x. Y2 : v w,p :LT
K+ 1+k)(202ytk+1 7 Y2
(66)

Distributing the integral in (66) and using the infinite se-
ries form of the upper incomplete gamma function [37, eq.
(3.352.2)], (66) can be expressed as

| ©
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/OC (;urfﬂ(i)"mxnuqux
r

20 (b) T(n) = ngt?

r )"
T2 = a { (#-#(a) )/%e—uvxb—ldx “i:l u
ar

SRS j+k+l<.

ptm™ j+k+ 1) %
T 2 2 2 e
(,1);+2k i ;’/;x(n —n)/2 o a/2 SR
X k(G +1+k)(202)ytkt1 u v (W"u<772> >/,“ et dx}
(67)
Using the infinite series representation for the exponen-
tial function [37, eq. (1.211)] and with the aid of [37, eq.
(3.381.3)], (67) can be expressed as

i

ol oo iy

a/2
b r </l # (272) ) 0 —1)" 5
2 Z—Qra @ {< 5 aT(b,ayr) =Y ‘nvi;/f(wﬂ) a0/
£=0 n=0 12

oo oo jtk+1 . i7.
X T(a(n+0)/2+ b,ayy) — Z > (J u 1) o

,:0 k=0 i=0 ! (])

] yt2k—i ,—fo(nw)/z 5 a/2 et )

K+ g +Z)(2¢72>j+k+1 2 v ("’sH(,T;) > a <b+)r(h+hﬂ"fr)}

(68)

Expanding and simplifying terms, 7> can be obtained as given
by (63), which completes the proof. O

V. RESULTS

A. EVALUATION SCENARIO

Table 2 summarises the main evaluation parameters consid-
ered in this work. The FTR model is assumed for the backup
link in the mmWave band, having a central frequency fi =
28 GHz [47, Table 5.2-1], while the o — p model is assumed
for the main link in the THz band, having a central frequency
fo = 142 GHz [40]. It is worth mentioning that the average
SNR values in both links are not independent having the same
physical propagation distance. In particular, the lower path
loss associated to lower propagation frequencies leads to a
higher average SNR in the mmWave link compared with the
THz link. For both bands, the received power is calculated as
Pr = Py Gr Gg[c/(4nf)]>d %, where Pr is the transmitted
power, Gy and Gy are the gains of the transmitter and receiver
antennas, respectively, ¢ = 3 x 108 m/s is the speed of light,
f is the central frequency of each band (f; or f5), d represents
the physical separation between the transmitter and receiver
antennas (d = 100 m by default unless otherwise stated),
and 0 = 3.4 is the path loss exponent (under non-line-of-
sight conditions for the mmWave and THz bands [34], [48]-
[50]). The average SNR of each link (¥, or 7,) is obtained
as 5 = Pgr/Py, with the receiver’s noise power calculated as
Py = kgToBF, where ky = 1.38 x 10723 J . K~! is the
Boltzmann constant, 7 is the reference room temperature,
B represents the bandwidth allocated to the link in each
frequency band (B; or B3) and F denotes the noise factor
at the receiver (equivalent to a noise figure of 4 dB). The
User Equipment (UE) channel bandwidth is assumed to be
B; = 50 MHz for the mmWave link [47, Table 5.3.5-1] and
B, = 1 GHz for the THz link [40].
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FIGURE 2. Validation of the SNR statistics (d = 1000 m).

TABLE 2. Evaluation parameters.

‘ Parameter ‘ Value
FTR model m=20,K=5A=0.1
a — p model a=3,pu=2
Central frequency of the mmWave link (f1) 28 GHz
Central frequency of the THz link (f2) 142 GHz
Transmitted power (Pr) 40 dBm
Transmitter antenna gain (Gr) 40 dBi
Receiver antenna gain (Gg) 40 dBi
Path loss exponent (9) 3.4
Reference room temperature (7¢) 290 K
UE channel bandwidth in the mmWave band (B) 50 MHz
UE channel bandwidth in the THz band (B2) 1 GHz
Noise figure (10 logyo F) 4dB

The general BER model of (41) is evaluated fora = b =1
representing a differentially-encoded coherent BPSK modu-
lation [44, Table 8.1]. Furthermore, the switching threshold
of the proposed hybrid scheme is determined based on the
condition that the maximum acceptable BER for accurate
signal demodulation is 1079,

B. VALIDATION OF THE SNR STATISTICS

The accuracy of the mathematical analysis is validated by
comparing the derived analytical expressions with Monte
Carlo simulations ensuring consistency between theoretical
and simulated results. This cross-validation confirms the re-
liability of the proposed model in characterising the hybrid
THz/mmWave transmission scheme. In particular, the ana-
Iytic results obtained in Section III are compared with their
Monte Carlo simulation counterparts in Fig. 2. It is worth
mentioning that logarithmic axes are used for improved level
of detail in the low SNR regime. The proposed scheme defines
the switching threshold as y7 = Yout, With v,y being derived
from (41). For a target BER of 107° and @ = b = 1 the
obtained switching threshold is 7 = 13 dB. In Fig. 2, it
can be seen that the effective SNR follows the PDF for the
THz link for SNR values above 7. On the other hand, for
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SNR values below ~yr, the effective SNR follows the PDF for
the dual transmission scheme for both considered diversity
techniques. Moreover, the analytic and simulation results
are perfectly matched for all considered cases validating the
correctness of the results provided in Section III.

Monte Carlo simulations will be employed to validate the
outage probabilities and link usage results, whereas numerical
integration will be used to validate the ABER results.

C. PERFORMANCE EVALUATION

Based on the outcomes of the analysis in Section IV, the
performance of the proposed hybrid scheme is investigated
and compared with suitable baseline scenarios. In particular,
the performance is compared with the single link transmission
and dual link transmission scenarios. The single link trans-
mission implies the transmission over the THz link only and
~r = 0 in this scenario. On the other hand, as vz — oo, the
system transmits continuously over both links, namely as dual
link transmission. For comparison reasons, the performance
of transmitting over the mmWave link alone is provided as
well.

The probability of outage versus the maximum tolerable
BER is depicted in Fig. 3. It can be noticed that the prob-
ability of outage decreases as the tolerable BER increases.
Transmitting over the THz link alone has the worst outage
performance due to the high path loss associated with high
propagation frequencies leading to a low average SNR. In
addition, P, decreases by transmitting over the mmWave
link alone. However, it can be noticed that the most reliable
transmission approach is achieved by transmitting continu-
ously over the THz and mmWave links (dual transmission),
which attains the best outage performance (as expected, MRC
provides better outage performance than SC). The best outage
performance can also be achieved by using the proposed hy-
brid scheme provided that the switching threshold condition
Yr > “Yout 1S met. This condition ensures that the backup
link is activated before the main link enters a state of outage.
If this condition is not satisfied (i.e., 77 < “Yout), then the
system may temporarily fall in outage before the backup link
is finally activated; in such case, the lower the switching
threshold ~7, the higher the outage probability, and therefore
a more serious degradation is experienced in the reliability
performance for lower values of ~7. It is worth noting that
a suitable selection for the switching threshold v, meeting
the condition vz > ~out, plays a key role in the reliability
performance as shown in Fig. 3. As long as such condition is
satisfied, the proposed hybrid transmission scheme achieves
the same level of reliability as the dual link transmission
mode. Moreover, it is worth noting an extreme low level of
outage probability is achieved under a few scenarios, mean-
ing that the system is virtually free of outage. This can be
explained as those numerical values are related to specific
numerical configuration parameters and they could be higher
or lower based on the considered operating conditions.

The probability of outage versus the distance between
source and destination is depicted in Fig. 4. For a reliability
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requirement of Py, = 1075 (i.e., 99.999% link reliability),
it can be noticed that a maximum communication distance of
about 30 m can be achieved by transmitting over the main
link (THz link) only. This communication distance can be
increased by transmitting over both links (dual transmission)
and by using the proposed hybrid transmission scheme to
about 1000 m with SC diversity and 1100 m with MRC diver-
sity. It is worth mentioning that the communication distances
reported here are relatively long, but they are reasonable
under specific operating conditions for such high frequencies
[51], [52]. However, as shown in Fig. 5, the backup link
(mmWave link) needs to be used, considering the proposed
hybrid transmission scheme, around 1.2% and 3.1% of the
time at 1000 m and 1100 m distances, respectively (for
Yr = “Yout + 1 dB). This means the backup link can be
used for other data transmissions since it is available most of
the time. Therefore, the proposed hybrid transmission scheme
can increase the THz link communication range by 33/37-
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fold by only reducing the availability of the mmWave link
by 1.2%-3.1%. Consequently, the proposed hybrid transmis-
sion scheme achieves comparable link reliability to the dual
transmission scheme while significantly improving resource
efficiency.

Itis interesting to mention that if the switching threshold 7
increases above 7., the outage probability does not decrease
further but the mmWave link usage increases (Fig. 5). There-
fore, selecting the switching threshold as 77 = Yoyt 1S con-
sidered the optimum choice in terms of the trade-off between
system reliability and radio resource efficiency. However,
due to hardware switching delays in practical systems, this
optimum value might possibly result in temporary outages
degrading the outage performance as shown in Fig. 4 when
Yr < Yout- As a result, a certain amount of safety margin
such as 77 = Yout + 1 dB should be permitted to guarantee
that the backup link is activated on time, which would lead to
a slight expense in the backup usage availability.

The ABER versus the distance between source and des-
tination is depicted in Fig. 6. It can be noticed that Figs. 4
and 6 have the same trend, hence the same remarks apply.
However, a major difference can be noticed when vy < 7yout.-
In particular, the ABER is not degraded as harshly as the
outage performance for such values of 7. The explanation
behind this is that P, is an average of probabilities while P
is the probability that a particular event occurs. Therefore, a
small decrease in the switching threshold v, below the outage
threshold v,,+ would lead to a noticeable increase of outages
and a slight increase in the rate of bit errors at the destination.
In any case, the results in terms of both outage probability
(Fig. 4) and ABER (Fig. 6) confirm that the proposed hybrid
transmission scheme can provide the same level of reliabil-
ity as the dual-link transmission approach, however with a
significantly higher level of efficiency in the usage of radio
resources (Fig. 5), thus making of it a suitable candidate for
the efficient provision of URLLC services in current 5G and
future 6G mobile communication systems.
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V1. CONCLUSIONS

A novel hybrid THz/mmWave transmission scheme has been
proposed to enhance the reliability of wireless communica-
tions in THz bands. The obtained results have shown that
the proposed scheme can effectively enhance the reliability
and achieve the same performance provided by the dual-link
transmission scheme where both links (THz and mmWave)
are used for transmission continuously, however with a sig-
nificantly lower usage of the mmWave link, thus enhancing
the usage of the available spectral resources. In general, the
obtained results suggest that the proposed hybrid scheme can
support the efficient provision of URLLC services in current
5G and future 6G mobile communication systems.

VII. FUTURE WORK

While the proposed hybrid transmission scheme significantly
enhances URLLC reliability and efficiency, several avenues
for future research remain open. First, incorporating addi-
tional parameters and exploring various deployment scenar-
ios to provide a more comprehensive evaluation of the hy-
brid system’s performance. Second, integrating additional
frequency bands, such as sub-THz, could further improve
adaptability and robustness. Third, the incorporation of ma-
chine learning-based link selection mechanisms could enable
real-time predictive optimisation improving response to fluc-
tuating channel conditions. Finally, experimental validation
through testbed implementations would provide practical in-
sights into real-world performance and deployment feasibil-
ity. These directions will be crucial for advancing URLLC
technology and ensuring seamless high-frequency communi-
cation in future wireless networks.
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