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Abstract: With the growing interest in the Internet of Things (IoT), research on massive machine-type
communication (mMTC) services is being actively promoted. Because mMTC services are required
to serve a large number of devices simultaneously, a lack of resources during initial access can
be a significant problem when providing mMTC services in cellular networks. Various studies on
efficient preamble transmission have been conducted to solve the random access problem of mMTC
services. However, supporting a large number of devices simultaneously with limited resources is
a challenging problem. In this study, we investigate code-expanded random access (CeRA), which
extends the limited preamble resources to the code domain to decrease the high collision rate. To
solve the existing CeRA phantom codeword and physical uplink shared channel (PUSCH) resource
shortage problems, we propose an optimal preamble codeword set selection algorithm based on
mathematical analysis. The simulation results indicate that the proposed code-expanded random
access scheme to enhance success probability (CeRA-eSP) achieves a higher random access success
rate with a lower access delay compared to the existing random access schemes.

Keywords: random access; code-expanded random access; massive machine-type communications;
Internet of Things

1. Introduction

With the emergence of 5G services, such as smart cities, smart grids, and smart
homes/buildings, interest in Internet of Things (IoT) networks has increased
significantly [1–3]. To ensure the connectivity of large-scale networks, the international
telecommunication union radiocommunication sector (ITU-R) defined massive machine-
type communications (mMTC) as one of the main use cases of 5G [4,5]. The main features
of mMTC are high connectivity of up to 1 million devices per square kilometer, small data
volume, sporadicity, and delay tolerance [1,6]. Because the characteristics of mMTC services
are different to those of existing human-type communication (HTC)-based services, an
mMTC-specialized study is required.

A representative problem of mMTC is the preamble collision that occurs during the
random access (RA) process. Preamble collisions occur when devices transmit the same
preamble sequence during RA. In mMTC, massive devices transmit preamble sequences
simultaneously, resulting in a higher collision rate in the preamble transmission phase. The
access delay increases because most devices retransmit the preamble owing to the high
collision rate. A high collision rate causes a decrease in the RA success rate. Therefore, the
high collision rate problem is considered a representative problem of mMTC services [7,8].

Extending the preamble resource is one approach to solving the high collision rate
problem. Among the preamble extension schemes, a code-expanded random access (CeRA)
scheme was proposed. The CeRA scheme operates based on a preamble codeword. A
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preamble codeword refers to a longer preamble format composed of serial preamble
sequences transmitted in consecutive RA slots. We assumed that the number of preamble
sequences that can be transmitted in each random access occasion (RAO) is M and the
number of preamble sequences constituting one codeword is Lc. If the base station (BS)
can recognize the preamble sequences for each RAO, the number of preamble codeword
combinations is ML. The CeRA scheme is an innovative method that can exponentially
increase preamble resources, considering that existing preamble extension methods linearly
increase preamble resources [9,10]. Because the preamble collision rate is significantly
reduced as the number of selectable preamble codewords increases, the CeRA scheme can
efficiently solve the high collision-rate problem.

Furthermore, the CeRA scheme does not require significant changes in the preamble
transmission and detection processes. To discuss the difference between the CeRA scheme
and the existing RA scheme, it is necessary to know the preamble codeword transmission
and identification processes. The preamble sequence transmitted in successive RA slots
should be concatenated as long as the codeword length for the BS is able to successfully
identify the preamble codeword. The CeRA scheme uses a virtual frame composed of
consecutive RA slots for preamble codeword detection. The BS records the successfully
transmitted preamble sequences in each RA slot that are included in the virtual frame. After
the preamble transmission in the virtual frame is completed, the BS deduces the possible
preamble codeword combinations based on the preamble sequence observations recorded
for each RA slot. It can be observed that the preamble codeword reception process of the BS
does not require any special change other than the transmission in units of virtual frames.
With respect to the preamble transmitter, the devices transmit a random preamble sequence
in the same manner as the conventional method. Because the receiver and transmitter
do not require significant changes in the RA process, the CeRA scheme allows for the
accommodation of the bursty RA load of the mMTC with minimal changes in the MAC
layer [9].

Despite its various advantages, the CeRA scheme has unresolved problems. A repre-
sentative problem is the codeword ambiguity problem that occurs during the deduction
process of the preamble codeword. In a conventional RA scheme, the BS can accurately
discern the actual transmitted preamble sequence for each RA slot. By contrast, the CeRA
method deduces the preamble codeword based on the preamble observation for each
random access slot, allowing it to recognize the preamble codewords that have not been
transmitted. For example, we consider a situation in which n devices transmit a preamble
codeword of length lc. If the devices transmit different preamble sequences in all RA slots,
the actual number of preamble codewords transmitted by the devices is equal to the number
of devices n. However, the BS deduces the number of nl possible combinations based on the
preamble sequence observations for each RA slot. A preamble codeword that the device did
not actually transmit was deduced by the BS, which is defined as a phantom codeword. The
codeword ambiguity problem refers to a problem in which it becomes difficult to identify
the actual preamble codeword as the proportion of phantom codewords increases.

The codeword ambiguity problem causes a shortage of PUSCH resources. In the legacy
RA scheme, the BS recognizes the transmitted preamble sequences and sends a random
access response (RAR) message to the user-sent preamble sequences. The device allocates
a dedicated PUSCH resource using an RAR message when the preamble transmission is
successful. The PUSCH resource is a limited uplink resource for the device to transmit
data packets and control signals after the preamble transmission. The PUSCH shortage
problem occurs when PUSCH resources are wasted on phantom codewords. Specifically,
the majority of deduced preamble codewords are phantom codewords when codeword
ambiguity is high. If the BS randomly allocates PUSCH resources, most of them are allocated
to the phantom codeword. Because the phantom codeword is not a preamble codeword
transmitted by an actual device, this results in a waste of PUSCH resources. If PUSCH
resources are wasted, the PUSCH resources that need to be allocated to the transmitted
preamble codewords become insufficient. Because devices that are not allocated PUSCH



Sensors 2022, 22, 7959 3 of 22

resources are dropped during the RA process, the shortage of PUSCH resources is directly
related to the degradation of the RA performance.

As mentioned previously, two main factors contribute to the degradation of the RA
performance: preamble collision and codeword ambiguity. If the BS attempts to solve the
high collision rate by using a large-scale preamble codeword set, the codeword ambiguity
problem occurs because of a non-overlapping preamble transmission, which incurs a large,
deduced preamble set. By contrast, if the BS utilizes a small preamble codeword set to solve
the codeword ambiguity problem, the performance of the RA deteriorates owing to the
preamble collision. Because both factors are closely related to performance according to
the size of the preamble codeword set, preamble collision and codeword ambiguity have a
trade-off relationship. To maximize the RA performance, CeRA studies that consider both
factors should be conducted.

In this paper, we propose a code-expanded random access to enhance success proba-
bility (CeRA-eSP) scheme that considers preamble collision and codeword ambiguity to
increase the RA success rate and PUSCH resource utilization. The proposed scheme consists
of a preamble codeword-set selection phase and PUSCH resource allocation phase. In the
preamble codeword set selection algorithm, we design three probabilistic analysis models
with respect to the preamble transmission success rate, preamble codeword utilization
rate, and PUSCH timeout rate. Because the three factors have a trade-off relationship, we
analyze the random-access success rate by considering these three factors and select the
preamble codeword set that maximizes the random access success rate. In the PUSCH
resource allocation phase, we propose an improved PUSCH allocation procedure that
utilizes the PUSCH waiting message. The proposed PUSCH allocation scheme can improve
PUSCH resource utilization by using unused PUSCH resources at a lower access intensity.
Finally, we validate the improvement of the proposed CeRA-eSP using a performance
analysis simulation. The simulation results show that the proposed CeRA-eSP achieves the
highest random-access success rate while maintaining the lowest access delay.

In summary, the main contributions of this study are as follows:

• We propose a CeRA-eSP scheme to improve the RA success rate and PUSCH resource
utilization. The proposed CeRA-eSP scheme consists of two phases. One is the pream-
ble codeword set selection phase that devices can select in each RAO. The other is the
PUSCH resource allocation phase to the preamble codeword recognized by the BS.

• We propose a preamble codeword set selection algorithm based on the number of
active devices to maximize the RA success rate. The proposed preamble codeword set
selection algorithm consists of three kinds of analytic models for the preamble trans-
mission success rate, preamble codeword utilization rate, and PUSCH timeout rate.

• We propose an improved PUSCH allocation scheme based on the PUSCH waiting
message to improve the utilization of PUSCH resources.

• We show the performance of the proposed CeRA-eSP scheme in terms of the access
delay, preamble collision rate, and RA success rate. The proposed CeRA-eSP scheme
has the lowest access delay among the benchmark schemes and shows the highest RA
success rate.

The remainder of this paper is organized as follows. Related studies on contention-
based RA, CeRA, and PUSCH resource allocation are introduced in Section 2. The system
model for the preamble codeword-based RA is introduced in Section 3. Analytical mod-
els for a successful preamble transmission rate, preamble ambiguity, PUSCH resource
limitation, and preamble codeword set allocation scheme are introduced in Section 4.
The experimental results and performance evaluation are presented in Section 5. Finally,
Section 6 concludes the paper.
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2. Related Works
2.1. The Legacy Contention-Based Random Access Procedure

The contention-based RA procedure is a reference method used in the existing RA
scheme and it has difficulty supporting massive connectivity. Therefore, a number of studies
on contention-based RA considering the massive RA of 5G have been conducted [11–24].

A study was conducted on the access class barring method proposed by the 3GPP
standard organization to solve the high collision problem of mMTC. The authors of [11]
designed a random access channel (RACH) success probability analysis model for the three
coverage enhancement groups based on the 3GPP NB-IoT standard. The author suggested
that with the existing access class barring (ACB) and back-off (BO) algorithms, the RA
success rate can be approximately doubled through RA management for the three coverage
enhancement groups compared to the massive RA situation in a single group. The authors
of [12] analyzed the performance of power ramping, back-off, and access class barring
(ACB) algorithms to solve the congestion situation of mMTC. Studies on the ACBs utilized
in the 3GPP NB-IoT standard were conducted in [13]. The authors improved the collision
rate by proposing an ACB configuration method that selects the optimal barring parameters
in real time. In [14], joint optimization of the preamble selection and access barring methods
was performed. The author derived a solution to the average RA throughput maximization
problem using the block coordinate descent method, which is a non-convex problem.

Numerous studies have been conducted on increasing the service satisfaction rate
by allocating prioritized preambles according to the requirements of each device. The
authors of [15] proposed a distributed queuing-based content resolution scheme for MAC
layer load estimation. Through the design of the distributed queue-based framework, the
author solved the congestion of massive access and guaranteed the priority of device access.
In [16], various device access requirements were considered. Using the proposed access
priority provisioning technology, devices can satisfy the delay requirement by transmitting
multiple preambles according to the priority order. The authors of [17] studied a method for
distinguishing devices in the access control process using a tagged preamble. The authors
of [17] studied a method for distinguishing devices in the access control process using
a tagged preamble. Through joint optimization of the tagged preamble and access-class
barring parameters, the author improved the RA success rate. In [18], the MAC and PHY
layer enhancement of RA was studied to consider the QoS requirements of the various
service types of mMTC.

To improve the RA performance in mMTC, a machine-learning-based approach was
studied. The authors of [19] proposed a reinforcement learning (RL)-based ACB method
that can adaptively select the barring rate. The proposed scheme improved the access
success probability through RL-based dynamic barring factor selection. The authors of [20]
studied the ACB method by considering the energy consumption and delay constraints
of the device. In this study, a deep reinforcement learning approach was used to obtain
the real-time mean barring time and barring rate. To resolve preamble collisions, [21]
proposed a preamble selection method based on multi-agent reinforcement learning. In
addition to the aforementioned studies, various other approaches to mMTC have been
studied. In [22], a method for utilizing unused PUSCH resources was proposed to support
devices that failed RA in mMTC. The proposed PUSCH resource reallocation algorithm
increased the RA success rate at the cost of energy consumption. To support a large number
of connections in mMTC, the authors of [23] used a compressive sensing method. The
authors reduced the RA collision rate by utilizing the sporadicity characteristics and a
non-orthogonal pilot. The authors of [24] proposed a novel grant-free RA method based on
non-orthogonal multiple access (NOMA) to fulfill the massive connection requirements of
5G mMTC. The proposed method achieved a higher RA throughput than the NOMA-based
RA method in various user-density environments.

However, in previous studies on contention-based RA, it was difficult to reduce the
collision rate owing to the lack of reference preamble sequences. To support massive
connectivity, it is necessary to consider the preamble extension.
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2.2. Code-Expanded Random Access Procedure

To utilize the preamble extension in an mMTC environment, various studies related
to CeRA have been conducted [9,10,25,26]. In [10], the RA procedure and frame structure
of CeRA were designed. The authors proposed an adaptive CeRA method to reduce
the number of phantom codewords and improve the utilization of preamble codewords
by adaptively allocating them according to the user device density. The authors of [25]
allowed devices to transmit preamble codewords that remove the similarity between
codewords through q-ary maximum average distance code to solve the problem of CeRA’s
low preamble codeword utilization. The author of [25] proposed a codeword similarity
removal scheme based on q-ary maximum average distance code to solve the low-preamble
codeword utilization problem of CeRA. In [9], codeword ambiguity and PUSCH resource
allocation probabilities were analyzed. To improve the RA success probability, a balanced
preamble codeword set allocation scheme with low ambiguity and high PUSCH resource
allocation probability was proposed. The authors of [26] conducted a study to increase
the success rate of grant-free RA through successive preamble transmissions. The author
proposed a massive MIMO-based user equipment detection algorithm to improve the RA
success rate based on preamble codeword transmissions.

Previous studies have analyzed the preamble codeword utilization in the preamble
transmission process. Most studies do not consider the utilization of PUSCH resources,
and it is possible that the RA success rate will decrease owing to a shortage of PUSCH
resources. In the case of studies considering PUSCH, it is difficult to allocate an appropriate
preamble codeword set because the preamble codeword increases exponentially in units of
the codeword length. To improve the overall RA success rate, it is necessary to consider the
efficiency of PUSCH resource allocation and preamble codeword set allocation.

3. System Model
3.1. Target System Model

We considered a single cell consisting of N mMTC devices and one BS. The overview
of the target system model is illustrated in Figure 1. A device becomes active when data are
available for transmission. The activation patterns of devices are sporadic because the data
collection of the devices differs depending on the sensing environment. This sporadicity
renders it difficult to predict when and which device will be active in a single RA slot. The
number of activated users at time t ∈ (0, TA) follows the beta distribution. Specifically, the
beta distribution is used with the parameters α = 3 and β = 4 of the 3GPP standard as
follows [27]:

p(t) =
tα−1(T − t)β−1

Tα+β−1
A B(α, β)

, (1)

where B(α, β) denotes the beta function,
∫ 0

1 tα−1(1− t)β−1dt. The beta distribution is com-
monly used in mMTC RA scenarios where bursty traffic occurs [24,28].

As shown in Figure 1, the PUSCH waiting message was used in our system model.
The PUSCH waiting message is used when the PUSCH resources are insufficient to support
all the preamble codewords that are transmitted in the specific RAO. In this case, some
preamble codewords cannot be allocated using PUSCH resources because of the lack of
PUSCH resources in the corresponding RAO. Devices that have transmitted the PUSCH
resource-unallocated preamble codeword are dropped in the existing RA scheme, leading
to a decrease in the RA success rate. To prevent a decrease in the RA success rate, the BS
identifies the successfully received preamble codeword and broadcasts the PUSCH waiting
message to the PUSCH resource-unallocated devices. The devices that correspond to the
waiting preamble codeword do not perform RA retransmission in the next RAO, although
they monitor the RAR message for the given PUSCH waiting time window.

Among the existing RA schemes, the back-off scheme improves the RA success rate by
distributing the access intensity to one RAO [29]. Similar to the back-off scheme, the PUSCH
waiting message can improve the RA success rate by distributing high-access requests
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over other RAOs. Specifically, in a situation where high access intensity continues, a large
preamble codeword is set to lower the high collision rate. If the size of the transferable
preamble codeword set is larger than that of the PUSCH resource, the BS transmits a
PUSCH waiting message to some devices because of the lack of PUSCH resources. Devices
that have received the PUSCH waiting message wait for the PUSCH waiting expiration
and retransmit the preamble codeword. Therefore, the PUSCH waiting message can lower
the access intensity by setting a time interval for devices with high access intensity.

Figure 1. System model.

Figure 2 shows the state transition of the device during the RA. The active device had
sufficient power and data required for RA, and the activation of the device indicated that
the device could perform RA. After the preamble transmission, the device waits for the
RAR message including the PUSCH resource. If the PUSCH resource is allocated, the device
transitions to the complete state of the communication setup; otherwise, the device performs
RA retrial up to the maximum number of preamble transmissions allowed. When the
devices reach the maximum preamble transmission, they transition to the communication
setup failure state. Our system model contained a single-shot RA case for simplicity of
the analysis model. Single-shot RA means that once a device falls into a communication
setup failure state, the RA reattempt for the device is no longer considered. Notably, the
system model consisted of the RA retrial until it reached the maximum number of preamble
transmissions without further retransmission after the communication setup failure.
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Figure 2. State transition diagram of an IoT device.

3.2. Frame Structure and the Legacy Uplink Radio Resources

Figure 3 shows the frame structure and uplink radio resources of CeRA. The specified
subframe according to the PRACH configuration is utilized as an RA slot for the preamble
transmission. The RA slots of codeword length Lc form one virtual frame for the successive
transmission of the preamble sequence. Devices randomly transmit one of the M preamble
sequences in each RA slot, similar to the legacy RA scheme. Because a virtual frame
consists of Lc RA slots, the devices transmit a total of Lc preamble sequences during one
virtual frame duration. After transmission of the preamble codeword, the BS deduces
the preamble codewords based on the preamble sequence observation in each RA slot. A
preamble sequence observation refers to a process in which the BS confirms the results of
the preamble sequences that are successfully received in each RAO. The BS deduces the
preamble codewords by combining the preamble sequences observed in the virtual frame.

Figure 3. Frame structure of codeword-based random access (codeword length Lc = 2 and PRACH
configuration = 6)

The RA cycle defined in [30] was used in the system model to consider uplink radio
resources for RA. The RA cycle has a length of Tra ms and consists of a PRACH resource
of Tpr ms and a PUSCH resource of Tpu = Tra − Tpr ms. In the 5G IoT random access
scenario, the RA cycle duration and PRACH duration are commonly set to Tra = 5 ms and
Tpr = 1 ms [5,21]. The PRACH resource consists of 839 subcarriers at 1.25 kHz. Because
the PRACH resource includes M orthogonal contention-based preamble sequences, the
devices use the PRACH resource for the preamble transmission. The PUSCH resource
consists of 72 subcarriers at 15 kHz. The PUSCH resource is used by devices to transmit
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a connection request and data after transmitting the preamble. The maximum number of
available transmissions in PUSCH, as described in [30], can be calculated as follows:

NST =

 LRAC⌈
Θmax

rlog2(I)

⌉
 · Tpu, (2)

where LRAC = 6048 denotes the number of selectable layers supported by sparse code
multiple access in one RAO, θmax = 160 bits denotes the data transmission size for each
device, r = 1 denotes the code rate, and I = 4 denotes the number of constellation points.
The above-mentioned values are calculated according to the formula in [30] and follow
the network standard of [27]. For the special case where the codeword length Lc = 2, as
shown in Figure 3, the total number of subcarriers is Tra = 10 and the number of PRACH
subcarriers is Tpr = 2; thus, the number of PUSCH subcarriers is Tpu = 8. When NST is the
maximum number of available transmissions in the PUSCH, it can support as many devices
as NST = 144 using Equation (1). If the number of deduced preamble codewords exceeds
the allocable PUSCH resources, the BS selects random preamble codewords up to NST to
send RAR messages and sends PUSCH waiting messages to extra preamble codewords.

4. Proposed Scheme

In this section, we describe the proposed code-expanded random access to enhance
the success probability (CeRA-eSP). The CeRA-eSP is a random access scheme to reduce the
preamble collision rate in the mMTC environment and improve the actual random access
success rate while considering uplink resource limitations. The overview of the proposed
CeRA-eSP is shown in Figure 4. The CeRA-eSP consists of four phases: estimation of the
number of active devices, SIB-2 broadcasting, preamble transmission, and RAR response.

First, the number of active devices estimation phase aims to estimate the current access
intensity indicator, which is utilized in the preamble codeword set selection algorithm. We
use the Bayesian rule-based estimation scheme proposed in [28] to measure the number
of active devices in each RAO. The Bayesian estimation scheme requires an a priori distri-
bution and the number of idle preambles in the previous RAO to estimate the posterior
distribution of the current RAO. Because the posterior distribution estimated at time slot t is
used as an a priori distribution in the next time slot t + 1, it is possible to obtain the number
of active devices in the current RAO using a recursive Bayesian estimation. The number of
active devices for all RAOs is calculated using the following recursive calculation based on
the Bayesian rule:

ν← ν

(
1− I

M

)(
1− e−

ν
M

)−1
, (3)

where I is the number of unselected preambles and ν is the mean value of the activated device.
Second, the SIB-2 message broadcasting phase is a process for selecting the optimal

preamble codeword set to optimize random access performance. In a legacy CeRA scheme,
an oversized preamble codeword set, which increases exponentially as the codeword length
increases, causes the codeword ambiguity problem mentioned in Section 1. We refine the
scale of the codeword set by limiting the transferable preamble sequences in the first
RA to solve the codeword ambiguity problem. Due to the trade-off relationship between
codeword utilization and the collision rate, it is necessary to select the optimal preamble
codeword set considering both factors in order to improve the overall RA success rate.
We design mathematical models for three key RA performance indicators, (1) preamble
transmission success rate, (2) preamble codeword utilization rate, and (3) PUSCH timeout
rate, which are described in Section 4.1, to implement the preamble codeword selection
algorithm. The BS determines the number of preamble sequences that can be transmitted
in the first random access slot for the current RA cycle according to a mathematical model
based on the estimation of the number of active devices. The BS sequentially allocates
the preamble sequences of the first random access slot and continuously records the last
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number of the preamble indexes of the first RA slot that were used in the previous RA
cycle. Through the last preamble index and preamble sequence scale information, the
BS broadcasts the available preamble sequence indexes of the first random access slot in
the current RA cycle using the SIB-2 message. The devices can identify the transferable
preamble codeword set in the current RA cycle based on the SIB-2 message information.

Third, the preamble codeword transmission phase aims to reduce the collision rate
in the preamble transmission phase by transmitting a large-scale preamble codeword. In
Figure 4, the devices randomly transmit one of the transferable preamble sequences in the
first RA slot. Thereafter, the devices randomly transmit one of the M preamble sequences in
the second RA slot. Through two consecutive preamble sequences, the device can transmit
one preamble codeword. Devices that have transmitted the preamble codeword monitor
the signal on the physical downlink shared channel for a predefined RAR receive timer,
which is used in legacy random access procedures.

Finally, the RAR message transmission phase is a process for allocating uplink re-
sources to devices that have successfully transmitted the preamble codeword. In legacy
RA, low PUSCH utilization decreases the RA success rate as the number of PUSCH non-
allocable devices increases. In order to improve the PUSCH resource utilization, we propose
an improved PUSCH allocation procedure based on the PUSCH waiting message. The
PUSCH waiting message is transmitted to devices that have not been allocated PUSCH
resources when the allocable PUSCH resource is less than the number of received preamble
codewords. Since the proposed PUSCH allocation method does not require significant
changes in the RAR transmission process, we can follow the legacy random access proce-
dure with small modifications.

Among the four phases of the proposed CeRA-eSP scheme mentioned above, phases 1
and 3 are the same as in the procedure of the legacy CeRA. As the main difference from the
legacy CeRA, first, we propose the preamble codeword set selection algorithm to improve
the RA success rate in phase 2 of the CeRA-eSP. Second, we propose an improved PUSCH
allocation scheme based on a novel PUSCH waiting message to improve PUSCH utilization.
In the following subsections, we describe the two proposed schemes in phases 2 and 4.

Figure 4. Overall procedures of the proposed CeRA-eSP scheme.
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4.1. Preamble Codeword Set Selection Algorithm

In order to select an optimal preamble codeword set to improve the RA success rate, it
is necessary to consider all the RA factors. As mentioned in Section 1, there is a trade-off
relationship between the collision rate, which is also called the preamble success rate, and
the codeword ambiguity. In addition, the device needs to be allocated a dedicated PUSCH
resource in order to succeed in RA; it is also necessary to consider the degradation of RA
performance due to PUSCH resource limitations. To consider all of the RA factors, we
first design the mathematical analysis model of the preamble transmission success rate,
preamble codeword utilization rate, and PUSCH timeout rate analysis. The first two metrics
are related to the trade-off between the collision rate and codeword ambiguity, and the
last metric is used to calculate the PUSCH non-allocable preamble codeword rate. After
the analysis model description, we describe the proposed algorithm to select the optimal
preamble codeword set considering the three metrics mentioned above.

4.1.1. Preamble Transmission Success Rate Analysis Model

Given the number of active devices, the success rate for the average number of suc-
cessful preambles is proposed in [28] as follows:

S =
νe−

ν
Mc

Mc
, (4)

where S is the success probability of the preamble transmission and Mc is the number of
preamble codewords.

4.1.2. Preamble Codeword Utilization Rate Analysis Model

We define N f s as being the number of transferable preamble sequences that are broad-
casted by the BS in the first RA slot, and Nchosen as being the number of actually transmitted
preamble sequences by devices in the first RA slot. A device transmits a random pream-
ble sequence among the N f s preamble sequences. Therefore, Nchosen can be calculated as
follows:

Nchosen = N f p

(
1−

(
1− 1

N f p

)ν)
. (5)

In (5), the value ν, which means the number of active devices in the current RA cycle,

is a large value in mMTC. We assume that N f s ' Nchosen since
(

1− 1
N f p

)ν
has a value

close to zero. According to the above assumption, the probability that a specific preamble
codeword is chosen by at least one device is calculated as follows:

Pchosen = 1−
(

1− 1
MN f p

)ν

. (6)

The expected number of codewords chosen by at least one device can be calculated
as follows:

E[Ncodeword] = Pchosen ·M · N f p = M · N f p

(
1−

(
1− 1

MN f p

)ν)
. (7)

In a specific situation where the preamble codeword length Lc = 2, the expected
number of preamble codewords selected in the first and second RA slots can be calculated
as follows:

E[N f p] = N f p

(
1−

(
1− 1

N f p

)ν)
(8)
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E[Nsp] = M
(

1−
(

1− 1
M

)ν)
. (9)

The average number of preamble codewords deduced by the BS is calculated
as follows:

E[Nde] = E[N f p]×E[Nsp] = M · N f p

(
1−

(
1− 1

M

)ν)(
1−

(
1− 1

N f p

)ν)
. (10)

As the preamble codeword utilization refers to the ratio of the actually transmitted
preamble codewords among the preamble codewords deduced by the BS, the preamble
codeword utilization can be calculated using Equations (7) and (10) as follows:

E =
E[Ncodeword]

E[Nde]
=

(
1−

(
1− 1

MN f p

)ν)
(

1−
(

1− 1
M

)ν)(
1−

(
1− 1

N f p

)ν) . (11)

4.1.3. PUSCH Timeout RATE Analysis Model

To prevent redundant preamble codeword recording by the BS, the PUSCH waiting
time is set as follows:

W =
M

Nmax, f p
, (12)

where Nmax, f p denotes the maximum number of preamble sequences transmitted in the
first RA slot. This prevents the transmission of the same preamble codewords, even when
Nmax, f p is fully utilized for every RAO.

Let Nde(t) be the number of deduced preamble sets at time slot t, Nw(t) be the
cumulative number of waiting devices at time slot t, and G(t) be the number of extra
preamble codewords that cannot be served owing to the PUSCH limitations at time slot
t. In the initial time slot 1, the number of waiting devices at time 1 can be calculated as
Nw(1) = max(0, Nde(1)− NST), where NST is the allocable PUSCH resource, which has a
fixed value of 144 [30]. If Nw(1) is not zero, it means that some of the preamble codewords
cannot receive the RAR message at time t = 1 and need to receive PUSCH resources within
the PUSCH waiting window W. In addition, the PUSCH gain at time 1 can be calculated
as G(1) = max(0, Nde(1)− NST); at time slot 2, Nw(2) includes G(1) when extra preamble
codewords exist at time slot t = 11; therefore, the number of waiting devices at time 1 can
be calculated as Nw(2) = max(w, Nde(2) + G(1)− NST). Furthermore, the PUSCH gain at
time 2 can be calculated as G(2) = max(0, Nde(t) + G(1)− NST). Therefore, the general
formula for G(t) can be formulated as follows:

G(t) = max(0, Nde(t) + G(t− 1)− NST). (13)

At time slot t = W where the PUSCH waiting time has expired, Nw(t) includes the
number of timeout preamble codewords Nto(t) as follows:

Nto(t) = max(0, G(t− 1) + Nde(t)− NST ·W), (14)

where G(t− 1) + Nde is the device that waits to receive the RAR message at time slot t− 1,
and NST ·W is the total allocable PUSCH resources between times t−W and t.

The number of waiting devices consists of three main components: the number of
deduced preamble codewords, number of previous extra preamble codewords, and number
of timeout preamble codewords. As the three aforementioned components are already
defined in (10), (13), and (14), Nw(t) can be calculated as follows:

Nw(t) = max(0, Nde(t) + G(t− 1)− NST − Nto(t−W)). (15)



Sensors 2022, 22, 7959 12 of 22

The reason that the number of timeout devices at time t−W is reflected in the waiting
preamble codewords at time t, is that the removal of the corresponding timeout pream-
ble codewords from the waiting preamble codeword occurs after the PUSCH timeout
window W.

Because the PUSCH timeout rate is the ratio of the number of timeout preamble
codewords to the deduced preamble codewords, the PUSCH timeout rate in all time slots t
can be calculated using (14) and (15) as follows:

T =
Nto(t)
Nde(t)

=
max(0, max(0, Nde(t + W) + G(t + W)− NST − Nto(t)) + Nde(t)− NST ·W)

M · N f p

(
1−

(
1− 1

M

)ν)(
1−

(
1− 1

N f p

)ν) . (16)

4.1.4. The Proposed Preamble Codeword Set Selection Algorithm

The BS performs the preamble codeword set selection algorithm as shown in Algo-
rithm 1. The proposed preamble codeword set selection Algorithm 1 selects the optimal
preamble codeword set that maximizes the RA success rate based on the number of ac-
tive device estimations. In lines 3, 4, and 5 of Algorithm 1, the BS performs the preamble
transmission success rate analysis, the preamble codeword utilization rate analysis, and
the PUSCH timeout rate analysis for each candidate scale of the preamble codeword sets.
In Figure 4, the preamble transmission success rate indicates the success rate up to the
preamble transmission in phase 2. Preamble codeword utilization represents the proportion
of actual transmission preamble codewords among the inferred preamble codewords. The
PUSCH timeout rate indicates the proportion of the number of PUSCH allocations among
the successfully transmitted preamble codewords in phase 4. Because all the aforemen-
tioned conditions should be satisfied for the entire RA to succeed, the RA success rate can
be defined as a product of the three aforementioned ratios and is calculated in line 6. Finally,
Algorithm 1 selects and returns the N f p value that maximizes the RA success rate in lines
7, 8, and 9. The BS can calculate the selectable preamble in the RA cycle based on the last
preamble index of the first RA slot and N f p value. After the determination of the preamble
sequences in the first RA slot, the BS broadcasts the selectable preamble sequences in the
first RA slot through the SIB-2 message. Algorithm 1’s computational complexity is O(N f p).
Since the complexity of the proposed algorithm is low, it is possible for the BS to perform
Algorithm 1 in each RA cycle. Algorithm 1 is performed in an online manner and the
optimal preamble codeword set is selected based on the number of active device estimation
values in every RA cycle. This means that the proposed CeRA-eSP technique can operate
efficiently without complex computing operations and state information collection phases.

Algorithm 1 Preamble codeword set selection in the base station

Input: ν
Output: N f p

1: for i = 2 to N f p,max do
2: Rmax ← 0

3: S = νe−
ν

M·i
M·i

4: E =
M·i

(
1−(1− 1

M·i )
ν
)

M·i
(

1−(1− 1
i )

ν
)(

1−(1− 1
i )

ν
)

5: T = Nto(t)
Nde(t)

= max(0,max(0,Nde(t+W)+G(t+W)−NST−Nto(t))+Nde(t)−NST ·W)

M·N f p

(
1−(1− 1

M )
ν
)(

1−
(

1− 1
Nf p

)ν)
6: R = S · E · T
7: if (Rmax < R) then
8: Rmax ← R
9: N f p ← i

10: end if
11: end for
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4.2. Improved PUSCH Allocation Scheme

We propose an improved PUSCH allocation scheme to mitigate the degradation of
PUSCH resources. To improve the utilization of PUSCH resources, we extend the waiting
message proposed in [31] to the PUSCH waiting message as shown in Figure 5. The
traditional RA method drops devices when PUSCH resources are insufficient, even though a
successful preamble transmission has already been achieved. In Figure 5, the legacy PUSCH
allocation drops the second device when the number of deduced preamble codeword sets
is larger than the allocable PUSCH resources in one RA cycle. By contrast, the improved
PUSCH allocation procedure first transmits a PUSCH waiting message to devices that
have successfully transmitted the preamble, allowing devices to wait for a certain waiting
window time without dropping. Because the access intensity is different for each RAO, the
remaining PUSCH resources at low access intensity may be allocated to devices waiting for
the RAR message. This means that the utilization of PUSCH resources is increased, thereby
alleviating the PUSCH resource utilization degradation problem caused by large-scale
preamble codewords.

(a)

(b)
Figure 5. PUSCH allocation scheme comparison. (a) Legacy PUSCH allocation scheme. (b) Improved
PUSCH allocation scheme.

In the proposed PUSCH allocation scheme, the BS temporarily records a successfully
transmitted preamble codeword. Because the BS cannot obtain specific information from
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the device that transmits the preamble codeword, PUSCH resources are allocated to the
preamble codeword based on the first-come first-out method [16,24,32]. If the RAR message
is received within the PUSCH waiting time, the device may proceed to the connection-
request process. Otherwise, the device performs an RA reattempt because the PUSCH
waiting time has expired.

5. Performance Evaluation
5.1. Simulation Environment

We developed a simulator in Python 3.7 to measure the performance of the proposed
CeRA-eSP scheme. Table 1 lists the system parameters used in the simulations. We imple-
mented an mMTC scenario with N = 100, 000 devices in single-cell access during 4000
RAO. In the case of the CeRA method, an experiment was performed in an environment
with a codeword length Lc = 2 and a situation in which devices were connected for a total
of 2000 virtual frames. Each experiment was performed 100 times, and the average value
of the experimental results was used as the measurement value.

We compared the performance of the proposed CeRA-eSP scheme with legacy schemes
such as baseline, access class barring, back-off, and legacy CeRA. The operation summary
of each random access method is described below and Figure 6 illustrates the comparison
of the four different random access schemes.

Table 1. Simulation Parameters.

Parameters Values

Traffic distribution model Beta distribution(α = 3, β = 4)
Time duration 10 (s)
PRACH configuration 6 [21]
Total random access occasion 4000 (n)
Preamble codeword length (Lc) 2
Available preamble sequence (M) 54 (n)
Available PUSCH resources (NST) 144 (n) [26]
Maximum number of N f p 27 (n)
Minimum number of N f p 2 (n)
Waiting window time (W) 10 (ms)
Delay constraint 10 (s)
Maximum number of preamble retransmission 10 (n)
Back off time 20 (ms)
Barring rate 0.3
Mean barring time 1 (s)

• Baseline: This refers to the existing RA method in which each device transmits a
random preamble sequence from a set of 54 contention-based preambles. Because
congestion control is not considered, activated devices transmit a preamble on every
RA occasion. Moreover, because the number of total preamble sequences is less than
the number of available PUSCH resources, a successful preamble transmission means
that PUSCH resource allocation is also successful.

• Access class barring and back-off (ACB and BO): This refers to the proposed ACB and
BO technique for solving the high access intensity problem in the mMTC scenario
[11–13]. Activated devices select an arbitrary value between zero and one. When the
value is less than the access barring rate, the device is barred for a certain duration.
In terms of the preamble transmission, the devices transmit a random preamble
sequence among 54 contention-based preambles, similar to the baseline scheme. When
a preamble collision occurs, the device waits for the random back-off time between
zero and the given back-off time duration and then retransmits the preamble sequence
again. Because the number of preamble sequences in the ACB and BO scheme is less
than the number of available PUSCH resources, the restriction of PUSCH resources is
not considered in the baseline.
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• Legacy CeRA: This refers to an existing CeRA transmission scheme in which PUSCH
resource constraints are not considered. Because the codeword length of the target
system is 2, devices select one of the 542 = 2916 preamble codewords in the preamble
transmission step. Because congestion control is not considered, activated devices
transmit preamble codewords in every RA cycle. CeRA utilizes two consecutive RAOs
as one RA cycle; thus, the number of RA cycles considered in the simulation is 2000.
If the number of PUSCH resources is less than the number of deduced preamble
codewords, the BS drops the extra preamble codewords.

• The proposed CeRA-eSP: In the same way as legacy CeRA, one of the preamble
codewords is randomly selected to perform the preamble transmission. The main
difference between the proposed CeRA-eSP method and the legacy CeRA method
is that a different scale of preamble codeword sets can be selected according to the
access intensity. If the number of available PUSCH resources is less than the deduced
number of preamble codewords, the BS sends a PUSCH waiting message to the extra
devices. The proposed CeRA-eSP method transmits a preamble codeword in 2000 RA
cycles in the same way as legacy CeRA.

Figure 6. Comparison of different random access schemes.

5.2. Simulation Results
5.2.1. Delay and RA Failure Rate

In Figure 7, the average delay and RA failure rate for the RA schemes for different
numbers of devices are analyzed. The average time of the total RA procedure was measured
to analyze the average delay for the RA schemes, including devices that failed RA, as shown
in Figure 7a. In the baseline method, most devices were dropped as the number of access
devices increased to over N = 20, 000. As the number of dropped devices increased, the
average access delay of the baseline method increased significantly, even at low access
intensities. The ACB and BO method showed a lower access delay performance than the
legacy CeRA method in a low-access-intensity environment. Because additional access
delay occurs owing to the back-off time, it shows a larger access delay increasing tendency
than legacy CeRA as the number of devices increases. Furthermore, as the number of access
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devices exceeds N = 120, 000, the ACB and BO method shows a higher RA failure rate than
legacy CeRA. Consequently, the average access delay exceeds that of legacy CeRA.

(a) (b)

Figure 7. (a) Average delay for different consistency. numbers of devices and (b) RA failure rate for
different numbers of devices.

In Figure 7b, it can be seen that the proposed CeRA-eSP method exhibited a lower RA
failure rate than the legacy CeRA method in all situations. Compared with the legacy CeRA
method, the proposed CeRA-eSP method achieved a lower RA failure rate by dynamically
selecting the preamble codeword set. As the access intensity increased, the proposed CeRA-
eSP method utilized a higher preamble codeword set. In a situation where the number of
access devices was N = 150, 000, the proposed CeRA-eSP method utilized a larger preamble
codeword than the legacy CeRA method; therefore, the RA failure rates of the two methods
were similar. All the RA schemes showed an approximately linear increase in the number
of dropped devices. The baseline method showed the highest RA failure rate. The baseline
dropped most of the devices because the high collision problem occurred in the process of
supporting large access intensity with limited preamble sequences that lacked a baseline
and had no congestion control. The ACB and BO method showed a low RA failure rate
when the number of devices was less than N = 50, 000. However, the ACB and BO method
had the highest rate of increase in the RA failure rate as the access intensity increased. This
is because the ACB and BO method did not efficiently support high access intensity with
limited preamble resources as the baseline method did. In addition, the baseline and ACB
and BO methods showed similar performances as the number of devices increased.

5.2.2. Success Rates of Preamble Transmission and Random Access

Figure 8 shows the RA performance during the 2000 RA cycle. In Figure 8a, it can be
seen that the baseline and ACB and BO schemes showed a nearly zero preamble trans-
mission rate in high access intensity. Due to the preamble codeword expansion, the CeRA
schemes showed outstanding performance in respect of the preamble transmission. The
legacy CeRA method showed a larger number of successful preamble transmissions than
the proposed CeRA-eSP method owing to the low preamble collision rate of the legacy
CeRA method. This is because legacy CeRA utilizes 2916 preamble codeword sets without
considering preamble codeword utilization. Despite the number of successful preamble
transmissions being larger than the CeRA-eSP method, the BS could not allocate PUSCH
resources to all successful preamble codewords owing to PUSCH resource limitations.
Therefore, Figure 8b shows that the proposed CeRA-eSP method achieved a larger number
of successful RAs than the legacy CeRA method. Due to the proposed CeRA-eSP method
selecting the optimal preamble codeword set by considering PUSCH resource limitations,
a higher number of successful RAs can be achieved. In the case of the baseline method
and the ACB and BO method, the simulation results showed that the number of successful
RAs was lower than the CeRA schemes in high-access-intensity situations as the preamble
transmission rate was low.
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(a) (b)

Figure 8. (a) Number of Successful preamble transmissions and (b) Number of successful random accesses.

In both the legacy CeRA and proposed CeRA-eSP methods, fluctuations occurred at
certain points as the access intensity increased. The fluctuation point occurred when the
penalty owing to a lack of PUSCH resources was reversed, and the gain owing to a decrease
in the preamble collision rate of the CeRA was reversed. Because both schemes have
the same PUSCH resource limit, the performance curve after the fluctuation at RAO =
300 showed a similar shape. This fluctuation occurred when the preamble codeword
transmitted from one RAO exceeded the allocable PUSCH resources. Because both schemes
had the same PUSCH resource limit, the performance curve after the fluctuation showed a
similar tendency.

5.2.3. Trade-Off Analysis between Preamble Transmission Rate and Random Access Rate

Figure 9 shows the RA step performance for the various RA schemes. The baseline and
ACB and BO schemes utilized fewer preamble sequences than allocable PUSCH resources;
therefore, the preamble transmission success rate and RA success rate had the same value
as mentioned previously. As shown in Figure 9a, the legacy CeRA method achieved the
highest preamble transmission success rate. This is because legacy CeRA utilized the largest
preamble codeword set. The ACB and BO method showed a higher preamble transmission
success rate than the proposed CeRA-eSP method when the number of devices was less
than N = 70, 000. This is because the ACB and BO method maintained the number of access
devices in one RAO by utilizing the barring rate. As the access intensity increased, the ACB
and BO scheme converged to a preamble transmission success rate similar to the baseline
because of the limited number of preamble sequences. The proposed CeRA-eSP method
utilized the preamble codeword, which is an expanded form of the preamble sequence;
thus, it showed a higher preamble transmission success rate than the ACB and BO method
in high-access-intensity situations.

In Figure 9b, it can be seen that the proposed CeRA-eSP method achieved the highest
RA success rate in all cases. The baseline and ACB and BO methods degraded RA per-
formance owing to the high collision problem. The legacy CeRA method degraded RA
performance owing to the codeword ambiguity problem, which was caused by a large
preamble codeword set of 2916. The proposed CeRA-eSP method achieved the highest RA
success rate by considering the preamble collision, codeword utilization, and PUSCH time-
out rates. Therefore, the legacy CeRA scheme consumed PUSCH resources in a phantom
codeword and achieved less than a 60% RA success rate, whereas the proposed CeRA-eSP
method achieved the highest RA success rate. Even in the high-access-intensity situation of
N = 150, 000, the proposed CeRA-eSP method achieved an RA success rate of 25%.
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(a) (b)

Figure 9. (a) Successful preamble transmission rate for different numbers of devices and (b) Successful
random access rate for different numbers of devices

5.2.4. Comparison of RA Success Rate of the Proposed CeRA-eSP and Legacy
CeRA Methods

According to the previous performance analysis results, it can be observed that the
legacy CeRA method was significantly affected by PUSCH resources. Because a specific
PUSCH resource could have had a significant impact on the legacy CeRA and the proposed
CeRA-eSP methods, additional simulations were performed to analyze the RA success rates
according to the PUSCH resources. In Figure 10, it can be observed that the RA success
rate increased linearly according to the number of resources for both the legacy CeRA and
the proposed CeRA-eSP methods. The proposed CeRA-eSP method achieved a higher RA
success rate than the legacy CeRA scheme for all the PUSCH resources considered. This is
because the proposed CeRA-eSP method utilized the PUSCH waiting message to increase
the utilization of the PUSCH resources. Because the utilization of PUSCH resources was
high, it can be observed that the performance of the proposed CeRA-eSP method was
higher even with the operation of additional PUSCH resources.

Figure 10. RA success rates for different available PUSCH resources

5.2.5. PUSCH Wastage of Legacy CeRA and CeRA-eSP

In Figure 11, the PUSCH wastage of legacy CeRA and CeRA-eSP for various PUSCH
resources and device densities is shown. In Figure 11a, it can be seen that CeRA-eSP
generated less PUSCH waste than legacy CeRA in all cases when N = 100, 000. Legacy
CeRA inferred more phantom codewords due to high codeword ambiguity with the growth
of allocable PUSCH resources. In other words, the BS in legacy CeRA had a larger deducable
preamble set than that of CeRA-eSP, so relatively more phantom codewords were generated,
which resulted in a waste of PUSCH resources. Figure 11b shows that CeRA-eSP achieved
low PUSCH wastage in all cases. In legacy CeRA, as the number of devices increased,
the number of deduced phantom codewords increased, and as the number of cases in
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which PUSCH resources were allocated to phantom codewords increased, it was confirmed
that up to a 100,000 PUSCH wastage was generated during the entire RA. On the other
hand, since the proposed CeRA-eSP method dynamically adjusted the preamble codeword
set according to the number of active device estimations, it maintained a low number of
phantom codewords and as a result, achieved a low PUSCH wastage performance. It is
worth noting that CeRA-eSP achieved high PUSCH efficiency in a highly densified network,
which consisted of more than N = 120, 000 devices. This means that CeRA-eSP saved the
precious uplink resources of mMTC by improving the efficiency of resources consumed
by RA.

(a) (b)

Figure 11. (a) PUSCH wastage for different PUSCH resources and (b) PUSCH wastage for different
numbers of devices.

6. Discussion

In this study, we proposed a code-expanded RA scheme that considers preamble
codeword utilization and PUSCH resource limitations. Most conventional CeRA schemes
focus more on the preamble transmission success rate than on the overall RA success
rate. To improve the RA success rate, we formalized the analysis model of the preamble
transmission success rate, preamble codeword utilization, and PUSCH timeout rate. In
addition, we proposed the first RA slot selection procedure and PUSCH waiting message to
improve PUSCH resource utilization. In the performance evaluation section, we validated
that the proposed CeRA-eSP exceeded the performance of the existing CeRA scheme with
respect to the RA success rate. In future work, we will further improve the preamble
selection process using machine learning techniques that have been considered in recent
studies [19–21].
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Abbreviations
The following abbreviations have been used in this manuscript:

ACB access class barring
BS base station
CeRA code-expanded random access
mMTC massive machine-type communications
NOMA non-orthogonal multiple access
HTC human-type communication
IoT Internet of things
ITU-R international telecommunication union radiocommunication sector
PBCH physical broadcasting channel
PDCCH physical downlink control channel
PRACH physical random access channel
PUSCH physical uplink shared channel
RA random access
RACH random access channel
RAR random access response
RAO random access occasion
RL reinforcement learning
SIB-2 system information block-2
Notation Description
M Preamble sequences in one random access slot
Mc Number of preamble codewords
Lc Preamble codeword length
W PUSCH timeout window size
ν Mean value of activated devices
I Number of unselected preambles
S Success probability of preamble transmission
N Number of devices
N f p Number of preambles that are selectable at the first random access slot
N f p,max Maximum number of preambles that can be transmitted at the first random access slot
Nsp Number of preambles that are selectable at the second random access slot
Ncodeword Number of codewords that are transmitted at the random access cycle
Nchosen Number of preambles that are transmitted at the first random access slot
Nde Number of deduced preambles
Nde(t) Number of deduced preambles at time slot t
NST Number of allocable PUSCH resources for each device
Nto(t) Number of devices that are in the state of PUSCH timeout at time slot t
Nw(t) Number of cumulative waiting devices at time slot t

G(t)
Number of extra preamble codewords that cannot be served owing to a
PUSCH limitation at time slot t

Pchosen Probability that a specific preamble codeword is chosen by at least one device
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