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Abstract—Massive random access of devices brings great
challenge to the management of radio access networks. Most
of the time, the access requests in the network is sporadic.
Exploiting the bursting nature, sparse active user detection
(SAUD) is an efficient enabler towards efficient active user
detection. However, the sparsity might be deteriorated in case of
high concurrent request periods. To dynamically coordinate the
access requests, a reinforcement-learning (RL)-assisted scheme of
closed-loop access control utilizing the access class barring (ACB)
technique is proposed, where the control policy is determined
through continuous interaction between the RL agent and the
environment. The proposed RL agent can be deployed at the next
generation node base (gNB), supporting rapid switching between
heterogeneous vertical applications, such as mMTC and uRLLC
services. Moreover, a data-driven scheme of deep-RL-assisted
SAUD is proposed to resolve highly complex environments with
continuous and high-dimensional state and action spaces, where a
replay buffer is applied for automatic large-scale data collection.
An Actor-Critic framework is formulated to incorporate the
strategy-learning modules into the intelligent control agent.
Simulation results show that the proposed schemes can achieve
superior performance in both access efficiency and user detection
accuracy over the benchmark scheme for different heterogeneous
services with massive access requests.

Index Terms—Massive random access, active user detection,
massive MIMO, compressed sensing, reinforcement learning.

I. INTRODUCTION

With the popularization of the next-generation communi-
cation technology, various types of services have developed
rapidly relying on the cost-effective broadband access provided
by massive machine-type communication (mMTC) [1]. Since
the horizontal expansion of services is supported by the prolif-
eration of sensors (102/km? to 107 /km?), higher requirements
are placed on the random access of massive devices [2],
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[3]. Normal-scale cells are configured with orthogonal pilots
for each user, and the next generation node base (gNB)
can separate multiple signals and accurately detect the active
users. However, in massive random access, the existence of
numerous devices makes the pilot sequences unable to satisfy
the complete orthogonal relationship, and the traditional user
detection mechanism can hardly make effort [4].

Fortunately, the access requests of massive users usually
have a bursting nature, i.e., the active users who need to make
requests to access the network occupy only a small proportion
of all the potential users residing within this network [5]. This
sparsity makes it possible for the compressed sensing (CS)-
based active user detection (AUD), i.e. sparse AUD (SAUD)
[6]-[9]. Identifying superimposed users by SAUD can counter-
act the negative impact of non-orthogonal pilots and improve
spectrum efficiency. However, as the number of access requests
increases rapidly, or when multiple heterogeneous services
need to be supported [10], more conflicts among the active
users might occur, which breaks the sparsity nature and results
in detrimental impact on the accuracy of AUD [11]. Hence,
it is necessary to design an effective paradigm to properly
manage and dynamically control the access requests of the
users in the network.

The access class barring (ACB) mechanism can perform
differentiated access control based on the different needs and
characteristics of services in the network, thereby effectively
reducing network burden. For instance, ultra-reliable low la-
tency communications (URLLC) services such as Internet of
Vehicles are more sensitive to reliability and thus require
higher accuracy of AUD, while mMTC services such as
Internet of Things tend to enable more users to access at po-
tential cost of reliability. Faced with the diverse requirements
and characteristics of various scenarios in the next-generation
networks [12], the ACB strategy needs to be dynamically
adjusted to be more adaptable [13]. However, it is difficult
for traditional convex optimization algorithms to dynamically
achieve accurate modelling and obtain a favorable access
control strategy in the time-varying environments.

To this end, a reinforcement learning (RL)-based framework
is introduced to facilitate a data-driven intelligent agent, which
can proactively interact with the time-varying environment and
realize dynamic access management through adaptive control
of the ACB factors. Specifically, an RL-assisted SAUD (RL-
SAUD) is devised, which adopts Q-learning to obtain expe-
rience from trials and errors and learn appropriate decision-
making policies. In the proposed RL-SAUD scheme, different
ACB factors are assigned to different priority-based classes,
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making a reasonable trade-off between the permitted access
probability and the user detection accuracy. Furthermore, in
order to support effective control towards continuous and high-
dimensional state and action spaces, a deep reinforcement
learning (DRL) assisted SAUD (DRL-SAUD) is devised to
mitigate the impact of the state quantization and the di-
mensional curse in Q-learning. Besides, previous experience
is obtained via pre-training and stored in a replay buffer,
which is exploited to initialize the parameters of the deep
neural networks for more rapid convergence. Then, through
the closed-loop interaction between the gNB agent and the
network environment, a more up-to-date and precise control
can be achieved. The superiority of the proposed scheme is
verified by both theoretical analysis and simulation experi-
ments. Consequently, the main contributions of this work are
summarized as follows.

e A massive random access control framework based on
ACB and SAUD is formulated. The inherent sparsity of
access requests is fully exploited to achieve efficient and
accurate detection of active users among massive amount
of potential users in the network.

o An RL-SAUD is devised to realize access management
through dynamic control of the ACB factors, which can
adaptively preserve the sparsity of access requests that
may be deteriorated by severe conflicts of excessively
massive access requests or heterogeneous services in the
time-varying environments, thus sustaining the accuracy
of SAUD.

e Furthermore, a DRL-SAUD with a built-in Actor-Critic
module is proposed, where the previous experience is
utilized for faster convergence. A data-driven paradigm is
enabled by training deep neural networks, which resolves
the performance degradation due to quantization error and
the curse of dimensionality considering continuous state
and action spaces.

The rest of this article is organized as follows. Section II
reviews the related prior work. The system model of massive
random access is presented in Section III. The proposed
schemes of RL-SAUD and DRL-SAUD for intelligent and
dynamic ACB factors and massive access control are described
in detail in Section IV and Section V, respectively. The theo-
retical performance analysis is given in Section VI. Simulation
results are reported in Section VII, which is followed by the
conclusions in Section VIII.

II. RELATED WORK

In the initial stage of random access, the users intending to
access the network send their pilots on the physical random
access channel, and the gNB detects the active user according
to the known pilot sequences [14]. This is the first step in
random access, which aims to detect the correct user to estab-
lish a connection for information transfer. Unlike traditional
random access, in the scenario of massive random access, it is
impossible for each user to exclusively occupy an orthogonal
pilot resource due to excessively huge amount of users [15].
Therefore, the performance of random active user detection
has always been the bottleneck in massive random access

[16], [17]. So far, the solutions in the existing literature can
be roughly divided into two categories, i.e., scheduling-based
random access schemes and scheduling-free random access
schemes.

Scheduling-based random access schemes mainly focus on
collision avoidance by reasonably allocating orthogonal time-
frequency resources to users for user detection, access control
and signal transmission. For instance, a dynamic backoff
frame adaptation scheme was proposed to mitigate access
conflicts [18]. Some solutions allow devices to adaptively
occupy available access time slots [19], [20]. Nishimura et al
proposed a strongest user conflict resolution protocol within
a grant-based random access paradigm, which significantly
reduced failed access attempts [21]. A scheme distributes
available random access resources based on learning automata,
which can reasonably control the massive access requests from
MTC devices [22]. Additionally, a priority-based ACB (PACB)
control scheme divides users into multiple classes based on
latency requirements, and implements dynamic ACB control
to provide satisfactory quality-of-service (QoS) for multiple
services [11]. Nevertheless, as the number of potential users
grows, limited orthogonal resources impairs the scalability of
the network [8].

The scheduling-free random access solution allocates a non-
orthogonal pilot sequence to the user upon its initial access
into the network. In subsequent access cycles, the user can
access the network without requesting orthogonal resources
in advance, reducing the signaling overhead and transmis-
sion delay [23]. For the received non-orthogonal signals that
are mixed up, the sparse recovery-based method utilizes the
sparsity of the signals to handle the interference due to non-
orthogonality [24]. By taking advantage of the sparsity of
active user requests, the SAUD algorithm has been widely
studied in literature. For instance, Hong er al implemented
a CS algorithm for user detection based on channel infor-
mation with different precisions [9]. A modified approximate
message passing algorithm exploited the structured sparsity
in non-coherent transmission to enhance the scalability as the
number of potential users increases [25]. Based on the inherent
structured sparsity of user activities in the non-orthogonal
multiple access (NOMA) system, an iterative user detection
algorithm was proposed [26]. Zhang et al employed the block
sparse Bayesian learning method to solve the problem of AUD
and channel estimation in NOMA, which implemented high-
quality data detection and channel estimation with moderate
time complexity [27]. Additionally, the user detection problem
was formulated as a joint sparse support recovery problem with
multiple measurement vectors [28].

However, although SAUD is more suitable for massive
access, its performance cannot be guaranteed without proper
user access management due to the variations of channel
conditions, random noise, and the number or the proportion
of active users. During peak traffic periods, the sparsity of
user access activity can be destroyed, resulting in inaccurate
user detection and low access efficiency. As a standard access
control mechanism, the ACB scheme manages the access of
users with different priorities to connect to the network in
a time-sharing manner [29], [30]. However, the model of
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massive random access is complex and the mutual influence
between different environmental factors is implicit, making
it difficult for conventional convex optimization based ACB
schemes to adapt to the dynamic and intricate environments.
Even if a reasonable model can be established, it is still
difficult to efficiently analyze a large amount of data generated
by the massive random access system.

To this end, if RL is introduced in this problem, an RL
agent can utilize the utility or value function obtained from
interacting with the environment to update its strategy, en-
abling it to adaptively and rapidly make favorable decisions
that adapt to the time-varying environments [31]. At the same
time, the closed-loop policy update paradigm eliminates the
need for complex modeling of the multi-parameter and dy-
namic environments [32], [33]. Furthermore, the emerging and
popular deep reinforcement learning (DRL) technique, which
combines deep neural networks with RL to train enhanced
intelligent agents with large-scale datasets, can be utilized
to achieve more precise control performance [34], [35]. For
example, a DRL-based massive random access scheme is
designed to achieve continuous and optimal selection of the
access time slot [34]. The dueling deep Q-Network is pro-
posed to achieve a higher level of user satisfaction through
the trade-off between access delay, energy consumption and
other factors [35]. Moreover, DRL has also been adopted to
solve frequent switching, access contention window adaptive
determination, etc [36]-[38].

II1. SYSTEM MODEL

The model of massive random access to a massive MIMO
network considered in this paper is illustrated in Fig. 1.
Assume that there are in total [V potential users within the
network. Let U/ represent the set of all the potential users,
and let U, represent the set of the active users. An activity
indicator «, is used to indicate the activity of the n-th user,
ie., o, = 1 indicates that the n-th user has requested for
access at the current time slot, and otherwise it is equal to
zero. In the realistic process of establishing a connection with
the gNB, an active user with a single antenna sends a unique
pilot to the gNB equipped with M antennas in the radio access
network, where the pilot is previously assigned to the active
user by the gNB.

During a typical process of a contention free random
access link establishment, three signaling messages denoted
by MSG1, MSG2 and MSG3 are sent between the active
user and the gNB to convey the unique information of the
active user, the response of the gNB, and the acknowledge
character of the active user. To be specific, in time slot ¢, active
users modulate their unique pilots A, = [}, ..., A} y]”
k=1,2,...,K, onto K OFDM sub-carriers for transmission,
which can be regarded as MSG1. The channel matrix of sub-
carrier k from N potential users to the gNB is denoted by
Hj = [h} ,,....,h} y], where hj, , € CM denotes the channel
response vector from the single-antenna user n to the M-
antenna gNB. Thus, the measurement vector yi € CM on
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Fig. 1. Massive random access to a massive MIMO network: The gNB
serves as an intelligent agent and physical-layer access point for a massive
number of users with different priority ACB classes; Different QoS and access
requests required by heterogeneous vertical services, time-varying channel
environments, and various scenarios should be dynamically supported with
adaptive switching capability.

sub-carrier k received by the gNB is represented as

N
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n=1 ~
Hj,

where A} = diag{)\} ;,..., A} v} is a diagonal matrix whose
diagonal elements are composed of the pilot vector AL, and
z} € CM represents the background noise. For simplicity
of notation, let flfc represent the normalized channel matrix
H! Al, which represents the original channel matrix HY
normalized by the pilots Af. It is worth noting that, the nor-
malized channel matrix IjlfC can be regarded as an observation
matrix in the framework of CS.

If the unknown activity indicator vector for the k-th sub-
carrier &f, = [c, 1, ..., o, y]7 in (1) has a sparse property, i..,
the number of active users are much less than the total users,
and the observation matrix satisfies the restricted isometry
property, it is high probable that it can be recovered with
bounded error from the measurement vector y! according to
the CS theory [4]. Then, the SAUD problem can be modeled
as a sparse recovery problem to estimate the active user set,
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Fig. 2. Visualization of the massive random access requests, with a series
of pilot blocks sent by the active users with access requests represented in
the time, sub-carrier and antenna domains. The size of each pilot block is
determined by the number of potential users in the network and the number
of antennas at the gNB. On a certain time-frequency resource, the subset of
active users with access requests shows sparse characteristics compared to the
set of the total potential users in the network.
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i.e., the positions of nonzero entries, of the unknown activity
indicator vector oc§c for sub-carrier k& [39].

The mechanism of massive random access requests with
a series of pilot blocks sent by the active users with ac-
cess requests represented in the time, sub-carrier and an-
tenna domains is visualized in Fig. 2. The sparse recovery
problem is actually to estimate the final activity indicator
vector o, which can be decomposed into K sub-problems
corresponding to each of the K pilot sub-carriers, as given
in Eq. (1). Specifically, each of the activity indicator vectors
Q) = [}, 1, G N]T, k=1,2,..., K, can be estimated first
by solving its corresponding sub-problem y* = Hf ol + zt,
k =1,2,...,K; Then, the K estimates {&, &5, ..., &y } can
be regarded as K voters and combined to jointly determine the
estimated final activity indicator vector & = [&, ..., a4 7"
For a potential user n in the network, if more than half of the
K voters judge it to be active, i.e., 1/K Zk dfm > 0.5, user
n will be finally detected as active and the n-th element &,
of vector & will be marked as one; otherwise it is considered
inactive and marked as zero. This voting process can be
represented by

K
1 ~t
~t 17 r Z ak,n>0'5,
An = k=1

(@)
0, otherwise.

After the active users are detected by SAUD via (2), the gNB
sends a random access response, i.e., MSG2, to the detected
users.

Starting from sending their pilots, the active users start
a timer window to capture the feedback of gNB. If a user
successfully parses the response corresponding to the previous
MSG1 within this timer window, the device will feed back an
acknowledge character (ACK), i.e., MSG3, to the gNB, indi-
cating that the connection has been successfully established.
Otherwise, it is considered as reception failure.

IV. REINFORCEMENT-LEARNING-ASSISTED SPARSE
ACTIVE USER DETECTION FOR MASSIVE RANDOM
ACCESS CONTROL

The performance of SAUD relies heavily on the sparsity of
access requests and the channel state. Thus, the access flow
control of the potential users in the network should be carefully
and properly managed. To this end, we propose an RL-assisted
SAUD (RL-SAUD) scheme in this section, which introduces
the ACB mechanism to coordinate the access requests of the
users. The scheme aims to adjust the ACB factors reasonably
and dynamically, and improve the detection accuracy of the
SAUD while allowing as many users as possible to access
to satisfy the requirements of various services. We will first
introduce the ACB mechanism for flow control, and then
present the proposed RL-SAUD scheme in detail in this
section.

A. Access Class Barring (ACB) for Flow Control

In various heterogeneous services with excessively massive
concurrent access requests, the sparsity of the activity indicator
vector in problem (1) may be destroyed, which reduces the

probability of accurate user detection and results in access
failure [11]. Therefore, the gNB needs a reasonable strategy
to control the access traffic, and ACB is a good candidate.

The ACB flow control mechanism divides the users into
multiple classes according to their access priorities. Suppose
there are L classes, the users in class [ are represented by
the set U}, and the number of elements in this set is N;. The
intelligent agent at the gNB generates different ACB factors
{p € [0,1]}L, for each of the L classes to perform traffic
management via a procedure called ACB check. In the process
of ACB check, a certain active user n € U; with access
requirements randomly samples a value ¢, € [0, 1] before
sending its pilot: Only if g, < p; will user n send the pilot,
otherwise it will back off to a random sampling time within a
predefined range and wait for the next ACB check procedure
[40]. With the support of the ACB flow control mechanism,
the number of devices accessing the network in the same time
period can be properly controlled and coordinated, which helps
preserve the sparsity of the access requests of active users.

In order to support massive access and the coexistence of
various heterogeneous services in a time-varying environment,
a closed-loop control scheme based on RL is designed to adjust
the ACB factors dynamically. The ACB factors are determined
by the intelligent RL agent deployed at the gNB, and will be
broadcast to all the potential users within the network, which
will be described in detail in the next sub-section.

B. Reinforcement Learning-Assisted Sparse Active User De-
tection (RL-SAUD) for Massive Random Access

First, we present the model of interactions between the
intelligent agent, i.e., the gNB, and the environment, i.e., the
users within the network, which can be regarded as a Markov
decision process (MDP). In fact, the closed-loop control is
actually an MDP process, in which the intelligent agent is
enabled by the RL framework. The details of the interactions
in the closed-loop access control process are listed as follows.

The proposed RL-assisted SAUD algorithm is summarized
in Algorithm 1. Specifically, to apply the Q-learning method,

Algorithm 1: Reinforcement Learning assisted Sparse
Active User Detection with Traffic Flow Control (RL-
SAUD)

1 Initialization:

2 Q-values Q(st, p?) in Q-table

3 Initialize a random state s©

4 fort=1,2,3,... do

5 In state s, choose action p? via (3)

L
; t gt
6 Calculate number of access-permitted users Ny = lg lpl N;

7 Active users to perform ACB check using p? and send MSG1
to gNB if passed

s gNB performs SAUD in Algorithm 2 and feed back MSG2

9 Active users detect MSG2 and send MSG3 back to gNB

10 ¢NB counts the number of valid access users Nt via ACKs in
MSG3

1 Calculate detection accuracy ¢t = N{/N}

12 Formulate the next state stt1 = [p?, c?]

13 Obtain current system utility u? via (4)

14 Update the Q-table using (5)

15 end
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the ACB factor for class [ is quantized into X; levels, i.e.,
P € 2 {i/X1,1 <i < X;}, where Q is the set of feasible
actions in RL, i.e., the value of ACB factors, for a certain class
of users. After the selected action, i.e. ACB factor vector p! =

t .., pt]T is performed, different classes of users perform
the ACB check procedure, which generates a set of active users
U, and a corresponding activity indicator vector o. Then,
the users in set U, will send their unique pilot sequences to
the gNB. The gNB estimates the activity indicator vector a'
via the SAUD algorithm, and then transmits MSG2 to the
detected active users. The SAUD algorithm is summarized in
Algorithm 2, where [Hj]* and [Hy]" represent the conjugate
and Moore-Penrose inverse of the normalized channel matrix
H,, of sub-carrier k as given in (1), respectively.

The active user who successfully receives MSG2 in the
timer window returns an ACK to the gNB, and the gNB
estimates the detection accuracy ¢! accordingly. For the con-
venience of referring to the past information, the state of the
RL-based algorithm is composed of the ACB factor vector
and the detection accuracy at the previous time slot, i.e.,
st = [pt~!,¢!7!] € S. The state implies some information
of the system, such as the mapping from p’ to ¢, which
can reflect the influence of some dynamic factors, such as
user mobility, the number of active users, and the change of
environmental noise, on the accuracy of SAUD at time slot
t. Each state-action pair corresponds a Q-value, forming a
Q-table of size X 1LX2 X XlL , where X5 is the number of
quantization levels of the detection accuracy ct.

The agent tends to choose the currently optimal action, i.e.,
p' = p* that maximizes the feedback Q value Q(s,p) in
the current state s’, but in this way some actions might not
be explored, which might result in stuck in a local optimum.
In this regard, the e-greedy method provides a certain small
probability to adopt a random strategy by setting an e value,
so that every feasible action might be explored, which is given
by

1—e¢, I° :argmaxQ(st,p),
Pr(p’ =p*) = peat 3)
ﬁ, otherwise.

where Q' is the action space. Based on (3), the probability of
choosing the action with the largest Q-value is 1 — €.

The system utility function ! is designed so as to strengthen
the policy of choosing a favorable action over the iterative
learning process, which is given by

L L
1 —\2
W= S gl = 3 =) = a1 =)

where r; is the access priority score for class [, with a
higher score indicating a higher access priority. The first term
to the right of equation (4) represents the quantity of the
valid accessed users weighted by the access priority scores.
Intuitively, if more users with higher access priority scores
are permitted to access and accurately detected, i.e., valid
accessed, the system utility should get a raise. The second and
third terms in (4) both play the role of penalty on the utility.
Specifically, the second term in (4) represents the variance
of the elements in p’ weighted by a coefficient p;, which

plays the role of a penalty on the policy ignoring the access
of the users in low-priority classes. If the variance is large,
it implies that the users in some of the low-priority classes
are hardly permitted to access the network, which is not a
favorable decision especially for mMTC services with massive
users of different priority scores required to access. Thus, the
agent can guide the algorithm to learn a policy favorable for
massive access control in mMTC services by setting a positive
value of the coefficient p; in the utility function (4).

On the other hand, for uRLLC services, the reliability and
stability are utmost important. In this case, the third term in
(4) plays the role of a penalty on the detection error weighted
by a coefficient ps. Thus, the agent can easily switch to a
policy favorable for accurate and reliable detection in uRLLC
services simply by setting a positive value of ps to include
penalty on detection error. Consequently, properly setting the
two coefficients p; and po for the two penalty terms will lead
to an appropriate tradeoff between different QoS requirements
of various heterogeneous services, and provide good support
of flexible switching between them.

In state s?, the agent performs the action p’, and the state is
transferred to s+, which will trigger the update of the record
Q(s?, p') in the Q-table using the Bellman equation as given
by

Q" PY) « (1-=)Q", P +%' (v +Amax Q™. B), (5)

where w’ € (0,1) and B € (0,1) represent the decaying
learning rate and the discount rate, respectively. The update of
the Q-table is driven by the currently obtained system utility
function u! as given in (4), which allows the RL policy to
keep up with the time-varying environment.

It is worth noting that, the Q-learning method adopted by
the proposed RL-SAUD scheme is a discrete action control
approach, which is equivalent to sampling from the exact
policy. In order to convey more specific information to achieve
satisfactory performance, the quantization level of the states

Algorithm 2: Sparse Active User Detection (SAUD)

1 Input:

2 Channel matrix {Hg }1<r<k

3 Received signal {y\}1<r<x and step size s
4 fork=1,2,3,...do

5 Initialization:

6 Fy=0,0=1,i=1 and residual rg = yy
7 while rrue do

8 S; = Max(|[Hy] " ri—1],s x 0)
9 Ci=F,_1US;

10 F = Max(|[F]} yicl,s x 0)
n r =y, — [Hyr (Al by

12 if [|r||2 < 0.01 then

13 | break

14 else if ||r||2 > [|r;—1||2 then
15 ‘ 0=0+1

16 else

17 ‘ Fi:F,TiZP,i:i+1
18 end

19 A = [Hk]jwwc
20 end
21 Detect the active user & via (2)
22 Output: &
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and actions should be smaller. However, this results in an
exponential increase in the size of the Q-table, which costs
too much computational complexity and storage overhead.
In addition, each interaction is only learned once and the
experience is not well exploited for future learning, which
limits the potentials of big data-driven approaches. Therefore,
it is necessary to introduce the DRL technique, i.e., a data-
driven paradigm enabled by training the deep neural networks,
to resolve the performance limitation due to discrete quantifi-
cation and dimensional curse of continuous state and action
spaces, and make full use of previous experiences for faster
convergence towards learning the optimal strategy.

V. DEEP-REINFORCEMENT-LEARNING-ASSISTED SPARSE
ACTIVE USER DETECTION FOR MASSIVE RANDOM
ACCESS CONTROL

In this section, a twin delayed deep deterministic (TD3)
policy gradient algorithm based on the Actor-Critic framework
is introduced to dynamically adjust the ACB factors and
properly coordinate the access requests, thereby improving
the number of valid access users and the accuracy of SAUD.
Compared with the RL-SAUD scheme, the proposed DRL-
SAUD scheme uses data-driven approaches to train deep
neural networks to resolve the problem of quantization loss
and high-dimensional state and action spaces, and accelerate
the convergence rate of the access control strategy. In fact,
the TD3 algorithm adopted in the DRL-SAUD scheme is
a cutting-edge DRL-based algorithm with some favorable
features: i) The Actor-Critic framework underlying TD3 is
very helpful for offline model testing; ii) Deep neural networks
enable the state of the DRL agent to convey more complex
information such as the channel state information, which is
closely related with the dynamism of the environment, making
it easier for the agent to capture the user mobility; 1iii) Better
to realize continuous action control, and iv) Accelerating the
convergence of learning via experience replay.

The DRL-based approach utilized in this paper is illustrated
in Fig. 3. Specifically, an evaluation network, i.e., the Critic,
processes and learns the experience obtained by the policy
network, i.e., the Actor, and then passes the Q-value to the
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Fig. 3. Architecture of TD3-enabled dynamic control of ACB factors: Active
users get access via the ACB factors determined by the intelligent agent at
the gNB, powered by the DRL-assisted access control policy.

Actor for learning. In this way, the Actor is responsible for
action decisions, and the Critic is responsible for scoring
the actions. In the framework of TD3, closed-loop offline
training can be performed using the Actor-Critic networks
to optimize for an effective model before it is applied to
the realistic environment, which can significantly improve the
testing performance of the model and the user experience
compared with the purely online learning method, especially
at the beginning of the testing phase [41].

As shown in Fig. 3, the TD3 architecture consists of six
networks, including the current Critic 1, Critic 2 and Actor,
and their corresponding target networks. The current networks
are intended to interact with the environment in real time,
and the target networks are responsible for providing reference
values for updating the current networks. By employing two
Critic networks, the agent can choose a smaller Q-value during
the update process to avoid overestimation of Q-values.

The proposed DRL-SAUD algorithm enabled by TD3 is
summarized in detail in Algorithm 3. Different from the RL-
based scheme, the state s = [p‘~!, ¢!~ [HkH;cSK] is for-
mulated by directly concatenating the real continuous-valued
action pt_l, detection accuracy c¢t=1, and channel matrices
[H,]'Z} - x at the previous time slot without quantization. The
high-dimensional features of the state can be extracted by the
Actor, and then a continuous action can be determined and
output via the policy 7 (s|w). Random exploration of the agent
is achieved by adding an additive noise term with variance of
€1 ~ N(0,0) instead of the e-greedy method, so that the
final action to be performed is slightly modified as given by
p! = 7(st|w) +€1. A too small value of the additive noise will
make the action no longer exploratory, while a too large value
will refrain the exploitation of the learnt policy, so a proper
tradeoff between exploration and exploitation can be achieved
by setting an appropriate value of the additive noise.

After the ACB check, the active users start requesting
access to the gNB, and then the gNB obtains the next state
s = [p, ¢!, [Hi]| . < ] and u®. The information including
the current state, the next state, the current utility, and the
current action will be packed into a transition as an experience,
ie., St = {st, p?,ut,s!*}, and stored in an experience replay
buffer B. The replay buffer enables previous experiences to
be learned from repeatedly to achieve faster convergence
to optimal strategy. Meanwhile, outdated transitions will be
replaced by the latest ones on a rolling basis to keep track of
the variation of the environment.

When a number of transitions have been captured in the
replay buffer, the agent randomly selects 7 transitions (a mini-
batch) from the replay buffer, i.e., {sV), p(), u() s+ 5
[1,J] to update the weights of the networks in real time. The
Target Actor first computes a reference action p for sU+1

(6

where the policy noise € is a random variable following a
normal distribution clipped by +g¢. The additive policy noise ¢
can smooth the Q-function as the output of the Critic network,
and enhance the reliability of the Q-value provided by the
Critic with the fluctuation of the actions. Then a reference

P (s NW) + e2, 2 ~ clip(N(0,5), g, 9),
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value y; of the Q-value {Q;(s'),p¥))} _ _ is given by

1
Y9 ) 7y min Q' (s(j“), f)IC/) , ©)
i=1,

where v is a discount factor. The Critic network uses the
Nadam optimizer to minimize the loss function as given by

. 1 X . . 2
Ci arggmln ? ZJ: (yr(]) — Qz‘(S(])7 P(J)‘O) . (®)

Different from the update of the RL-based scheme, the DRL-
based scheme manipulates more data in one epoch of training,
and a newly recorded experience can be learned several times
in subsequent training.

The policy network is updated more slowly than the eval-
uation network, which ensures that the Critic has minimized
its own estimation error before providing scores for policy
updates [41]. In the design of the proposed scheme in this
paper, the Critic is updated d times every time the Actor is
updated, and the Nadam optimizer is adopted to maximize the
policy gradient as given by

w 4 argmax £ VpQu(5, P11 s o) Vo)l sor-

)

In (9), VpQ1(s, p|¢1) represents the gradient of Q1 (s, p|¢1)

with respect to p, and V,7(s|w) is the gradient of 7(s|w)
with respect to w.

Every time the Actor is updated, a soft update is also

performed on each of the target networks, which is given by

G =86+ (1-08)¢ W =dw+ (1 -6, (10)

where ¢ € (0,1] is a memory coefficient that can be properly
set to achieve tradeoff between convergence rate and accuracy.

Algorithm 3: DRL-Assisted Sparse Active User De-
tection Enabled by TD3 for Access Flow Control
(DRL-SAUD)

Initialization:

Actor network 7(s|w)

Criticl network Q1 (s, p|¢1), Critic2 network Q2(s, p|¢2)

Target network 7/ (s|w’), Q1/(s, pI¢1"), Q2'(s, PI¢2")

Reset replay buffer B

Generate a random initial state s®

fort=1,2,3,... do

Determine the action p* = 7(st|w) + €1 for state s’

Active users send MSG1

gNB performs SAUD in Algorithm 2 to detect active users,
and then feeds back MSG2

Detected active users receives MSG2 and returns ACK

eNB formulates next state s+ = [pt, ct, [H]! ., < ] and
derive current system utility u? T

e ® N ! R W N =

=

—-
R =

13 Store transition {s(), p() 4 sG+1} in replay buffer B
14 Randomly sample 7 transitions from B

15 Obtain the reference action P — 7/ (sU+1)|w’) + ez

16 Calculate the reference Q-value y, using (7)

17 Update ¢; via (8)
18 if (t mod d = 0) then

19 Update w via (9)

20 Soft update weights of target networks ¢;’ and w’ using
(10)

21 end

22 t=t+1

23 end

VI. PERFORMANCE ANALYSIS AND EVALUATION

In this section, we present theoretical performance analysis
and evaluation on some important issues related with the
proposed schemes. First, for the SAUD algorithm, the detec-
tion accuracy with respect to the sparsity of the user access
requests is theoretically analyzed. Then, the convergence of
the proposed RL-based schemes is demonstrated. Moreover,
for the RL-based schemes, the theoretical bound of the utility
function is derived, and the computational complexity of the
proposed schemes is evaluated.

A. Performance Analysis of SAUD

The SAUD problem as formulated in (1) can be convex
relaxed by ¢;-norm minimization of the unknown sparse ac-
tivity indicator vector [42], which yields a convex optimization
problem as given by

N . 1 ~ |2
cx:argmm{mHy—Ho&H2+5N\|o¢H1}, (11)

xeCN

where the first term in the minimization problem represents the
regularization of the ¢s-norm error of sparse recovery. The
second term is the ¢;-norm of the unknown sparse activity
indicator vector &, which encourages a sparse solution of «.
A coefficient ¢y is adopted to make tradeoff between the
measurement error due to sparse recovery and the sparsity
requirement of the active users, which is given by ey =

2“’;%1\7,@ > 2. For example, when the number of user
access requests increases sharply, the value of ey can be
reduced to moderately relax the requirement of access sparsity.
After performing SAUD, the set of active users can be obtained
from the support of the recovered activity indicator vector &.
The active user detection accuracy c is then obtained by the
¢1-norm difference between the recovered and the real activity
indicator vectors, which is given by

_ M=y
T

Theorem 1. The active user detection accuracy c is lower-
bounded by

c=1 (12)

¢>1—ajexp (—azmin {||e||,,log(N — [|«]|,)}) . (13)
if the following conditions are satisfied
el M
1,max = 210gN
Y (14)
_ g [2plog
|)\k,n min >Peny =0 T]N .
Proof. See the details in Appendix A. |

Remark 1. It is indicated from Theorem 1 that, the active
user detection accuracy is closely related with the sparsity
of the user access requests. The two constraints in (14) are
the constraint on the sparsity of the user access requests
and the constraint on the minimum amplitude of the user
pilot [Ag,n iy, respectively. [|e[|; .. denotes the maximum
sparsity level of the activity indicator vector that is tolerable
in the network, which is subject to the constraint as given by

1
M =2 (Ho‘”l,max + 2 ) log (N - ||“||1,max) ° (15)
Y
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For the sparse measurement model as given in (1), n =
M/N represents the compressive measurement ratio, which
is the ratio of the measurement data size, i.e., the number
of antennas, to the length of the sparse vector, i.e., the total
number of potential users. The parameters of 1) and ¢ are set
manually in the optimization process.

B. Convergence Analysis of Reinforcement Learning Based
Scheme

For the proposed RL-SAUD scheme, assuming that
Q™ (s, p) is the target Q-table in a control task, we use Q*(s, p)
to represent the updated value of the Q-table in the ¢-th update
iteration, and it is updated by

Q"' (s,p) +Q'(s,p)+
@'[u’ + B max Q'(s',b) — Q' (s, p)].

beQl

(16)

Besides, we define the update operator of the Q-table as T,
which is given by
TQ(s,p) = Y Tp(s,s)[u(s,p,s') + B max Q(s',b)], (17)
s'es beql
where Y (s,s’) is the probability that the environment
changes from state s to s’ when the agent chooses action p.

When the Q-table converges, a further update iteration will
not produce any new changes, that is

TQ"(s,p) = Q" (s,p).

Then, the RL-SAUD scheme will finally converge to the target
policy, which is supported by the following theorem:

(18)

Theorem 2. Denoting the error between the calculated
Q-table of RL-SAUD and the target Q-table in the training
process as Al(s,p) = Q'(s,p) — Q™ (s, p), over the iterations
of training, we have:

lim A*(s, p) =0, (19)
t— o0

which shows that A(s, p) will converge to zero as t increases.

Proof. See the details in Appendix B. ]

C. Theoretical Bound and Computational Complexity of Re-
inforcement Learning Based Schemes

To evaluate the theoretical performance of the proposed RL-
based and DRL-based schemes, the system utility as in (4) can
be derived in closed-form for a typical case with each access
priority score identical, which is presented in the following
theorem.

Theorem 3. If the access priority score of each user class is
identical, the problem of maximizing the system utility function
u as given in (4) is turned into a convex problem that has a
tractable theoretical bound.

Proof. See the details in Appendix C. ]
Remark 2. When there is no difference in access priority
of the users in the network, i.e., L = 1, the first penalty term
in (4) intended to mitigate the variance of the ACB factors
of different priority classes will disappear. In this case, the

RL-based and DRL-based schemes are actually dynamically
searching for a proper policy of access control to approximate
the optimal solution or a sub-optimal solution towards the
theoretical bound derived in Theorem 3.

When different user classes have different access priority
scores, more uncertainty is brought to the network. Consid-
ering the time-varying property of the environment and the
diverse channel conditions and QoS requirements of different
user classes, it is not guaranteed that the optimal solution of
the original problem is still tractable in closed-form. Hence,
the ability of RL-based schemes in searching for a sub-optimal
solution towards the system utility in complex environments
over a reasonable time frame can be exploited. In the decision
process of the RL-based and DRL-based schemes, there are
two tradeoffs that need to be considered: The tradeoff between
the number of high-priority permitted-access users and the
variance in the number of permitted-access users with different
priority scores, and the tradeoff between the total number of
permitted-access users and the active user detection accuracy.

Next, we will investigate the computational complexity of
the proposed RL-based and DRL-based schemes. According
to the related research in literature [43], when the number of
training episodes of an RL-based algorithm is 7 with each
episode including & time slots, the computational complexity
is given by

Ti = O(7¢)

if 7¢& > poly(X,% Xy, X, ¥, 7), where poly(a,b,c) is a third-
order polynomial whose three roots are a, b, and c.

With the increase of quantization level of the state and
action spaces, the number of feasible actions and states in-
creases dramatically, which costs more time slots ¢ in each
episode for the RL-SAUD scheme to converge. As the side-
effect to reduce the performance loss caused by quantization
error, the increase of action-state pairs makes the RL-based
algorithm cost more searching and computational overhead in
random exploration at the early stage of the learning process.
For the DRL-SAUD scheme, the computational complexity
of float-point calculation in the deep neural networks, which
is measured by float-point operations per second (FLOPs), is
the main contributor to the overall complexity. In the devised
architecture, a network model including a single convolutional
neural network (Conv) layers with Cj input channels and
C, output channels, and two fully connected (FC) layers
is considered. Then, the computational complexity of the
proposed DRL-SAUD scheme is derived by the following
theorem.

(20)

Theorem 4. In the training process of the DRL-SAUD
algorithm with T episodes and £ time slots for each episode,
the computational complexity is given by

To = O (ECwiCo((wi — v) /s + 1)°) Q21

where v and s denote the size and the stride of the convolu-
tional kernel, respectively;, w; denotes the size of each input
channel of the Conv layer.

Proof. See the details in Appendix D. ]
Remark 3. The concept of open service in next-generation
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Fig. 4. Performance of the proposed RL-SAUD and DRL-SAUD schemes in (a) system utility, (b) access efficiency, i.e., number of users permitted to
access, and (c) active user detection accuracy. An mMTC service with massive access requests from huge amount of users is considered and supported. Two
benchmark schemes, i.e. the fixed ACB control scheme with SAUD and the proactive priority-based ACB (PACB) scheme, are also depicted for comparison.

communication enables manufacturers to expand the functions
of their network designs, and mobile operators can also support
the coexistence of multiple vertical services. In practical
deployment of multiple heterogeneous services, there is a
significant increase in the amount of input parameters to the
neural networks. Thus, it is difficult to analyze huge amount
of information of the environment and the system by merely
using a simple network of FC layers. Moreover, numerous
parameters in the FC layers slow down the computation and
it is more likely to cause overfitting. By utilizing Conv layers,
one can reuse the parameters of the convolution kernel without
consuming too much computational complexity overhead as
shown in this theorem. This helps better extract the high-
dimensional features of the complex system and realize a more
efficient data-driven intelligent scheme for the agent.

VII. SIMULATION RESULTS

In this section, the performance of the proposed RL-
SAUD and DRL-SAUD schemes is evaluated through exten-
sive simulations. Some typical metrics, such as the number
of users permitted to access and the active user detection
accuracy, are investigated to show the performance of the
massive random access control schemes. The number of users
permitted to access the network is investigated to show the
performance of access efficiency and throughput of the users,
while the active detection accuracy is investigated to show
the reliability and stability of the access requests. Further, we
explore the relationship among bit error rate (BER), detection
accuracy and proportion of active users. The effectiveness
and adaptability of the proposed schemes are validated in
different scenarios and various heterogeneous vertical services,
such as mMTC and uRLLC services. The tendence of the
access control strategy determined by the proposed schemes
is also demonstrated for different classes of users with different
access priorities.

The simulation configuration is set up as follows': The
number of potential users residing within the network is set

'In order to focus on the proposed RL-based model of massive access
control, the factor of hardware impairment has not been considered in this
paper, while its impact on the performance can be modeled using non-linear
filtering [44], evaluated by simulations, and effectively compensated for in
massive MIMO systems with a large number of antennas.

to N = 300 and evenly divided into L = 2 classes with
different access priorities. The number of antennas of the gNB
is M = 128. The carrier central frequency is located at 2GHz,
the total number of OFDM sub-carriers is Ny, = 1024, and
the number of pilot sub-carriers is is K = 64. The parameter
configuration of the RL-SAUD scheme is as follows: The value
of ACB factor and user detection accuracy have both been
divided into five levels (X; = 5 and X9 = 5). The learning
rate and discount rate of the Q-table are set to w' = 1/t
and 8 = 0.3, respectively. For the DRL-SAUD scheme, the
learning rate of the Critic applied for TD3 is set as 0.00001,
and the learning rate of the Actor is set as 0.00005 due to
delayed update. The Actor and the Critic share an identical
network architecture, which consists of one Conv layer and
two FC layers. The capacity of the replay buffer is set as
1000. The size of a mini-batch is 128. The variance of the
additive noise to encourage exploration is set as €; = 0.15.
The variance of the policy noise for the Target Actor is set as
€2 = 0.25, whose clip boundary g is set as 0.4. The delayed
update time is d = 4.

The performance of the proposed RL-SAUD and DRL-
SAUD schemes in the system utility, access efficiency, and
detection accuracy is reported in Fig. 4, where an mMTC
service with massive access requests from huge number of
users is considered. The fixed ACB control scheme with

120% ; T i i
Fixed ACB with SAUD
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100% I DRL-SAUD

80% ]
60% | ]
40% t ]
20%

10% 20% 30% 40%
Proportion of active users
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Fig. 5. The accuracy of active user detection versus the number, i.e., the
proportion, of active users.
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Fig. 6. The BER performance versus the number, i.e., the proportion, of
active users.

SAUD [9] and the proactive PACB scheme [11] are evaluated
as the benchmarks, and the theoretical bound is also depicted
for comparison. First, the performance of system utility is
reported in Fig. 4(a). It can be observed from Fig. 4(a) that, the
proposed RL-SAUD and DRL-SAUD schemes significantly
outperform the benchmark schemes, which validates the effec-
tiveness of the proposed RL-assisted mechanism in achieving
a better access control utility for massive access scenarios. It is
also demonstrated that the DRL-SAUD scheme is approaching
the theoretical bound of system utility, which verifies the su-
perior performance of the DRL-assisted architecture in case of
complex environments and high-dimensional state and action
spaces. The performance gain of DRL-SAUD over RL-SAUD
validates the effectiveness of utilizing the TD3 architecture
with deep neural networks to extract more complex informa-
tion from the environment, and the degradation on the RL-
based scheme caused by quantization error.

Second, the performance of access efficiency, which is
indicated by the number of users permitted to access the
network, is reported in Fig. 4(b). It is observed from Fig.
4(b) that, DRL-SAUD permits about 62 users to access the
network, while RL-SAUD permits about 53 users to access.
Thus, DRL-SAUD can support more users than RL-SAUD
because it overcomes the bottleneck of quantization error and
can find a better solution approaching the optimal bound,
which is favorable for mMTC services with massive users
intended to access. In comparison, the benchmark scheme
with fixed ACB only permits 48 users to access, reflecting
lack of flexibility to massive access requests. Since active
users raise access requests using orthogonal resources in the
PACB scheme, the maximum number of permitted users is the
total number of orthogonal resources, which causes stronger
limitation on the amount of users compared to the sparse active
user detection scheme. In addition, it can also be observed
that, the convergence rate of the three proactive schemes is
ordered as DRL-SAUD, RL-SAUD and PACB. Since a faster
convergence rate means a more up-to-date and precise control,
DRL-SAUD performs the best among them.

Third, the active user detection accuracy is reported in
Fig. 4(c). It is shown from Fig. 4(c) that, the user detection
accuracy of RL-SAUD and DRL-SAUD reaches approxi-

mately 94.93% and 88.07%, respectively. Although RL-SAUD
has a relatively higher detection accuracy than DRL-SAUD,
however, the number of permitted-access users of RL-SAUD
is much fewer than that of DRL-SAUD, which leads to a lower
system utility as reported in Fig. 4(a). This implies that a bit
decrease in detection accuracy can be compensated by a great
increase in the number of permitted-access users. Note that,
the intelligent agent bears in its mind that maximizing the
system utility function as given in (4) is its goal. Therefore,
an optimal trade-off in between should be pursued in order to
obtain a higher system utility, and this best trade-off strategy
is just the solution that the DRL-SAUD scheme is searching
for and finally converges to. Moreover, the user detection
accuracy of PACB converges to around 97%, which implies
that a highly reliable detection performance is achieved at the
cost of strict orthogonal resource requirements and limited user
access volume.

The performance of user detection accuracy and BER for
different access control schemes versus the number, i.e., the
proportion, of active users, is reported in Fig. 5 and Fig. 6,
respectively. The performance of user detection accuracy is
as shown in Fig. 5, with the number of antennas M = 128.
It is observed from Fig. 5 that, with the growing number of
active users, the RL and DRL-based schemes benefit more
and more evidently from their capability of adaptive learning
and controlling. When 40% users are active to request access,
the user detection accuracy of RL-SAUD and DRL-SAUD
is 39.7% and 39.3% higher than that of the fixed ACB
scheme with SAUD, respectively. This verifies that the RL-
SAUD and DRL-SAUD schemes can guarantee the connection
reliability and efficiency by adaptively controlling the massive
user access behaviors.

The BER performance for different access control schemes
versus the number of active users is reported in Fig. 6. It can
be observed from Fig. 6 that, the BER performance degrades
with the number of active users growing. Meanwhile, it is
noted that this performance degradation can be compensated
for by increasing the number of antennas, which is feasible
in practice for massive MIMO systems. As the proportion of
active users grows, it is shown that the RL-SAUD and DRL-
SAUD schemes can help the gNB configure more appropriate
ACB factors for different user classes to achieve efficient
and intelligent access control, thereby improving the BER
performance compared to that of the fixed ACB scheme with
SAUD. In addition, if an mMTC service is considered, the
coefficient po for user detection error penalty in the utility
function u in (4) can be set relatively small, and then the
intelligent agent will be led to be more concentrated on the
amount of accessed users rather than the reliability, as implied
by Fig. 4(b) and Fig. 4(c). In this case, the DRL-SAUD
scheme prefers to allow more users to access to maximize the
system utility u, at the cost of a degradation in user detection
accuracy as shown in Fig. 4(c), and a slight degradation in
BER as shown in Fig. 6. A proper tradeoff between the number
of accessed users and the reliability of connections can be
achieved by adjusting the value of the coefficient ps.

As reported in Fig. 7, we verify the ability of the DRL-
SAUD scheme to adaptively switch between different hetero-
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Fig. 7. Performance of the proposed DRL-SAUD scheme applied in a uRLLC
service compared with that of an mMTC service: (a) Active user detection
accuracy; (b) Number of users permitted to access the network.

geneous services. As described in Section I'V-B, for the uRLLC
service, the third term of the system utility function in (4)
is activated by setting a positive value of the coefficient po,
which plays a role of penalty on the user detection error and
thus encourages better reliability of connection. Specifically,
for the uRLLC service in the simulations, the coefficient is set
as p2 = 100.

The performance of active user detection accuracy for the
DRL-SAUD scheme applied in an mMTC service and a
uRLLC service is reported in Fig. 7(a). It is shown by the
results in Fig. 7(a) that, the detection accuracy of the uRLLC
service is about 5% higher than that of the mMTC service.
This improvement is beneficial for the agent, i.e., the gNB, to
make a prompt and effective response to a user who initiates
an access request in an uRLLC service. It can also be noted
from Fig. 7(a) that, in the early stage of the learning process,
the curve of detection accuracy for the uRLLC service has
a deep valley, but is then pulled up rapidly. This indicates
that the DRL-SAUD scheme firstly performs initial random
exploration to probe the environment, and then can rapidly
adjust its strategy and converge to an optimized solution
because of the influence of the penalty of detection accuracy
on the system utility.

On the other hand, the performance of access quantity, i.e.,
the number of users permitted to access, for the mMTC and
uRLLC service is reported in Fig. 7(b). It is shown that the

proposed scheme permits about 62 users to access for the
mMTC service, while about 51 users are permitted to access
for the uRLLC service. This result implies that the proposed
scheme aims to permit more users to access the network for the
mMTC service, while it determines to sacrifice a bit of access
quantity to improve the reliability and stability of the access
connections for the uRLLC service. In the proposed RL-based
framework, the agent can easily switch from an mMTC service
with a policy favorable for a larger access quantity, to a uRLLC
service with a policy favorable for accurate user detection
and reliable access connection, simply by setting a positive
value of py to include the second penalty term on detection
error in the utility function in (4). In practical implementation,
rapid switching between different heterogeneous services can
be realized by simply adjusting the penalty coefficients.

To observe the behavior of the proposed DRL-SAUD
scheme when faced with users with different access priorities,
the access ratio of two differently prioritized classes of users,
i.e., Class 1 and Class 2, is reported in Fig. 8. The access
ratio of a certain class of users is defined as the percentage
of the users permitted to access the network with respect to
all the potential users in that class. Let ro/r; represent the
relative priority between the two classes considered, which
is defined as the ratio of the priority score of Class 2 7
with respect to the priority score of Class 1 r;. In this case,
the first penalty term on the system utility in (4), i.e., the
penalty due to the variance of the access quantities between
different prioritized classes of users, is activated by setting the
corresponding coefficient as p; = 120.

Specifically, the performance of access ratio for the users
in Class 1 and Class 2 are reported in Fig. 8(a) and Fig. 8(b),
respectively. Three cases with different values of relative pri-
ority are investigated for comparison, i.e., 72/71 is set as 0.5,
1, and 2. From Fig. 8 (b), it is observed that the access ratio
of Class 2 is 30.9% in case of ro/r; = 2, which is 9.39% and
35.27% higher than the cases of ro/r;y = 1 and ro/r1 = 0.5,
respectively, which indicates that the proposed scheme has
learned the tendence to allow more higher-prioritized users to
access the network to improve the system utility. Regardless
of whether r2/r1 = 0.5 or ro/r; = 2, during the early stage
of training, i.e., over time slots [0,100], the agent allows
a growing number of users for both two classes to access,
which is an exploration behavior to improve utility. However,
allowing too many low-priority users to access will obstruct
high-priority users to access, which limits a further increase
in utility. Therefore, the agent determines to prohibit some
low-priority users from accessing over time slots [100, 400],
sparing for more high-priority users.

It is can also be noted by comparing Fig. 8(a) and Fig.
8(b) that, the access ratio of the two classes is similar to each
other in case of 79/r; = 1, which implies that the proposed
scheme has learned to permit approximately the same amount
of users to access with the same access priority. This is because
when the access priorities of the two classes are equal, the
agent assigns similar ACB factors to them to minimize the
negative impact of the variance penalty on system utility. The
results in Fig. 8 have verified the adaptability of the proposed
DRL-assisted scheme to different prioritized users or various
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Fig. 8. The performance of access ratio, i.e. the percentage of users permitted
to access the network, for two classes with different access priority scores:
(a) Access ratio of Class 1 users with access priority score r1; (b) Access
ratio of Class 2 users with access priority score 2.

heterogeneous services with different QoS requirements.

VIII. CONCLUSION

Faced with the challenge of massive random access con-
trol in the next-generation radio access networks, this paper
has proposed an RL-assisted framework of dynamic access
control, which can be deployed in the intelligent agent at the
gNB. In order to preserve the sparsity of the access requests to
guarantee the accuracy of SAUD in case of ultra-dense traffic,
the proposed RL-SAUD scheme can dynamically adjust the
ACB control strategy in a closed-loop access control process.
A system utility function, which is in favor of increasing the
quantity of the users permitted to access the network, has
been devised and utilized to train the RL model, and two
penalty terms related with the variance of access ratio and the
detection accuracy are adopted to support a proper tradeoff and
flexible switching between different heterogeneous vertical
applications, such as mMTC and uRLLC services.

Furthermore, in order to overcome the quantization error of
the RL-based scheme due to discretizing the actions and states
using, the DRL-SAUD scheme has been designed based on the
Actor-Critic underlying TD3 framework. The information of
the environment can be better extracted by the deep neural
networks, and the policy and actions can be chosen from a
continuous space to obtain an improved solution approaching

the optimal bound. Past experiences are exploited to accelerate
the convergence of learning by using experience replay buffer.
The theoretical analysis and simulation results have validated
the efficiency, adaptability, and reliability of the proposed
schemes in dynamic and intelligent massive access control for
different QoS requirements, different vertical services and dif-
ferent prioritized classes of users. The technique is promising
to be applied in the next-generation network architectures to
provide an efficient and effective solution for the ever-crowded
and ever-complex radio access environments and services.
APPENDIX A
PROOF OF THEOREM 1

Proof. According to related research in literature [42], it
has been proved that the active user detection accuracy c is
lower-boudnded by

¢>1—aexp (—azmin {|e||;,log(N — [|«]|,)}), (A1)
subject to the following constraint,
1
wz2 (a4 JlowV =l

|)‘ka”|min > ﬁEN

where N, M, and ||«||; denote the number of all the potential
users in the network, the measurement vector size, and the
sparsity level of the active user requests. According to the CS
theory [4], the sparsity level that can be recovered accurately
should be smaller than the number of measurement data M,
so we have M > |||, .- Then, we can derive that,

1 1
2(ledlx + ) log(N — M) < 2([[etf[1 + —5-) log(N — [[]]1)
N N

1
< 2(|[ed]]1 + =) log N.
EN

(A.3)
Substituting the constraint in (15) into (A.3), we have
1
M=2 H(le,max + 2 log (N - H(X”l,max)
EN
1
<2 (ol + 23 ) 0 (V) (A4
, €2,
M 1
<2 —— 1 N
— <HaH1,max+ 210gNg0> Og( )7
which is equivalent to
nN(1—2)
||“| 1,max — 210gN (AS)

Therefore, if the constraint in (14) is satisfied, the lower-
bound of the detection accuracy can be derived in (A.1), which
concludes the proof. |

APPENDIX B
PROOF OF THEOREM 2
Proof. Let a tandom process A! be defined as:

AT (z) = (1 — o' (2) Al (@) 4+ o' (z) F' (2). (B.1)

Lemma 1. A? will converge to 0 when the following condi-
tions are met [45]:

e 0<al<1,Y,al(z) = oo and ¥, [at(z)]* < oo

o Iy <Lst|E[F (2)]]le < 1A%
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o 3C > 0,s.tvar[Ft(z)] < C(1+||AY%)

As defined in Theorem 2, we can get the following relation-
ship

A*(s,p) =
=(1-=")A
=(1-w)A

t+1(s7 p) - Qﬂ-(s7p)
t
(
(s,p) + @' F'(s, p).
(B.2)
Thus, (B.2) has exactly conformed to the format of (B.1).
According to basic series theory, since the learning rate w®
decays in the manner of w’ = 1/¢, the series »_, w’ will
diverge, while the series >, (wt)2 will converge, so the first
condition in Lemma 1 is satisfied. The second condition can
be expressed as

E[F'(s, p)]
= Z Yp(s,s")[u(s,p,s") + B max Q(s',b) — Q" (s, p)]
ics beol (B.3)

= TQt(s7 p) - Qﬂ-(s7 p)
= TQt(sv P) - TQW(Sv p)‘

Then, we can prove that E[F*(s, p)] is contractible in the case
of infinite norm, as follows

IELF"(s,P)]loc = [ITQ"(s,P) — TQ" (s, P)| |
=max f| 3 Tp(s,s')[max Q'(s', b) — max Q7(s', b)]

s'es beql beQl
S Hslixﬁ Z TP (S7 S/) Hala}‘DX ‘Qt (a7 b) - Qﬂ (a7 b)l (B4)
’ s’'eS ’
=maxf ) Tp(s,s)[Q" - Q7|
’ s'eS

=B[Q" - Q7. = Blla"s, Pl
Since the discount rate 8 € (0,1), the second condition in

Lemma 1 is also satisfied. For the third condition
var[F" (s, p)] = E[(u(s, p,s) + 8 max Q(s',b) — Q"(s, p)

~TQ'(s,p) + Q"(s,p))’]
= E[(u(s, p, S/) + ﬂgé?;ﬁ Q(S’,b) — TQt(S, p))Q}

= var[u(s,p,s’) + 8 max Q'(s',b)],
(B.5)

Since the value of the system utility u and the Q-table is
bounded, the variance in (B.5) is bounded, thus there exists a
constant such that

var[F(s,p)] < C(1+[|A"(s, p)|[%)- (B.6)

This concludes the proof of the convergence. |

APPENDIX C
PROOF OF THEOREM 3

Proof. If the access priority score of each class is identical,
or equivalently, the number of user classes is only one, i.e.,
L =1, thus the total number of potential users in the network
and the ACB factor can be denoted by N = N; and p =
p1, respectively. Since there is no difference in ACB factors

s,p) +@'[u(s, p,s') + f max Q(s',b) — Q" (s, p)]
becQ

assigned to different classes, the first penalty term of the utility
function in (4) disappears, which is given by

u=cp1r1N1 — p2(1 — ¢) = cprN — p2(1 —¢)
=f(p)prN —p2 (1= [ (p))
= f(p) (prN + p2) — p2,

where the ACB factor p € [0,1], and the function f(p) is
defined by a monotonically decreasing convex curve [11] with
properties given by

of (p)
ap <0,

of (p)

ap p—0+
.f(p)|p—>1* — 0+'

Hence, maximizing the system utility function as given in
(B.1) is a convex optimization problem. It can be verified that
the first derivative of the system utility u with respect to the
action p satisfies

(C.1)

f (p)
op?

-0,

<0,

(C2)

% ot %}(jp) (prN +p2) + 7N f (p) = rNf(0) > 0,
ou _of(»
aip . =% (prN + p2) +rNf (p)

= %?(TN—!—pz) < 0.

(C3)

The second derivative of the system utility u with respect to
the action p is strictly negative, which is as given by

*u _ 3*f(p) af ()
op2 ~ Op? Op

(prN + p2) + (2rN 4+ p2) < 0. (C4)
Therefore, it can be derived that the first derivative % has a
unique zero solution within the feasible range of p € [0, 1].
Consequently, the convex function u with respect to p has a

maximum value in the interval p € [0, 1]. [ ]

APPENDIX D
PROOF OF THEOREM 4

Proof. For the convolutional neural network (Conv) layer
in the architecture as shown in Fig. 3, the input data can be
reshaped into a high-dimensional tensor of size C; x w; X
w;, where Cj is the number of input channels of the Conv
layer. When the Conv layer has C, output channels with each
channel equipped with a convolution kernel of size v x v and
stride s, the number of float-point operations consumed by
each Conv layer is calculated by

Nrrops(Conv) = Ciw? Cow? (D.1)

where wy, is the size of each output channel of the Conv layer.
According to related research in literature [46], in the zero
padding mode, the value of w, is related with the input size,
convolution kernel size, and stride as given by

w; — v

where the influence of bias is reflected by adding one to the
right of (C.2). Since the FLOPs of the remaining two fully
connected network (FC) layers is much smaller than that of
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the Conv layer so that it can be neglected, so we have the
computational complexity of each time slot of the DRL-based
scheme as given by

wi; — v

2
Nrrops (time slot) = Ciw?Co( n 1) (D.3)

Finally, multiplying the number of FLOPs for each time slot
of the DRL-based scheme with the number of episodes and
time slots, we can derive (17). |
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