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ABSTRACT The growing interest in new applications involving co-located heterogeneous requirements,
such as the Industrial Internet of Things (IIoT) paradigm, poses unprecedented challenges to the uplink
wireless transmissions. Dedicated scheduling has been the fundamental approach used by mobile radio
systems for uplink transmissions, where the network assigns contention-free resources to users based on
buffer-related information. The usage of contention-based transmissions was discussed by the 3rdGeneration
Partnership Project (3GPP) as an alternative approach for reducing the uplink latency characterizing
dedicated scheduling. Nevertheless, the contention-based approach was not considered for standardization
in LTE due to limited performance gains. However, 5G NR introduced a different radio frame which could
change the performance achievable with a contention-based framework, although this has not yet been
evaluated. This paper aims to fill this gap. We present a contention-based design introduced for uplink
transmissions in a 5GNR IIoT scenario.We provide an up-to-date analysis via near-product 3GPP-compliant
network simulations of the achievable application-level performance with simultaneous Ultra-Reliable
Low Latency Communications (URLLC) and Federated Learning (FL) traffic, where the contention-based
scheme is applied to the FL traffic. The investigation also involves two separate mechanisms for handling
retransmissions of lost or collided transmissions. Numerical results show that, under some conditions,
the proposed contention-based design provides benefits over dedicated scheduling when considering FL
upload/download times, and does not significantly degrade the performance of URLLC.

INDEX TERMS 5G, NR, Ultra-Reliable Low-Latency Communication (URLLC), Industrial IoT (IIoT),
Federated Learning (FL), contention-based.

I. INTRODUCTION
Next-generation mobile radio networks will support new use
cases and, consequently, new traffic types [1], [2], [3], [4],
[5]. One exemplary emerging application is the Industrial
Internet of Things (IIoT), where wireless technologies ensure
the interconnection between industrial assets (e.g., valves,
pumps, robotic arms, etc.) and the control rooms of industry
plants [6], [7] to realize digital twins of physical industrial
entities, promote Extended Reality (XR)-based maintenance
operations, or support distributed Machine Learning (ML)
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frameworks such as Federated Learning (FL) [8], [9], [10],
[11], [12], [13].

Notably, the main characteristic of these new data trans-
fers is that they put more effort into the uplink direc-
tion, whereas legacy traffics, such as web browsing, are
rather downlink-heavy. For instance, uplink performance
is as important as downlink for fast convergence of FL
algorithm, where devices upload the results of their local
training to a central entity (upstream) which performs aggre-
gation and re-distributes the updated model (downstream)
until all nodes utilize the same version [14]. In this regard,
the literature has been investigating several approaches to
optimize the uplink data transmissions that mainly belong to
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two categories: Contention-Free (CF) and Contention-Based
(CB). According to the former, User Equipments (UEs) trans-
mit via dedicated radio resources that can be either time
slots (Time Division Multiple Access (TDMA)) [15], [16],
frequency channels (Frequency Division Multiple Access
(FDMA)) [17], or their combination [18], [19], [20], as well
as orthogonal spreading codes in a Code Division Multiple
Access (CDMA) approach [21], [22], [23], and spatial beams
in a Multiple Input Multiple Output (MIMO) network [24],
[25]. As for the CB uplink transmissions, besides the pro-
liferation of well-known studies on ALOHA-based solutions
and Carrier Sense Multiple Access (CSMA) protocols [26],
[27], [28], [29], [30], a recent hot topic is called Non-
Orthogonal Multiple Access (NOMA), where smart receivers
are designed to mitigate the interference produced by uplink
transmissions that exploit the same radio resource [31], [32].

From a standardization viewpoint, the 3rd Generation
Partnership Project (3GPP) has been considering dedicated
scheduling as the main approach for uplink data transmis-
sion, with the network assigning dedicated radio resources
(grants) upon receiving explicit requests from eachUE. Radio
resources could be either granted in a dynamic way based on
the amount of data a UE has in its buffer or could be allocated
in a semi-persistent way with an allocation repeating over
a certain amount of time. The usage of CB approach has
been studied for Long Term Evolution (LTE) to allow UEs
to directly transmit data in uplink without having to wait for
a dedicated grant [33]. Nevertheless, performance gains of
CB over LTE were limited and achievable only in scenarios
with low load and small-size uplink data, hence standardiza-
tion continued to focus on dedicated scheduling as the main
approach for uplink data transmission.

However, with the proliferation of new uplink-oriented
applications with heterogenous requirements, there is a
renewed interest in exploring the potential benefits of CB
designs for 3GPP-compliant networks. Additionally, 5th gen-
eration (5G) NewRadio (NR) foresees substantial differences
w.r.t LTE that might really unleash the potential benefits of
CB schemes. Therefore, the aim of this paper is to re-visit
the work done by 3GPP and to give a first assessment of the
achievable performance of CB uplink transmissions applied
to 5G NR. We present a CB design for 5G NR Physical
Uplink Shared Channel (PUSCH), and we consider different
mechanisms for handling retransmissions of lost or collided
transmissions. Unlike previous assessments done by 3GPP,
we consider extensive network simulations to assess the
application-level performance achieved by FL traffic in an
IIoT scenario when using the proposed CB design for 5G NR
PUSCH, focusing on both upstream and downstream perfor-
mance. Numerical results show that the considered CB design
for 5G NR PUSCH provides benefits over dedicated schedul-
ing under some conditions, and scales well with the number
of UEs, by also poorly deteriorating the application-level
performance of other higher-priority traffic flows.

The paper is structured as follows. In Sec. II we clar-
ify the original contributions of this paper by reviewing

both the academic literature and 3GPP standards. Sec. III
describes the considered CB design for NR PUSCH, whereas
Secs. IV and V present the system model and the metrics
used for the performance evaluation. Finally, in Sec. VI we
present the corresponding numerical results, while in Sec. VII
we summarize the main achievements and possible future
works.

II. RELATED WORKS
A. LITERATURE REVIEW ON UPLINK DATA
TRANSMISSIONS
The academic literature analyzes several approaches to shrink
the uplink latency provided by dedicated scheduling, where
UEs willing to transmit data have to first request radio
resources from the network. Some works propose improve-
ments of the semi-persistent allocation mechanisms [34],
where the network reserves a given number of dedicated
radio resources for a limited amount of time. In this regard,
the authors in [35] study predictive algorithms for the
radio resource assignments by considering an LTE net-
work, whereas the potential benefits of a traffic-aware semi-
persistent scheduler are investigated in [36] for a private 5G
NR network tailored to an IIoT environment. Semi-persistent
resource allocations reduce the control plane overhead, but
fail in managing unpredictable/highly-variable traffic and do
not scale well with the offered traffic due to an intrinsic
spectral inefficiency.

To overcome the above limitations, the literature is propos-
ing grant-free transmissions [37], [38], that is, a distributed
scheme where UEs can autonomously select the radio
resources to be used for their uplink transmission without
relying on any grant reception, thereby introducing possible
collisions. This approach is tailored to aperiodic (or uncer-
tain) traffic but its CB nature undermines communication
reliability. Some works [39], [40], [41], [42], [43] try to
mitigate the collision impact by studying both, the optimal
number of a-priori packet duplications and how tomanage the
acknowledgments of the duplicates, leading to the consequent
trade-off between resource efficiency and reliability. Con-
versely, others investigate sensing mechanisms and/or inter-
ference cancellation techniques [44], [45], [46], as well as
considering UEs that leverage ML to learn how to optimally
select the radio resources based on their past experience [47].
However, distributed solutions imply a higher complexity at
the UE-side which may be unfeasible in some scenarios (e.g.,
for IIoT applications), and their optimality applies only to
particular cases.

B. STANDARDIZATION REVIEW ON UPLINK DATA
TRANSMISSIONS
Dynamic Scheduling (DS) is the main approach used in
3GPP-compliant networks to support the transmission of
uplink data with variable size and no periodic patterns [48].
Fig. 1 shows the timing diagram of DS. First, a UE with no
allocated grants (i.e., dedicated radio resources) waits for an
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FIGURE 1. High-level time diagram of the basic dynamic scheduling
principle.

occasion to send a Scheduling Request (SR) to indicate to the
Next Generation Node Base (gNB) that it has new data to be
sent, then the gNB replies with a grant (‘‘Grant#1’’ in Fig. 1)
containing the set of radio resources that are allocated for the
first uplink transmission. Consequently, the UE will create a
Transport Block (TB) (i.e., Medium Access Control (MAC)
Protocol Data Unit (PDU)) based on the received grant. The
TB will be used to carry (i) the Buffer Status Report (BSR),
i.e., a MAC Control Element (CE) indicating the number of
bytes left in its transmission buffer, and (ii) any data that may
fit into it1. The number of resources allocated by the first
grant could be enough to allow the UE to transmit all data
in its queue, but this cannot be guaranteed as the gNB has
not yet information on how much data the UE has to send.
Hence, depending on the received BSR, the gNB could send
one or more new grants to allow the UE to free up its buffer
(transmissions highlighted with a dashed box in Fig. 1).

As a matter of fact, DS is a very flexible approach because
it allows tailoring the radio resources allocated to a UE
based on its buffer status and cell load, as well as adjust-
ing transmission parameters (e.g., Modulation and Coding
Scheme (MCS)) based on its channel quality. Nevertheless,
the interval from when new data reaches UE’s buffer to when
the gNB knows how much data the UE has actually to send
is not negligible and this impacts the overall uplink latency
performance.

The 3GPP studied possible uplink latency reduction tech-
niques for LTE in Rel. 9 [33], [49] and in Rel. 14. [50], [51],
[52]. For DS, it was proposed to increase the frequency of SR
occasions to reduce the first component of uplink delay. Other
solutions were based on Semi-Persistent Scheduling (SPS),
with periodic fixed-size allocation dedicated to a UE which
would allow a UE to directly start transmitting its buffered
data. However, since the UE could have no data to transmit
in a given SPS occasion, it could do padding or skip the trans-
mission opportunity depending on the configuration sent by
the gNB. Solutions [33], [51], [52] were instead based on the
usage of a CB PUSCH, where a UE could directly transmit its
uplink data using a pre-configured PUSCH allocation which
is shared among multiple UEs, thereby introducing colli-
sions in the network. Regarding handling of collisions, the
proposal [51] considered that the gNB could not distinguish
among colliding UEs. A colliding UE will not receive any
feedback (acknowledgment of successful reception) by the

1SRs, grants, and the message containing BSRs plus data are mapped to
Physical Uplink Control Channels (PUCCHs), Physical Downlink Control
Channels (PDCCHs) and PUSCHs, respectively.

gNB and this will trigger a retransmission. In this scheme, the
UE will perform backoff when selecting the next CB PUSCH
occasion for transmission. The proposal [52], instead, con-
sidered that the gNB could distinguish colliding UEs through
DeModulation Reference Signal (DMRS)-based UE identifi-
cation [48], [53]. In this way, the gNB can, at least, acquire
knowledge of which UEs collided and consequently schedule
a dedicated PUSCH resource for their retransmission (thus
avoiding further collisions). Moreover, the study in [33] pro-
vided an analysis of achievable performance when using CB
for traffic upload and download and considering one UE,
whereas relationships between uplink load, collision proba-
bility, and uplink latency characterizing the aforementioned
solutions can be found in [51] and [52]. By considering these
works, the calculations in [50] and [54] highlight that the
uplink delay for CB PUSCH transmissions is difficult to be
kept stable if the collision probability (which depends on
how many UEs share the same CB allocation) becomes too
high, whereas solutions based on SR frequency increase and
on SPS allow a more predictable delay performance at the
expense of a reduced uplink capacity. Consequently, [49],
[50] concluded that the gains of the CB PUSCH solutions
were too limited for LTE compared to DS or SPS to motivate
the required extra standardization work.

C. ORIGINAL CONTRIBUTIONS OF THIS PAPER
Besides the degradation of performance caused by collision,
the study from 3GPP did not provide an exhaustive analysis
of the behavior of CB over LTE. Furthermore, 5GNR brought
different changes compared to LTE which could influence
the achievable performance of a CB approach. Overall, the
contributions of this paper are:

• Introduce a CB design for 5G NR PUSCH.
• Analyse performance when legacy DS and CB for
5G NR PUSCH are simultaneously used, by also
assessing the impact of two different retransmission
mechanisms which are inspired from previous 3GPP
studies [51], [52].

• Analyse performance of CB for 5G NR PUSCH when
applied to a FL-based IIoT scenario, where there is a
correlation among uplink transmissions of FL UEs, thus
creating a more challenging scenario for CB.

• Analyse both downstream and upstream flows.
• Analyse the trade-off and the relationships among
different metrics related to CB for 5G NR PUSCH.

III. CB FOR NR PUSCH
A. GENERAL 5G RADIO FRAMEWORK
The time axis is divided into slots, composed of 14 Orthogo-
nal Frequency DivisionMultiplexing (OFDM) symbols each,
whereas the frequency axis is partitioned into Resource
Blocks (RBs), that is, sets of 12 subcarriers [48]. We consider
an Frequency Division Duplexing (FDD) scheme where the
gNB manages the uplink/downlink radio resources, that is,
a set of OFDM symbols and RBs (space/power domains are
not considered in this paper).
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FIGURE 2. Timing diagram of the considered CB for NR PUSCH design,
showing the relationship between reception of CB grant and availability
of uplink data.

B. CONTENTION-BASED DESIGN
The gNB allocates a portion of uplink radio resources to a
given set of UEs. We refer to this allocation as CB grant,
CB resource, or CB allocation, equivalently. In our current
implementation, we consider that a CB grant is created at each
slot2. The CB grant is broadcasted to the UEs associated with
that CB resource and contains the following two main pieces
of information:

1) The time/frequency location and dimension (in terms
of number of OFDM symbols and RBs) of the CB
resource3;

2) The MCS associated to the CB allocation. In our cur-
rent implementation, we consider that the gNB has
Channel State Informations (CSIs)4 of the UEs, hence
the MCS is chosen according to the UE in the worst
channel condition. If CSIs are not available, the most
conservative MCS is selected.

Only the UEs with non-empty queues will exploit the
CB grant to transmit BSR and data, whereas the others will
ignore it. In case of successful CB transmission, the gNB
replies with a positive Acknowledgment (ACK).

Fig. 2 shows the timing diagram of the aforementioned
CB design, focusing on the time relationship between the

2Of course, other approaches could be considered, e.g., creating the CB
grant as a semi-persistent allocation thus avoiding the transmission of CB
grants at each slot. Nevertheless, we considered this approach for simplicity
of implementation, and because it allowed us to analyze scenarios with a
dynamic variation of the resources allocated to the CB grant.

3Notice that, in our design, the colliding transmissions are completely
overlapped in time and frequency, and this means that the gNB can avoid
performing blind decoding, that is, blindly searching for possible transmis-
sions within a given time-frequency resource.

4Specifically, the gNB computes the CSI upon receiving the periodical
Channel Quality Information (CQI) transmissions made by the UEs.

availability of a CB allocation and the presence of data in the
UE’s buffer. Fig. 2a depicts the pessimistic case, i.e., the UE
has new data available at its buffer but has no CB resources
granted for transmission, so it has to wait to receive a CB
grant. Indeed, this is possible because the creation of CB
grants and data are independent events. Fig. 2b represents the
optimistic case, where the UE has already received a CB grant
and thus new data which reached its buffer can directly be sent
over the CB resources.

However, a CB uplink transmission can fail either due to
collisions or link failures. In the former case, we consider
that collisions are always harmful, i.e., no capture effect
is considered. Nonetheless, regardless of the reason for the
missed reception, the gNB will not reply with any ACK,
thereby triggering a retransmission [48], [51].

C. RETRANSMISSION MECHANISMS
By recalling that 5G NR relies on Hybrid Automatic Repeat
reQuest (HARQ) at the MAC layer, we defined a maximum
number of retransmissions for each TB, NRX . In particular,
when a UE wants to retransmit a TB after NRX + 1 times,
the MAC layer declares a HARQ failure, and an Radio Link
Control (RLC) retransmission is triggered since we consider
Acknowledge Mode (AM) RLC.

Specifically, two retransmission mechanisms are consid-
ered, where all UEs implement the same mechanism within
one simulation round.

1) RETRANSMISSIONS ON DEDICATED RESOURCES
In this case, we assume that the gNB can retrieve the identity
of the colliding UEs, and thereby it can reserve dedicated
radio resources for each colliding UE to retransmit the failed
TB. In particular, the dedicated grant will indicate which CB
resource was used by the failed attempt so that the UE can
know what TB to retransmit.
Remark 1: The MCS associated to retransmissions on ded-

icated resources is no longer dependent on the worst channel
conditions but is tailored to the CSI of the specific UE (if
available).
Remark 2: In real-world implementations, the use of

orthogonal signals, such as those obtained with a proper map-
ping of DMRS symbols, can let the gNB know the identity of
the colliding UEs [48]. However, these types of signals are
usually in a finite number, and this may limit the number of
UEs that can exploit a CB allocation. This aspect is left to
future studies, i.e., we have assumed that such a mechanism
can distinguish all UEs associated with the CB resource.

2) RETRANSMISSIONS ON CONTENTION-BASED
RESOURCES
In this case, when the ACK is not received, each UE will per-
form backoff before retransmitting again via CB resources.
During backoff, each UE will stay silent, i.e., it will not
exploit any CB grant, for a number of slots uniformly
distributed over the interval [0,TBO]. Remarkably, since
retransmissions refer to the same TB created for the failed
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FIGURE 3. The considered 2030-like industrial scenario, where industrial
assets are equipped with legacy or FL-based UEs that are served by a
private 5G network. These UEs communicate with a C/M that is physically
located in the control room of the factory.

FIGURE 4. The deployment model of the considered 2030-like industrial
scenario.

transmission, the MCS of the CB allocation used for the
retransmission may not be compatible with that associated
with the failed TB, since this depends on how the channel has
changed for the worst UE. Therefore, when using this retrans-
mission policy, UEs do not rely on HARQ retransmissions,
that is, we set NRX = 0. Conversely, an RLC retransmission
is triggered directly, thereby generating a new set of TB.

IV. SYSTEM MODEL
A. SCENARIO
This paper considers the 2030-like industrial scenario fore-
seen in [8], where a heterogeneous set of IIoT UEs coexist in
the same factory. In particular, Fig. 3 illustrates the considered
network architecture, where N industrial assets can either be
legacy (e.g., robotic arms) or FL-based (e.g., cameras per-
forming image recognition through neural networks trained
via FL). Both types of entities are deployed in the production
line of the factory and they have to communicate with a C/M
located in the control room. To this aim, the industrial devices
are equipped with 5G UEs (one per industrial asset), and the
factory is controlled by a private 5G network which consists
of a dedicated Radio Access Network (RAN) and 5G Core
(5GC).

B. DEPLOYMENT MODEL
The factory floor has been modeled as a parallelepiped of
length l, width w, and height h, as indicated in [7]. Inside the
factory, 5G communication between the UEs and the gNB
can undergo severe attenuation due to obstructing elements
(also referred to as ‘‘obstacles’’ in the rest of the paper), such

FIGURE 5. Timing diagram of the considered FL traffic, where a FL server
performs aggregation during iteration x by using inputs from all FL
devices (four UEs are depicted as an example), and it generates a new
model version which will be sent during iteration x+1. For the sake of
simplicity, the gNB time axis is not shown, but it clearly acts as the
forwarding node between FL UEs and the FL server.

as walls or metal slabs. Obstacles are modeled as cubes and
they are distributed inside the factory based on a given density
BD, whereas N UEs are randomly and uniformly distributed
inside the factory at a given heightHUE from the ground floor.
The gNB is instead located at heightHgNB, as shown in Fig. 4.

C. TRAFFIC MODEL
As anticipated in Sec. IV-A, we consider a factory containing
two types of industrial assets. This means that we consider
two different cathegories of UEs, i.e., (i) UEs that produce
Ultra-Reliable Low-Latency Communication (URLLC) traf-
fic (hereinafter referred to as URLLC UEs) and (ii) UEs
that generate FL traffic (hereinafter referred to as FL UEs).
Hence, among the N UEs which are randomly and uniformly
distributed in the factory, NUR are URLLC UEs and NFL are
FL UEs.

1) URLLC TRAFFIC
It is modelled as a periodic bidirectional traffic, where UEs
transmit and receive application layer PDUs of PUUR and PDUR
bytes, respectively, with a fixed periodicity τ . Depending
on the transmission direction, that is, uplink or downlink,
an application layer PDU is discarded if it has been received
with a delay exceeding τUB or τDB , respectively. In particular,
the delay is defined as the time elapsing from the instant when
new data for transmission is generated at the sender, and the
instant when it is entirely received by the recipient.

2) FL TRAFFIC
It is modeled according to the synchronous FL framework
described in [14], i.e., an iterative procedure where a FL
server, embedded in the C/M, trains a global model (e.g.,
the parameters of a neural network) by aggregating local
models coming from the FL devices. The approach of one,
generic, FL iteration is shown in Fig. 5. At the beginning
of the iteration, the FL server sends the current version of
the global model to the FL UEs, i.e., model v.(x) during
iteration x, where x ∈ {1, 2, . . . ,X}, beingX the total number
of FL iterations. Upon reception of the model, the devices
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perform local training and then send their updated version to
the server. Finally, the server computes the new version of
the model, i.e., model v.(x+1), that will be sent in downlink
during iteration x+1. Specifically, a unicast download of the
model is assumed, that is, the server individually sends the
same current version of the model to all UEs5. In this regard,
τM represents the time taken by the C/M application layer
to generate the corresponding Physical (PHY) PDUs. From
the communication perspective, having a unicast download
means that UEs will receive the model at different instants,
and this spreads the subsequent uplink traffic over time, even
due to potentially different training times of separate UEs.
However, in this synchronous FL paradigm, the server has
to receive all models before generating the new version.
To avoid that the server stops due to errors (e.g., missing
data fragments), we leverage Transmission Control Protocol
(TCP) at the transport layer, thus introducing retransmissions
of lost data at layer 4 of the protocol stack.

D. CHANNEL MODEL
The channel model is taken from [57], where the block-
age model B is used to determine the multipath attenuation
caused by each of the obstacles using a knife-edge diffraction
method, in addition to the path gain matrix and 3D channel
data for all possible devices’ locations.

E. APPLICATION OF CONTENTION
In such an IIoT scenario, the objective of this paper is to
assess whether the CB approach for uplink transmissions
(i.e., NR PUSCH) described in Sec. III can provide any
benefit. In particular, we apply the CB design for NR PUSCH
to the FLUEs only, because there exist other scheduling algo-
rithms, such as semi-persistent scheduling [34], [35], [36],
which are better tailored to the URLLC traffic characteristics.
For example, the stringent availability requirements of the
URLLC traffic [58], [59], [60], [61], cannot be easily met by
a design where transmissions can also fail due to collisions in
addition to channel impairments.

Conversely, the study of achievable performance with CB
strategies for the FL traffic may be interesting due to the
following reasons:

1) It is likely spread over time due to (i) unicast download
of the model, (ii) a non-negligible τM , and (iii) possibly
different training times of the UEs. Indeed, by design,
CB solutions work well when UEs do not have to
transmit at the same time;

2) It is characterized by an on-off pattern, i.e., the down-
load of a version of the model is followed by an upload
of the new version and vice versa, but these two events
never occur together. Since the download of a model
is also characterized by the uplink transmissions of the
corresponding TCPACKs, the immediate consequence
of this property is that the uplink transmissions of TCP

5This choice avoids considering the technical difficulties of multicast
transmissions, such as the selection of the MCS [55], [56].

ACKs and FL models are not simultaneous and thus
they cannot collide;

3) FL UEs can, in principle, exploit their local ML capa-
bilities to also learnwhen to use the CB resources based
on their past experience. However, this aspect is not
considered in this study but it might be the subject of
future works;

V. PERFORMANCE METRICS
This section describes the metrics used to assess the perfor-
mance of the considered CB design when applied to the FL
traffic and referring to the IIoT system model presented in
Sec. IV. In particular, each metric refers to one traffic type,
that is, either URLLC or FL traffic.

A. APPLICATION LAYER AVAILABILITY
Let us introduce a Bernoulli state variable for the i-th URLLC
device, Xi(t), that is zero if the last reception (at the applica-
tion layer) has failed, either due to link failures or exceeding
delay bound (see Sec. IV-C). Consequently, the application
layer availability for the i-th URLLC UE can be defined as
follows:

ai(t) :=

 0, if
∫ t

t−TSV
Xi(τ ) dτ = 0

1, otherwise
(1)

where TSV is the survival time, i.e., the interval of time
during which the application can tolerate failures, i.e., missed
reception of data.

Therefore, the application layer availability for the i-th
URLLC UE can be written as:

ai := lim
T→∞

1
T

∫ T
2

−
T
2

ai(t) dt (2)

Finally, the average application layer availability, averaged
over the total number of URLLC UEs NUR, can be computed

as a =

∑NUR
i=1 ai
NUR

. Moreover, depending on the transmission
direction (uplink or downlink), two average application layer
availabilities can be defined, that is, aU and aD.

B. COLLISION PROBABILITY
The collision probability of the n-th FL UE, with n ∈

{0, 1, . . . ,NFL}, is defined as follows:

pCn =
Cn
Tn

(3)

where Cn is the number of CB allocations where the n-th
UE has collided, and Tn is the total number of utilized
CB resources. It immediately follows that the average col-
lision probability, averaged over the total number of FL UEs,

is pC =

∑NFL
n=1 p

C
n

NFL
.

C. MODEL DOWNLOAD TIME
Fig. 6 formalizes the different timings characterizing a
generic iteration x and referring to the n-th FLUE. As already

74478 VOLUME 11, 2023



G. Cuozzo et al.: Analysis of a Contention-Based Approach Over 5G NR for FL

FIGURE 6. Timing diagram of a generic FL iteration x , where the download
of model v.(x) for the n-th FL UE starts after nτM w.r.t the beginning of
the iteration and lasts τD

x,n. When the download ends, the n-th FL UE
performs training for τT

n and then it takes τU
x,n to upload the modified

version of the model. Upon reception of the training outcomes from all
UEs, the FL server ends iteration x by taking τA to create model v(x+1).

mentioned in Sec. IV-C, the iteration starts when the FL
server has a newmodel ready to be transmitted in unicast to all
FL UEs, and the download of the model intended for the n-th
FL UE starts after nτM w.r.t the beginning of the iteration.
In this regard, the model download time τDx,n is defined

as the time elapsing from the transmission of the first bit of
model v.(x) to the reception, by the n-th UE, of its last bit.
It immediately follows that the averagemodel download time,
averaged over the total number of FL UEs and iterations X ,
can be computed as τD =

1
XNFL

∑X
x=1

∑NFL
n=1 τDx,n.

D. MODEL UPLOAD TIME
Upon receiving the model v.(x), the n-th FL UE performs
local training for a given amount of time τTn . Afterward, it will
transmit the result of the training, i.e., the updated version of
the model, to the FL server.

Hence, the model upload time τUx,n (see Fig. 6) is defined as
the time elapsing from the transmission, by the n-th FL UE,
of the first bit of the local updated version of model v.(x),
to the reception by the FL server of its last bit. It immediately
follows that the averagemodel upload time, averaged over the
total number of FL UEs and iterations X , can be computed as
τU =

1
XNFL

∑X
x=1

∑NFL
n=1 τUx,n.

E. ITERATION TIME
When the FL server receives the updated versions of model
v.(x) from all the FL UEs, it takes τA to perform aggre-
gation, i.e., to generate the new version v.(x+1). Since the
iteration time x is defined as the time elapsing from the
generation of model v.(x) to the creation of model v(x+1)
at the server-side, the average iteration time τ , averaged
over the total number of iterations X , can be computed as
τ I =

1
X

∑X
x=1 τ Ix .

VI. PERFORMANCE EVALUATION
A. ANALYZED POLICIES
This section briefly summarizes the different policies (and
their nomenclature) used in the performance evaluation
campaign.

1) DYNAMIC SCHEDULING
It is the basic scheduling mechanism of 5G NR described in
Sec. II-B, and it will be labeled as DS.

FIGURE 7. Timing diagram of the Instantaneous Buffer Information (IBI)
approach, an ideal version of DS used for comparison with CB for NR
PUSCH, where the gNB immediately knows the BSR of the UEs as soon as
they generate new data and it thus reserves dedicated radio resources for
them.

2) INSTANTANEOUS BUFFER INFORMATION
It is an ideal version of DSwhere the gNB immediately knows
the BSR of the UEs as soon as they generate new data, and
it will be labeled as IBI. More precisely, the IBI approach is
summarized in Fig. 7, where, without any reception of SR or
BSR, the gNB reserves dedicated radio resources to the UEs
that have new data to transmit.

This kind of ideal version of DS is useful for comparison
with the considered CB for NR PUSCH design because,
in both cases, the SR is not needed, i.e., the impact of the
control plane is lower. However, differently from contention,
no collisions are present in this case. Indeed, as it will be
shown in Sec. VI-B, the considered CB for NR PUSCH out-
performs the IBI scheme only in very specific occasions, and
overall the performance of IBI is close to the best achievable.

3) CB FOR NR PUSCH WITH RETRANSMISSIONS ON
DEDICATED RESOURCES
It refers to the CB design for NR PUSCH described in
Sec. III-C, where retransmissions are scheduled via dedicated
resources, and it will be labeled as CB for NR PUSCH with
re-tx on dedicated.

4) CB FOR NR PUSCH WITH RETRANSMISSIONS ON
CONTENTION RESOURCES
It refers to the CB design for NR PUSCH described in
Sec. III-C, where retransmissions are scheduled via CB
resources, and it will be labeled as CB for NR PUSCH with
re-tx on contention.

B. NUMERICAL RESULTS
Simulation parameters, if not otherwise specified, are
reported in Table 1. In particular, some additional information
should be provided:

• Based on the chosen numerology (i.e., 1f = 30 kHz),
the 5G slots are 0.5 ms long. Hence, each simulation is
formed by 300000 slots since TS = 150 seconds. All
results have been obtained by averaging over 10 sim-
ulations, that is 3000000 slots, where each simulation
was associated with a diverse seed, i.e., a different dis-
tribution of UEs and obstacles, as well as an independent
channel evolution;
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TABLE 1. Simulation parameters.

• Based on the chosen bandwidth and numerology, the
overall number of RBs is 112, and the latter constitutes
the upper bound for the size of the CB grant in the
frequency domain. Conversely, there is no limit in the
time domain, i.e., on the available OFDM symbols to be
used for CB uplink transmissions;

• The total number of FL iterations, X , is not fixed a priori
(and thus it does not appear in Table 1) since it depends
on the specific settings of a given simulation run, such
as the number of UEs, the model size, the considered
retransmission policy, etc.;

• As far as the FL model is concerned, we follow the
approach of [14], where both the FL server and UEs are
assumed to implement a Deep Neural Network (DNN)
following the MobileNets architecture [62], i.e., a class
of DNNs models based on a streamlined architecture for
mobile and embedded vision applications. However, it is
important to underline that we did not implement any
DNN because we focus here on the communication part
of this traffic. Hence, we set the related FL timings (i.e.,
training and aggregation time) and model sizes based on
the study in [62];

• All results show a confidence interval with a probability
of 95%;

• When FL UEs have to rely on DS, SRs periodicity is
1 slot, i.e., 0.5 ms;

• As already described in Sec. III, the maximum number
of HARQ uplink/downlink retransmissions, NRX , is set
to 0 when FL UEs retransmit via contention, other-
wise it is set to 10. On the other hand, NRX is set to
3 or 2 for uplink and downlink URLLC transmissions,
respectively;

• Among the same category of UEs, proportional fair is
used as the radio resource assignment algorithm [63];

• URLLCUEs have higher priority w.r.t FLUEs. Remark-
ably, retransmissions have a higher priority w.r.t first
transmissions, and this means that retransmissions of FL
TB are prioritized w.r.t first transmissions of URLLC
TB. In a nutshell, the different cases can be sorted in
descending priority order as follows:
1) Retransmissions of URLLC UEs;
2) Dedicated retransmissions of FL UEs (when con-

sidering CB for NR PUSCH with re-tx on dedi-
cated, as described in Sec. III-C1);

3) First transmissions of URLLC UEs;
4) First transmissions or CB retransmissions of FL

UEs (when considering CB for NR PUSCH
with re-tx on contention, as described in
Sec. III-C2).

All that being said, Fig. 8 is a collection of four plots show-
ing the average model upload/download time as a function of
the number of FL UEs, and by considering FL model sizes,
PFL , of 12 and 16 kB, as well as 2 MB (the latter is the
minimum size considered in [62]). It is clearly evident that
the considered CB approach outperforms DS when the model
size is 12 and 16 kB, for all the considered values of NFL ,
both in upload and download. Notice that the considered CB
for NR PUSCH is applied to any uplink communication of
the FL UEs; therefore, the gain in the model download time
is due to an improvement of the time needed to transmit the
TCP ACKs.

However, the gain of CB for NR PUSCH ceases to be true
for a larger model size of 2 MB, even for a small number of
FL UEs (i.e.,NFL > 1), and this is more evident for the model
upload time. Indeed, in upload, a larger model size increases
both the number of transmissions (due to segmentation [48])
and their dimensions, whereas, in download, the number of
TCP ACKs transmissions increases but their size remains
unaffected.

The two retransmission policies perform similarly, espe-
cially for low model sizes, because of a sufficiently
low amount of new collisions during the retransmissions.
Nonetheless, counterintuitively, Fig. 8b shows lower model
upload times when retransmitting via CB grants. The reason
for that is two-fold. On the one hand, reserving dedicated
resources for retransmissions of a non-negligible size sig-
nificantly shrinks the available resources that can be used
for future CB allocations (due to the higher priority given to

74480 VOLUME 11, 2023



G. Cuozzo et al.: Analysis of a Contention-Based Approach Over 5G NR for FL

FIGURE 8. Model upload/download time as a function of the number of FL UEs, and by considering model sizes of
12/16 kB and 2 MB. The different curves represent four different situations, that is, the FL UEs are scheduled (i) via DS,
or (ii) IBI, or (iii) perform CB for NR PUSCH with re-tx on dedicated resources, (iv) or perform CB for NR PUSCH with
re-tx on CB resources.

retransmissions w.r.t first transmissions), thereby prolonging
the overall transfer time of the case with retransmissions
on dedicated resources (this aspect will be better clarified
later when discussing Fig. 9). On the other hand, looking at
behaviors of single UEs, we noticed that the number of UEs
which do not complete all iterations within the simulation
time is higher (on average) when retransmissions happen
via CB resources compared to retransmitting on dedicated
resources (the reader can recall from Fig. 5 that a UE finalizes
an iteration only when it concludes its model upload). Due
to this second reason, the lower model upload time for the
case of retransmissions on CB resources when PFL = 2 MB
is not fully reflecting a better performance from a FL itera-
tion point of view compared to retransmissions on dedicated
resources. Indeed, the latter approach, although with higher
upload transfer times, allows more UEs to complete the FL
iterations also in case of higher load as retransmissions are
(i) without collisions, and (ii) can exploit a per-UE link
adaptation process for the MCS selection.

As expected, CB for NR PUSCH outperforms IBI only in a
very specific case, i.e., when considering a single FL UE for
small model sizes. This is because, the absence of collisions
highlights the gain provided by CB, i.e., the single UE is
likely to immediately perform the few transmissions needed

TABLE 2. Conditions under which CB for NR PUSCH with retransmissions
on dedicated resources provides lower model upload times w.r.t DS as a
function of the model size PFL and maximum bandwidth allowed for CB
transmissions BCB when considering NFL = 30.

TABLE 3. Average collision probability and average iteration time as a
function of the number of FL UEs, when considering the model size
of 2 MB, and the CB approach for NR PUSCH with retransmissions on
dedicated resources.

to upload the small model because it already received the
CB grant when the data is generated (see Fig. 2b). When the
number of UEs increases, IBI remains the best-performing
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FIGURE 9. Number of RBs used for CB allocations (blue dots) and number of colliding FL UEs (red dots), as a function of the 5G slot indexes contained
in one simulation run, when considering 30 FL UEs transmitting and receiving models made of 12 kB (on the left) or 2 MB (on the right) by means of CB
for NR PUSCH with retransmissions on dedicated resources.

policy due to its ideality. For this reason, we will not further
consider the performance of IBI in the analysis.

To explain the reasons behind the choice of 12 and 16 kB
as the FL model sizes for Figs. 8a and 8c, Table 2 shows the
conditions under which CB for NR PUSCH with retransmis-
sions on dedicated resources provides lower model upload
times w.r.t DS as a function of the model size, PFL , and max-
imum bandwidth allowed for CB transmissions BCB (out of
the overall system bandwidth B) when consideringNFL = 30.
As can be seen, independently of the considered BCB value,
a model size of 12 kB is the maximum value for which the
considered CB design provides benefits over DS, thereby
motivating the model size choice of Fig. 8a. Of course, the
same holds for the model download times, i.e., 16 kB is the
maximum model size for which there are gains, as well as
when considering the design employing retransmissions on
CB resources.

Next, in Table 3 we show the average collision probability,
pC , and average iteration time, τ I , when considering the
model size of 2 MB, and the considered CB for NR PUSCH
with retransmissions on dedicated resources. It can be seen
that the average iteration times can be tens of seconds even
for low loads, thus indicating that a FL training can be quite
large if it involved higher loads (i.e., a non-negligible training
phase has to be performed before having FL-based cameras
ready to perform image recognition).

It is interesting to notice that the average collision probabil-
ities are relatively small (at most ∼ 12%). This consideration
suggests that the introduction of a collision framework in a
5G NR IIoT network produces an additional phenomenon
that cannot be merely controlled by looking only at the colli-
sion probability. This thought is confirmed through Fig. 9,
where it illustrates both, the number of RBs used for CB
allocations (blue dots) and the number of colliding FL UEs
(red dots), as a function of the 5G slot indexes contained in

one simulation run. Twomodel sizes are compared, i.e., 12 kB
(on the left) and 2 MB (on the right). The plot refers to one
cell, and a total amount of 30 FL UEs which are scheduled
via CB for NR PUSCH with retransmissions on dedicated
resources. Among the total amount of 112 RBs, the gNB
never allocates more than 96 RBs for the CB allocation due to
the presence of the higher priority always-on URLLC traffic.
With a fixed periodicity, the CB allocation shrinks to 81 RBs
due to periodic control plane signals, such as CQIs. However,
it can be clearly noted that, when considering model sizes
of 12 kB, the number of collisions is sporadic and they
never involve more than 2 UEs. Consequently, the number
of RBs used for the CB allocation (blue dots) remains high
for most of the time. This ceases to be true when considering
model sizes of 2 MB, because, for the vast majority of the
simulation, the CB allocation is shrinked to a few RBs (close
to 5), thus resulting in very long download/upload transfer
times (as previously shown in Fig. 8b and 8d). Indeed, the
size of the model is such that, even the retransmissions of
a few number of colliding UEs (no more than 5) need most
of the dedicated radio resources. Consequently, the higher
priority given to such retransmissions dramatically reduces
the amount of resources that can be used for future first
transmissions via CB allocations. This phenomenon explains
the performance degradation of the considered CB scheme
when dealing with larger model size despite a relatively low
collision probability, and, at the same time, it motivates the
benefit in retransmitting on CB resources for this specific
case (as explained when describing Fig. 8b).

Finally, Fig. 10 shows the URLLC uplink/downlink avail-
ability (see Sec. V-A) as a function of NFL , by com-
paring the two cases where FL UEs transmit/receive a
model of 2 MB (i.e., the worst case) and are scheduled
(i) via DS or (ii) by means of the considered CB design
with retransmissions on dedicated resources. As expected,
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FIGURE 10. Average uplink/downlink availability as a function of NFL, by comparing the two cases where FL UEs transmit/receive a model of 2 MB
(i.e., the worst case) and are scheduled (i) via DS or (ii) by means of the considered CB for NR PUSCH with retransmissions on dedicated resources.

the uplink/downlink availability remain quite stable when
increasing the number of FL UEs due to the higher priority
of the URLLC traffic. However, the considered CB design
slightly (0.05%) decreases the uplink/downlink availability
because FL retransmissions have higher priority w.r.t first
transmissions of URLLC UEs (thus the uplink/downlink
delay bound is less easily met).

VII. CONCLUSION AND FUTURE WORK
In this paper, we presented a CB 5G NR framework for
the PUSCH transmissions of FL UEs in an IIoT scenario
which also includes URLLC UEs. By means of near-product
3GPP-compliant network simulations, we showed that the
considered CB for NR PUSCH design provides benefits
over DS for FL upload/download times in case of suffi-
ciently small model sizes (up to 12/16 kB, as in [62]).
Additionally, such a CB design scales well with an increas-
ing number of UEs and does not meaningfully degrade the
performance of the URLLC traffic (uplink/downlink avail-
ability impacted at most by 0.05%). However, for larger
model sizes, DS shows much better robustness of perfor-
mance and scalability, and gains with CB for NR PUSCH
are not present because the size of the CB allocations shrinks
very quickly even for relatively low collision probabilities
(close to 12% atmaximum), thereby leading to longer transfer
times.

The study also opens other interesting research trends. For
example, additional analyses could add the comparison with
other SPS mechanisms (e.g., configured grant), identify the
proper metrics that the network could monitor to optimize the
CB allocation (e.g., network load), consider more complex
CB design (e.g., reserving multiple CB allocations per differ-
ent sets of UEs), offload CB by only mapping specific traffic
types (e.g., information with low-reliability requirements),
or assess the impact on the performance of wider areas (e.g.,
outdoor environments).
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