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Abstract In the upcoming 5G and beyond systems, ultra-reliable and low latency communication (URLLC)
has been considered as the key enabler to support diverse mission-critical services, such as industrial automation, remote healthcare, and intelligent transportation. However, the two stringent requirements of URLLC:
extremely low latency and ultra-strict reliability have posed great challenges in system designing. In this
article, the basic concepts and the potential applications of URLLC are first introduced. Then, the state-ofthe-art research of URLLC in the physical layer, link layer and the network layer are overviewed. In addition,
some potential research topics and challenges are also identified.
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Introduction

The emerging fifth-generation (5G) of wireless cellular networks has been considered as a revolutionary
technology that will reshape many different industries and also improve the living standards for people
in the planet as well as bring huge economic benefits in the coming years. According to a recent market
analysis report, 5G is expected to enable 13.2 trillion dollars of global economic output in 2035 [1]. Therefore, the world’s leading operators and manufactures are striving to develop the 5G technology. The main
focus of the 5G networks is to increase the capacity, connection density, and also network availability
while enhancing reliability and reducing latency [2]. To separate the diverse performance requirements
and support a variety of services, 5G has considered three major service categories: enhanced mobile
broadband (eMBB) to provide high data rate and spectral efficiency, massive machine-type communication (mMTC) enabling the access of a large number of machine-type devices, and ultra-reliable and low
latency communication (URLLC) to support the mission-critical communications [3,4]. Among the three
service categories, URLLC could be the most challenging one to achieve. The other two services, i.e.,
eMBB and mMTC, can evolve based on the traditional design of cellular networks, to provide a larger
rate for a larger number of equipment. URLLC brings new requirements, i.e., a hard delay constraint
and a high reliability. Thus, URLLC has attracted increasing attention from both the academic and
industrial communities [5, 6].
URLLC is crucial for enabling mission-critical services and has the potential to transform many different
industries, as illustrated in Figure 1.
The potential applications include: industrial automation [7], remote healthcare [8], intelligent transportation [9], augmented reality/virtual reality (AR/VR) [10] and smart grid [11].
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(Color online) Applications and network architecture of URLLC.

Table 1

The requirements of mission-critical services in URLLC

Mission-critical services

E2E latency (ms)

Reliability (%)

Industrial automation

0.25–10

99.9999999

Remote healthcare

< 30

99.999

Intelligent transportation

1–100

99.9999

AR/VR

0.4–20

99.999

Smart grid

3–20

99.999

• Industrial automation. As one of the key enabling technologies in the fourth industrial revolution,
URLLC is expected to deploy in factories to automate the mission-critical processes such as robot motion
control and tactile iteration. Compared the traditional wired connections, using URLLC technology can
help to reduce the operational cost and also improve the deployment flexibility.
• Remote healthcare. In the telemedicine services such as remote diagnosis, remote surgery, and
emergency response, the date transmission is life critical. URLLC supports the timely and reliably
delivery of various data, and thus it enables to provide better medical services to people in the remote
areas and also reduce regional imbalance in the health workforce.
• Intelligent transportation. URLLC allows the exchange of information among vehicles, infrastructures, and pedestrians with high reliabilities in a very short time. Thus it can help to enhance road safety
and improve traffic efficiency. The typical usage cases include: automated overtake, cooperative collision
avoidance, high density platooning, and traffic management.
• AR/VR. AR aims to enhance the real environment with graphics whereas VR focuses on creating
a totally virtual and simulated experience. Both of them have the extremely strict requirements of the
latency and reliability. URLLC supports the reliable real-time data transmission for AR/VR, and could
solve the cyber sickness and the uncomfortable user experience caused by lengthy delay between action
and response. Thus, URLLC is helpful to accelerate the prosperity of AR/VR industry.
• Smart grid. Smart grid consists of many mission-critical services, such as fault diagnosis and accurate
positioning, fault isolation and system restoration as well as remote decoupling protections. Because there
are a large number of power distribution grid lines and stations, the cable/fibre based solution will bring
a huge deployment cost. Therefore, URLLC can provide a cost-effective alternative solution for fibre
optics to carry out the real-time protection and control over the distributed grid lines and stations.
In addition, the specifical requirements in terms of latency and reliability of aforementioned applications
are shown in Table 1.
Based on the potential use cases and applications, the 3rd generation partnership project (3GPP) has
specified some service requirements and system features for general URLLC. Specifically, the reliability
https://engine.scichina.com/doi/10.1007/s11432-020-2852-1
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4G-LTE vs. URLLC

4G-LTE

URLLC in 5G and beyond

10−1

10−5 − 10−9

End-to-end latency

30–100 ms

Several milliseconds

User plane latency

4 ms range

At most 1 ms

Packet sizes

≫ 100 bytes

Tens to hundreds of bytes

TTI

1 ms

No more than 0.2–0.25 ms

BLER

of 99.999%, i.e., block error rate (BLER) of 10−5 , should be guaranteed for a single transmission of a
32-byte long packet within 1 ms. Thus, the target user plane latency of 0.5 ms should be supported for
both uplink (UL) and downlink (DL) [12]. In addition, to enable a variety of applications with a variety
of latency and reliability constraints, a target BLER of [10−5 − 10−9 ] together with the end-to-end (E2E)
latency of several milliseconds has also been suggested to be supported in URLLC [13].
To meet the stringent requirements, a shorter transmission time interval (TTI), such as no more than
0.2–0.25 ms, and a smaller packet size, such as tens to hundreds of bytes, are critical to reduce the
coding/decoding delay and transmission delay as well as the processing delay. However, the current
fourth-generation long-term evolution (4G-LTE) system is unable to satisfy all the performance requirements for URLLC. In 4G-LTE system, the typical BLER is 10−1 while the E2E latency is in the range
of 30–100 ms. Furthermore, 3GPP has specified the minimum user-plane latency of 4 ms and the TTI
of 1 ms for 4G-LTE systems. In addition, the packet size is much longer than hundreds of bytes in
the 4G-LTE system which mainly focuses on achieving high throughput. A brief comparison between
4G-LTE and URLLC is shown in Table 2.
To achieve the goal of URLLC and meet the requirements of diversified traffic in a large wireless
network [14, 15], the network architecture needs to be reconsidered. Ref. [16] provided an up-to-date
comprehensive survey of the IEEE TSN and IETF DetNet standards and related researches. The latency
of a packet in a wireless network is contributed by wireless access, E2E delay, backhaul, core network.
The total one way transmission delay can be written as
T = Tq + Tt + Td + Tb .

(1)

• Tq is the queuing delay which depends on the arrival rate of packets in the queue and the priority
level of the users.
• Tt is the transmission time of the packet which depends on the channel condition, payload size,
frame structure and the transmission strategy.
• Td is the decoding delay, which cannot be ignored when the latency is very low.
• Tb is the backhaul delay between the BS and the core network. It depends on the transmission
material of the wired connections.
The E2E delay is approximately equal to 2T , and Ref. [17] investigated how the delay accumulates
from PHY to transport layer, and showed how to characterize the E2E delay into several components.
Many approaches such as physical layer design (e.g., channel coding, frame structures, HARQ) and
advanced transmission technology (e.g., grant-free transmission, device-to-device (D2D) communications,
massive multiple-input and multiple-output (MIMO) and unmanned aerial vehicle (UAV) communications) as well as network layer optimization have been proposed to meet the stringent requirements
in URLLC. However, there remain many technical challenges to be addressed. In this article, we will
overview the potential implementation methods of URLLC from both the aspect of the physical layer
and the aspect of network architecture. In addition, we also identify the future research challenges. The
rest of this article is organized as follows. In Section 2, the physical design for URRLC is introduced.
Then, link layer transmission technologies are presented in Section 3. In Section 4, the implementation
of URLLC in the large-scale wireless networks is addressed. Finally, the research challenges are discussed
in Section 5.

2

Physical layer design for URLLC

The target of physical layer processing is to deliver protocol data unit (PDU) from MAC layer successfully.
The PDU is also named as transport block (TB) in physical layer. As mentioned in Section 1, for URLLC
https://engine.scichina.com/doi/10.1007/s11432-020-2852-1
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in 5G NR, the target user plane latency is 0.5 ms for both UL and DL while the target reliability is 10−5
for 32-byte long packet transmission within 1 ms. In general, factors impacting latency in physical layer
can be categorized as waiting time, transmission time, user equipment (UE) processing time and NR
Node B (gNB) processing timing. The waiting time and transmission time can be shorten by scheduling
and frame structure design, while UE/gNB processing time is highly related to device capability, which is
up to implementation. On the other hand, reliability in physical layer depends on channel coding, hybrid
automatic repeat request (HARQ) as well as scheduling.
2.1

Flexible frame structure

In physical layer, waiting time includes delay waiting for scheduling request (SR) opportunity, delay
between a UL grant and corresponding UL data transmission, delay between a DL assignment and corresponding DL data transmission, and delay between a DL data reception and corresponding acknowledgement (e.g., acknowledgement (ACK)/not-acknowledged (NACK)) transmission on the UL. Additionally,
waiting time is in unit of TTI which also serves as the minimum scheduling unit. For example, in 4G-LTE,
the minimum periodicity of SR opportunities is 1 TTI and the delay between an UL grant and corresponding UL data transmission is 4 TTIs. In 4G-LTE, TTI is presented by a subframe, which consists of
14 orthogonal frequency-division multiplexing (OFDM) symbols with normal cyclic prefix (CP). Given
that the subcarrier spacing (SCS) is 15 kHz, the duration of a subframe/TTI is 1 ms. In this case, when
a TB arrives, the average waiting time for a UE to transmit SR is 0.5 ms (0.5 SR period). After receiving
a UL grant from gNB, the waiting time for a UE to transmit the corresponding UL data is 4 ms.
Therefore, we can conclude that TTI should be shorten so that the waiting time can be reduced to meet
the latency requirement of URLLC. The other motivation to shorten the TTI is that long transmission
time for URLLC should be avoided because the TB size of URLLC data is usually very small. In general,
there are two methods to shorten the TTI by adjusting the frame structure. One is frequency domain
method which increases the SCS to decrease the symbol duration. The other is the time domain method
which directly reduces the number of OFDM symbols in a TTI.
2.2

Flexible scheduling timeline

In 4G-LTE, the waiting time is fixed by specification. In addition, the waiting time is set long enough so
that even UE with limited capability can also support the HARQ/scheduling timeline. However, the low
latency may not be achieved. In NR, flexible waiting time is introduced to enable dynamic scheduling
and to meet different latency/capability requirements.
Here, let K0 , K1 , and K2 slots denote the delay between a DL assignment and corresponding DL data
transmission, the delay between a DL data reception and corresponding acknowledgement transmission
on the UL, and the delay between a UL grant and corresponding UL data transmission, respectively. A
set of values for K0 (K1 , or K2 ) is initially configured by the higher layer. Then, the physical layer selects
one value from the set for the scheduling timeline. The value can be 0, which means the waiting time is
within a single slot.
Generally speaking, to achieve the low latency, the waiting time should be always set as the minimum
value. However, the minimum waiting time that a UE/gNB can support depends on the UE/gNB
processing time. Because gNB is powerful, K0 can be always set as 0 for URLLC transmission. For the
value of K1 /K2 , we should take in account the processing time that UE consumes to demodulate/decode
a UL grant or a DL transmission. Quick processing of a control message or a data packet may not be
available for some UEs with limited capability, so that K1 /K2 cannot be 0 for these UEs. It is believed
that URLLC UE should be always enabled with the highest capability and the minimum value from the
configured set for waiting time can be selected.
2.3

Enhanced HARQ feedback

In the current hybrid automatic repeat request- acknowledgement (HARQ-ACK) transmission, the transmitter needs to retransmit the packets for avoiding packets error and improving transmission reliability.
This requires the receiver to issue feedback to the transmitter for each received packet in control channels.
However, more delay components, such as the feedback round-trip-time (RTT), may be introduced in
such HARQ-ACK transmission scheme and significantly affect the latency performance. To reduce the
feedback RTT and improve reliability, 3GPP release 16 has considered two enhanced HARQ feedback
https://engine.scichina.com/doi/10.1007/s11432-020-2852-1
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schemes. One is enabling more than one physical uplink control channel (PUCCH) for HARQ-ACK
transmission within a slot and the other one is the enhanced reporting procedure/feedback for HARQACK. In particular, enabling more than one PUCCH for HARQ-ACK transmission within a slot can
provide the fast HARQ-ACK feedback to reduce the latency and support the separated HARQ-ACK
feedbacks for URLLC and eMBB. Enhanced reporting procedure/feedback is expected to support enhanced HARQ-ACK multiplexing on PUSCH and PUCCH, where at least two HARQ-ACK codebooks
can be simultaneously constructed to support the different service types for a UE.
2.4

DL pre-emption

Owing to the sporadic nature of URLLC service, it is not able to predict when URLLC data will arrive. If
the slot is already allocated to a long transmission like eMBB traffic, the upcoming URLLC transmission
will be delayed until next available slot. The delay can be as long as 1 ms, so that the latency requirement
may not be satisfied.
In NR, an aggressive solution is agreed that URLLC data can pre-empt the resource of the ongoing
eMBB transmission. In other words, URLLC data may occupy any part in the frequency band and any
OFDM symbol of the eMBB transmission if gNB tries to schedule the URLLC traffic as early as possible.
In this case, the latency requirement of DL URLLC transmission can always be met with the sacrifice
of eMBB transmission performance. Some solutions to protect eMBB or minimize the impact of URLLC
pre-emption to eMBB have been discussed in the state of the art, but the discussion is out of scope in
this article.
2.5

Channel coding, CQI and MCS table for URLLC

In 5G NR, low-density parity-check (LDPC) code is used for data channel while polar code is adopted for
control channel. To guarantee the reliability of data transmission, first of all, a BLER target should be
defined. Then, according to the channel quality indication (CQI) from channel estimation, an appropriate
modulation and coding scheme (MCS) will be selected from a look-up table to meet the BLER target.
Generally speaking, for the extremely low BLER target, high modulation order like 256QAM should be
avoided and coding rate should be low enough. The accuracy of channel estimation is also a big challenge.

3

Advanced transmission technologies

Advanced transmission technologies such as grant-free (GF) random access, D2D communications, massive MIMO and UAV communications are among the key enablers to support URLLC services. In this
section, we overview the current progress of these technologies and introduce them one by one.
3.1

Grant-free random access

In current 4G-LTE system, UEs follows grant-based scheme to guarantee the reliable transmission in UL.
In particular, the grant-based scheme involves a four-step handshake process between the UEs and base
stations (BSs) to avoid any potential collision. However, it comes at the expense of lengthy latency for the
access grant response. For the tight latency requirements of the mission-critical applications in URLLC,
such a grant-based scheme is not applicable. Therefore, the GF random access, which allows UEs to
eliminate the phases of the handshake process and get fast access, is an attractive option to minimize the
latency of UL access.
The general idea of GF transmission is to preconfigure/allocate periodic dedicated resources for URLLC
service. It works well for the periodic traffic. However, owing to the sporadic nature of URLLC traffic,
UE can skip the GF resource if there is no data to be transmitted. If the GF resource is dedicated
to a UE for URLLC service and cannot be used by other UEs or services, then the resource may be
wasted. To better utilize the resource, one possible solution is to allow different UEs and different
services sharing the GF resource. However, it may cause collisions occurred between the UEs which will
degrade the transmission reliability and increase transmission latency. In [18], the authors have proposed
a contention-based transmission scheme for the sporadic URLLC traffic. To improve the reliability, the
diversity transmission is adopted. In addition, the authors in [18] have derived the optimal number of
repetitions that satisfy the strict reliability and latency constraints. In [19], the combination of nonorthogonal multiple access (NOMA) and GF transmission has been considered, where NOMA techniques
https://engine.scichina.com/doi/10.1007/s11432-020-2852-1
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are used in the transmitter side to improve resource efficiency and the advanced receivers is adopted in
receiver side to minimize the collisions.
3.2

D2D communication

D2D communication can support the direct communication between the nearby mobile devices without
going through the cellular BSs or access points [20]. Therefore, it can significantly reduce the E2E delay.
In addition, the additional D2D links can increase the communication freedom of D2D users [21] and thus
help to improve the reliability, especially when the D2D is at the cell edge or in the deep fading state.
In [22], D2D communication has been considered to provide the URLLC services for the machine-type
communications, such as vehicle-to-vehicle communications, factory automation and remote control.
To improve the transmission reliability between a controller and a group of actuators in a typical
wireless industrial automation scenarios, the authors in [23] have proposed a novel D2D-based two-phase
transmission scheme. The results in [23] show that with inter-cell interference, the proposed scheme can
achieve a probability of URLLC above 99.99% and much better than the existing URLLC schemes.
3.3

Massive MIMO

With a large number of antennas, massive MIMO systems are able to overcome the impact of channel
fading by the spatial diversity, which makes it a key enabling technique for the URLLC. In addition,
owing to multiple antenna systems can provide high SINR and also spatial multiplexing capability. It can
contribute to support the services with stringent reliability and latency requirements, such as the tactile
internet. In [24], the influence of the large antenna arrays at the receiver side to achieve the URLLC
revised has been studied. The results have shown that with a massive MIMO BS, even the single antenna
transmitter can satisfy the ultra-high reliability requirement. In [25], with the constraints on reliability
and latency, the millimeter wave-enabled massive MIMO networks have been studied. By adopting the
Lyapunov technique, it is shown that 99.99% reliability can be guaranteed and the latency can also be
significantly reduced. Considering the acquisition of accurate instantaneous CSI in the multi-antenna
system is difficult, the authors in [26] have proposed a linear minimum error probability detector to
achieve URLLC under the imperfect CSI conditions.
3.4

UAV communication

UAV communication is another promising solution that supports URLLC services because it can provide
the ubiquitous radio coverage and the better link qualities by high possibility of line-of-sight (LoS)
communication links. Owing to the flexible and dynamic features of UAVs as flying relays to support
URLLC services, it brings some new challenges for the UAV communication, such as limited energy
and caching and communication resource. In [27], a resource allocation optimization scheme has been
proposed to enhance the efficient resource utilization for UAVs. In addition, with the latency constraint,
the finite blocklength regime and the UAV’s location have been jointly considered in [28] to minimize the
decoding error probability.
Because the effect of distance attenuation and shadowing, the quality of service (QoS) and the network
availability requirements of URLLC in terrestrial wireless networks are hard to be guaranteed. In [29],
UAV communication has been considered to provide the QoS and the network availability requirements
of URLLC, where a joint altitude of UAV and bandwidth allocation optimization problem has been
proposed to minimize the total bandwidth of URLLC. It has shown that multiple UAV communication
links should be established to satisfy the requirement of URLLC in the urban areas.

4
4.1

Network design for URLLC
Latency and reliability

5G has three application scenarios, namely eMBB, URLLC and mMTC. Different application scenarios
also have different requirements for delay. For example, in URLLC the corresponding E2E latency as low
as 1 ms needs to be met with reliability as high as 99.999%. In the scenario of mMTC, there are massive
devices that need to be connected with low delay at low power. Meeting diverse delay requirements is
one of the most critical goals for the design of 5G wireless networks. In order to explore the impact of
https://engine.scichina.com/doi/10.1007/s11432-020-2852-1
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scheduling policy on delay under different services, Ref. [30] proposed the notion of delay outage and
evaluated the effect of different scheduling policies on the delay performance. There are many tradeoff
issues [31] about latency that need to be considered, for the network metrics such as capacity, latency,
reliability, power and security, once you optimize one of them, this may result in degradation of another
metric. In the following, we discuss existing approaches for reducing delay.
• Multi-connectivity. Because the 1 ms delay required by 5G is less than the channel coherence
time, at the same time, there are path loss and shadowing, retransmission can hardly improve the
transmission reliability. In order to ensure the reliability as the same as low latency, the concept of
multi-connectivity was proposed. In [32], by using both D2D and cellular links to transmit each packet
and exploiting multi-connectivity, a framework to maximize the available range was established, which
was defined as the maximal communication distance subject to the network availability requirement.
Ref. [33] tried to provide a definition for multi-connectivity, and the authors identified main scheduling
categories, compared different network architectures and considered different layers for implementing
multi-connectivity.
• Mobile edge computing (MEC). MEC is one of the key technologies to achieve the low latency for
5G, enabling the wireless network to be transformed into a multi-functional service platform for various
industrial applications. MEC concentrates computing resources and services at the network edge nodes,
providing the URLLC service to users and reducing the network costs. MEC is also necessary to support
new human-centered services and matter-centered internet of everything applications.
• Cache network. Because the latency of data transfer also depends on the latency between the core
network and the BS, caching networks can be used to reduce latency by storing popular data at the edge
of the network. The large latency may be caused by too many user requests in peak-traffic hours, and
caching in information-centric networks can be used as one of the most promising candidates to decrease
the large latency. There are two main approaches of caching: centralized and distributed. The research
on caching mainly focuses on the trade-off between storage and latency [34, 35], content assignment and
delivery policy scheme, and cache placement approach. Ref. [36] considered a novel caching framework
with erasure code called functional caching, based on the arrival rates of different files, placement of file
chunks on the servers, and the service time distribution of storage servers, and an optimal functional
caching placement and the access probabilities of the file request from different disks are considered.
Although there have been many existing studies on ultra-low latency, there are still several open issues
and challenges for future research. New modulation and coding schemes, massive MIMO, optimization
of radio resource allocation, carrier aggregation in millimeter wave, interference problems in high-density
industrial automation scenarios and priority of data transmission still need to be addressed. In indoor
and outdoor environments that are still evolving, channel modeling with low latency, path loss, NLOS
beamforming, angular propagation and the mobility [37] needs to be studied. In addition, the research
on the latency problem is by no means independent. It is closely related to other network performance
such as network capacity, reliability, and energy efficiency.
4.2

Real-time guarantee

With the rapid popularity of handheld devices and ubiquitous connections, real-time status updates
have become an important and ubiquitous form of communication. Traffic monitoring center needs to
master the speed of the car on the road, the surrounding environment, traffic conditions, position and
tire pressure, etc. to warn the driver in a timely manner preventing accidents. Detectors installed in the
forest can prevent fires in a timely manner based on the concentration of smoke, air temperature and
humidity and you can find your friends dating with you by mobile phone or smart watch. These scenarios
share a common description: the monitor wants to get information as timely as possible from the remote
of interest. Therefore, research on the real-time update system is more important in order to obtain the
freshest information.
Indicators such as “delay” and “throughput” can no longer accurately measure the freshness of information. In 2010, Kaul et al. [38] proposed a new concept age of information (AoI) to evaluate the
performance of a real-time status update system. At time t, the monitor receives a packet with a time
stamp u(t), which is the generation time of the packet at the source, and then t − u(t) is defined as AoI.
AoI is not only affected by transmission delay, but also related to the update rate from the source. And
it is a concept that can measure real-time more accurately and comprehensively. In recent years, many
scholars have conducted a lot of research based on AoI [39].
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At first, some studies analyzed AoI based on different rules and queues and tried to optimize it. These
included single-source single-server queues [38], the M/M/1 LCFS queue with pre-emption in service [40],
and the M/M/1 FCFS system with multiple sources [41]. Because of these initial efforts, there have been
a large number of contributions to AoI analysis.
In package management, AoI in network clouds [42] that transmit out-of-order packets to destinations
and with the source node that has the capability to manage [43, 44] the arriving packets was rigorously
derived. Ref. [45] controlled the AoI by setting buffer size, deadline, and packet replacement. Three
packet management policies were considered with various queues including M/M/1/2, M/M/1/2∗ and
M/M/1/(N + 1)∗ [39]. They put forward a lot of effective insights on a lower average age, i.e., the queue
can choose to only keep a subset of update packets.
To simplify the analysis, the authors in [43] proposed a new metric, namely peak AoI (PAoI), that
characterizes the average maximum elapsed time because the latest received update packet is generated.
Focusing on the PAoI, the authors in [39, 46] derived exact PAoI for the M/G/1, M/G/1/1 and G/G/1
models and they showed that PAoI serves as an upper bound for AoI. Age-of-information in the condition
of imperfect packet delivery was considered in [47]. Ref. [48] found the optimal scheduling solution for
higher information freshness. Ref. [49] showed that the zero-wait policy is not necessarily the optimum
policy for freshness or throughput in all real-world scenarios. Currently, a large number of studies are
ongoing based on PAoI.
Most of the above studies are based on simple links. There are also some studies that consider AoI
for wireless networks. Ref. [50] considered AoI in a general multi-hop network where the update packets
do not necessarily arrive to the gateway node in the order of their generation times. Xu et al. [51]
calculated and optimized the average PAoI and found the optimal updating frequency in IoT network.
The problem of optimizing link scheduling decisions to minimize the expected weighted sum AoI of the
clients in the network was researched [52]. In [53], an energy harvesting two-hop network where a source
is communicating to a destination through a relay was considered. Based on the Poisson bipolar network,
Ref. [54] analyzed the AoI considering spatial distribution, fading, and interference. The author derived
average age of information in wireless powered sensor networks in [55].
In sensor networks, energy is a factor limiting access to a smaller average age. Ref. [56] considered
the AoI when the time-varying availability of energy at the sender limits the rate of update packet
transmissions and showed updates are submitted only when the server is free. The work in [56, 57]
showed that a lazy updating policy that introduces inter-update delays is better and Ref. [58] considered
threshold-type update policies when the generation of updating opportunities is a Poisson process. AoI
in energy harvesting two-hop networks was researched [53]. Ref. [59] generalized the result of [58] to any
(integer) battery capacity, and explicitly characterized the threshold structure.
Recently, there are some novel methods applied to the analysis of AoI. Ref. [60] introduced a deep
reinforcement learning-based approach that can learn to minimize the AoI with no prior assumptions
about network topology. Ref. [61] analyzed the AoI for both the standard ARQ and hybrid ARQ (HARQ)
protocols. SHS tools were introduced to extend AoI results to preemptive queues with multiple sources
in [62]. Ref. [63] defined soft updates to determine the optimum updating schemes.
Not just in theory, AoI and PAoI are also used in many scenarios, including the vehicular network [64],
correlated updates from multiple cameras [65], the context of industrial cyber-physical system [66],
CSMA/CA based wireless networks [67], real-life connections [68], TCP/IP links for WiFi, 4G-LTE,
3G, 2G and Ethernet services [69], exchanging systems [70, 71], shared-access channel, differential encoding of temporally correlated updates [72], and game-theoretic approaches to network resource allocation
for updating sources [73].
With the development of computers and 5G, the requirements of information freshness are becoming
more and more stringent. As a measure of real-time performance, AoI will also receive more attention.

5

Challenges

Although many studies dedicated on URLLC including physical layer design (e.g., channel coding, frame
structures, HARQ), advanced transmission technology (e.g., grant-free transmission, D2D communications, massive MIMO) as well as network layer optimization have been proposed to meet the stringent
requirements in URLLC, there remain many technical challenges to be addressed.
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Fundamental constraints

The primary goal of URLLC is to deliver small data payloads (32 to 200 bytes) within a latency of 1 ms.
While the design of short packet can essentially decrease the latency, it will cause a severe degradation in
channel coding gain. To decrease the control overhead, the control packets should also be short. However,
for different payloads, it is unclear the control overhead should be fixed or also flexible. On the other
hand, a lower control overhead may not be able to provide a same reliability.
To ensure the 1 ms latency, every component in the transmission should be improved or re-designed,
such as the resource grant, TTI duration, and the ACK/NACK mechanism. While ensuring URLLC at a
link level in achievable, it is difficult to meet the hard latency constraints at a network level, especially in
remote scenarios. This is because network latency may come from intermediate nodes, backhaul links and
the core network, the environments of which cannot be easily controlled. Moreover, it is also challenging
to investigate the tradeoffs between delay, throughput and reliability in wireless networks including both
coding and queuing delays.
Another metric of URLLC, i.e., target BLER, is at least 10−5 within 1 ms, which is much higher
than the current standard. To ensure reliability, more resources are required, e.g., longer block lengths
and retransmissions, which increases latency. Thus, the accuracy of channel estimation should be much
improved, and advanced diversity schemes with small control overhead to combat the deep fading effect
of wireless channels should be introduced.
5.2

Coexistence with other services

The future cellular system should be able to provide all three services efficiently, i.e., URLLC, eMBB
and mMTC. Different services require different metrics and also different transmission policies. Owing
to the low latency and high reliability requirement, the traffic for URLLC has the utmost priority. It
is important not to degrade the performance of other services severely while serving the URLLC traffic.
Further, the smooth transitions for different transmission policies or techniques also require a new data
frame structure and multiplexing schemes for all services. The widely-used static or semi-static resource
allocation between URLLC and other services is not efficient in terms of resource utilization. It is therefore
necessary to design dynamic multiplexing schemes, for example, eMBB transmission can be preempted if
a URLLC packet arrives in the middle of the frame. A key problem of this setting is the joint scheduling
of multiple services over different time-scales. A promising approach to achieve this goal is using the
network slicing, which is a virtualization that allows multiple logical slices to run on a shared physical
network infrastructure. Each logical slice is isolated from each other and can provide customized network
features such as bandwidth, latency, and capacity. In [74, 75], the URLLC is incorporated with multicast
eMBB to improve the performance of sliced cloud radio access network (C-RAN).
5.3

Incorporating new architectures

From the network perspective, URLLC may further benefit from edge computing and edge caching [76].
Edge computing can help offload intensive computation tasks from end users to BSs, such that the
end users can have more computing resources to deal with the transmission process. However, edge
computing services are incompatible with the current cellular networks. A direct solution is to modify the
existing protocol stack to accommodate edge computing services. As it may require substantial network
reconstruction, it is essential to consider how to smoothly merge edge computing into the current protocol
stack. On the other hand, by proactively caching contents closer to the end users, edge caching can reduce
the end to end delay significantly. Despite the potential benefits of edge caching, there is still a long way
to go before these benefits can be realized in practice. This is because the edge caching resources are
distributed and also limited, compared to the caching resources in the cloud. But the number of possible
contents is unlimited and time-varying. It is therefore important to precisely predict what contents are
popular such that the edge cache size can be effectively utilized.

6

Conclusion

As one of the three application scenarios of 5G, URLLC has some new features such as high reliability,
low delay and high availability. URLLC is widely recognized by the industry to be able to apply in the
fields of industrial control, factory automation, smart grid, internet of vehicles communication, remote
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surgery and other scenarios. In this paper, we illustrated the challenges to enable the cellular system to
seamlessly support the integration of URLLC. Meanwhile, we summarized the potential implementation
methods of URLLC from both the aspect of the physical layer and the aspect of network architecture.
Much work is still required in this area, both on the theory to understand the fundamental limit of
URLLC and on meaningful models to fit practical scenarios.
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