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Abstract—Ultra-Reliable and Low-Latency Communication
(URLLC) represents a key ingredient of current 5G and future
6G mobile communication networks. The demanding reliability
requirement set for URLLC claims for novel techniques that can
deliver the necessary level of reliability without sacrificing the
overall system capacity. In this context, this work presents and
analyses a hybrid transmission scheme for improved reliability
in millimetre wave bands with adaptive diversity combining. The
proposed scheme is based on a hybrid approach that combines
two links, one in the FR1 band (characterised by lower capacity
but higher reliability due to more favourable propagation) and
one in the FR2 band (offering higher capacity but experiencing
a less reliable connectivity). The proposed scheme dynamically
adapts the usage of both links in order to exploit the complemen-
tary characteristics of both bands (reliability of FR1 bands and
capacity of FR2 bands) by switching between FR2-only and joint
FR1-FR2 transmission according to the instantaneous channel
quality in the main FR2 link. The performance is evaluated under
two popular and well-known diversity combining techniques,
namely Selection Combining (SC) and Maximal Ratio Combining
(MRC). The obtained results demonstrate that the proposed
scheme can achieve the same level of reliability as a continuous
dual-link transmission scheme but with a much lower level of
links usage and without sacrificing (and indeed enhancing) the
capacity, thus making it a suitable candidate to deliver URLLC
services in a resource-efficient manner.

Index Terms—5G new radio, ultra-reliable low-latency com-
munication, millimetre wave communication, diversity receivers.

I. INTRODUCTION

A key distinguishing feature of the 5th Generation (5G) of
cellular mobile communication systems with respect to

its predecessors is the introduction of three generic use cases
or connectivity types: enhanced Mobile BroadBand (eMBB),
massive Machine-Type Communication (mMTC) and Ultra-
Reliable Low-Latency Communication (URLLC). The interest
of this research is in the URLLC use case, which is related to
applications such as the communication among machines and
robots for the monitoring, control and automation of industrial
processes in the context of the Industry 4.0 paradigm, auto-
motive scenarios in Intelligent Transportation Systems (ITS),
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tactile Internet, remote healthcare, mission-critical services
and ad-hoc disaster/emergency relief among others [1]–[3].

The three use cases, also relevant in 6G, are characterised
by vastly heterogeneous and often mutually conflicting re-
quirements. For URLLC, a general reliability requirement of
1 − 10−5 (i.e., 99.999%) with a user plane latency below
1 ms is specified in [4]. This high reliability requirement
makes the wireless access design very challenging in terms
of protocols and associated transmission techniques [5]–[7].
The main problem addressed in this work is how to improve
the link reliability in order to meet as closely as possible the
strict reliability requirements set for URLLC services.

With the aim to enable URLLC, a broad range of techniques
have been proposed at the physical [8]–[10], link [11]–[17]
and network [18]–[20] layers. However, given the existence
of system trade-offs [21], the introduction of techniques to
improve the reliability and latency of URLLC services reduces
the capacity available for eMBB [22], which has motivated
the development of solutions specifically designed to handle
eMBB/URLLC coexistence scenarios [23]–[26]. The main
challenge is how to improve the link reliability without sacri-
ficing the overall system capacity. Most solutions proposed so
far in the literature to improve the link reliability achieve their
objective at the expense of sacrificing the system capacity quite
significantly. The trade-off between the conflicting interests of
eMBB and URLLC services (capacity vs. reliability/latency)
is efficiently addressed by the technique proposed in this work.

A well-known strategy to improve the communication relia-
bility is to create simultaneous connections over multiple com-
munication paths and transmit over them in parallel to achieve
redundancy. This concept, referred to as Multi-Connectivity
(MC), has been paid significant attention as a promising
technique not only to increase the system capacity but also to
effectively achieve high reliability in URLLC [27]. As a result,
different MC techniques have been introduced in successive
3GPP releases in the PHY (e.g, coordinated multi-point), MAC
(e.g., carrier aggregation), PDCP (e.g., dual connectivity and
LTE-WiFi aggregation) and higher layers [27]. While PHY
layer MC techniques are usually constrained to transmitting
the same data simultaneously over the multiple paths available,
MC techniques at the MAC and higher layers can transmit
different data streams in each path, which can be scheduled
according to various principles such as load balancing, packet
duplication and packet splitting [27].

In this context, the solution proposed in this work is a novel
PHY layer MC technique based on diversity reception that
exploits and benefits from the complementary characteristics
of the multiple frequency bands available in 5G New Radio
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(NR), which are divided into two frequency ranges. Frequency
Range 1 (FR1) includes the sub-6 GHz bands traditionally
used by previous mobile communication standards along with
some new bands introduced to cover the spectrum from
410 MHz to 7125 MHz [28, Table 5.1-1]. On the other
hand, Frequency Range 2 (FR2) embraces millimetre wave
(mmWave) bands from 24.25 GHz to 52.6 GHz [29, Table
5.1-1]. Given the limited capacity available in FR1 bands,
new FR2 bands were introduced with the aim to meet the
capacity requirements of eMBB. The larger bandwidths avail-
able in the mmWave spectrum and its comparatively lower
level of usage make FR2 bands a preferred choice for the
provision of eMBB. However, path loss and signal blockage
are more pronounced at higher frequencies, which makes radio
propagation in mmWave bands more challenging and gives
rise to unstable connectivity and unreliable communication
[30]–[32]. To benefit from the complementary characteristics
of both bands (i.e., reliability of FR1 bands and capacity of
FR2 bands), this work proposes a novel technique for hybrid
FR1/FR2 transmission with adaptive combining at the receiver.
In the proposed scheme, an FR2 link is used as the main
communication link to provide high capacity, whereas an FR1
link is used as a backup to provide improved reliability when
needed. As long as the instantaneous Signal-to-Noise Ratio
(SNR) in the FR2 link remains above a certain threshold that
ensures an acceptable communication quality, the FR2 link is
used alone and the FR1 link either remains in standby mode or
is used for other data transmissions. However, when the FR2
link quality becomes unacceptable (i.e., its instantaneous SNR
falls below a set threshold), the FR1 link is activated and the
same signal is transmitted in both FR1 and FR2 links in order
to benefit from the increased reliability offered by the FR1
bands (while both links are simultaneously active, a diversity
reception technique is used at the receiver). As soon as the
signal quality in the FR2 link increases above the threshold,
the system switches back to the FR2 link to enjoy the higher
data rates available in mmWave bands and puts the FR1 link
in standby mode (to save energy and reduce interference to
the environment) or employs it for other data transmissions
(to increase resource efficiency). This dynamic transmission
approach allows the proposed hybrid scheme to simultaneously
benefit from the reliability of FR1 bands and the capacity of
FR2 bands. Moreover, compared to the static diversity scenario
of dual-link transmission where both FR1/FR2 links are used
continuously [33], the proposed scheme conserves energy and
prevents unnecessary interference to the environment (if the
FR1 link is put in standby) or increases resource efficiency (if
the FR1 link is also used for other data transmissions).

The contributions of this work are summarised below:

• An analysis of the SNR statistics at the receiver is pro-
vided when two popular diversity techniques, namely Se-
lection Combining (SC) and Maximal Ratio Combining
(MRC) [34], are employed. These analytical results are
useful to derive various important performance metrics.

• Based on the obtained SNR statistics, the probability of
outage and the probability of using the FR1 link under
both diversity techniques are evaluated as a function of

the received signal quality (represented in terms of the
communication distance). The optimum configuration of
the FR1/FR2 switching threshold that ensures the highest
level of communication reliability is determined.

• Analytical expressions are derived and used to evaluate
the bit-error performance of the proposed hybrid scheme
under SC/MRC diversity for various configurations.

• Finally, analytical expressions are also derived for the
ergodic capacity of the proposed scheme under SC/MRC
diversity, which are used to evaluate its performance for
various configurations and operating conditions.

The obtained analytical, simulation and numerical results
demonstrate that the proposed hybrid FR1/FR2 transmission
scheme can achieve the same level of reliability (in terms of
outage probability and bit-error rate) as the continuous dual-
link transmission scheme, however with a significantly lower
level of usage of the FR1 link, thus resulting in a much more
efficient use of the available spectral resources. Moreover, this
high level of link reliability is not obtained at the expense of
the link capacity, which is indeed improved by the application
of the proposed scheme, thus making it an ideal candidate for
URLLC in heterogeneous scenarios with eMBB services.

The remainder of this work is organised as follows. First,
Section II presents the system model considered in this work
along with the proposed hybrid transmission scheme. Then
Section III derives analytical expressions for the SNR statistics
at the receiver under both diversity techniques, which are used
in Section IV to derive further analytical expressions for the
outage probability, FR1 link usage probability, bit-error rate
and ergodic capacity of the proposed scheme. The obtained
analytical expressions are used in Section V to evaluate the
performance of the proposed hybrid transmission technique.
The focus of Sections III and IV is on the mathematical
analysis of the proposed hybrid transmission scheme rather
than the discussion of its behaviour and performance, which is
actually presented in Section V along with logic explanations.
Finally, Section VI summarises and concludes this work.

II. SYSTEM MODEL

As illustrated in Fig. 1, the hybrid transmission system
operates over two links in the FR1 (sub-6 GHz) and FR2
(mmWave) bands. The FR1 link is used as a backup for
the FR2 link, which is the main communication link and
remains always active. The FR1 link will remain in standby
mode as long as the instantaneous SNR in the FR2 link,
γ2, is above a certain SNR threshold, γT , which is defined
as the minimum SNR required to provide the desired link
performance, for instance in terms of the Bit Error Rate
(BER). When γ2 falls below γT , the receiver sends a feedback
signal to the transmitter to activate the FR1 link and transmit
simultaneously the same data in both links. The receiver will
then employ a diversity technique to combine the information
received in both links. As soon as γ2 increases above γT , the
receiver sends a feedback signal to the transmitter to deactivate
the FR1 link and communication resumes in the FR2 link only.

In this work, two diversity combining techniques (SC and
MRC) are considered to combine the signals received in the
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FR1 and FR2 links when both links are activated simulta-
neously. In MRC, the signals in both links are averaged,
weighted by their respective channel impulse responses. This
diversity technique is known to be optimal since it maximises
the effective SNR, which is given by γ1 + γ2 [35, eq. (6.22)].
However, MRC requires the knowledge of all channel fading
parameters for each individual link, which results in a higher
complexity. On the other hand, SC selects the signal with the
highest instantaneous SNR, which leads to a much simpler
receiver design at the expense of a lower SNR performance,
which in this case is given by max(γ1, γ2) [35, eq. (6.6)].
While other diversity techniques have been proposed in the
literature, SC and MRC are selected in this study owing to
their popularity and the representative levels of trade-off that
they provide between complexity and performance.

In the FR1 link, the instantaneous SNR per symbol, denoted
by γ1, follows a Rayleigh fading process. Its Probability
Density Function (PDF) and Cumulative Distribution Function
(CDF) are given, respectively, by [34, eq. (2.7)]

fγ1
(x) =

1

γ1

exp

(
− x

γ1

)
, (1)

Fγ1
(x) = 1− exp

(
− x

γ1

)
, (2)

where γ1 is the average SNR in the FR1 link. Rayleigh fading
is commonly employed in sub-6 GHz bands to model non-line-
of-sight conditions and is chosen here for the FR1 link so that
any performance improvement shown in this analysis for the
proposed scheme corresponds to an unfavourable propagation
scenario (i.e., better performance may be achieved in practice).

For the FR2 link, the Fluctuating Two-Ray (FTR) model is
more realistic [36]. According to this model, the instantaneous
SNR per symbol, γ2, is distributed as [37, eq. (6)–(8)]

fγ2
(x) =

mm

Γ(m)

∞∑
j=0

Kjdj
(j!)2

xj

(2σ2)j+1
exp

(
− x

2σ2

)
, (3)

Fγ2
(x) =

mm

Γ(m)
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j=0

Kjdj
(j!)2

γ
(
j + 1,

x

2σ2

)
, (4)

where m is the fading severity index, K is the ratio between
the average powers in the specular (i.e., dominant) and the
diffuse (i.e., scattered) multipath components, 2σ2 is the total
power of the diffuse components, Γ(·) is the (standard) gamma
function [38, eq. (8.310.1)], γ(·, ·) is the lower incomplete
gamma function [38, eq. (8.350.1)], and dj is [39, eq. (13)]

dj ≜
j∑

k=0

(
j

k

)(
∆

2

)k k∑
l=0

(
k

l

)
Γ(j +m+ 2l − k)(

(m+K)2 − (K∆)2
) j+m

2

× (−1)2l−k P k−2l
j+m−1

(
m+K√

(m+K)2 − (K∆)2

)
, (5)

where the parameter ∆ ∈ [0, 1] characterises the similarity
of the two dominant waves (for ∆ = 0 one of them is zero
and for ∆ = 1 both are equal) and Pµ

ν (·) is the associated
Legendre function (or spherical function) of the first kind [38,
eq. (8.702)]. An alternative expression for dj is given by [39,
eq. (19)]. In the FTR model, the average SNR is obtained as

Transmitted
message

FR1 link (sub-6 GHz)

FR2 link (mmWave)
Recovered
message

𝛾1

𝛾2

𝛾2 ≷ 𝛾𝑇

𝛾effAdaptive 
combining

Fig. 1: Proposed hybrid transmission scheme.

γ2 = (Eb/N0)2σ
2(1 + K), where Eb/N0 is the energy per

bit to noise power spectral density ratio.

III. ANALYSIS OF SNR STATISTICS

A. Cumulative Distribution Function of the SNR

Based on the operation of the proposed hybrid scheme, the
instantaneous effective SNR at the receiver, denoted by γeff ,
will be equal to γ2 when γ2 > γT or the result of combining
γ1 and γ2 (according to the employed diversity technique)
when γ2 ≤ γT . Thus, one can write the CDF of the SNR as

Fγeff
(x) = P

(
g(γ1, γ2) ≤ x, γ2 ≤ γT

)
+P
(
γ2 ≤ x, γ2 > γT

)
,

(6)
where g(γ1, γ2) characterises the effective SNR at the output
of the selected diversity technique as a function of the SNR
for each individual input signal: g(γ1, γ2) = max(γ1, γ2) for
SC [35, eq. (6.6)] and g(γ1, γ2) = γ1 + γ2 for MRC [35, eq.
(6.22)]. Equation (6) is particularised below for SC and MRC.

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

Fγeff
(x) =



[
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(7b)

− exp

(
− x

γ1

)
γ
(
j + 1,

γT
2σ2

)]
, x > γT .

Proof. The expression in (6) can be rewritten in terms of the
associated conditional probabilities as

Fγeff
(x) = P (g(γ1, γ2) ≤ x | γ2 ≤ γT )P (γ2 ≤ γT ) (8)

+ P (γ2 ≤ x | γ2 > γT )P (γ2 > γT ). (9)

When γ2 ≤ γT , then g(γ1, γ2) = max(γ1, γ2) under SC,
thus the conditional probability in (8) can be expressed as

P (g(γ1, γ2) ≤ x | γ2 ≤ γT ) =P (max(γ1, γ2) ≤ x | γ2 ≤ γT )

=P (γ1 ≤ x)P (γ2 ≤ x | γ2 ≤ γT )

=Fγ1
(x) ·min

(
1,

Fγ2
(x)

Fγ2(γT )

)
.

(10)

The conditional probability in (9) can be expressed as

P (γ2 ≤ x | γ2 > γT ) = 1(γT ,∞)(x) ·
Fγ2(x)− Fγ2(γT )

1− Fγ2
(γT )

,

(11)
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where 1A(x) is the indicator function of A, which is equal to
one when x ∈ A and zero otherwise.

Introducing (10) in (8) and (11) in (9) yields

Fγeff
(x) =Fγ1(x) ·min

(
1,

Fγ2
(x)

Fγ2(γT )

)
Fγ2(γT ) (12)

+ 1(γT ,∞)(x) ·
Fγ2(x)− Fγ2(γT )

1− Fγ2
(γT )

[1− Fγ2(γT )] ,

which can be simplified to the more compact form

Fγeff
(x) =Fγ1

(x) ·min
(
Fγ2

(x), Fγ2
(γT )

)
+ 1(γT ,∞)(x) · [Fγ2

(x)− Fγ2
(γT )] . (13)

The expression in (13) can be rewritten as

Fγeff
(x) =


Fγ1

(x)Fγ2
(x), x ≤ γT , (14a)

Fγ1
(x)Fγ2

(γT ) + Fγ2
(x)− Fγ2

(γT ),

x > γT . (14b)

Introducing (2) and (4) in (14a) yields (7a). Similarly, intro-
ducing (2) and (4) in (14b) and simplifying yields (7b).

Theorem 2 (CDF of SNR under MRC). The CDF of SNR for
the proposed hybrid system under MRC is given by

Fγeff
(x) =
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where α = (2σ2)−1 − (γ1)
−1.

Proof. When γ2 ≤ γT under MRC, g(γ1, γ2) = γ1 + γ2 and
the PDF of γeff can be calculated as [40, eq. (6-45)]
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∫ x
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fγ1
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The integral in (17) can be solved with the assistance of
[38, eq. (3.381.1)], which yields

fγeff
(x) =

1

γ1

exp

(
− x

γ1

)
mm

Γ(m)
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j=0

Kjdj
(j!)2

γ(j + 1, αx)

(2ασ2)j+1
,

x ≤ γT , (18)

where α = (2σ2)−1 − (γ1)
−1. The solution in [38, eq.

(3.381.1)] is valid for α > 0, which implies γ1 >
γ2[(Eb/N0)(1 + K)]−1. This requirement is met in practice
since γ1 > γ2 due to the higher path loss at higher frequencies

(i.e., lower signal power) and larger bandwidths (i.e., higher
noise power) in FR2.

The corresponding CDF when γ2 ≤ γT , Fγeff
(x), can be

calculated based on (18) as

Fγeff
(x) =

∫ x

0

fγeff
(y)dy =

1

γ1

mm

Γ(m)
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j=0

Kjdj
(j!)2

1
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×
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0

exp

(
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)
γ(j + 1, αy)dy, x ≤ γT . (19)

By replacing the lower incomplete gamma function in (19)
with its equivalent form in [38, eq. (8.352.1)] and solving the
integral with the aid of [38, eq. (3.381.1)], (15a) is obtained.

When γ2 > γT under MRC, the CDF of the output SNR
γeff can be expressed as

Fγeff
(x) = G(x) + Fγ2

(x)− Fγ2
(γT ), x > γT , (20)

where G(x) can be calculated as [40, eqs. (6-38) and (6-42)]
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where the relation Fγ1(x− z) = 1− γ1fγ1(x− z) from (1)–
(2) is introduced in (23) to obtain (24), which is then resolved
using [38, eq. (3.381.1)]. Combining (4) and (25) with (20) and
grouping terms yields (15b), which completes the proof.

B. Probability Density Function of the SNR

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

fγeff
(x)=
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Proof. By differentiation of (7), using [38, eq. (8.356.4)].
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Theorem 4 (PDF of SNR under MRC). The PDF of SNR for
the proposed hybrid system under MRC is given by

fγeff
(x)=
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Proof. By differentiation of (15), using [38, eq. (8.356.4)].

IV. PERFORMANCE ANALYSIS

A. Probabilities of Outage and Link Usage

In the context of URLLC, reliability is defined as the success
probability of transmitting a specified amount of bytes within
a certain delay target [4]. However, as discussed in Section I,
the interest of this work lies explicitly in the reliability aspect
of URLLC. When delay or latency are not explicitly included,
other definitions of reliability can be considered [41], the most
common one being the level of link connectivity guarantees,
typically quantified in terms of the probability of outage [42].
As pointed out in [7], even when the latency is not explicitly
quantified, the use of short packets and the reduction of the
outage probability can enable URLLC. Therefore, the outage
probability is also a suitable reliability metric for URLLC.

The probability that the proposed hybrid system is in outage
is obtained as the probability that the instantaneous effective
SNR at the receiver γeff falls below a given outage threshold
γout that represents the minimum SNR required to ensure that
a certain maximum BER is not exceeded. Such probability can
be obtained as Pout = P (γeff ≤ γout) = Fγeff

(γout), where
Fγeff

(·) is the CDF of the effective SNR at the receiver, which
is given by (7) for SC and (15) for MRC.

In the proposed transmission scheme the mmWave (FR2)
link is used with probability one (i.e., continuously). However,
the sub-6 GHz (FR1) link is used only when the instantaneous
channel quality in the FR2 link (in terms of the instantaneous
SNR γ2) falls below a certain threshold (γT ). The probability
that the FR1 link is in use is given by PFR1 = P (γ2 ≤ γT ) =
Fγ2(γT ), where Fγ2(·) is given by (4). A high PFR1 implies
that the FR1 link needs to be used often as a backup for the
FR2 link, while a low PFR1 means that the FR1 link is more
often available for other data transmissions.

Note that when γT = γout the probability of using the FR1
link coincides with the outage probability of the FR2 link.

B. Average Bit Error Rate

The Average Bit Error Rate (ABER) over a fading channel,
denoted by P b, can be obtained as [34, eq. (8.102)]

P b =

∫ ∞

0

Pb(x)fγ(x)dx, (28)

where Pb(γ) represents the conditional bit-error probability for
a given SNR γ and fγ(·) is the PDF of the instantaneous SNR

per symbol. Without loss of generality, the analysis presented
in this section will consider binary modulations, for which the
following general expression can be used [43, eq. (13)]

Pb(γ) =
Γ(b, aγ)

2Γ(b)
, (29)

where Γ(·, ·) represents the upper incomplete gamma function
[38, eq. (8.350.2)] and a, b ∈ { 1

2 , 1} are modulation-specific
parameters (see [34, Table 8.1] for details).

Introducing (29) in (28), integrating by parts [38, 2.02.5]
and using [38, 8.356.4], the ABER can be rewritten in the
following more convenient form

P b =
ab

2Γ(b)

∫ ∞

0

e−axxb−1Fγ(x)dx, (30)

The solution to the integral in (30) for the Rayleigh channel
can be obtained with the aid of [38, eq. (3.381.4)], which
yields P b =

1
2 [1− (1 + 1/aγ1)

−b]. The solution for the FTR
channel is provided in [37, eq. (16)] together with [39, eq.
(16)]. For the proposed hybrid scheme, (30) is calculated as

P b =
ab

2Γ(b)

∫ γT

0

e−axxb−1Fγeff
(x)dx (31)

+
ab

2Γ(b)

∫ ∞

γT

e−axxb−1Fγeff
(x)dx, (32)

where the expression for Fγeff
(x) in each integral is according

to the corresponding SNR interval. The result in (31)–(32) can
be used to derive expressions for the ABER of the proposed
hybrid transmission scheme under SC and MRC.

Theorem 5 (ABER under SC). The ABER of the proposed
hybrid system under SC is given by

P b =
ab

2Γ(b)

mm

Γ(m)

∞∑
j=0

Kjdj
(j!)2

(
PA − PB − PC

)
, (33)

where:

PA =
Γ(b+ j + 1)(2σ2)b

(j + 1)(1 + 2aσ2)b+j+1

× 2F1

(
1, b+ j + 1; j + 2;

1

1 + 2aσ2

)
, (34)

PB = j!

[(
a+

1

γ1

)−b

γ

(
b,

[
a+

1

γ1

]
γT

)

−
j∑

k=0

(a+ β)
−(k+b)

γ (k + b, [a+ β] γT )

k!(2σ2)k

]
, (35)

PC =

(
a+

1

γ1

)−b

Γ

(
b,

[
a+

1

γ1

]
γT

)
γ
(
j + 1,

γT
2σ2

)
,

(36)

with 2F1(·, ·; ·; ·) denoting the Gauss hypergeometric function
[38, eq. (9.100)] and β = (2σ2)−1 + (γ1)

−1.
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Proof. Introducing (7a) in (31) and (7b) in (32), and expanding
all the terms, an expression of the form (33) is obtained with

PA =

∫ ∞

0

exp (−ax)xb−1γ
(
j + 1,

x

2σ2

)
dx, (37)

PB =

∫ γT

0

exp

(
−
[
a+

1

γ1

]
x

)
xb−1γ

(
j + 1,

x

2σ2

)
dx,

(38)

PC = γ
(
j + 1,

γT
2σ2

)∫ ∞

γT

exp

(
−
[
a+

1

γ1

]
x

)
xb−1dx.

(39)

The integral in (37) is resolved by using [38, eq. (6.455.2)],
which yields (34). The integral in (38) is solved by introducing
[38, eq. (8.352.1)] and then employing [38, eq. (3.381.1)],
which yields (35). The integral in (39) is resolved with the
help of [38, eq. 3.381.3], which yields (36).

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

P b =
ab

2Γ(b)

mm

Γ(m)

∞∑
j=0

Kjdj
j!

(
PD − PE − PF

(2ασ2)j+1
+

PG − PH

j!

)
,

(40)
where

PD = a−bγ(b, aγT ), (41)

PE =

(
a+

1

γ1

)−b

γ

(
b,

[
a+

1

γ1

]
γT

)
, (42)

PF =
2σ2

γ1

j∑
k=0

(2ασ2)k

[
a−bγ(b, aγT ) (43)

−
k∑

l=0

(
a+ 1

2σ2

)−(l+b)
γ
(
l + b,

[
a+ 1

2σ2

]
γT
)

l!(2σ2)l

]
,

PG =(j!)

[
a−bΓ(b, aγT ) (44)

−
j∑

k=0

(
a+ 1

2σ2

)−(k+b)
Γ
(
k + b,

[
a+ 1

2σ2

]
γT
)

k!(2σ2)k

]
,

PH =
γ(j + 1, αγT )

(2ασ2)j+1

(
a+

1

γ1

)−b

Γ

(
b,

[
a+

1

γ1

]
γT

)
,

(45)

with α = (2σ2)−1 − (γ1)
−1.

Proof. Introducing (15a) in (31) and (15b) in (32), and ex-

panding terms, an expression of the form (40) is obtained with

PD =

∫ γT

0

exp (−ax)xb−1dx, (46)

PE =

∫ γT

0

exp

(
−
[
a+

1

γ1

]
x

)
xb−1dx, (47)

PF =
2σ2

γ1

j∑
k=0

(2ασ2)k

k!

×
∫ γT

0

exp (−ax)xb−1γ
(
k + 1,

x

2σ2

)
dx, (48)

PG =

∫ ∞

γT

exp (−ax)xb−1γ
(
j + 1,

x

2σ2

)
dx, (49)

PH =
γ(j + 1, αγT )

(2ασ2)j+1

∫ ∞

γT

exp

(
−
[
a+

1

γ1

]
x

)
xb−1dx.

(50)

The integrals in (46) and (47) can both be resolved by using
[38, eq. (3.381.1)], which yields (41) and (42), respectively.
The integral in (48) is solved by introducing [38, eq. (8.352.1)]
and then making use of [38, eq. (3.381.1)], which yields (43).
Similarly, the integral in (49) is resolved by first introducing
[38, eq. (8.352.1)] and then employing [38, eq. (3.381.3)],
which yields (44). Finally, the integral in (50) can be resolved
with the assistance of [38, eq. 3.381.3], which yields (45).

C. Ergodic Capacity

The ergodic capacity C (in bit/s) of a fading channel with
bandwidth B (in Hz) for a constant-power transmitter with
optimum rate adaptation is given by [34, eq. (15.21)]

C = B

∫ ∞

0

log2(1 + x)fγ(x)dx

=
B

ln 2

∫ ∞

0

ln(1 + x)fγ(x)dx, (51)

where fγ(·) is the PDF of the instantaneous SNR per symbol.
Solutions to the integral in (51) for the Rayleigh and FTR
channels are provided in [34, eq. (15.26)] and [37, eq. (12)],
respectively. For the proposed scheme, (51) is calculated as

C =
B1

ln 2

∫ γT

0

ln(1 + x)fγeff
(x)dx (52)

+
B2

ln 2

∫ ∞

γT

ln(1 + x)fγeff
(x)dx, (53)

where B1 and B2 are the bandwidths of the FR1 and FR2
links, respectively, and the expression for fγeff

(x) in each
integral is according to the corresponding SNR interval. Note
that when γ2 falls below γT and the FR1 link is activated, the
same bit stream needs to be transmitted in both links (FR1
and FR2) in order to combine them with a diversity technique
(SC or MRC) at the receiver. Because the bit stream in both
links needs to be identical and the available bandwidth is
typically lower in the FR1 link than in the FR2 link1 (i.e.,
B1 < B2), the transmitter needs to reduce the bit rate (by

1If B1 ≥ B2 then mobile operators would have little incentive to use FR2
bands given their poorer propagation characteristics, which combined with a
lower bandwidth would provide a much lower capacity than FR1 bands.
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adapting modulation and coding schemes) when the FR1 link
is activated. Even though the FR2 link has a higher channel
bandwidth, when the FR1 link is activated the bit stream
transmitted through the FR2 link only requires a bandwidth
B1, so effectively a bandwidth B1 is actually used in both
links (to transmit the same bit stream) when the FR1 link is
activated2. Therefore, from the point of view of the ergodic
capacity (i.e., maximum amount of bits that can be transmitted
per unit time) a bandwidth B1 needs to be considered in (52).

This section derives expressions for the ergodic capacity of
the proposed hybrid transmission scheme under SC and MRC.

Theorem 7 (Ergodic capacity under SC). The ergodic capacity
of the proposed hybrid system under SC is given by

C =
1

ln 2

mm

Γ(m)

∞∑
j=0

Kjdj
j!

(54)

×
[
B1(ηA − ηB + ηC − ηD) +B2(ηE + ηF )

]
,

where ηA, ηB , ηC , ηD, ηE , ηF are given by (56)–(61) at
the bottom of the next page, E1(x) =

∫∞
x

e−tt−1 dt =∫∞
1

e−xtt−1 dt is the exponential integral function of first
order [38, eq. (3.351.5)] and β = (2σ2)−1 + (γ1)

−1.

Proof. Introducing (26a) in (52) and (26b) in (53), replacing
the lower incomplete gamma function with its equivalent form
in [38, eq. (8.352.1)] and expanding all the terms, integrals
of the form I(s, t) =

∫ t

s
ln(1 + x)xpe−qxdx are obtained.

The solution to I(0,∞) is given by [44, eq. (A.3)] and
the solution to I(γT ,∞) is given by [44, eq. (A.2)], while
I(0, γT ) = I(0,∞) − I(γT ,∞). Substituting the equalities
Γ(0, x) = E1(x) and Γ(1, x) = e−x in the obtained results and
grouping terms, (54) is obtained. Even though the procedure is
tedious, it involves standard mathematical manipulations.

Theorem 8 (Ergodic capacity under MRC). The ergodic
capacity of the proposed hybrid system under MRC is given
by

C =
1

ln 2

mm

Γ(m)

∞∑
j=0

Kjdj
j!

1

(2ασ2)j+1
(55)

×
[
B1(ηA − ηG) +B2

(
(2ασ2)j+1ηE + ηH

)]
,

where ηG and ηH are given by (62) and (63) at the bot-
tom of the page, respectively, E1(x) =

∫∞
x

e−tt−1 dt =∫∞
1

e−xtt−1 dt is the exponential integral function of first
order [38, eq. (3.351.5)] and α = (2σ2)−1 − (γ1)

−1.

Proof. See proof of Theorem 7, using (27) instead of (26).

V. RESULTS

A. Evaluation Scenario

The performance of the proposed hybrid transmission tech-
nique is evaluated considering band n78 in FR1, which has a
central frequency f1 = 3.55 GHz [28, Table 5.2-1], and band

2In this case, the unused bandwidth in the FR2 link could potentially be
utilised for other data transmissions and/or to introduce additional redundancy
in the transmitted signal in order to improve the signal decodability (this would
require novel diversity techniques specifically designed to this end, which is
beyond the scope of this study and is suggested as future work).

n257 in FR2, which has a central frequency f2 = 28 GHz [29,
Table 5.2-1]. The User Equipment (UE) channel bandwidth is
assumed to be B1 = 20 MHz in the FR1 link [28, Table 5.3.5-
1] and B2 = 50 MHz in the FR2 link [29, Table 5.3.5-1].

Rayleigh and FTR (m = 20, K = 5, ∆ = 0.1) fading
models are assumed for the FR1 and FR2 bands, respectively.
Notice that the average SNR in the FR1 link will be higher
than in the FR2 link due to the lower path loss associated
with lower propagation frequencies, however both SNR values
are not independent since both links are subject to the same
physical propagation distance. To ensure realistic pairs of SNR
values, the received power in both bands is calculated as
PR = PT GT GR [c/(4πf)]2 d−δ , where PT = 10 dBm is
the transmitted power, GT = 40 dBi and GR = 40 dBi are
the gains of the transmitter and receiver antennas, respectively,
c = 3 ·108 m/s is the speed of light, f is the central frequency
of each band (f1 or f2), d = 100 m is the physical distance
between the transmitter and receiver antennas, and δ = 3.4
is the path loss exponent (which is an appropriate value for
non-line-of-sight conditions both in sub-6 GHz and mmWave
bands [35], [45], [46]). The average SNR of each band (γ1 or
γ2) is obtained as γ = PR/PN , with the receiver’s noise power
calculated as PN = kBT0BF , where kB = 1.38·10−23 J·K−1

is the Boltzmann constant, T0 = 290 K is the reference room
temperature, B is the bandwidth of the link in each band (B1

or B2) and F represents the receiver’s noise factor (equivalent
to a noise figure of 4 dB). The selected parameters lead to an
equivalent noise floor of −110 dBm/MHz.

For evaluation purposes, the general BER model of (29) is
particularised to a = b = 1, which corresponds to a differ-
entially-encoded coherent BPSK modulation [34, Table 8.1].
The switching threshold γT is set assuming that the maximum
tolerable BER for a successful demodulation of the received
signal is 10−9 (higher values such as 10−6 were also evaluated
but this was not observed to have a significant impact).

Unless otherwise stated, the parameter values presented in
this subsection will be employed by default in this study.

B. Validation of the SNR Statistics
Fig. 2 compares the analytic results presented in Section III

with their Monte Carlo simulation counterparts. Notice that
results are plotted in logarithmic axes for a better detail of
appreciation in the low SNR regime (around the switching
threshold). For the proposed hybrid transmission scheme, the
switching threshold is set to γT = γout, where γout can be
obtained from (29). For a target BER of 10−9 and a = b = 1
the obtained switching threshold is γT = 13 dB. As it can be
appreciated, for SNR values above γT the effective SNR fol-
lows the PDF for the FR2 link while for SNR values below γT
it follows the PDF of the dual transmission scheme (according
to the considered diversity technique). In all cases, analytic
and simulation results match perfectly, thus corroborating the
correctness of the results presented in Section III.

Subsequent results presented later on will be validated in
their respective figures either with Monte Carlo simulations
(when they relate to the SNR distribution, such as the prob-
abilities of outage and link usage) or by numeric integration
(when they relate to the ABER or ergodic capacity).
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Fig. 2: Validation of the SNR statistics (d = 1000 m).

C. Performance Evaluation

The performance of the proposed hybrid scheme is evalu-
ated based on the analytic results presented in Section IV. The
performance is compared with the two limiting cases obtained
for γT = 0 (single link transmission scenario where only
the FR2 link is used) and γT → ∞ (dual link transmission
scenario where the system transmits continuously in both FR1
and FR2 links). These two cases provide appropriate baseline
scenarios for a fair performance evaluation of the proposed
hybrid transmission scheme. The performance of transmitting
over the FR1 link alone is included for comparison purposes

as well. It is worth mentioning that, from a performance point
of view, operation in the high SNR regime (γ2 → ∞) is
equivalent to γT = 0 while operation in the low SNR regime
(γ2 → 0) is equivalent to γT → ∞, respectively.

Fig. 3 shows the probability of outage as a function of the
maximum tolerable BER for a differentially-encoded coherent
BPSK modulation (a = b = 1, [34, Table 8.1]). When
the system tolerates a higher BER the associated outage
threshold γout, which can be obtained by solving (29) for
γ, decreases and so does the probability of outage Pout.
The highest Pout is obtained for the FR2 link alone given
its more challenging propagation conditions (i.e., higher path
loss and lower average SNR). Transmitting over the FR1
link alone would decrease Pout, however the best outage
performance is obtained when both links, FR1 and FR2,
are used continuously in the dual transmission scenario. The
proposed hybrid transmission scheme can achieve that same
level of best performance as long as the switching threshold
γT is greater than the outage threshold (γT ≥ γout) since
this allows the activation of the FR1 link before the FR2 link
falls in outage; if such condition is met, the proposed hybrid
system can only fall in outage when transmitting over both
links (i.e., the most reliable transmission approach) falls in
outage as well. Under such scenario, MRC provides a lower
outage probability than SC, as expected. On the other hand, if
γT < γout the FR2 link may temporarily fall in outage before
the FR1 link is activated and, even though this still results in
a better outage performance than transmission over the FR2
link alone, the outage performance will be worse than when
γT ≥ γout (worse than in the FR1 link alone as well). In
this case, the lower the switching threshold γT , the higher the

ηA = exp

(
1

γ1

)[
E1

(
1

γ1

)
− E1

(
1 + γT
γ1

)]
− ln(1 + γT ) exp

(
−γT
γ1

)
(56)

ηB =
1

βγ1

j∑
k=0

1

(2βσ2)k

[
k∑

l=0

{
βk−leβΓ(−k + l, β)− Γ(l, β(1 + γT ))

Γ(l + 1)

Γ(k − l + 1,−β)

Γ(k − l + 1)

}
− ln(1 + γT )

Γ(k + 1, βγT )

Γ(k + 1)

]
(57)

ηC =

j∑
l=0

{
exp(1/2σ2)

(2σ2)j−l
Γ

(
−j + l,

1

2σ2

)
−

Γ
(
l, 1+γT

2σ2

)
Γ(l + 1)

Γ
(
j − l + 1,− 1

2σ2

)
Γ(j − l + 1)

}
− ln(1 + γT )

Γ
(
j + 1, γT

2σ2

)
Γ(j + 1)

(58)

ηD =
1

(2βσ2)j+l

[
j∑

l=0

{
βj−leβΓ(−j + l, β)− Γ(l, β(1 + γT ))

Γ(l + 1)

Γ(j − l + 1,−β)

Γ(j − l + 1)

}
− ln(1 + γT )

Γ(j + 1, βγT )

Γ(j + 1)

]
(59)

ηE =

j∑
l=0

Γ
(
l, 1+γT

2σ2

)
Γ(l + 1)

Γ
(
j − l + 1,− 1

2σ2

)
Γ(j − l + 1)

+ ln(1 + γT )
Γ
(
j + 1, γT

2σ2

)
Γ(j + 1)

(60)

ηF =
γ
(
j + 1, γT

2σ2

)
Γ(j + 1)

[
exp

(
1

γ1

)
E1

(
1 + γT
γ1

)
+ ln(1 + γT ) exp

(
−γT
γ1

)]
(61)

ηG =
2σ2

γ1

j∑
k=0

(2ασ2)k

[
k∑

l=0

{
exp(1/2σ2)

(2σ2)k−l
Γ

(
−k + l,

1

2σ2

)
−

Γ
(
l, 1+γT

2σ2

)
Γ(l + 1)

Γ
(
k − l + 1,− 1

2σ2

)
Γ(k − l + 1)

}
− ln(1 + γT )

Γ
(
k + 1, γT

2σ2

)
Γ(k + 1)

]
(62)

ηH =
γ (j + 1, αγT )

Γ(j + 1)

[
exp

(
1

γ1

)
E1

(
1 + γT
γ1

)
+ ln(1 + γT ) exp

(
−γT
γ1

)]
(63)
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Fig. 3: Outage probability versus maximum tolerable BER.

outage probability (regardless of which diversity technique is
used). Therefore, by properly selecting the switching threshold
(γT ≥ γout), the proposed hybrid scheme can deliver the same
level of link reliability as continuously transmitting over both
links, however using the FR1 link only when it is really needed
(and leaving it available for other transmissions otherwise).
The discussion above indicates that a suitable choice for the
switching threshold from the point of view of the reliability
performance is any value that meets the condition γT ≥ γout.
Selecting lower values of γT results in a degradation of the
reliability performance. On the other hand, selecting values of
γT greater than γout ensures that the proposed hybrid scheme
delivers the best reliability that can be attained. It is worth
noting that increasing γT above γout does not improve the
reliability performance any further, however affects the extent
to which the FR1 link is used (as discussed later on).

Fig. 4 illustrates the outage performance as a function of
the distance between transmitter and receiver. As it can be
observed, for a reliability requirement of Pout = 10−5 the FR2
link can provide a maximum communication distance of about
100 m. The proposed hybrid transmission scheme and the
dual transmission scheme can both extend the communication
distance to about 800 m with SC diversity and 900 m with
MRC diversity. However, as shown in Fig. 5, at those distances
the proposed hybrid transmission scheme only needs to use
the FR1 link around 2% and 4% of the time, respectively (for
γT = γout+1 dB), meaning that most of the time the FR1 link
would remain available for other data transmissions (it would
be required to backup the FR2 link only very occasionally).
Thus, by only reducing the FR1 link availability by 2%–4%,
the proposed hybrid transmission scheme can provide an 8/9-
fold increase in the FR2 link communication range. Compared
to the dual transmission scheme, which would use the FR1
link 100% of the time as a dedicated (non-shared) resource,
the proposed hybrid scheme can improve the link reliability
with a dramatically higher level of resource efficiency.

It is worth noting that increasing the switching threshold
γT above γout does not further reduce the outage probability
(Fig. 4) but increases the FR1 link usage (Fig. 5). Therefore,

0 200 400 600 800 1000
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100

Fig. 4: Outage probability versus communication distance.
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Fig. 5: FR1 link usage probability versus communication distance.

taking into account that the switching threshold γT should
meet the condition γT ≥ γout in order to obtain the highest
attainable reliability as discussed earlier, it becomes evident
that the choice γT = γout provides the optimum trade-off
between overall system reliability and usage efficiency of radio
resources. However, in a practical implementation this choice
could potentially lead to momentary outages due to electronic
circuit switching delays, which could severely degrade the out-
age performance as shown in Fig. 4 (γT < γout). Thus, some
safety margin should be allowed (e.g., γT = γout + 1 dB), at
the expense of slightly sacrificing some FR1 link availability,
to ensure that the FR1 link is activated when needed.

The ABER performance, which is illustrated in Fig. 6, fol-
lows in general a very similar pattern as the outage probability
shown in Fig. 4, hence similar comments are applicable. The
most remarkable difference is that the ABER is not degraded
as severely as the outage probability when γT < γout. This can
be explained by the fact that P b is an average of probabilities
while Pout represents the probability that a particular event
(outage) occurs. Hence, a slight reduction of the switching
threshold γT below the outage threshold γout leads to a
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Fig. 6: ABER versus communication distance.

significant increase in the occurrence of outages but only a
slight increase in the rate of bit-errors at the receiver.

The performance in terms of the ergodic capacity is shown
in Fig. 7. Similar to the ABER, the capacity is not significantly
affected by small variations of the switching threshold γT
above or below the outage threshold γout, hence results are
shown only for the case γT = γout for the benefit of clarity.
Three different configurations of the transmitter and receiver
antenna gains are considered in order to emulate the effect of
various link budgets. Notice that in all cases the capacity of
the dual-link transmission scheme (with both SC and MRC
diversity) is very similar to the capacity of the FR1 link alone
(indistinguishable in Fig. 7). The explanation for this is that
when the system transmits simultaneously in both links (FR1
and FR2), the bit-streams over both links need to be identical
in order to combine them at the receiver with a diversity
technique (SC or MRC). Since the FR1 link has a lower
bandwidth than the FR2 link, the transmitter needs to reduce
the bit-rate so that the generated bit-stream can fit within the
bandwidth B1 available in the FR1 link. As a result, the bit-
rate of the transmitted signal is constrained by the bandwidth
B1. Therefore, from the point of view of the ergodic capacity,
the effective bandwidth used for data transmission by the dual-
link scheme is B1, the same as in the FR1 link alone, hence the
resulting capacity is very similar. As a matter of fact, when the
dual-link transmission scheme is employed, the MRC capacity
is actually slightly higher than the SC capacity, and both are
slightly higher than the capacity provided by the FR1 link
alone, which is due to the SNR gain obtained from diversity.
However, the difference is negligible when compared to the
other cases, thus the same line type (solid blue line) is used to
represent the FR1 link and the dual-link transmission scheme
(with both SC and MRC diversity) for the benefit of clarity.

Under favourable link budget (Fig. 7a), the SNR experi-
enced in the FR2 link is good enough to prescind from the
FR1 link and, as a result, the proposed hybrid transmission
scheme transmits in the FR2 link most of the time (as observed
at the bottom of Fig. 7a). This leads to a channel capacity
very similar to that offered by the FR2 link alone, which

is higher than the capacity provided by the FR1 link (and
the dual transmission scheme) for all the considered distances
due to the larger amount of bandwidth available in the FR2
link (B2 = 2.5B1). When the link budget degrades (Figs.
7b and 7c), the experienced channel quality in the FR2 link
degrades as well and consequently the proposed hybrid scheme
needs to rely more often on the FR1 link as a backup, which
can be noticed from the higher FR1 link usage probability
(PFR1). As discussed above, when the FR1 link is activated
the transmitter needs to reduce the bit-rate so the generated
signal can fit within the bandwidth B1 available in the FR1
link. However, as counterintuitive as it may seem, this does not
result in a reduction of the channel capacity for the proposed
hybrid scheme, which indeed increases when the FR1 link
is activated as appreciated in Figs. 7b and 7c. Notice that
in these two cases the probability of using the FR1 link
increases as the FR1 link begins to provide a higher capacity
than the FR2 link. Even though the available bandwidth is
significantly lower in the FR1 link than in the FR2 link, the
FR1 link can provide a higher capacity if the experienced
SNR is sufficiently large to compensate the lower amount
of bandwidth available (i.e., much higher spectral efficiency).
Activating the FR1 link in such cases can significantly increase
the resulting capacity, even though the effective transmis-
sion bandwidth is lower (but the effective channel quality is
comparatively much better). Notice that the capacity of the
proposed hybrid system is also noticeably higher than that
attained by the dual transmission scheme. This is because the
dual link scheme transmits continuously in both links (FR1 and
FR2) and therefore is constrained to always do so according
to a bandwidth B1 regardless of the instantaneous channel
quality, while the proposed hybrid scheme can benefit from a
much higher transmission bandwidth B2 when the channel
quality is good enough, which ends up delivering a much
higher capacity. Only when the channel quality is severely
degraded due to a very unfavourable link budget (e.g., low
antenna gain and long communication distance as in Fig. 7c)
the capacity of the proposed scheme falls to match that of the
dual transmission scheme, which is still higher than that of
the FR2 link alone.

Some interesting insights can be gained from a careful
observation of Fig. 7c. Notice that for more favourable link
budgets (which in Fig. 7c can be associated to short communi-
cation distances) the proposed hybrid scheme transmits most
of the time using the FR2 link only, which allows the system
to benefit from the larger bandwidth available in this band
in order to achieve a higher channel capacity. On the other
hand, for less favourable link budgets (which in Fig. 7c can
be associated to long communication distances) the proposed
hybrid scheme relies on the FR1 link as a backup in order
to overcome the degraded channel quality conditions in the
FR2 link, which leads to a higher capacity than transmitting
in the FR2 link only. For intermediate distances between
these two extremes, the proposed hybrid scheme adjusts the
FR1 link usage probability proportionally to the experienced
channel quality. The dynamic adaptation offered by the hybrid
scheme achieves the highest attainable capacity (out of all
the considered transmission options/schemes) in all cases.
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Fig. 7: Ergodic capacity (top) and FR1 link usage probability (bottom) versus communication distance for various transmitter and receiver
antenna gains: (a) GT = GR = 40 dBi, (b) GT = GR = 30 dBi, and (c) GT = GR = 20 dBi.
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Fig. 8: Ergodic capacity (top) and FR1 link usage probability
(bottom) versus communication distance for various bandwidth con-
figurations with GT = GR = 30 dBi and γT = γout.

Therefore, it can be concluded that the overall link capacity is
positively affected by the application of the proposed scheme.

For a more complete evaluation, Fig. 8 shows the ergodic ca-
pacity of the proposed hybrid transmission scheme for various
bandwidth configurations. The figure shows the capacity not
only for B1 = 20 MHz and B2 = 50 MHz (considered in Fig.
7) but also for the case B1 = 50 MHz and B2 = 200 MHz and
the case B1 = 100 MHz and B2 = 400 MHz. As expected, the
use of larger bandwidths results in a higher capacity. Moreover,
it can also be noticed that increasing the bandwidths also
reduces the distance at which the FR1 backup link starts being
used more frequently, which determines a trade-off between
capacity and usage of the FR1 backup link depending on the
selected channel bandwidths.

VI. CONCLUSIONS

This work has proposed a dynamic hybrid FR1/FR2 trans-
mission scheme with adaptive combining for improved reli-
ability of wireless communications in mmWave bands. The
obtained results demonstrate that the proposed scheme can
achieve the same level of reliability (in terms of probability

of outage and bit-error rate) as the dual-link transmission
scheme where both links (FR1 and FR2) are used continuously,
however with a significantly lower level of usage of the
FR1 link, thus resulting in a more efficient usage of the
available spectral resources. Moreover, the attained high level
of link reliability is not obtained at the expense of the link
capacity, which is indeed improved by the application of the
proposed scheme. These findings suggest that the proposed
scheme is a suitable technique to effectively meet the URLLC
requirements for 5G/6G in a resource-efficient manner.

The study of a similar hybrid scheme at higher frequencies
(e.g., main link in sub-THz bands supported by an mmWave
backup link) and the analysis of the performance with a backup
link shared among multiple users is suggested as future work.
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