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Abstract—Industrial Internet-of-Things (IIoT) applications
generate data in varying amounts with diverse quality of ser-
vice requirements. The adaptive network access approach and
distributed resource management in IIoT networks can reduce
the communication overheads caused by centralized resource
management approaches. In this regard, statistical learning is
a promising tool for addressing decision-making problems in
a dynamic environment. This paper considers uplink dominant
IIoT networks in which massive devices generate delay-sensitive
and delay-tolerant data and communicate over shared radio
resources. We propose a novel grant-free access scheme using
a statistical learning approach that enables IIoT entities to
perform delay-sensitive and delay-tolerant transmissions over
dynamically partitioned resources in a prioritized manner. In
order to improve utilization of available radio resources, we
design an adaptive network access mechanism operating in a
semi-distributed manner. This mechanism enables end devices to
use their transmission history to choose between static and dy-
namic resource allocation-based grant-free schemes in a dynamic
environment. Simulation results show that average latency and
resource utilization vary in grant-free access schemes employing
static and dynamic resource allocations. Thus, compared to a
single transmission scheme, the proposed adaptive network access
offers better channel utilization while meeting the application-
specific latency bound in IIoT networks.

Index Terms—Industrial Internet of Things, Adaptive net-
works, Statistical learning, Grant-free access.

I. INTRODUCTION

UTURE wireless networks are envisioned to support

Industrial Internet of Things (IloT) applications that gen-
erate network traffic with diverse quality of service (QoS)
requirements [1-3]. Massive machine type communication
(MTC) devices deployed in the industrial environment gen-
erate delay-sensitive, and delay-tolerant data in cyclic and
acyclic manners [2]. Latency requirements for different indus-
trial process automation applications, including safety, control,
and monitoring, are described in [4]. Delay-sensitive data
needs to be delivered under strict latency and reliability
constraints compared to the transmission of delay-tolerant
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data. Moreover, the amount of data being generated can vary
from application to application. The use of automated guided
vehicles and mobile robots has gained considerable attention
in industrial operations, including warehouse operations [5].
IIoT networks are used to operate the unmanned vehicles
performing time-sensitive (TS) and non-TS tasks in smart
warehouses [6]. Furthermore, vehicular IoT entities generate
maintenance-critical (delay-sensitive) and maintenance non-
critical (delay-tolerant) data of significantly different amounts
[7]. The use of multimedia applications in IIoT networks
requires the availability of low latency communication links to
transmit large amounts of delay-sensitive data. Along with the
latency and reliability, the number of successful delay-sensitive
transmissions per second and the portions of the bandwidth
and computing resources available for delay-tolerant trans-
mission are among the key performance indicators of IIoT
networks [3], [6]. Fulfillment of application-specific diverse
QoS requirements is challenging when communication is
performed over limited radio resources and different network
parameters change dynamically [8].

Long Term Evolution (LTE) and LTE-Advanced (LTE-A)
technologies provide a four-stage grant-based network access
mechanism for communication over limited radio resources
[9]. In this approach, the devices first undergo a random
access channel (RACH) phase where each device transmits a
preamble selected randomly from a pool of available pream-
bles. Collisions happen when multiple devices select the
same preamble resulting in RACH failures. The successful
devices are granted dedicated resources to transmit their data.
Implementing appropriate transmit power control and back-
off strategies in successive RACH attempts can improve the
probability of success in the RACH phase [10]. However,
due to the inherent control signaling overheads, the grant-
based network access approach is more suitable for delay-
tolerant transmission. Moreover, the reservation of available
resources in grant-based access methods makes it less effi-
cient for networks with massive devices. On the other hand,
grant-free access avoids long scheduling delays by allowing
transmissions over shared resources without going through a
request-grant phase. Grant-free access has gained considerable
attention to support IIoT applications in 5G and future wireless
networks [11]. However, simultaneous transmissions from two
or more devices over the same channel can impact the system
efficiency and the reliability of delay-sensitive data transmis-
sion. Therefore, to evaluate the performance of a particular
grant-free access mechanism, both the latency and channel



utilization need to be considered.

While communicating over shared radio resources, the
number of active devices is one of the critical factors that
govern the behavior of the random component of latency
experienced by a data packet. Since the number of active
devices in IIoT networks can change over time, we can exploit
this change to accommodate the transmission of delay-tolerant
data resulting in enhanced utilization of the available shared
radio resources. Thus when the network load is at a level where
transmission of delay-tolerant data does not impact the QoS
of delay-sensitive data, the devices can utilize the available
resources for the delay-tolerant transmissions. Such an effort
would require an adaptive network access mechanism in which
end devices can utilize their transmission history to predict the
corresponding latency and resource utilization of the network
access mechanism under variable network load. Moreover, to
avoid the control signaling overheads, end devices need to be
able to partition the available resources to accommodate two
different types of network traffic without requiring additional
feedback information from the BS. The design of such semi-
distributed adaptive network access mechanisms involving
dynamic resource allocation is challenging under time-varying
network conditions. Therefore, distributed computing needs to
be explored to address IIoT applications where a large number
of devices generate delay-sensitive and delay-tolerant data in
a dynamic environment.

The above discussion indicates that the adaptive network
access mechanism and device-level learning approach are cru-
cial in designing IIoT networks under limited radio resources
and variable network load. The need for adaptive network
access approaches is further strengthened when the probability
distribution of the time-varying network load is unknown.
Moreover, the proportions of the available time, frequency,
and energy resources consumed to provide control information
to massive end devices become more significant in the BS-
centered resource management approaches. On the one hand,
existing physical layer enhancements combat the channel’s
time-varying nature to provide the desired application-specific
QoS requirements. On the other hand, statistical learning can
be used at the MAC layer to potentially address the problem
of adaptive network access to support IoT applications with
diverse latency-reliability constraints [12], [13].

In this paper, inspired by the need for adaptive network ac-
cess mechanisms for future IIoT applications, we consider the
uplink dominant IToT networks employing grant-free access.
The large number of devices in these networks generate delay-
sensitive and delay-tolerant data in random and deterministic
manners with varying amounts and diverse QoS requirements.
We aim to design a statistical learning-based semi-distributed
adaptive network access mechanism that can enable devices to
adapt to the network dynamics with limited assistance from
the BS. For that purpose, we address the challenge of device-
level resource partitioning to accommodate delay-sensitive and
delay-tolerant transmissions in IIoT networks. The required
parameters related to the device-level resource partitioning are
obtained through a statistical learning based-Network Explo-
ration Phase designed in [13]. The key contributions of this
paper are summarized as follows:

o We propose a statistical learning-based novel grant-free
access scheme in which end devices are enabled to
dynamically partition the available channels for two dif-
ferent types of transmissions. The proposed scheme pri-
oritizes delay-sensitive transmissions over delay-tolerant
transmissions and provides an almost constant collision
probability for delay-sensitive transmissions in each slot.

e We design an adaptive network access mechanism that
enables end devices to choose between the grant-free ac-
cess schemes with fixed and dynamic resource allocations
under dynamically varying network load. The devices are
also enabled to predict outages where current network
load is too high to meet desired latency bound for delay-
sensitive data, and devices perform a random back-off.

o The proposed adaptive network access operates in a semi-
distributed manner and relies on the transmission history
of end devices. It avoids additional feedback information
from the BS, reducing control signaling overheads while
efficiently managing transmission of different types of
network traffic in a dynamic environment.

Through simulations, we show that average latency and chan-
nel utilization vary in different access mechanisms under
the given network load. Therefore, the device-level decision-
making capability enables end devices to adapt to the network
dynamics and efficiently utilize available radio resources.

The rest of the paper is organized as follows: Section II
provides a brief review of the related works. The system
model is described in Section III, while Section IV outlines
the steps of the proposed adaptive network access mechanism.
Section V presents the design and analysis of the proposed
grant-free access with dynamic resource allocation. Device-
level prediction of different parameters related to the proposed
scheme is discussed in Section VI. Simulation results are
presented in Section VII, and the paper is concluded in Section
VIII while highlighting future research directions. Table I
contains the notations used in this paper.

II. RELATED WORKS

In this section, we briefly review some of the recent works
which propose to use the grant-free access mechanism for a
wide range of IoT applications, including IIoT applications.
Moreover, we highlight the gaps in literature motivating us to
perform the work presented in this paper.

Liu et al. [14] presented a comparative analysis for dif-
ferent types of grant-free access schemes supporting ultra-
reliable and low latency communications (URLLC) services.
This work used latent access failure probability to measure
the performance of each grant-free scheme. Gao et al. [15]
proposed a distributed coordination-based grant-free access
for heterogeneous IIoT networks in which massive devices
are deployed in a relatively small geographical area. This
work used time-based access of a single channel for uplink
data transmission. Gao et al. [16] developed a centralized
scheduling control for the grant-free access proposed in [15].
Gharbieh et al. [17] proposed a grant-free access mechanism
that enables end devices to perform uplink data transmission
when their channel gains are above a prescribed threshold. The



TABLE I
LI1ST OF NOTATIONS

Notation | Definition

C Set of available channels
Cy(,llifyz Subset of C for delay-sensitive transmissions
c,(ff,{ Subset of C for delay-tolerant transmissions
K No. of orthogonal channels in C
Kin,n | No. of channels available for delay-sensitive transmissions
Lmax | Application specific latency bound

M No. of active devices

N No. of slots per round
R No. of rounds

SgsDRA) Average successful delay-sensitive transmissions per round
S(ELD RA) Average successful delay-tolerant transmissions per round
Vm,n | No. of devices transmitting delay-sensitive data
Win,n |No. of devices transmitting delay-tolerant data
am,n | Probability of collision for delay-sensitive transmission
in the SRA scheme
Bm,n |Probability of collision for delay-sensitive transmission
in the DRA scheme
Ym,n | Probability of collision for delay-tolerant transmission
in the DRA scheme
n(SRA) Channel utilization in the SRA scheme
n(DRA) Channel utilization in the DRA scheme
ngA) Average latency in the SRA scheme
(DRA)

ds Average latency in the DRA scheme

proposed scheme aims to enhance the utilization of device-
level harvested energy. Choi et al. [18] proposed two grant-
free access schemes named power domain multiple access
(PDMA) and a rate domain multiple access (RDMA). Multiple
users share a single channel in these schemes employing a
hybrid automatic repeat request with incremental redundancy-
based re-transmit diversity. At the same time, a successive
interference cancellation (SIC) based receiver is used. The
grant-free access approach, when combined with the non-
orthogonal multiple access (NOMA), can potentially address
the problem of massive connectivity in delay-sensitive IoT
applications [19]. Therefore, Tegos et al. [20] presented two
power domain NOMA schemes for slotted ALOHA systems.
In this work, one scheme uses an SIC-based receiver while the
other scheme performs joint decoding at the receiver. Since
the network traffic in IIoT networks has both delay-sensitive
and delay-tolerant components with varying amounts of data,
the coexistence of grant-free and grant-based approaches can
potentially address these diverse QoS requirements [21].

The optimal allocation of available time and frequency
resources in a selected network access mechanism is essential
to meet the application-specific QoS requirements. The PHY-
layer considerations play a significant role in adapting to the
network dynamics [22], [23]. Along with the physical channel
characteristics, the number of active devices at a given time
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Fig. 1. IoT devices in an industrial environment generating delay-sensitive
and delay-tolerant data and communicating with a single BS over shared radio
resources in a grant-free manner.

also impacts the efficiency of resource utilization. Since the
network load can change over time, the optimal resource
allocation strategy being used should be updated dynami-
cally. Significant research has been performed to address the
problem of monitoring the network traffic and optimizing the
resource allocation strategies accordingly [24], [25]. In these
works, the probability of access class barring (ACB) plays a
major role in controlling network congestion. However, the
network traffic-aware radio resource management in existing
grant-free and grant-based access mechanisms is primarily
BS-centered and involves excessive computation and control
signaling overheads. Therefore, new intelligent resource man-
agement methods are required for the uplink dominant IIoT
networks, which can avoid the control signalling overheads
caused by centralized resource management approaches.

Distributed computing enables on-device network explo-
ration and thus can assist the BS in allocating radio re-
sources for delay-sensitive and delay-tolerant transmissions
much more efficiently [26], [27]. Statistical learning theory can
be used for designing data-driven strategies to predict desired
parameters in wireless networks when complete information
on the probability distributions of these parameters is not
available [12]. However, device-level acquisition of the knowl-
edge regarding the statistical parameters is challenging when
network load is variable. Therefore, Raza et al. [13] proposed
a statistical learning-based grant-free access mechanism for
delay-sensitive IoT applications. The proposed network access
mechanism enables end devices to use their transmission
history to learn different dynamic network parameters without
relying much on the BS. The BS can utilize the knowledge
shared by end devices regarding the current network to opti-
mize the resource allocation strategy. Moreover, the proposed
network exploration strategy identifies different IoT groups
based on their latency and reliability requirements. However,
the work in [13] considers only the transmission of delay-
sensitive data, and the proposed grant-free access mechanism
uses static resource allocation.

The existing centralized grant-free access mechanisms pri-
marily employ static resource allocation to accommodate data
transmissions having different latency requirements. However,
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Fig. 2. The status of different slots in the m*" round of Network Exploration
Phase with m = 1,2,...; R. In each round devices transmit delay-sensitive
by employing the SRA scheme.

to provide the desired QoS requirements for different data
transmissions, the number of resources can be determined
dynamically, thus improving the utilization of available shared
radio resources. Moreover, to reduce the control signaling
overheads, end devices need to be equipped with the capability
of adapting to the network dynamics with limited feedback
from the BS. Motivated by these required enhancements in
the existing literature, we aim to design an adaptive network
access mechanism enabling end devices to dynamically de-
termine the resources required for delay-sensitive and delay-
tolerant transmissions in the IIoT networks.

III. SYSTEM MODEL

As shown in Fig. 1, we consider uplink communication
scenario in IloT networks composed of massive devices and
a single base station (BS). The devices, shown by using two
colors in Fig .1, generate delay-sensitive and delay-tolerant
data. Each device has a scheduler to prioritize the transmission
of delay-sensitive data, and all devices perform uplink data
transmissions to the BS. Time is divided into slots. A sequence
of N consecutive slots makes one round, and a window
comprises 2R rounds.

At the start of each window, M devices become active and
communicate with the BS over shared radio resources. The
number of active devices remains fixed in a given window;
however, the value of M is unknown to the BS. Moreover, M
can randomly change from one window to the other while the
probability distribution of M is unknown. Active devices use
the first half of each window, for rounds m = 1,2,..., R, to
explore the network, including the network load prediction.
While the second half of each window, for rounds m =
R +1,...,2R, is used to adapt to the network dynamics. It
is assumed that each device can completely transmit its data
packet in one slot.

Each slot is equipped with K orthogonal channels C =
{C4,Cs, ...,Ck }, where each channel in C can be a frequency
or code-based resource. The uplink data transmission in each
slot follows the grant-free approach where each active device
selects a channel randomly and independently from other
devices. Moreover, the channel selection is uniform across the
available channels. We consider a physical layer abstraction
to the MAC layer in which a transmission is unsuccessful if
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Fig. 3. Under the condition: ﬁ((lls)RA) < Lmax, status of different slots in each
round for m = R+ 1, R+ 2, ..., 2R where devices transmit delay-sensitive
and delay-tolerant data by employing the DRA scheme.

two or more devices select the same channel in a given slot.
On the other hand, if a device does not collide with any other
devices, the transmission is successful, i.e., the BS can decode
the message, and an acknowledgment is sent by the BS. In this
paper, we consider the reactive grant-free approach in which
a device retransmits its data packet only if it does not get an
acknowledgment from the BS. Throughout this paper, we use
the terms resource and channel interchangeably.

We consider the random component of latency (£) intro-
duced by the number of (re)transmissions for a successful
transmission in the contention-based grant-free access mech-
anisms. It is assumed that each device can store a newly
generated data packet until it is transmitted successfully. Thus,
the average latency (u) experienced by a data packet is
defined as the average number of (re)transmissions required for
successful transmission. In this paper, we use py to evaluate
the possibility of executing a particular IloT application. Let
Lmaz be the application-specific maximum affordable average
latency. The current network conditions are considered feasible
for the desired IIoT application as long as pr < Loaz-
On the contrary, when pu; > L4, We call this event an
outage. The channel utilization (7,) is defined as the average
number of successful transmissions per channel per slot, where
0<n <L

Our objective in this paper is to design a grant-free access
mechanism in which end devices can dynamically partition
the resource set C to accommodate the delay-sensitive and
delay-tolerant transmissions under the variable network load.
For that purpose, end devices undergo a statistical learning-
based Network Exploration Phase to predict the required
parameters of the proposed scheme by employing a static re-
source allocation-based grant-free access scheme of [13] called



the SRA scheme. This leads to an adaptive network access
mechanism in which end devices can choose an appropriate
grant-free access mechanism under a dynamic environment
while avoiding additional feedback information from the BS.
In the following section, we provide an overview of the
proposed adaptive network access mechanism, followed by the
design of grant-free access with dynamic resource allocation
called the DRA scheme.

IV. ADAPTIVE NETWORK ACCESS

Algorithm-1 explains different steps of the proposed adap-
tive network access to be executed by each device. As shown
in Fig. 2, using the entire set C, active devices perform delay-
sensitive transmissions during the first R rounds of each win-
dow, called Network Exploration Phase. For this phase, active
devices apply the SRA scheme in which every active device
can have only one successful delay-sensitive transmission per
round. As explained in Section-VI, the Network Exploration
Phase enables end devices to predict the current network
load (M), average latency in the delay-sensitive transmission

ﬁngA)), and channel utilization (7(S*4)) offered by the SRA
scheme.

On the other hand, as shown in Fig. 3, under the
DRA scheme, channels available for delay-sensitive trans-

.. . . ds
missions in the n!" slot of a round are given as: C:(ls) =
~~'a01?”

ivCl,Cg, }, where ‘é;(lds) = I/(\'n and qu) = C.
hile the channels available for delay-tolerant transmis-

sions in the n'" slot of a round are given as: @dt) =
{CI?”H’CI?HHP"?CK}’ where ‘&dr) = K — K, an
é}dt) = {(0}. Thus, in each slot, the available channels are

partitioned into two disjoint subsets, i.e., C = é\y(lds) U CA,(Ldt).
The resource set C is partitioned in each slot of a round such
that the probability of collision for delay-sensitive transmission
remains almost the same as in the first slot. The Network

Exploration Phase also enables the active devices to predict

the vector parameter f = [I? 1, I?g, ey K N}, average latency

in the delay-sensitive transmission (ﬁgls)RA) ), and the channel

utilization (7(PRA)) offered by the DRA scheme.

After executing the Network Exploration Phase if the active
devices observe that the current network load is at level where
ﬁ((ifRA) < Lmax, the devices can evaluate the possibility of
transmitting delay-tolerant data in the remaining R rounds of
the current window by employing the DRA scheme. If the
DRA scheme does not cause an outage, active devices transmit
delay-sensitive and delay-tolerant data in the next IR rounds by
employing the DRA scheme. Otherwise, the devices continue
to transmit delay-sensitive data in the remaining R rounds of
the current window following the SRA scheme.

On the other hand, when current network load is too high
to meet the prescribed latency bound for the delay-sensitive
data, the Network Exploration Phase yields ﬁ((lfRA) > Lonax.
Therefore, in case of an outage, the devices transmit only
delay-tolerant data in each slot of the next R rounds using the
multichannel slotted ALOHA (MSA) scheme. Under the MSA
approach, in each slot, every active device selects a channel
from C randomly and independently from other devices and

Algorithm 1 Adaptive Network Access
Require: C, R, N, Lnax, Winax
1: Run Algorithm-2 to obtain ﬁ((ijA), ﬁg?RA), T
2: if (ﬁggRA) < Emax) then

s i (0™ < Lo ) then

4 for m =R+ 1 to 2R do

5: Delay-Tolerant-Flag := 0

6: for n=1to N do
dt)
7
8
9

Determine C® and C.
if Delay-Tolerant-Flag == 0 then

: Select a channel randomly from é;(lds)
10: Transmit/retransmit delay-sensitive data
11: if success then
12: Delay-Tolerant-Flag := 1
13: end if
14: else
15: Select a channel randomly from aldt)
16: Transmit/retransmit delay-tolerant data
17: end if
18: end for
19: end for
20:  else
21: for m=R+1to 2R do
22: forn =1to N do
23: Select a channel randomly from C
24: Transmit/retransmit delay-sensitive data
25: if success then
26: Stop transmitting in current round: n := N+1
27: end if
28: end for
29: end for
30:  end if
31: else

32:  Transmit delay-tolerant data in each slot of the next R
rounds using the MSA scheme

33:  Select W;, from {1, ..., Wi } randomly

34:  Skip next W}, windows

35: end if

36: return

(re)transmits the delay-tolerant data. Moreover, the devices
perform a random-back-off where each device decides to skip
next W, windows independently from other active devices,
where W, is a random number selected from {1, ..., Wy}
following uniform distribution. The parameter Wy,.x shows
the maximum number of windows a device can skip, and
BS periodically broadcasts the parameter Wy,,x. The random-
back-off strategy provides a fair opportunity for the newly
active devices to perform the uplink data transmission.

In summary, the proposed adaptive network access mech-
anism enables end devices to choose an appropriate grant-
free access scheme under a dynamic environment. The only
feedback devices need from the BS is the outcome of their
transmissions. The end devices use their transmission history
to predict different parameters employing the statistical learn-
ing approach. Therefore, the proposed adaptive network access



mechanism operates in a semi-distributed manner, and avoids
excessive control signaling overheads. We first discuss the
design of the proposed DRA scheme. Later, we explain the
Network Exploration Phase to predict the required parameters
for the SRA and DRA schemes.

V. GRANT-FREE ACCESS WITH DYNAMIC RESOURCE
ALLOCATION

The proposed grant-free access scheme with dynamic re-
source allocation aims to enable end devices to transmit the
delay-sensitive and delay-tolerant data over non-overlapping
groups of channels. As shown in Fig. 3, the delay-sensitive
transmissions are prioritized over the delay-tolerant transmis-
sions. Under this scheme, the devices after having a successful
delay-sensitive transmission in the n!" slot perform delay-
tolerant transmission in the remaining N — n slots of a given
round. Thus, each slot of a round, except Slot-1, can carry the
both types of data. Active devices keep the history of their
transmission outcomes. Let the random variable B,, , show
the outcome of an indented device’s transmission in the n'”
slot of the m*" round for m = R+ 1,...,2R defined as:

B __J 1, Successful transmission; 1
™m0, Collision with other device/s.

The channels available for delay-sensitive transmissions in

the n'" slot of the m'" round are given as: c,(,‘fi)l =

{Cy,Cy,...,Ck,,., }, where ‘Cﬁg% = Ky and Cffisl =C.
While the channels reserved for delay-tolerant transmissions

comes out to be: C(dt) {CKm7,+1,CKm,n+27---,CK},
= K - Km n and C (0 {@} We define a

m,l T

vector parameter I'), := [KmJ,Km’g,...,Km ~]. Thus, in
Slot-2 to Slot-N, the available channels are partitioned into
two disjoint subsets, i.e., C = Cm n U Cf,dfn As explained
below, different elements of I',,, are determined such that the
delay-sensitive transmissions can get the desired QoS in each

slot of a round.

where ‘Cfﬁ%

A. Device-Level Resource Partitioning:

In this subsection, we discuss the computation of I';,,. Under
the DRA scheme, the number of devices transmitting delay-
sensitive data in the n'” slot of the m!* round is represented
by Vi.n and defined as:

Voo M n=1, 5
T M =YV n=2,3,..,N. 2)

where V!, ; 1s the number of devices having successful delay-
sensitive transm15510ns in the j*" slot. The probability that
delay-sensitive transmission of an intended device faces a
collision is given as:

Bm,n = Pr(Bm,, = 0| delay-sensitive transmission)

1 Vim,n—1
=1—-11- , n=1,2, ..
( KnL,n)

N 3)

Active devices begin to transmit delay-tolerant data after
successful delay-sensitive transmission. The number of devices
transmitting delay-tolerant data in each slot is given as:

0
Wm,n = { n—1 V/

E m,j
Given that an intended device has a successful delay-sensitive
transmission, the probability that its delay-tolerant transmis-

sion remains unsuccessful in a given slot is computed as:

n=1,

n=23,..,N. @)

Ym.n = Pr (Bm.n = 0 | delay-tolerant transmission)

1 Winn—1
=1-(1-—— =23, ...
< K—Km7n) b n 737

While considering PHY-layer abstraction, different dynamic
resource allocation schemes can provide different latency
for delay-sensitive and delay-tolerant transmissions under the
given set of channels, round size, and the number of active
devices. In the proposed DRA scheme, the resource set C
is partitioned in each slot such that all active devices can
experience almost the same probability of collision for delay-
sensitive transmissions throughout R rounds. We define oy

as:
1 M-—1
o ::1—(1—K) . (6)

In this paper, we compute I',, by keeping the probability of
collision in each slot equal to the probability of collision in the
first slot, i.e., By n = a1, Vo =1,2,..., N. Thus, the number
of channels available for the delay-sensitive-data transmission
in each slot comes out to be:

Km,n =
K, n =1,

NS (7)
1—(1—K> , n=2,3,..,N.

where V;,, , > 1¥n =1,2,..., N, and the ceiling function [x]
represents the smallest integer value larger than or equal to x.
Due to the discretization in (7), we have S, , ~ a1, Vn =
1,2,...,N.

N (5)

B. Channel Utilization:

The computation of channel utilization in the DRA scheme
requires availability of average number of successful delay-
sensitive and delay-tolerant transmissions per round. The
average successful delay-sensitive transmissions per round is
computed as:

SIPRA) . Vi (8)

1

3
I

bd\
M=
M=

n

While, the average successful delay-tolerant transmissions per
round is computed as:

SIPRA) . L ZR: iv 9)

m:l n=2



where V|, is the number of successful delay-tolerant trans-

missions in the nt"* slot of the m!" round. Thus, the average
number of successful transmissions per round comes out be:

S(DRA) . _ SS?RA)

1 R N N
- 3 (Z Vo4 Zvn’;n> . (10)
m=1 \n=1 n=2

Finally, the channel utilization for the DRA scheme is com-
puted by:

S,

S(DRA)
(DRA) .= : 11
7 KN (1)
By applying (10) in (11), n°R4) comes out to be:

N
(ORA) _ KNR Z <Z ot Z;mn) .12

In Section VI-A, we explain the prediction of channel utiliza-
tion and average latency offered by the DRA scheme which
involves the prediction of I'y,, By n, and v, p.

C. Probabilistic Analysis:

In this subsection, we perform the probabilistic analysis for
the different events related to the DRA scheme. Under this
scheme, in each round, a device can undergo one of the three
mutually exclusive events: F1, Es5, and Fs. The event F is
defined as the case where a device of interest, after successful
delay-sensitive transmission, gets at least one successful delay-
tolerant transmission. The probability for the occurrence of F
in the m*" round is computed as:

N-1

=

n=1

n—1

1_6mn Hﬁm,j 1_H7m,]

n>1 n>1

I ht
(13)

The expression I in (13) is the probability that the intended
device gets successful delay-sensitive transmission in the n‘"
slot, while II in (13) shows the probability of having at least
one successful delay-tolerant transmission in the remaining
N — n slots of the m!” round.

On the other hand, event F5 arises when the intended
device has one successful delay-sensitive transmission but
does not get any successful delay-tolerant transmissions. The

probability for the occurrence of Fy in the m'" round is
computed as:
N—-1 n—1
= Z( ﬁmn Hﬁm,j H’Ym,j
n=1
n>1 n>1
N——
I 1
N—-1
+ (1= Bm) [[ B~ (14
n=1

1

Algorithm 2 Network Exploration Phase
Require: C, R, N

Ensure: ﬁc(lfRA) AS?RA) and T,
1: for m=1to R do
22 forn=1to N do
3 Select a channel randomly from C
4 Transmit/retransmit delay-sensitive data
5 if success then
6: if n ==1 then
7 Am,l =0
8 end if
9 Stop transmitting in current round: n := N + 1
10: else
11: if n ==1 then
12: Apn =1
13: end if
14: end if
15:  end for
16: end for

17: Predict M using (24)
18: Predict ﬁ(f Y from Eq. (26)
19: Predict T' using (32)

~(DRA)
20: Predict z1y from Eq. (34)

21: return uSSRA) ﬁfi?RA) and T

The expression I in (14) is the same as in (13), while II in
(14) is the probability that after having a successful delay-
sensitive transmission, all delay-tolerant transmissions from
the intended device are unsuccessful in the remaining slots of
that round. The expression III in (14) shows the probability of
having successful delay-sensitive transmission in the last slot
of the m'" round.

The event E3 arises when the intended device does not get
any successful delay-sensitive transmission and ultimately no
successful delay-tolerant transmissions The probability for the
occurrence of F3 in the m!* round is computed as:

The probabilities P,,(F1), Pm(F2), and P,,(E3) satisfy
P (El) + P (E2) ‘i’Pm(E3) =1.

By using {an} >, Vm=1,2,.
bilities P, (E1), Pm ( 2), and P, (E
follows:

15)

., R, the proba-
3) are approximated as

N-1

N
Ey) ~ Z (1-—o)ap ' | 1= H Ym.j

=1 j=n
n>1

(16)

3

=2

-1

N
n—1
(1 —ar)ef ™ [T vy
1 j=n
n>1

N-1
m,l

P’rn (EQ) =~

n

+(1-—a)

7

P (E3) ~al. (18)



The average probability that a device of interest has a
successful delay-sensitive transmission, whether it gets any
delay-tolerant transmissions or not, is given as:

R

PN = <7> (E1) + Pn(Es))

1 R
—ZP (Es).

(DRA) .

1
R £
19)

By using (18) in (19), Py,

(DRA)

is computed as:

PRY ~ g - (20)

While the average probability that a device of interest will have
at least one delay-tolerant transmission, denoted by PdDRA), is

given by:

(DRA)

ZP (Ey).

By applying (16) in (21), PSP RA) s computed as:

2n

1 R N-1 N
DRA)
P( EZ 1—0(1 (%) 1_nym’j
m=1 n=1 j=n
n>1

(22)

In the following section, we discuss the prediction of different
parameters related to the SRA and DRA schemes.

VI. NETWORK EXPLORATION PHASE

As shown in Fig. 2, during Network Exploration Phase,
all the active devices perform delay-sensitive transmissions
following the SRA scheme of [13]. Under this scheme, each
active device can have only one successful transmission per
round. The probability that an intended device’s transmission
faces a collision with one or more other transmitting devices
in the n'" slot of the m'" round is denoted by ., and

computed by:
. . 1 Myp,n—1
Oy = 1 — - 7
’ K

where M, ,, is the number of transmitting devices in the
nt" slot of the m*" round, and we have M = M,,; ¥Ym =
1,2,...,2R. Thus for n = 1, (6) and (23) generate the same
expressions.

During the Network Exploration Phase, all active devices
maintain the history of their transmissions outcomes in a
vector: h = [A;11, 421, ..., Ar,1], where each element of h
is a Bernoulli random variable ie, A,,; € {0,1}, Vm =
1,2,...,R. The random variable A,,; = 1 if the intended
device’s transmission faces a collision with one or more other
active devices in Slot-1 of the m'" round.

Finally using the statistical learning approach, end devices
are enabled to predict the number of transmitting devices (Mn)
and the corresponding collision probability (&,,) in different

(23)

slots of each round of the Network Exploration Phase as
follows [13]:

R
ln(l—% Zm:l Am71>
1+ n(E2) ) n=1
I
M, = R 24
1n<17% Zm:l Am,1> ne1 ( )
1 + ln(Kgl) Hj:1 aj’
n=23,..,N.
%anzl Am,la n= ]-7
G = B (25)
1- (1= n=23.,N

where ]\//.Tn and @, are the predictions of M,,, and
Om.n VM =1,2,..., R, respectively, and M= J/\/[\l.

Consequently, active devices predict the average latency of
delay-sensitive transmissions in the SRA scheme using [13,
Eq. (30)] as follows:

z

~(SRA) _ 1
ds .
1 - Hn 1 Qn

Along with u(s ) , end devices predict the channel utilization
(SRA)Y of the SRA scheme as follows:

M (1-TI0, an)
KN '

(26)

7R = 27)

where M (1 — H:Ll &n) is the prediction of average suc-
cessful devices per round in the SRA scheme.

A. Prediction of Average Latency in the DRA Scheme
~(SRA)

If the current network conditions are such that iy
Lonaz, end devices can further explore the poss1b1hty of
transmitting delay-tolerant data followed by the delay-sensitive
transmissions using the DRA scheme. For this purpose, end
devices need to predict the vector parameter I" and the average
latency (ﬁé?RA)) offered by the proposed DRA scheme. The
end devices apply their knowledge of the current network load
prediction, obtained from (24), in (7) and predict the number
of channels reserved for delay-sensitive transmissions in the

n'" slot of a round as follows:
K, n =1,
Ko = N
1—(1—K> , n=23,..,N
(28)
where ‘A/n is the prediction of V;,, , Ym = 1,2, ..., R and it is
computed by:
V=V H n=1,2,..,N. (29)
j=1
n>1



where 171 — M and Ej is the prediction of 3, ;, Ym =
1,2, ..., R. Since the proposed DRA scheme aims to keep the
probability of collision for delay-sensitive transmissions al-
most the same in all slots of a round while accommodating the
transmission of delay-tolerant data; by using 3, >~ a, Vn =

1,2,...,N; V, is approximated as follows:
V, ~ Map— (30)

By substituting (24) and (25) in (30), \7n is computed as:

1- L% A, R et
.

= n (57)
31)

1+

Finally, by substituting (30) in (28), different elements in I
are computed by:

K, n=1;
R ) (32)
e
n=23,.,N

Thus by using (31) and (32) in (3) end devices can compute
5, as follows:

R 1 V,—1
f}n_r—(r—A) n=12..N.

n

(33)

Once end devices have computed T and B\n, the average
latency in delay-sensitive transmission for the DRA scheme
is computed as:

~(DRA) R
ds R . Zy]z=1 Am,1

Please see Appendix-A for the derivation of (34).

After completm% the exploration phase, end devices com-
pute, MSRA and i DR through (26) and (34), respectively. If
the average latency in the delay-sensitive transmission offered
by the SRA scheme does not exceed the latency bound, i.e.,
ﬂngA) < Lymaz, the devices can evaluate the possibility of
accommodating the delay-tolerant transmissions in the next R
rounds. Under the given current network load, if the DRA
scheme follows the latency bound i.e., ﬁ((jl:RA) < Lmaz,
the devices select the DRA scheme for the next R rounds.
Otherwise, the devices continue using the SRA scheme during
the second half of the current window. Thus, the possibility of
executing the DRA is determined before executing it with the
help of an exploration phase. Moreover, as demonstrated in the
following section, allowing the transmission of delay-tolerant
data increases channel utilization. The relationship between

ﬂSRA) nd u(DR ) is described in Proposition 1.

Proposition 1. The average latency of a successful delay-
sensitive transmission with static resource allocation under
the SRA and with dynamic resource allocation under the DRA
are related as:

(34)

~(SRA) _ ~(DRA)

/U‘dv S Mdr (35)

Proof of Proposition-1 is given in Appendix-B.

1) Latency for delay-tolerant transmissions: Although the
proposed adaptive network access mechanism requires end
devices to predict the average latency for delay-sensitive
transmissions to adapt to the network dynamics, we also
analyze the latency experienced by delay-tolerant data. For that
purpose, we recall that each active device begins to transmit
delay-tolerant data packets after having a successful delay-
sensitive transmission. Therefore, the latency experienced by
an intended device’s first delay-tolerant data packet is com-
posed of the delay introduced by the successful delay-sensitive
transmission and the number of (re)transmissions performed
to transmit the delay-tolerant packet successfully.

Active devices can use their transmission history from the
second half of the current window to predict the average
latency for delay-tolerant transmissions. Let %, denote the
slot number in the m'* round in which the delay-sensitive
packet from the intended is transmitted successfully, where
1 < t,, < N. The intended device then performs N — ¢,,
delay-tolerant-transmissions in the m*" round. Thus, the aver-
age latency for a delay-tolerant transmission can be predicted
as follows:

2R
_(DRA) __ ~(DRA) Yomeri1 (N —tm)
a T He 1t 3R N (36)
Zyn:R—‘,—l Zx:tm—f—l

In (36), the term Zm re1 (N —tm) provides the total
number of delay tolerant transmissions performed by the
intended device, while the term 327 +1Zx ¢, +1 Bma

provides the number of successful delay-tolerant transmrssrons
obtained by the intended device in R rounds. Thus the

S (N —tm)
5 o = shows the average number of
Zm:R+1 Zx:tm+1 m,x

(re)transmissions per successful delay-tolerant transmission.

term

By substituting (34) in (36), ﬂg?RA) is computed by:
2R
_(DRA) R Yom—pry1 (N —tm)
dt = R 2R N
R— Zm:l A Zm:R+1 =t +1 Bm,x

(37

Thus we can see from (37) that end devices can use the
transmission history of each window to predict the average
latency of successful delay-tolerant transmission.

B. Prediction of Channel Utilization in the DRA Scheme:

In order to predict the channel utilization, end devices
need to predict the average successful delay-sensitive and
delay-tolerant transmissions per round defined in (8) and
(9), respectively. Once end devices have computed I', they
can predict the average number of successful delay-sensitive
transmissions per round as follows:

DRA . ZV (1_5n).

On the other hand, the devices can predict the number of delay-
tolerant transmissions in each slot as follows:

:Tiffi@_@), n=2,3,..,N.

(38)

(39)



By applying (29) in (39), /V[7n is computed as:
. /\ n—1 N
Wn:M<1—Hﬁi).

i=1
The number of channels reserved for delay-tolerant trans-
missions in each slot comes out be: K — K,,, Vn = 2,3, ..., N.
The probability that the transmission of an intended device

collides with at least one of the other devices transmitting
their delay-tolerant data in the n'" slot, is predicted as:

1 Wa—1
&\nzl_(l_m> , n=223 ..

Thus the average number of successful delay-tolerant trans-
missions per round is predicted as:

ZW (1—=7n).

The channel utilization in the DRA is predicted as follows:

(40)

,N. 4D

’\(DRA) (42)

DRA) S(DRA
AORA) . _ SN + S

n=1 j=1
n>1
N e n—1 R
+y M (1 -1 @) (1 %)} (43)
n=2 i=1

DRA)

Flnally, end devices can approximate 7 using B,,, o~

ai, Vn=1,2,...,N in (43) as follows:
1 N
~(DRA) ., _+ AZAn 11~
TS KN {Mn_lal ot

N
MY (1-ay~ 1)<1—vn)} (44)

(44) is simplified to:
N N
R [P S-S 0a
n=2

X { (1 Kf&)MM )

Since computation of IA(,L also depends on M and 01, we can
readily show that for the given values of N, K, and R, the
channel utilization of the DRA in (45) becomes a function
of M and ;. While the closed-form expressions of both
M and & use the on-device transmission history. Therefore,
the statistical learning-based network exploration enables end
devices to predict each scheme’s average latency and channel
utilization in closed form.

Accuracy in predicting average latency and channel utiliza-
tion for the SRA and DRA schemes is evaluated using the

A(DRA)

(45)
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Fig. 4. Average number of channels available for delay-sensitive transmissions
in each slot with K = 50 and N = 5.
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Fig. 5. Average probabilities of successful delay-sensitive and delay-tolerant
transmissions per round with K = 50 and N = 5.

mean square error (MSE) criterion. The MSE in the prediction
of 7(PR4) is denoted by MSE%D RA) and defined as:

2
MSE;DRA) — R [(n(DRA) _ ﬁ(DRA)) ] ) (46)

The MSE in the prediction of u((ils)R
and defined as:

DRA ~(DRA 2
MSEPR) .— [( P - ) }

A is denoted by MSEELDRA)

(47)

The MSE in predicting different parameters related to the
SRA scheme decreases as the size of transmission history is
increased [13]. In the following section we demonstrate that
the MSE in the prediction of average latency and channel
utilization for the DRA scheme also decreases as the size of
transmission history is increased.

The complexity of Algorithm-2 is described in terms of the
time required to predict desired parameters. The Network Ex-
ploration Phase is spanned over R rounds, where each round
is composed of N slots. Therefore, for a given maximum
acceptable MSE in predicting each parameter, the optimal
number of rounds in the Network Exploration Phase can be
computed by following [13]. Furthermore, Algorithm-2 allows
each active device to have one successful delay-sensitive
transmission per round in the Network Exploration Phase. In
addition to that, Algorithm-2 operates in an online manner
as devices use their transmission history to predict desired
parameters by employing closed-form expressions (26), (28),
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Fig. 6. Average successful delay-sensitive and delay tolerant transmissions
per round with K = 50 and N = 5.

(DRA
B g )
50
(DRA
oy * gy
940} 1
2
]
-
2300 1
(o)}
o
9]
>201 A
<
10+ q
O L L
0 50 100 150

Active Devices

Fig. 7. Average latency for a successful delay-sensitive and delay-tolerant
transmissions with K = 50 and N = 5.

(34), and (36). On the other hand, if the current network load
allows, end devices choose the DRA scheme and perform
transmission in each slot of the next R round, as explained in
Section-V. These features of the proposed adaptive network
access make it suitable for IIoT networks where devices have
limited computation power.

Moreover, in this paper, all active devices undergo network
exploration in each window to predict the current network
load. However, the frequency of executing the Network Ex-
ploration Phase depends on how frequently the network load
varies. In our future work, we intend to incorporate the
nature of network load variation to determine the frequency
of executing the Network Exploration Phase.

VII. SIMULATION RESULTS AND DISCUSSION

This section presents simulation results of the proposed
adaptive network access mechanism. Along with analyzing
different parameters related to the proposed DRA scheme, we
also compare average latency and channel utilization of the
DRA scheme with the SRA and conventional MSA systems.
We apply the Monte Carlo simulation method with K = 50
channels and N = 5 slots per round for several active devices,
while R = 10, 000 independent rounds are used to analyze the
behavior of different parameters against the varying network
load The average number of channels (K,), computed by

K,=¢ Em 1 K, teserved for delay-sensitive transmis-
sions in each slot are plotted in Fig. 4. The average number
of channels allocated for delay-tolerant transmissions can be
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Fig. 8. Performance comparison in terms of the average latency with K = 50
and N = 5.
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Fig. 9. Performance comparison in terms of the channel utilization with
K =50and N = 5.

computed as: K — K. It is observed that for the given network
load, K, decreases in each slot; however, it approaches K
when the number of active devices increases.
. (DRA) (DRA) .

Fig. 5 plots Py, d Py, for the DRA scheme. In Fig.
5, we have also plotted the average probability of a successful
delay-sensitive transmission per round (PéSSRA)) in the SRA
scheme defined by [13, Eq. (11)]. We can observe that P(SRA)

and P(D A) are similar for the lower network load. However,
’PSSRA) is higher than PdDRA

S
devices becomes large. On the other hand, P(DRA) follows
,P(SRA d ,P(EDRA)

S

when the number of active

when the number of active devices is very
small, and becomes significantly less than ’P(SRA) P(DRA)
when network load increases.

Fig. 6 plots S\"%, SR and S(ORA) defined in (8), (9),
and (10), respectively. Moreover, Fig. 6 also plots the average
number of successful delay-sensitive transmissions (S (SRA))
in the SRA scheme computed through [13, Eq. (2)]. It is
observed that SSRA) is similar to Sé?RA) for low to moderate
network load; however, SRA) becomes higher than Sj; (DRA)
when the number of active devices increases. On the other
hand, SSP RA) s higher than both szRA) and SS?RA) under low

to moderate network load. However, SSP RA) decreases rapidly
when the number of active devices gets larger. Furthermore,
S(PRA) js higher than SGRA) for relatively lower network load;
however for moderate to high network load SS**) is greater
than S(°RA)_ Finally, both S(SSSRA) and S(PRA) approach zero

when M becomes too large.
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Fig. 10. Prediction accuracy against number of rounds with K = 50 and
N = 5: (a) MSE in device-level prediction of n(DRA). (b) MSE in device-level

prediction of u((l?R

Fig. 7 plots the average latency for a successful delay-
sensitive and delay-tolerant transmissions under the DRA

scheme denoted by ,u((]?RA), and ué?RA) respectively. We com-

pute MS?RA) from (53) while replacing 3,, with % Zi:l Brmn-
On the other hand, we compute ,u((i?RA) from (36) while
replacing ﬁ((j?RA) with MSIS)RA). Since delay-tolerant data is
transmitted after successful delay-sensitive transmission, it
is observed that u((i?RA) is significantly higher than MS?RA)
for the whole range of the number of active devices. Fig.
8 plots the average latency for a successful delay-sensitive

transmission offered by the SRA and DRA schemes. We com-

pute average latency in the SRA scheme, denoted by ,u(fRA),
(SRA) (DRA)

using [13, Eq. (37)]. It is observed that p; ' and pig
show similar behavior for low network load. However, as the
number of active devices increases, accommodating delay-
tolerant transmissions in the grant-free access with dynamic
resource allocation results in higher latency. Therefore, the
SRA scheme is more suitable under higher network load for
delay-sensitive transmissions.

Fig. 9 demonstrates channel utilization in the DRA and
SRA schemes denoted by 7PRA) and 7(SRA) | respectively.
Where 7(PRA) is defined in (12), and n(SRA) .= % It
is observed that 7(°PRA) is higher than 7R*) for a relatively
lower network load. While, for moderate to higher network
load, nSRA) becomes larger than 7(PRA). Both 1(PRA) and
nSRA) depict similar asymptotic behaviour against M. Fig.
10(a) and Fig. 10(b) plot the MSE in device-level prediction
of n(PRA) and ug?RA), respectively. It is observed that under a
given network load, the MSEs in predicting channel utilization
and average latency decrease as the number of rounds in the
Network Exploration Phase increases.

A. Performance Comparison

We compare the performance of the proposed adaptive
network access with the conventional MSA systems. In the
MSA systems, every active device selects a channel randomly
and independent in each slot without executing any learning
strategy. The average latency in the MSA system (M(MSA))
is defined as: pMSA) = W Since the probability

1

of collision in each slot is almost constant under the DRA
scheme, Fig. 8 shows that MS?RA) is similar to ™S4, We
also plot the channel utilization of the MSA system defined
as pMSA) .= M (1 %)Mﬁl. As demonstrated in Fig. 9, the
channel utilization in the DRA scheme is similar to that of the
MSA systems.

It is noteworthy that channel utilization in the DRA scheme
is based upon dynamic resource allocation of the available
resources in each slot for delay-sensitive and delay-tolerant
transmission. On the contrary, channel utilization in the MSA
systems does not incorporate dynamic resource allocation.
Moreover, the proposed grant-free access scheme separates the
devices transmitting delay-sensitive data from those transmit-
ting delay-tolerant data in each slot. This separation is based
on the subset of channels used for each transmission type.
Therefore, allowing end devices to share I' with the BS, the
DRA scheme can enable the BS to distinguish between delay-
sensitive and delay-tolerant transmissions. The BS in turn can
use this knowledge to optimize the number of channels in C.

Moreover, the above discussion highlights that DRA and
SRA schemes have advantages under different network loads.
Thus the proposed adaptive network access enables end de-
vices to choose the appropriate scheme for a given network
load. Therefore, in contrast to the conventional MSA-based
systems where devices do not employ any learning strategy,
the proposed adaptive network access enables the end devices
to adapt to the network dynamics.

VIII. CONCLUSION AND FUTURE WORK

Uplink-dominant IToT networks operate under time-varying
network load and generate data with diverse QoS require-
ments. Therefore, adaptive network access mechanisms are
essential to utilize available shared radio resources efficiently.
This paper uses a statistical learning approach to enable end
devices to perform delay-sensitive and delay-tolerant trans-
missions over dynamically partitioned resources in a grant-
free manner. Consequently, the proposed DRA scheme ac-
commodates delay-tolerant transmissions under favorable net-
work conditions while delay-sensitive transmissions follow the
prescribed latency bound. Moreover, devices perform random
back-off in case of an outage providing fairness to newly active
devices in accessing shared radio resources. The resultant
adaptive network access mechanism enables end devices to
choose an appropriate network access strategy under time-
varying network load. In contrast to the existing centralized
network access methods, the proposed mechanism operates
in a semi-distributed manner and avoids excessive feedback
overheads while adaptively managing two different types of
network traffic.

This paper classified data generated in IIoT networks into
delay-sensitive and delay-tolerant types. Moreover, the pro-
posed adaptive network access considers the same latency
bound for all devices in an IIoT network. Our future research
aims to design an adaptive network access mechanism suitable
for heterogeneous IIoT networks by accommodating multiple
latency requirements.



APPENDIX A
DERIVATION OF (34)

Since each active device can have only one successful delay-
sensitive transmission per round in the DRA scheme, the
devices can predict the average latency for their delay-sensitive
transmissions as follows [13]:

1 N—-1 N
1+> 5 |-
=it

w

~(DRA) _

ds (48)

1- H/ﬁ[:l 5n

By using En ~ ay, VYn=1,2,...,N in (48), the devices can

approximate ﬁc(l?RA) as follows:
N-1
_ora) LD o 49
ds >~ W ( )
The right hand side of (49) can be expanded as:
~ ~ ~ \—1N-1 A~
~(DRA) 1+ a{V - 04{\7 +(1—an) an (1 —aq)ay
a0 1—ay
a(l—a) 'yN a-aynar!
14 1 ( 1) Z"i}v( 1) &Y R
1—-0a;
where
N

~\ ~n—1 ~ ~ ~92 ~N—-1 ~N
E (1-ay)ay " =1l—-a1+a1—aj+...+a; —ay.
n=1

(51

All the terms except the Ist and the last terms at the right
hand side of (51) are cancelled out and (51) is reduced to:

N
Y (t-ayayt=1-ay. (52)
n=1
By substituting (52) in (50), we get:
~ra) 1 53
ds 11— al : ( )
o . . ~(DRA)
By substituting &1, obtained through (25), in (53), 114 gets
the following form:
~(DRA) R
~ (54)
“ R— Zfizl A1

This completes the derivation of (34).

APPENDIX B
PROOF OF PROPOSITION 1

For the grant-free based restricted transmission strategy of

the SRA scheme we have 0 < a; < ap < ... < any < 1,
which satisfies the followings:
Hazga?7 Vn:1727 aNa (55)
i=1
From (55) we have:
N—1 n N—-1
1+ a; <1+ Y ar. (56)
n=1 i=1 n=1

Also from (55)
1 1
1*]—[5\;1@ T l-ay

Combining (56) and (57) yields the following:

(57)

N—1 ~g
S FU o § P IR

1_Hn:1an 1_62]1\[

Comparing the left and right hand sides of (58) with (26) and
(49), respectively, we get (35).

(58)
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