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AS ONE of the new communication scenarios in
5th-generation (5G) mobile communication systems,

ultra-reliable and low-latency communications (URLLC) have
stringent requirements on latency (around 1 ms) and reliability
(up to 99.99999%). Nevertheless, existing 5G URLLC alone
cannot fulfill all the Key Performance Indicators (KPIs) in
emerging mission-critical applications like industrial automa-
tion, intelligent transportation, telemedicine, Tactile Internet,
and Virtual/Augmented Reality (VR/AR). The 6th generation
(6G) communication systems need to meet additional require-
ments on some of the following KPIs in combination with
URLLC: high spectrum efficiency (SE)/throughput/energy effi-
ciency (EE)/network availability/security as well as low Age of
Information (AoI)/jitter/round-trip delay. These new require-
ments pose unprecedented challenges in terms of design
methodologies and enabling technologies in 6G. To fill the
gap between 5G URLLC and the diverse KPI requirements of
the neXt generation URLLC (xURLLC), novel methodologies
and innovative technologies are much needed.

The Special Issue received 76 submissions, and 20 of them
were selected after a careful review process. These papers
cover a wide range of topics in xURLLC, including funda-
mental theories, network architecture, diverse KPIs, xURLLC
for Metaverse, resource allocation, channel access, beam man-
agement, signal processing, and quantum telecomputation.
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A. Fundamental Theories

Oguz Kislal et al. [A1] evaluate the packet error probability
of URLLC in massive multiple-input multiple-output (MIMO)
systems, where a pilot-assisted transmission scheme is con-
sidered. The developed approach avoids a costly numerical
averaging of the packet error probability over the realizations
of stochastic channels. The numerical experiments show that
their approach can estimate the packet error probability accu-
rately, and the number of samples required for estimation is
about two orders of magnitude fewer than the Monte-Carlo
method.

Tuninetti et al. [A2] present the second-order achievable
and converse rate regions over a single-antenna, static, scalar
Gaussian broadcast channel with finite coding blocklength.
Specifically, the reliability of the whole system and the reli-
ability of each user are considered. The authors first analyze
the rate regions in a two-user case and then generalize their
results to the K-user case. The analytical results indicate that
both superposition and rate splitting are required in the code
construction to achieve the largest second-order achievable
regions.

B. Network Architecture

Wang et al. [A3] propose cell-free massive MIMO-aided
computing systems to improve computation performance in
terms of computational latency and energy consumption. The
authors formulate a total cost minimization problem and
decouple it into bandwidth allocation and task allocation
subproblems. The bandwidth allocation problem is solved
using a convex optimization strategy, while the task allocation
subproblem is addressed by formulating a dual problem and
relaxing the binary constraint with Lagrange partial relaxation
for heterogeneous task delay requirements. The simulation
results demonstrate that the proposed task offloading scheme
outperforms benchmark schemes.

Hao et al. [A4] propose to integrate sensing units into fabric
fibers to perceive user data in the sixth-generation wireless net-
works (6G), and consider a joint sensing adaptation and model
placement in fabric space. To minimize acquisition latency
and to ensure accuracy, an intelligent-fiber-driven 6G fabric
computing network is developed, where the fabric sampling
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rate, sampling density, and model placement are optimized.
Their simulation results demonstrate the proposed scheme is
optimal and outperforms several baseline algorithms.

Yang et al. [A5] exploit semantic information extracted from
environment image data to make decisions for channel-related
tasks in an environment semantics-aided wireless commu-
nication framework. In their case study, an environment
semantics-aided network architecture for mmWave communi-
cation systems is developed, which is trained to predict the
optimal beam index and the blockage state. The results show
that their approach can achieve extremely efficient beam pre-
diction and timely blockage prediction without pilot training
or costly beam scans.

Shi et al. [A6] propose a parallel inference framework
for deep learning applications in 6G mobile communication
systems to improve inference efficiency while maintaining
reliability. The latency refers to the time for completing a deep
learning application, and the reliability refers to the percentage
of devices that can continue operating when a device malfunc-
tion happens. The automatic pipeline parallelism framework
schedules neural network inference processes according to the
capability of the underlying physical devices. The experimen-
tal results demonstrate the priority of the proposed framework
with other state-of-the-art parallel inference schedules.

C. Diverse KPIs

Tang et al. [A7] focus on the age of information (AoI) in
a multiuser system, where a base station (BS) generates and
transmits status updates to multiple users. The authors examine
three packet management strategies for both broadcast and
unicast transmission schemes, i.e., the non-preemption strat-
egy, the preemption in buffer strategy, and the preemption
in serving strategy. Through their analytical and simulation
results, some useful insights are obtained. For example, it is
better to use the unicast transmission scheme if the number of
users is large. Otherwise, the broadcast transmission scheme
is better.

Yue et al. [A8] propose a frame-slotted ALOHA (FSA)-
based protocol for a random access network, and evaluate
the AoI of the proposed protocol. They leverage stochastic
geometry to model the interference of the system and derive
the average and variance of the AoI in Poisson bipolar and
cellular networks, respectively. The analytical results show that
FSA-based protocol can reduce the average and variance of
AoI significantly. In addition, if power control is adopted in
the FSA-based protocol, the AoI performance can be further
improved.

Zhang et al. [A9] investigate a downlink multidevice
cell-free system with hard deadlines and analyze the delay
and reliability in the finite block length regime. The authors
first derive the analytic expression of transmission error prob-
ability for a single device, and then obtain the closed-form
expressions of upper and lower bounds of the time overflow
probability in a multidevice cell-free system. Furthermore,
three methods are provided in this paper to balance the delay
and reliability: transmission rate selection, device grouping,
and space division multiplexing.

Li et al. [A10] aim to assure hard delay constraints by using
frequency or spatial diversity techniques in harsh wireless
environments. The authors consider both parallel and MIMO
fading channels and exploit time domain power adaptation to
meet the hard delay constraint with a finite average transmit
power. The relationship between the required transmit power
and delay-constrained throughput is analyzed by using the
implicit function theorem. Their analytical results show that
it is possible to meet the hard delay constraint when the
sub-channels in the frequency and spatial domains are highly
but not fully correlated.

Zhu et al. [A11] investigate the security of xURLLC in
machine-type communications. They analyze the reliability-
security tradeoff via a leakage-failure probability and find that
the performance can be enhanced by allocating fewer resources
for the transmission with finite block length codes, which
is counter-intuitively. To solve the joint resource allocation
problem, the authors leverage lower-bounded approximations
for the decoding error probability in the finite block length
regime. The reformulated problem is solved by an efficient
iterative searching method. The accuracy of the proposed
approach and the reliability-security tradeoff are verified by
the numerical results.

D. xURLLC for Metaverse

Yu et al. [A12] investigate the reliability and latency of
the Metaverse applications, where the asymmetric data sizes
in uplink and downlink are considered. The authors design
a multi-agent reinforcement learning algorithm to optimize
computation offloading and channel assignment in the uplink
stage and transmit power in the downlink stage. In the
proposed reinforcement learning algorithm, there are two
agents with separate local objectives and an overarching global
objective. By developing a hybrid critic to guide the training
and convergence of both agents, the proposed approach can
improve the delay, retransmission percentage, and energy cost
remarkably compared to an existing iterative reinforcement
learning algorithm.

Du et al. [A13] study the interaction between the Metaverse
service provider and the network infrastructure provider, and
provide an optimal contract design framework for them. The
goal is to maximize the utility, defined as a function of
Metaverse users’ quality of experience (QoE), while ensuring
the incentives of the infrastructure provider. The authors incor-
porate the objective KPIs and subjective feelings of Metaverse
users in a novel metric, named Meta-Immersion, to model
the QoE mathematically. To improve QoE in xURLLC,
an attention-aware rendering capacity allocation scheme is
developed and validated using a user-object-attention level
dataset.

E. Resource Allocation

Li et al. [A14] propose an energy-efficient packet deliv-
ery mechanism to fulfill the requirement of URLLC with
finite transmit power. Frequency-hopping is applied to reduce
uplink outage probability, and proactive packet dropping is
exploited to control the downlink outage from queue clearing.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 41, NO. 7, JULY 2023 1965

The authors jointly optimize bandwidth allocation and power
control of uplink and downlink, antenna configuration, and
subchannel assignment with a three-step method. The simula-
tion results validate the analysis and evaluate the performance
achieved by the proposed approach.

Peng et al. [A15] focus on resource allocation for cell-free
massive MIMO-aided URLLC systems, where pilot reuse
among multiple devices is considered. To maximize the num-
ber of devices that can be admitted, the authors formulate a
joint pilot length and pilot allocation strategy and jointly opti-
mize the power for pilot and payload. First, the authors derive
the lower bounds of ergodic data rate under finite channel
blocklength, and then propose a novel pilot assignment algo-
rithm. The simulation results show that the proposed strategy
can increase the number of admitted devices significantly and
can achieve substantial gains in terms of weighted sum rate.

F. Channel Access

Liu et al. [A16] investigate URLLC in unlicensed spec-
trum, where the interference and collisions among multiple
radio access technologies are considered. To achieve URLLC
requirements, the authors develop novel centralized deep rein-
forcement learning and federated deep reinforcement learning
frameworks to optimize the downlink URLLC transmission in
New Radio and WiFi coexistence systems. Their results show
that both the centralized and federated deep reinforcement
learning approaches can improve the reliability of New Radio
systems in unlicensed bands significantly, but the centralized
one sacrifices the reliability of the WiFi system. To guarantee
the reliability of the WiFi system, the authors further take
fairness into account.

Ke et al. [A17] propose a unified semi-blind detection
framework for sourced and unsourced random access that
enables massive URLLC. The active devices transmit their
uplink access signals in a grant-free manner, and the BS
aims to achieve ultra-reliable data detection under severe
inter-device interference without exploiting explicit channel
state information. The authors put forth an efficient transmitter
design that embeds a small amount of reference information
in the access signal. In addition, they develop a successive
interference cancellation-based semi-blind detection scheme
at the receiver side. To reduce computational complexity and
enhance reliability, a rank selection approach and a reference
information-aided initialization strategy are incorporated. The
numerical results show that the proposed framework can
achieve a better scalability–latency–reliability tradeoff than
compared with existing detection schemes.

G. Beam Management

Liu et al. [A18] investigate the orthogonal time frequency
space (OTFS) transmission for URLLC, where accurate instan-
taneous channel state information is not available at the
transmitter. To minimize the frame error rate, the authors
adopt a deep learning approach to exploit implicit features
from estimated historical delay-Doppler domain channels to
predict the precoder in the next time frame. The closed-form
expression of the frame error rate is derived and serves as the
objective function to characterize the reliability. Specifically,

a convolutional long short-term memory network is designed
to extract the spatial–temporal feature from the estimated
historical delay-Doppler domain channels. Their simulation
results demonstrate that the proposed scheme can achieve
a flexible reliability–latency tradeoff and an excellent frame
error rate.

H. Signal Processing

Qiu et al. [A19] focus on the problem of designing down-
link transmission schemes for supporting heterogeneous ultra-
reliable low-latency communications and/or with other types
of services. They consider a system, where the BS sends
superimposed signals to multiple users over a broadcast chan-
nel. To cope with the heterogeneity in latency and reliabil-
ity requirements, the authors propose a practical downlink
transmission scheme with discrete signaling and single-user
decoding, where successive interference cancellation is not
needed. Furthermore, the second-order achievable rate under
heterogenous blocklength and error probability constraints is
derived and used to guide the design of channel coding and
modulations.

I. Quantum Telecomputation

Zaman et al. [A20] investigate the user privacy and data
security of URLLC in distributed networks. They devise a
distributed quantum computation protocol that allows Bob to
apply an arbitrary single-qubit unitary operator on Alice’s
qubit in a controlled and probabilistic fashion, without reveal-
ing the operator to her and without transmitting any physical
particle over the quantum channel. This counterfactual con-
cealed telecomputation protocol neither requires the preshared
entanglement nor depends on the bipartite input state. The
authors provide numerical examples of quantum anonymous
broadcast networks using the counterfactual concealed tele-
computation protocol and show their degrees of anonymity in
the presence of malicious users.
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