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Abstract—Ultra-Reliable and Low Latency Communications
(URLLC) is a challenging class of services to be supported
by the fifth generation of mobile networks (5G). Among the
URLLC services, many use cases, especially those related to
factory automation, involve communications with relatively static
radio conditions and a periodic generation of control or data
packets. The transmission of these packets requires extremely
low latency and ultra-reliable communication to enable realtime control of automation processes. In this paper, we discuss
a mechanism of deterministic resource allocation to meet the
URLLC requirement in terms of reliability and latency, including
initial transmissions and controlled retransmissions. A joint
resource allocation and modulation and coding schemes selection
is performed so that the resource consumption is minimized,
subject to latency and reliability constraints. We show that when
applying the proposed resource allocation technique it is possible
to achieve very low error rates.

I. INTRODUCTION
The 5th generation of mobile networks (5G) will not only
support an evolution of traditional mobile communication
services such as personal mobile broadband services; 5G will
in addition support new use cases and enable a everything
connected society [1]. These use cases are particularly for new
Machine-Type Communications (MTC) services, including
massive MTC and mission-critical MTC. The latter category
requires communication with very high reliability, as well
as very low latencies. One area in 5G that is considered
increasingly important is, therefore, the capability to provide
Ultra-Reliable and Low Latency Communications (URLLC),
enabling new mission-critical MTC use cases [2]. Many
verticals present interesting URLLC use cases and such as
industry automation, tactile internet, virtual and augmented
reality, smart grids, autonomous vehicles and drones. This
large range of use cases presents different requirements in
terms of latency and reliability. Namely, depending on the
application the end to end latency can vary from 0.5 to 10
ms and the reliability from 10−3 to 10−5 or even fewer [10].
The URLLC framework enables real-time control and automation of dynamic processes in various fields, such as industrial process automation and manufacturing, which is the focus
of this paper. Connecting machines in an industrial site enable
many new opportunities for discrete manufacturing and help
industrials to achieve a more efficient production. Today factory automation is largely based on wired connectivity. Among
other standards, IEEE TSN (Time-Sensitive Networking) is

increasingly used for ensuring deterministic communications
protocol in industrial control applications. It is a set of Ethernet
sub-standards that describe several mechanisms for guaranteed
real-time delivery of Ethernet traffic. The core concept of
TSN is deterministically scheduling traffic in queues through
switched networks.
In order to provide more flexibility for the factories of
the future, replacing wired communication links with wireless
ones is foreseen in short to mid-term. Wireless communications in industrial venues are particularly due to their potential
isolation and typical indoor environments. That is why the
use of unlicensed spectrum has been proposed by numerous
equipment vendors. This would allow the use of a proprietary
infrastructure dedicated only to the industrial site wireless
communications. Example of such systems is WirelessHART
[3]. Nevertheless, the use of unlicensed spectrum will not
guarantee communications without interference or spectrum
crowding, which is of paramount importance when it comes
to URLLC type of communications. We propose in this paper
the usage of licensed 5G spectrum for URLLC, ensuring
interference protection and full control of the operator.
We propose in this paper a joint Modulation and Coding
Scheme (MCS) selection and resource allocation scheme for
URLLC in factory automation use cases. Indeed, due to constraints in delay and reliability, sufficient radio resource should
be provided, not only for the first transmission but also for
retransmissions (within the delay budget). The choice of the
MCS of the different users will impact the number of resources
reserved for the first transmissions, but also the number of
retransmissions. Indeed, a robust MCS will have a lower spectral efficiency, leading to a larger number of Resource Blocks
(RBs) for sending the same applicative packet. However, this
robust MCS will result in a lower packet loss probability
and will necessitate a smaller amount of reserved RBs for
retransmissions. We formulate an optimization problem where
the MCS for each user is chosen so that the overall radio
resource consumption is minimized, subject to latency and
reliability constraints. The model takes as output detailed
link level simulations that provide, for each modulation and
channel coding scheme, the packet loss probability.
The remainder of this paper is structured as follows. In
Section II we first introduce the system model along with
our design considerations for an ultra-reliable and low-latency

between packets. The whole system has to be designed so
that the final packet loss rate is very low i.e., 10−5 ), with a
minimal number of retransmissions in order to respect the low
latency requirements (i.e., few milliseconds). A joint optimal
resource allocation for first transmissions and retransmissions
and MCS selections are then to be designed, as detailed in the
following section.
III. R ADIO R ESOURCE ALLOCATION SCHEME

Fig. 1. System model

scheduling mechanism. Also, main simulation assumptions
that are going to be used in the performance evaluations
are presented. Section III provides the formalization of the
network model to calculate radio resource consumption. In
Section IV, the performance evaluations are presented with
the detailed trade-off analysis in order to find the optimal
solution. In Section V we discuss an extension of performance
evaluation to meet per User Equipment (UE) requirement.
Finally, Section VI concludes the article.
II. S YSTEM MODEL
Wired technologies, such as Ethernet-based systems, have
been used for a long time for factory automation and they
are still the dominant technologies in this field because of
their reliability and real-time guarantee. However, the interest
of using wireless communication for factory automation has
grown recently thanks to the advantages in terms of flexible
deployment and easy maintenance. The evolution in factory
automation from wired to wireless communications should
take place gradually and it is commonly agreed that the wires
cannot be removed everywhere. In our study, we consider a
mixed wired/wireless system within the factory, as illustrated
in Fig. 1. In this figure, the main factory switches are fixed and
connected via wires, while the last hop, i.e., the link between
the UEs, integrated to the machines, and the switch is wireless.
The scheduling problem could also be divided into two
parts: wired and wireless. We suppose that the TSN protocol,
or equivalent, is applied in the wired network so that low
and bounded jitter and deterministic end-to-end latency are
ensured. Our study focuses on the wireless communication
scheduling.
On the wireless side, UEs are characterized by different
radio conditions so that their resource requirements are different and depend on their long-term Signal to Noise Ratios
(SNRs) and on their chosen MCSs. Even if we suppose that
the long-term SNRs are known, as machines are either fixed
or characterized by a low mobility, their instantaneous radio
conditions change due to fast fading, leading to some losses of
packets. Retransmissions are then needed for recovering these
lost packets, when possible. In our work, we adopt the Hybrid
Automatic Repeat reQuest (HARQ), with Chase combining

Our work targets (quasi) deterministic radio resource allocation mechanism over a wireless link. Radio resources are
allocated into the time/frequency domain. In particular, in
the time domain, they are allocated every Transmission Time
Interval (TTI). In 4G, a TTI lasts for 1 ms, while different
TTI sizes are being defined for 5G. In the frequency domain,
instead, the total bandwidth is divided in sub-channels1 . A
combination of a TTI and a subchannel is called RB and
corresponds to the smallest radio resource unit that can be
assigned to an UE for data transmission. In addition, a portion
of the spectrum and certain time interval should be given to
payloads of signaling. We will see, in the following section,
how resource allocation can be done to achieve the URLLC
requirements.
To guarantee deterministic scheduling, we propose that
a periodic resource reservation is performed. Based on the
average SNR, different MCSs are used for each user. The
number of RBs that will be reserved can, therefore, be
calculated. However, some packets will be lost with a userspecific packet error rate that depends on the chosen MCS and
the SNR. An additional amount of RBs should thus be reserved
for retransmissions and, if a retransmission occurs, HARQ
with soft combining is used to augment the performance of
decoding.
We consider a system with N UEs, indexed by i. Fig. 2
shows an example of the proposed periodic resource reservation for 4 users. As we consider that the environment is slowly
changing inside the factory, the average SNRs are constant for
a relatively long time. Therefore, the reservation is performed
identically in each cycle. As the services are delay-constrained,
we only allow one retransmission. Our model can be easily
extended to a larger (but limited) number of retransmissions.
There is clearly a tradeoff between the number of resources
reserved for the first transmission and for retransmissions.
Indeed, a more robust MCS ensures fewer retransmissions, and
then less reservation of resources for HARQ, but has a lower
spectral efficiency leading to more reserved resources for the
first transmission. There is an optimal tradeoff to seek. In this
section, we start by considering that the MCS is chosen for
each UE and proposing the corresponding resource allocation
scheme. The optimal tradeoff is studied in Section IV-C.
1 4G subchannels are of 180 kHz, each composed of 12 consecutive
and equally spaced Orthogonal Frequency-Division Multiplexing (OFDM)
subcarriers. Different subcarrier spacings are defined for 5G, but our model
is sufficiently generic to cover the different cases.

A. Distribution of the number of losses

Fig. 2. Periodic Resource Block reservation

A. Resource Allocation for first transmissions
The first step is to estimate the number of RBs for transmitting one applicative packet of URLLC service. This number
is determined by the MCS and the structure of one RB.
First of all, we should calculate the spectral efficiency,
η, measured in bit/s/Hz, of a specific MCS. η refers to
the information rate that can be transmitted over a given
bandwidth and is given by:
η = ηc ηs log2 M

(1)

where M denotes modulation order, ηc denotes code efficiency
and ηs denotes efficiency of signaling.
Suppose that the size of an applicative packet is b bits. The
bandwidth for a RB is represented by ω. And the TTI is τ .
The number of physical RBs, R, for transmitting an applicative
packet is:
R=d

b
e
ητ ω

(2)

In the following, we will define µi as the chosen MCS for
UE i. The required RBs for the first transmission of a packet
of UE i is then:
Ri = g(µi ) = d

b
e
η(µi )τ ω

(3)

We also define the users MCS selections vector #»
µ =
[µ1 , µ2 , . . . , µN ].
B. Resource Allocation for retransmissions
Since the MCS stays the same in retransmission due to
HARQ, the required number of RBs is exactly the same as
the previous transmission for each UE. However, it is not
optimal to reserve resources of retransmissions of all UEs
as the loss probability is usually low, leading to a waste of
resources for full reservation. We suppose that the amount
of resources reserved for retransmissions is H. Therefore,
we have as objectives are to determine the loss probability
knowing the users MCS selections, #»
µ , and the resources
reserved for retransmissions H and to derive optimal resource
allocation, as presented in the next section.

To calculate the probability mass function of lost RBs,
every user’s transmission process should be considered. The
relationship between loss rate of U Ei and MCSs could be
described by an error rate function f . The number of needed
RBs for retransmission can be modeled as a Bernoulli random
variable i :
(
Ri δi
(4)
i =
0
1 − δi
with

δi = f (µi )

where δi is the error probability of the first transmission for
user i and it is related with its MCS choice. This relationship
is defined by function f .
We can now compute the distribution
of the overall number
PN
of retransmissions. Let X = i=1 i be the number of needed
RBs for retransmissions, we need to compute:
P (x, #»
µ ) = P (X = x| #»
µ)
The lost number of RBs is a sum of independent weighted
Bernoulli trials that are not identically distributed. In other
words, it is the probability distribution of the total number of
lost RBs in a sequence of N independent experiments with
error probabilities δ1 , δ2 , ... , δN . The distribution function
is necessary to decide how many RBs should be reserved for
HARQ for a given target reliability. To simplify notations, let
αi = i /Ri to be the first transmission result for U Ei (αi = 1
means a failed transmission), and
#» = (α , α , . . . , α ) .
α
1

1

N

The state of all possible events is represented by:
A = {(α1 , α1 , . . . , αN ) |αi ∈ {1, 0}}
#» could be expressed with error
The probability of event α
rate of each user:
#» =
q ( α)

N
Y

[δi 1αi =1 + (1 − δi ) 1αi =0 ]

i

The indicator function 1E is equal to 1 if condition E is
verified and to 0 otherwise. The probability mass function of
lost RBs is shown as below:
X
#»
P (x, #»
µ) =
1{R( α#»)=x} q ( α)
(5)
#»∈A
α

with

#» =
R( α)

N
X

α i Ri

i=1

IV. O PTIMAL JOINT MCS SELECTION AND RESOURCE
ALLOCATION

In order to obtain the optimal scheme, we start by computing the performance under a given users MCS selection and
resource reservation. We then derive the optimal scheme under
performance constraints.

Once we have the probability mass function of lost RBs,
the cumulative distribution function could be easily derived
(equation(6) ) and the number of RBs to be reserved will be
calculated with final loss constraint.
X
FX (x) =
P (xi , #»
µ)
(6)
xi ≤x

B. Reliability computation
To evaluate the reliability of our resource allocation mechanism, we have to consider two possible events for loss as
follows. First, if the number of needed resources for retransmissions is larger than H, some of the lost packets cannot
be retransmitted, leading to a definite loss. Second, even if
there is enough space for a retransmissions, the retransmission
may fail again. Note also that, for the first event, i.e., when
there is no enough space to accommodate all retransmissions,
several policies are possible for selecting the packets to be
dropped. We here adopt the policy that accommodates the
highest number of retransmissions. For instance, if the UEs
are ordered so that Ri ≤ Rj if i < j and the vector of losses is
#» the packets of UE 1 to I ∗ (α, H) are served with I ∗ (α, H)
α,
PI ∗
the largest index so that i=1 Ri αi < H.
The following equation calculates the final error rate for UE
i:
X
#» {1 ∗ #» δ (1) + 1 ∗ #» }
1{αi =1} q ( α)
ei ( #»
µ , H) =
i≤I ( α ,H) i
i>I ( α ,H)
#»∈A
α

2) Global optimization: Once the minimal resource allocation for a given MCS selection is computed, we can
derive the global optimal MCS for minimizing overall resource
consumption:
#»
µ ∗ = argmin

N
X

#»
µ

Ri (µi ) + H ∗ ( #»
µ)

(9)

i=1

This can be done by exhaustively searching over all
possible MCS combinations.
V. N UMERICAL RESULTS
We consider a system where the machine type equipments
are randomly and uniformly distributed throughout the factory.
The environment is assumed to be controlled, including interferences, so that the average SNRs are known (or estimated on
a long term). We consider for illustration three classes of SNR
(5 dB, 10 dB and 15 dB). We consider a traffic with small
applicative packets generated periodically, with one packet
generated every 20 ms. The simulation parameters are listed
in Table I.

(7)
A. Link level simulations
(1)
δi

where
denotes the error rate during the retransmission for
user i after retransmission and decoding. The MCS-dependent
(1)
error rates for first and second transmissions δi and δi are
calculated using link level simulations as will be explained
next.
C. Optimal scheme
Above we have developed a framework for evaluating the
performance (in terms of packet losses) for URLLC services
using periodic scheduling. The performance was derived for a
set of selected MCSs and for a given reservation of resources
for retransmissions. In this section we present an optimization
framework that minimizes the overall reserved resources while
achieving the target requirements. A two stage optimization
problem is proposed. First, for given MCSs, the minimal
reservation for HARQ is derived. Based on this result, a second
optimization problem is formulated for the selection of MCSs.
1) Optimal resource allocation knowing the users MCS
selection: For a predetermined selection of MCSs, the optimal reservation of resources for retransmissions (denoted
by H ∗ ( #»
µ )) is the smallest H so that the following set of
constraints is verified:
ei ( #»
µ , H) ≤ Θ,

∀i ∈ [1, N ]

Optimal resource allocation analysis is performed using
a link-level simulator where different modulations (64QAM,
16QAM, 4QAM), channel coding schemes (turbo, polar) and
MIMO schemes are implemented, along with HARQ with
Chase combining. Table II provides the results of the link level
simulations, in terms of packet loss after the first transmission
and after retransmission, for each MCS. As the reliability
depends on the MCS combination #»
µ (equation (7)), we define
in Table III the different possible combinations, eliminating
combinations for which it is obvious that the target reliability
cannot be achieved.
TABLE I
S IMULATION A SSUMPTIONS

Applicative packet size
Number of UE
Number of subcarrier
Subcarrier spacing
TTI
Bandwidth of RB
Efficiency of signaling
Reliability target

64 bytes
15
12
15 kHz
0.5 ms
180 kHz
11/14
10−5

(8)

where Θ denotes the reliability target and ei ( #»
µ , H) the per
user packet loss rate of as expresed in equation (7). Since H
is an integer and ei ( #»
µ , H) ≥ ei ( #»
µ , H+1), we can simply do
a binary search with minimum values 0 and the maximum
resource blocks and find the optimal H ∗ ( #»
µ ). This search
is very efficient and the complexity is logarithmic in the
maximum number of RBs possible.

B. Performance evaluation
For each MCS combination, defined in Table III, we compute the amount of resources needed for the first transmission
and for retransmissions under constraints (8). Figure 3 shows
these allocations for the different combinations of Table III,
and in the same time illustrates the global optimal solution of
problem (9).

TABLE II
PACKET ERROR RATE FOR DIFFERENT MCS S AND SNR S . T HE FIRST
VALUE CORRESPONDS TO THE ERROR RATE AFTER THE INITIAL
TRANSMISSION AND THE SECOND CORRESPONDS TO THE HARQ ERROR
RATE .

1. Non coded
CP-OFDM 64QAM
2. Alamouti2*2
OFDM 64QAM
3. C(7,5) Alamouti2*2
OFDM 64QAM
4. Non coded
CP-OFDM 16QAM
5. Alamouti2*2
OFDM 16QAM
6. C(7,5) Alamouti2*2
OFDM 16QAM
7. Turbo Alamouti
OFDM 16QAM
8. MIMO4*4
OFDM 16QAM
9. Polar Alamouti
OFDM 16QAM
10. No coded
CP-OFDM 4QAM
11. Alamouti2*2
OFDM 4QAM
12. C(7,5) Alamouti2*2
OFDM 4QAM
13. Turbo Alamouti
OFDM 4QAM
14. Polar Alamouti
OFDM 4QAM
15. MIMO4*4
OFDM 4QAM

5dB

10dB

15dB

1:1

1:1

0.99:0.99

1:1

1:1

1:0.96

1:1

0.99:0.96

0.4:0.11

1:1

0.991:0.96

0.8:0.47

1:1

0.98:0.84

0.45:0.06

1:1

0.91:0.53

0.17:0.007

0.99:0.86

0.83:0.7

0.14:0.099

0.97:0.85

0.5:0.2

0.012:0.002

0.93:0.54

0.17:0.009

0.006:1e-6

0.97:0.8

0.62:0.32

0.26:0.04

0.91:0.41

0.16:0.007

0.005:5e-5

0.34:0.67

0.02:0.0003

0.0004:4e-5

0.18:0.14

0.08:0.05

1e-5:9e-6

0.1:0.003

0.004:1e-5

1e-3:1e-6

0.017:1e-5

1e-5:1e-7

1e-5:1e-7

TABLE III
MCS COMBINATIONS
MCS combination
1
2
3
4
5
6
7
8
9
10
11
12

MCS for 5dB
15
15
15
15
15
15
15
15
15
15
15
15

MCS for 10dB
14
14
14
14
14
14
15
15
15
15
15
15

MCS for 15dB
9
11
12
13
14
15
9
11
12
13
14
15

Following Figure 3, the optimal combination of MCS is
No.7, which corresponds to using MIMO 4×4 OFDM 4QAM
for UEs with SNR 5 dB or 10 dB and Polar Alamouti OFDM
16QAM for UEs with 15 dB (see Table III).
The trade-off between robustness of MCS and error probability can also be observed from Figure 3. For example, the
last MCS combination No.12 is the most robust one with
MIMO 4 × 4 OFDM 4QAM for all UEs. It requires 120 RBs
for first transmission, which is more than what is required
by combination No.7, and 16 RBs for HARQ, which is less

Fig. 3. Number of RBs to be reserved for different MCS combination with
Θ = 10−5

Fig. 4. Number of RBs to be reserved for different reliability targets for a
mix of users with good and bad radio conditions.

than No.7. We could conclude that high modulation order is
useful for users in good radio conditions, where it may be
used to improve spectral efficiency. As for users with bad radio
conditions, robustness is more important.
C. Impact of reliability requirement
We now turn to the evaluation of the impact of the target
reliability on the resource allocation. In Figure 4 it can be
observed that a tighter constraint on reliability increases the
required resources. However, the system is constrained with
users having the lowest SNR, and an error rate lower than
10−5 is not achievable. Figure 5 shows the same result but
for a system where all users have good channel conditions
(15 dB), showing how targets as stringent as 10−7 can be
reached, provided that the system is over-dimensioned (e.g.,
by densification).
D. Impact of latency requirement
We now turn to the evaluation of the impact of the proposed
scheme on the latency. For doing so, we need to understand
the different components of the latency in a practical 5G
deployment. We consider the system parameters of [9] for 5G
new radio. In particular, we consider a short TTI of 0.5 ms and
a Frequency Division Duplexing (FDD) system for minimizing

Fig. 5. Number of RBs to be reserved for different reliability targets when
all UEs have a good SNR (15 dB).

latency. According to [9], in such a system, the minimum delay
before a HARQ transmission can be scheduled is equal to
d = 1.5 ms, due to the packet processing time and the NACK
transmission/reception delay. For an MCS combination µ
~ and
the corresponding optimal HARQ resource allocation H ∗ (~
µ),
the maximal delay for a packet that is retransmitted is given
by:
P

 ∗

 ∗
H (~
µ) + i Ri (µi )
H (~
µ)
+d+
(10)
D(~
µ) =
r
r
where r be the number of available RBs per TTI (that
depends on the amount of available spectrum for the URLLC
applications).
Figure 6 shows the required amount of spectrum for different application delay constraints, obtained by computing the
minimal value of r whose corresponding delay in equation
10 is lower than the delay target (knowing that one RB
corresponds to 180 KHz). The figure shows that, when the
application is very delay-sensitive, the amount of resources
to be reserved is very large, but this amount reduces rapidly
when the delay requirements are relaxed. For illustration, for
a very stringent delay requirement of 2.5 ms, the resource
consumption is 36 MHz, 22,3 MHz and 24,5 MHz for MCS
combinations No.2, No.7 (optimal) and No.12, respectively.
This gap reduces when the latency target is lower, but the
optimal MCS combination is still the same as computed for
the target reliability constraint).
VI. C ONCLUSION
In this article, we have developed a joint MCS selection and
resource reservation scheme for reaching stringent latency and
reliability targets in factory-like environments, while ensuring
minimal resource consumption. We considered a system with
quasi-static users and reserve resources for first transmissions
and a limited set of retransmissions and formulated a twostage optimization problem for selecting the optimal MCS
combination. Our simulation results illustrate the optimal
scheme and the impact of different reliability and latency
targets on the resource reservation. As a future work, we aim
at extending our model to multiple retransmissions (within

Fig. 6. Impact of delay constraint on the amount of spectrum to be reserved.

the latency budget) and to more distributed schemes where
collisions between retransmissions may occur.
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