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Abstract—This paper presents a priority random access (PRA)
with non-orthogonal multiple access (NOMA)-ALOHA (PRA-
NA) scheme to enable access priority control for machine-
type devices (MTDs) with delay-sensitive and delay-tolerant
requirements. To enhance the energy efficiency of random access,
we also introduce a channel quality-based user barring algorithm
(CQ-UBA) that can alleviate the user overload problem and
reduce the average transmit power of MTDs. By extending
CQ-UBA to the proposed PRA-NA scheme, simulation results
demonstrate that the random access performance in terms of
access delay and energy efficiency for delay-sensitive MTDs can
be significantly improved compared to the conventional NOMA -
ALOHA.

Index Terms—6G, random access, NOMA-ALOHA, priority,
energy efficiency, overload traffic.

I. INTRODUCTION

With the rapid growth of machine-type devices (MTDs) in
the Internet of Things, massive machine-type communications
(mMTC) have been identified as a critical use case for the next-
generation mobile systems. Typically, mMTC is envisioned
to support a large set of uncoordinated devices concurrently
communicating over a shared wireless medium, whereby
the data services are characterized by sparse and sporadic
transmission with short packets [1]], [2]. A challenge of such
transmission is that the coordination of these randomly emitted
signals may consume significant signalling overhead when
using grant-based random access. To address this problem,
grant-free random access has received significant research
attention in recent years [3].

MTDs can transmit data to the evolved node base
station (eNB) in an “arrive and go” manner in grant-
free transmissions. There are several proposals for grant-
free transmissions [4]-[7]. For example, in compressed
sensing-based grant-free transmissions, the sparsity and
sporadic nature of MTD data transmissions are leveraged
to reformulate the multi-user detection problem as a sparse
signal recovery problem, thereby allowing efficient multi-
user transmissions [4]], [5]. Besides, spreading-based non-
orthogonal multiple access (NOMA) has also been studied for
grant-free transmission [6f], [7], where MTDs are required to
transmit data according to the transmission pattern associated
with the signature, allowing the receiver to successfully
perform multi-user detection. However, the aforementioned
grant-free transmission schemes need to construct a preamble
superset to support massive connectivity from the physical
layer perspective.

From the medium access control (MAC) layer aspect, a
recent research direction for grant-free transmission is the
integration of slotted ALOHA with power-domain NOMA,
yielding NOMA-ALOHA. The NOMA-ALOHA scheme can
enhance system throughput by using successive interference
cancellation (SIC) to decode multiple data packets with
specific received power levels within a single slot. Firstly,
[8] modeled the received power levels and analyzed the
throughput of multichannel NOMA-ALOHA scheme. [9]
considered two different packet arrival models (i.e., binomial
and Poisson arrivals), and analyzed the throughput of NOMA-
ALOHA under the impact of power collisions. Furthermore,
the throughput bounds of NOMA-ALOHA were studied under
the assumption of perfect SIC [10], [[11] and imperfect SIC
[12]].

There are also several studies focused on the energy
efficiency of NOMA-ALOHA systems. To reduce the average
transmit power, [8]] proposed a channel-dependent (CD) power
level selection scheme by setting corresponding channel gain
thresholds for different received power levels. In [13], a new
received power model was designed by ignoring the impact of
multi-user interference in the SIC process, thereby reducing
the transmit power. However, these schemes may not be
feasible in the case of user overload. To address this problem,
[9] and [14] attempted to mitigate user overload by controlling
network load based on the optimal load derived from the
throughput bound expression. Recently, priority random access
(PRA) schemes have been extensively studied in grant-based
random access for heterogenecous mMTC [[15]-[|17]]. These
PRA schemes are typically built by assigning different access
resource groups to different categories. In [15], an online
control algorithm was introduced to adaptively adjust the sizes
of resource groups. [16] and [17] supported access priority by
adaptively adjusting the access class barring factors for MTDs
with different priorities. Furthermore, [18|] designed a PRA
scheme from the perspective of access resource quality, where
orthogonal preambles for high-priority MTDs achieve a higher
detection probability compared to non-orthogonal preambles
used by low-priority MTDs.

The aforementioned NOMA-ALOHA schemes primarily
focus on the throughput under the assumption of a single
type of MTD in the network. However, in practical systems,
different types of coexisting MTDs may simultaneously
transmit data to the eNB, rendering current NOMA-ALOHA
schemes [8]—[12]] less effective. Therefore, it is essential
to design priority-based random access for the NOMA-



ALOHA scheme to accommodate heterogeneous mMTC with
different delay requirements. Additionally, NOMA-ALOHA
schemes are affected by user overload, which can significantly
deteriorate throughput performance. Although random access
control can alleviate this issue, it may result in high transmit
power. For example, when MTDs with poor channel quality
select a higher received power level, they may require a
high transmit power. Against the above backdrop, we aim to
achieve priority-based random access for NOMA-ALOHA in
heterogeneous mMTC, while effectively alleviating the user
overload problem and reducing energy consumption. The main
contributions are summarized as follows:

o We propose a novel PRA-based NOMA-ALOHA (PRA-
NA) scheme to provide access priority for heterogeneous
MTDs associated with different delay requirements. By
utilizing the error propagation in SIC, the core idea
of the proposed PRA-NA scheme is to provide access
priority by assigning different power levels with different
reliability transmission qualities to different types of
MTDs.

o We design a channel quality-based user barring algorithm
(CQ-UBA) to alleviate the user overload problem and
reduce the average transmit power, where the channel
quality threshold is used as the barring factor to
control the network load. To this end, we analyze the
optimal channel quality threshold to stabilize the system
throughput and improve energy efficiency. Then, the CQ-
UBA is extended to the proposed PRA-NA scheme to
provide access priority.

o Simulation results are presented using the 3GPP traffic
model based on the Beta distribution (3GPP TR 37.868)
[19]. It is demonstrated that the proposed schemes are
capable of providing access priority, mitigating the user
overload problem, and reducing average transmit power.

The remainder of this paper is organized as follows. The

system model and traffic model of NOMA-ALOHA are
introduced in Section [II} The PRA-NA scheme with CQ-UBA
is proposed and analyzed in Section Simulation results are
presented in Section Finally, this paper is concluded in
Section [V]

II. SYSTEM MODEL

Let us consider a slotted-ALOHA uplink transmission
network, which comprises M/ MTDs that communicate with a
single eNB. It is assumed that each MAC frame has a duration
of 7 seconds and comprises S time slots. Based on the channel
reciprocity in the time division duplexing (TDD) mode, let
us assume that the channel coefficient can be estimated at
the active MTDs using the well-known pilot-based channel
estimation technique.

A. Uplink NOMA-ALOHA Transmission

By performing SIC techniques at the receiver, the uplink
NOMA-ALOHA scheme can support data transmission from
multiple MTDs within a time slot. We assume perfect
synchronization, let A\ denote the number of active MTDs in

each MAC frame, and the active MTDs randomly select a time
slot for transmission at the beginning of each MAC frame. In
this case, the received signal at the eNB can be expressed as

N
Y= Z hn\/ PnSn + No, (D
n=1

where N denotes the number of active MTDs in a time slot,
sn and p,, represent the signal and transmit power of MTD n,
respectively. h,, represents the channel coefficient between the
n-th MTD and eNB. ng ~ CN(0,0?) denotes additive white
Gaussian noise where o2 is the noise power. In this paper,
the noise power is assumed to be normalized without loss of
generality.

Assume that there are () preset power levels in a time slot
for NOMA-ALOHA, yielding

TE>Tg > >y > >0 >0, 2)

where r, represents the received power value at the eNB
for the MTD n that selects the g¢-th power level. Define
the target signal-to-interference-plus-noise ratio (SINR) for all
MTDs as I to avoid the computational and signalling overhead
associated with dynamically adjusting parameters for each
MTD in mMTC scenarios. In order to successfully decode the
signal at all power levels, there should have only one packet
at each power level. In this case, the receive power at the g-th
power level can be written as [9], [10]

rg =TT +1)%79 3)

where the received power values of all power levels can be
stored in MTDs. When an active MTD attempts to transmit
data, it will randomly select a slot and a power level. The
corresponding received power value can be mapped based
on the selected power level, and the transmit power can be
adjusted by p,, = 1,4/ |hn|® to achieve the received power of
rq at the eNB. To apply this power model, it is assumed that
the signal can be perfectly removed with ideal SIC.

B. MTDs Traffic Model

In this paper, a typical Beta traffic model proposed by
3GPP is considered within the duration of 7" MAC frames. As
the duration of each MAC frame is 7, the number of newly
activated MTDs at frame ¢ is given by

Ul:M f(t)dt?Z:172a7T/Ta (4)
(i—1)T
where M is the total number of MTDs in the network,
and f(t) is the random access intensity described by the
probability density function [[19]:

()7t
- Tt1B(a, §)

where B(-) represents the Beta function and (o = 3, § = 4)
are considered in this paper. An MTD that failed to transmit in
the previous frame and requires retransmission in the current
frame is referred to as a backlogged active MTD. The number

f(t) € (0,7), (5)



of active MTDs in a frame (i.e., \) is the sum of the number
of newly active MTDs (i.e., v;) and the number of backlogged
active MTDs.

Similar to [[16], [18], the MTDs in heterogeneous mMTC
can be classified into two types based on their delay
requirements: delay-sensitive MTDs and delay-tolerant MTDs.
For example, delay-sensitive MTDs (e.g., vehicular sensors
and public safety devices) are classified as high-priority due
to their requirement for a high transmission success rate and
low access delay. For delay-tolerant MTDs (e.g., smart meters,
etc.), the MTDs report data periodically to the eNB with less
stringent access delay constraints (e.g., half an hour). Thus,
delay-tolerant MTDs can be regarded as low-priority MTDs.
Let p denote the proportion of high-priority MTDs, then the
total number of high-priority and low-priority MTDs in the
network can be represented as M and (1—pu) M, respectively.
Generally, the proportion of high-priority devices is small.

III. PRA-NA SCHEME WITH CQ-UBA FOR UPLINK
TRANSMISSION

In NOMA-ALOHA, if two or more active MTDs select the
same power level in a slot, power collision occurs, resulting
in transmission failure for all active MTDs in this power level.
Moreover, due to the error propagation in SIC technology used
in NOMA-ALOHA, when power collision occurs at power
level g, the signals at power levels ¢’ > ¢ will also experience
decoding failure. However, when power collisions occur at
the power levels with lower received power (e.g., 3 and 74),
it leads to two different consequences on the decoding at
the power levels with higher received power. For example,
let system parameters ( = 4 and I' = 2. From (3), the
received power values of all power levels can be obtained as
{’I"l, ro, T3, 7‘4} = {54, 18, 6, 2} When {Nl, NQ, ]\/v37 N4} =
{1,1,2,0}, where N, is defined as the number of active MTDs
choosing the g-th power level. The SINRs of active MTDs
that select 1 and ro are given by 1 = ~ 1.74

ro+2r3+1
and 2 = 18 ~ (.26, both of which are lower than
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the target SINR I' = 2. Consequently, decoding failure may
occur at power levels with higher received power. However,
when {Ny, Ny, N3, Ny} = {1,1,0,2}, the SINRs of active
MTDs selecting r1 and 7o become m = ~ 2.34
and 2T4 g = ~ 3.6, both exceeding the target SINR r.
In this scenarlo signals at power levels with higher received
power can be successfully decoded despite power collisions
occurring at lower received power levels. Since all active
MTDs independently select power levels according to an
identical probability distribution (i.e., uniform distribution),
the probability of power collisions occurring at each power
level remains the same. Consequently, transmissions at power
levels with higher received power might be more reliable than
transmissions at power levels with lower received power.

Based on the above analysis, we propose a novel PRA-
NA scheme to provide access priority, as illustrated in Fig. 1.
Firstly, in heterogeneous mMTC, MTDs are categorized into
high-priority MTDs and low-priority MTDs according to their
delay requirements. Subsequently, the power levels are divided

| frame; | frame; | frame; o | t
[ slot; | slots | slot3 | sloty |
high-power T o _i;/_ T _-“\7_ Tk
group o -/ . ¥
low-power 3 — X [[@3acEx
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high-priority MTD: mmm low-priority MTD: 3

Fig. 1. The proposed PRA-NA scheme.

into two groups, including a high-power group (e.g., r1 and r3)
and a low-power group (e.g., 73 and r4). High-priority MTDs
select power levels from the high-power group, while power
levels from the low-power group are utilized to serve low-
priority MTDs. Given the fact that the transmissions on power
levels in the high-power group are more reliable than those in
the low-power group, the retransmission probability for high-
priority MTDs can be reduced. Consequently, the proposed
PRA-NA scheme is capable of enhancing the access delay
performance for high-priority MTDs.

A. Throughput on PRA-NA Scheme

In this paper, throughput is defined as the average number
of MTDs successful transmission per slot (i.e., packets that
can be successfully decoded at the eNB). As previously
analysis, when power collisions occur at lower received power
levels, the decoding outcomes at higher received power levels
may exhibit two distinct scenarios (i.e., successful decoding
or decoding failure). As N and () increase, these two
different outcomes complicate the analysis of the probability
of successfully decoded packets at each power level, making
it challenging to derive an exact throughput expression. To
address this issue, similar to [9], [10], [12], we assume that
power collisions at lower received power levels do not affect
the decoding of signals at higher received power levels. Under
this assumption, the derived throughput can serve as an upper
bound for the system throughput. Although this assumption
may be difficult to achieve in practice, the optimal load derived
based on this throughput upper bound has been validated as
effective in existing studies. In this case, we consider a single
time slot with N active MTDs and () power levels, where
the number of power levels in the high-power group and the
low-power group is equal. Let i denote the throughput of the
PRA-NA scheme. we have

17 =1+, (6)

where 7, and 7); represent the average number of MTDs
with successful transmission in the high-power group and
low-power group, respectively. Denoting the successful access
probability of MTDs in the high-power group as P,(N,; ¢ <
Q/2), hence nj, can be expressed as

Q/2 uN

M= D NoFul

q=1 Ny=1

Ng;q £ Q/2), (7



where N, is the number of MTDs selecting the g-th power
level. Let a and b be the probabilities of N, =0 and N, =1
in the high-power group, we can obtain

0 if Ng>1
P,(N,;q<Q/2) = 1 , 8
( qq_Q/) {b(a+b)q_1 Zqu::l ()
where N, follows the binomial distribution, and we have
2\"N
a=P(N,=0)=(1—- =
2uN ( 2)*”“
b=PN,=1)= — (11— —= . 9
( q ) Q Q

By substituting (9) and (8) into (7), the average number of
MTDs with successful transmission in the high-power group
of the proposed FPRA-NA scheme can be obtained as

Q/2

Ny = Z b(a + b)q_1
qg=1

L () 0

1 —(a+b) (19)

Similarly, denote by P, (Ng; ¢ > @Q/2) the successful access

probability of MTDs in the low-power group. The average

number of MTDs with successful transmission in the low-
power group can be expressed as

Q  (-p)N
m= > > NgP.(Ngq>Q/2).
q=14+Q/2 Ng=1
Let c and d be the probabilities that N, = 0 and N, = 1 in the

low-power group. Then, P,(N,;q > Q/2) can be expressed
as

Y

(12)
Similar to (9), we have
9\ I=mN
croy 0= (1-2)
d=P(N,=1) = 2(1_Q“)N (1 - é)(l_uw_l. (13)

By substituting (13) and (12) into (11), the average number of
MTDs with successful transmission in the low-power group
of the proposed FPRA-NA scheme can be obtained as

Q
m= Z d(a + b)Q/z(c + d)qflfQ/z
q=1+Q/2
_ Q/2
:d(aer)Q/?& (14)

1—(c+4d)

B. CQ-UBA for PRA-NA Scheme

In the previous sections, we assumed that MTDs have
perfect knowledge of the channel coefficients between
themselves and the eNB, which allows them to adjust their
transmit power based on the channel quality extracted from
these coefficients.

Consider a scenario where MTDs are uniformly distributed
within a cell of radius R. The channel quality with large-scale
fading for MTD n is given by [8]

E[|h,|*] = Aod;", 0<d, <R (15)

where Ag is a constant, d,, represents the distance between
the MTD n and eNB, and & is the path loss exponent. Let P*
denote the optimal channel quality threshold, we have

P* = Ayd-", (16)

where d, represents the optimal distance. Active MTDs
with channel quality higher than the optimal channel quality
threshold are allowed to transmit data, and these MTDs can
be grouped as follows:

A={n|d, <d.}. a7

Here, |A| represents the number of the MTDs permitted to
transmit data in a frame. Since MTDs are uniformly distributed
within a cell, the optimal distance can be written as

A
d, = Ry 22,
)

where A\, is the optimal number of MTDs allowed to transmit
data in a frame, and )\ is the number of active MTDs in a
frame within the cell of radius R. The optimal load based
on the upper-bound throughput may unstabilize the NOMA-
ALOHA system, because the load may be increased to meet
the throughput based on an upper-bound throughput, which
could lead to system overload. In this sense, the optimal load
based on lower-bound throughput could be useful. Thus, the
optimal load derived from the lower-bound throughput is used
to analyze the optimal channel quality threshold, where the
optimal load is equal to /@ for a single slot with Q power
levels [10]]. As there are S slots in a frame in this paper, the
optimal load ), can be expressed as S+/@Q in a frame.

To calculate the optimal distance, we adopt the method from
[9]], assuming that idle power levels can be observed during the
decoding process and estimating the number of active MTDs
in the next frame based on the current load \. Let ]\75 denote
the number of MTDs in set .A during the the s-th slot. Denote
N, as the number of MTDs in the group A for the s-th slot,
The estimated total number of MTDs allowed to transmit data
in the current frame (i.e., A.) could be obtained by A, =
|A| = Zle N,. According to (9), the expected number of
idle power levels in the s-th slot Q5. can be written as

(18)

N
E[Qiu = Q (1 - 1) . (19)

Q



Algorithm 1: PRA-NA with CQ-UBA

Input: S, T, Q, R.
1 Initialize the optimal distance (d. p, d«;) and optimal channel
quality threshold (P}, P;*) for different priority MTDs.
2 for t=1,2,...,T do

3 Active MTDs with different priorities compare its channel
quality with the corresponding channel quality threshold
(P, P) and perform CQ-UBA to form A;

4 Active MTDs with different priorities in A randomly choose a
slot and select a power level to access from the corresponding
power level group;

5 for s=1,2,...,5 do

6 Perform SIC at the receiver

7 if power level < /2 then

8 Count the number of idle power levels in the s-th slot

for high-power group, i.e., Q‘;(;l}l‘e;

9 else

10 Count the number of idle power levels in the s-th slot

for low-power group, i.e., Qf&lze H

1 end

12 Calculate the number of different priority MTDs in A

according to (19), i.e., Ns,h, Ns,l;

13 end

14 Calculate the current load according to (20), i.e., Ap, Ar;

15 Update the optimal distance according to (18), i.e., dx 1, dy i3

16 Update the optimal channel quality threshold according to (16),
ie., P}’:, Pl*;

17 end

18 Return the optimal distance (ds p, d«,;) and optimal channel
quality threshold (P}, P;*) for next traffic arrival.

As N, increases, Q%;, monotonically decreases. Therefore,
N, can be estimated based on the observed Q?,,,. Using this
approach, the number of active MTDs in the next frame could
be approximated as

- R\2EL .
a=i= () TR

where d, represents the current optimal distance. According
to the estimated load A\ and optimal load A\, = S+/Q, the
optimal distance and the optimal channel quality threshold
for the next frame could be calculated based on (18) and
(16), respectively. Prior to uplink transmission, active MTDs
will receive system information containing the channel quality
threshold to perform the CQ-UBA operation. MTDs with
channel quality below this channel quality threshold are
prohibited from transmitting data to the eNB. This CQ-UBA
mechanism effectively mitigates system overload by restricting
data transmission from MTDs that require high transmission
power.

Finally, the PRA-NA scheme is integrated with CQ-UBA
as shown in Algorithm 1. Steps 2-4 of Algorithm 1 show
that MTDs perform the PRA-NA scheme in conjunction with
CQ-UBA. Steps 5-18 detail the update process of the optimal
channel quality threshold and optimal distance for the next
frame.

(20)

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present simulation results to compare
the performance of the proposed scheme with the existing
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Fig. 2. The successful access probability of high-priority MTDs versus the
number of active high-priority MTDs with Q = 8.

NOMA-ALOHA scheme in terms of access priority, average
transmit power, and average access delay. To compare fairly
with existing schemes, we assume that R =1 and Ag =1 in
(15) for normalization purposes [8].

A. Average Successful Transmission Performance

Fig. 2 plots the average successful transmission probability
of high-priority MTDs for the proposed PRA-NA scheme and
the existing NOMA-ALOHA scheme. The average probability
of successful transmission is defined as the ratio of the number
of MTDs with successful transmission to the number of
active MTDs. It can be observed that when the number of
high-priority MTDs in the network is small (i.e., p = 0.2),
the proposed PRA-NA scheme outperforms the conventional
NOMA-ALOHA scheme. Since the PRA-NA scheme provides
more reliable transmission for high-priority MTDs. However,
when the network experiences high traffic from high-priority
MTDs (i.e., p = 0.8), a relatively rare scenario, the average
successful transmission probability of high-priority MTDs in
the PRA-NA scheme is slightly lower than that in the NOMA-
ALOHA scheme. This is due to the fixed number of power
levels in each power group. If the number of power levels in
each power group could be dynamically adjusted, the average
successful access probability of high-priority MTDs in the
PRA-NA scheme would be further improved.

B. Average Transmit Power Performance

Fig. 3 illustrates the average transmit power of the proposed
PRA-NA scheme with CQ-UBA, compared to the NOMA-
ALOHA scheme with conventional UBA and CD. It can be
observed that the average transmit power increases as the
target SINR I' increases, since higher target SINR requires
higher received power according to (3). Moreover, the average
transmit power of the proposed PRA-NA scheme with CQ-
UBA is lower than that of the NOMA-ALOHA schemes with
UBA and CD, highlighting the significant advantage of CQ-
UBA in improving energy efficiency.
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C. Average Access Delay Performance

Fig. 4 shows that as () increases, the access delay of high-
priority MTDs gradually decreases in both the proposed PRA-
NA scheme and the NOMA-ALOHA scheme. Meanwhile,
the proposed PRA-NA scheme consistently outperforms the
NOMA-ALOHA scheme in terms of the average access
delay for high-priority MTDs. Since high-priority MTDs are
assigned more reliable transmission resources in the PRA-NA
scheme, the access delay of high-priority MTDs is effectively
reduced. Furthermore, the performance of the schemes using
CQ-UBA and UBA is very close, demonstrating that the
proposed CQ-UBA is as effective as UBA in alleviating user
overload problem.

V. CONCLUSION

In this paper, we proposed a novel PRA-NA scheme to
provide access priority for heterogeneous mMTC. Moreover,
CQ-UBA was developed to improve energy efficiency and
alleviate the user overload problem. By integrating CQ-UBA
with the proposed PRA-NA scheme, simulation results based
on the 3GPP Beta traffic demonstrate the superiority of the
proposed scheme over the conventional NOMA-ALOHA.
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