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PAPER
HARQ Using Hierarchical Tree-Structured Random Access
Identifiers in NOMA-Based Random Access∗

Megumi ASADA†, Nobuhide NONAKA††, Members, and Kenichi HIGUCHI†a), Senior Member

SUMMARY We propose an efficient hybrid automatic repeat request
(HARQ) method that simultaneously achieves packet combining and res-
olution of the collisions of random access identifiers (RAIDs) during re-
transmission in a non-orthogonal multiple access (NOMA)-based random
access system. Here, the RAID functions as a separator for simultane-
ously received packets that use the same channel in NOMA. An example
of this is a scrambling code used in 4G and 5G systems. Since users in-
dependently select a RAID from the candidate set prepared by the system,
the decoding of received packets fails when multiple users select the same
RAID. Random RAID reselection by each user when attempting retrans-
mission can resolve a RAID collision; however, packet combining between
the previous and retransmitted packets is not possible in this case because
the base station receiver does not know the relationship between the RAID
of the previously transmitted packet and that of the retransmitted packet. To
address this problem, we propose a HARQ method that employs novel hi-
erarchical tree-structured RAID groups in which the RAID for the previous
packet transmission has a one-to-one relationship with the set of RAIDs for
retransmission. The proposed method resolves RAID collisions at retrans-
mission by randomly reselecting for each user a RAID from the dedicated
RAID set from the previous transmission. Since the relationship between
the RAIDs at the previous transmission and retransmission is known at the
base station, packet combining is achieved simultaneously. Computer sim-
ulation results show the effectiveness of the proposed method.
key words: random access, NOMA, grant-free NOMA, HARQ, packet com-
bining, packet collision

1. Introduction

Random access [1]–[5] that actualizes multi-packet recep-
tion [6] based on non-orthogonal multiple access (NOMA)
with an advanced transceiver [7] reduces the control-
signaling overhead and transmission delay compared to
scheduling-based access. Therefore, an advanced random
access protocol needs to be investigated to accommodate
uplink transmission for massive machine-type communica-
tions (mMTC) and ultra-reliable low latency communica-
tions (URLLC) in the fifth-generation mobile communica-
tion system (5G NR) [8], [9] and beyond [10].

In this paper, we consider random access-based grant-
free data transmission [4]. Thus, users transmit a preamble
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and data jointly within a random-access packet, which is
referred to as two-step random access. This is under inves-
tigation by the 3rd Generation Partnership Project (3GPP)
[11], [12] with the aim of reducing the control-signaling
overhead and achieving a shorter transmission delay. In such
a random-access scheme with multi-packet reception, the
system prepares multiple random access identifiers (RAIDs)
in advance to decode simultaneously transmitted packets
using multiuser detection/decoding in NOMA. Here, the
RAID functions as a separator for simultaneously received
packets that use the same channel in NOMA. The trans-
mitting user sends uplink random access packets generated
using an individually selected RAID [4], [11], [12]. The
RAID can be a scrambling code in the 4th and 5th gen-
eration mobile communication systems, Long Term Evolu-
tion (LTE)/LTE-Advanced and NR [9], [13], [14]; a channel
interleaver in interleave division multiple access (IDMA)
[3], [15]; or a generation matrix of sparse transmission sig-
nals in the time and frequency domains in low density signa-
ture (LDS)- and sparse code multiple access (SCMA)-based
approaches [16], [17].

Inherently, random access is integrated with retrans-
mission control. This is because random access causes de-
coding errors when multiple users transmit packets in the
same time/frequency channel. In conventional random ac-
cess such as ALOHA [18] and carrier sense multiple access
(CSMA) [19] used in wireless LANs, multi-packet reception
is not considered with priority, and using a random retrans-
mission timing backoff is a basic strategy that is employed
to resolve packet collisions when attempting retransmission.
Although such retransmissions in random access have also
been studied for NOMA-based random access that actual-
izes multi-packet reception [20], [21], in this paper, we con-
sider the improvement in the spectrum efficiency when re-
transmissions are also performed in the same channel. How-
ever, the proposed method described in this paper can be
combined with the above-mentioned approach that prepares
multiple time/frequency channels for retransmission.

In NOMA-based random access, which enables multi-
packet reception, decoding errors of received packets oc-
cur when the received signal power decreases due to chan-
nel fading or when the number of simultaneously received
packets exceeds the decoding capability of an advanced re-
ceiver such as a successive interference canceller (SIC).
Packet combining [22] between the initial and retransmitted
packets based on hybrid automatic repeat request (HARQ)
is very powerful in reducing such packet decoding errors.
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Packet combining in HARQ improves the signal-to-noise
plus interference power ratio (SINR) or error correction
coding gain at retransmission. When multiple users select
the same RAID, simultaneously transmitted packets that are
generated using the same RAID cannot be separately de-
coded on the base station receiver side [23]. Therefore,
RAID collisions must also be resolved during retransmis-
sion in HARQ.

In NOMA-based random access, the base station can
recognize the RAID of the received packet through active
user detection and channel estimation [24], [25] using a
RAID-specific preamble added to the received packet. How-
ever, the user index (user ID) is written in the data part of
the packet, so it will be recognized only when the received
packet is correctly decoded. In other words, retransmission
control is directed by and responds to the RAID.

For this reason, the base station must recognize the
relationship between the RAIDs of the initial packets and
the retransmitted packets to be combined. However, if the
same RAID is used for the initial and retransmitted packets,
packet collision resulting from duplicate RAID selection by
multiple users cannot be resolved even with retransmission.
On the other hand, if the RAID of the retransmitted packet is
randomly reselected by the user, the RAID collision can be
resolved at retransmission, but packet combining becomes
impossible. Furthermore, when channel-dependent RAID
selection is assumed such as in the RAID-linked receiver
beamforming (BF) method [26], [27], reselection of a RAID
that does not match a given user channel at retransmission
degrades the transmission performance due to the reduced
received signal power after BF.

As related work, in the discussion of two-step random
access by the 3GPP, when decoding of the random access
packet fails, the process is assumed to fall back to the con-
ventional four-step random access scheme [11], [12]. This
approach is simple, but fails to gain the packet combin-
ing effect. In [28]–[30], packet combining at retransmis-
sion is investigated for random access based on NOMA in-
cluding code division multiple access (CDMA), but RAID
collision is not taken into account. In practice each user
independently selects the RAID used for transmission (in
the case of CDMA, the RAID is a spreading code in-
cluding a scrambling code). When the selected RAID is
the same among multiple simultaneous transmitting users,
the receiver cannot separate the packets of different users,
which results in a high decoding-error probability for the
received packets. This reduces the transmission efficiency.
In [31], [32], advanced retransmission control to reduce the
number of packet collisions is investigated, but packet com-
bining during retransmission is not achieved. In [33], a
method for blind detection of the RAID equivalent from
the received signal is proposed assuming binary phase-shift
keying (BPSK) data modulation. However, there is no con-
sideration of error correction coding, which is essential to
achieve low error rates, and insufficient consideration given
to the case where RAIDs collide. Therefore, the above-
mentioned conventional methods can only perform packet

combining or resolve RAID collisions at retransmission.
This paper proposes an efficient HARQ method that si-

multaneously achieves packet combining and resolution of
the RAID collisions during retransmission in NOMA-based
random access systems for multi-packet reception. The
proposed method employs novel hierarchical tree-structured
RAID groups in which the RAID for the previous (includ-
ing initial) packet transmission has a one-to-one relation-
ship with the set of RAIDs for retransmission. The proposed
method resolves RAID collisions at retransmission through
individual reselection of RAIDs at each user from the RAID
set for retransmission, which is dedicated to the RAID se-
lected at the previous transmission. Since the relationships
between the RAIDs at the previous transmission and retrans-
mission are known at the base station, packet combining is
achieved simultaneously. Computer simulation results show
the effectiveness of the proposed method. We note that the
contents of this paper are based on [34], but include en-
hanced evaluation and discussions.

The remainder of the paper is organized as follows.
First, Sect. 2 describes NOMA-based random access with
multi-packet reception and the challenges it faces. Sec-
tion 3 describes the proposed method. Then, Sect. 4 presents
numerical results based on computer simulations. Finally,
Sect. 5 concludes the paper.

2. NOMA-Based Random Access for Multi-Packet Re-
ception and Its Challenges

Figure 1 shows the basic operational flow of random access
with multi-packet reception. The base station periodically
broadcasts a set of available RAIDs, M, via the downlink.
Each user terminal k that has uplink information individu-
ally selects RAID i ∈ M from the informed set. At the user
k transmitter, based on the selected RAID i, channel coding,
data modulation, and physical channel mapping are applied
to the transmission information bit sequence. For example,
when we assume scrambling code-based NOMA, the chan-
nel coded bit sequence is scrambled using the i-th scram-
bling code. The transmission information bit sequence in-
cludes user ID k. One packet comprises data and preamble
parts. The preamble sequence is dedicated to RAID i. When
multiple users attempt random access simultaneously, mul-
tiple packets are transmitted using the same time/frequency
channel.

At the base station, first the received preamble signal is
used to detect the set of active users and estimate its channel
[24]. In random access, the user index (user ID) of the user
who transmits a packet is unknown in advance, and active
user detection means detecting the set of RAIDs,Mdet, each
of which is used in a received packet. It should be noted that
due to the failure of active user detection, it is possible that
Mdet may not include the RAID of the packet that was actu-
ally sent (this corresponds to RAID miss detection), and/or
Mdet may contain a RAID that is not actually sent (this cor-
responds to a RAID false alarm). Subsequently, based on
detected RAID set Mdet and its channel estimate, the base
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Fig. 1 Basic operational flow of random access with multi-packet recep-
tion.

station decodes the packet using a multi-user receiver such
as a SIC. When multiple users select the same RAID i at the
same time, the packet decoding results of RAID i become
whether all users fail to decode or only one user succeeds in
decoding.

The feedback from the base station regarding RAID i,
which is used by user k, conforms to the following three
cases from the viewpoint of user k.

A. Case A: ACK to User k

Case A occurs when the information bit sequence of
user k carried by the packet using RAID i is correctly de-
coded. Since the base station recognizes the user ID of user
k from the decoded data, it sends an acknowledgement mes-
sage (ACK) to user k instead of RAID i to resolve the po-
tential RAID collision.

B. Case B: No Response

Case B occurs when RAID i is miss detected during the
active user detection at a base station. This case also occurs
from the viewpoint of user k when RAID i is simultaneously
used by another user l and the information bit sequence of
user l is correctly decoded from the packet of RAID i. In
this case, an ACK is sent to user l from the base station (this
corresponds to Case A for user l).

C. Case C: NAK to RAID i

Case C occurs when the information bit sequence sent
by the packet using RAID i is not correctly decoded by the
advanced receiver such as the SIC after RAID i is correctly

detected in the active user detection process at the base sta-
tion. To inform this to the user who used RAID i, the base
station sends a negative acknowledgement message (NAK)
for RAID i. This case includes the situation where RAID i
is also used by another user l and neither the information of
user k nor that of user l are correctly decoded.

In Case A, user k completes data transmission. How-
ever, when Case B and Case C occur, user k will retransmit.
Here, in Case B, since the base station does not recognize
the previous packet transmission of user k, there is no room
for improving the performance of the retransmission by us-
ing packet combining etc.

In the retransmission in Case C, since the base station
recognizes the previous packet transmission using RAID
i, there is a possibility to improve the random access per-
formance during retransmission. More specifically, for the
decoding error of the received packet when the channel is
faded or when the number of simultaneously received pack-
ets exceeds the decoding capability of the advanced receiver
such as the SIC, the packet combining between the previ-
ous (including initial) and retransmitted packets based on
HARQ is very powerful in reducing the error rate after re-
transmission. For the decoding error of the received packet
due to RAID collision, resolving the RAID collision at the
retransmission attempt should be considered.

However, the conventional approach cannot simultane-
ously achieve packet combining and resolution of the RAID
collisions. At retransmission, each user selects the RAID
again, and the effect of retransmission changes depending
on this selection method in the conventional method as fol-
lows.

(1) Reselection of the Same RAID for Retransmission

In this case, since the base station can recognize the re-
lationship of RAIDs between the initial transmission packet
and the retransmitted packet, these two packets can be
combined. Through packet combining, the received signal
power or error correction code capability after retransmis-
sion increases. However, if multiple users select the same
RAID in the initial transmission, there is a problem that
RAID collision will again occur even after retransmission.

(2) Random Reselection of RAID for Retransmission

In this case, even if there are RAID conflicts in the ini-
tial transmission, a RAID collision can be resolved at re-
transmission since the RAID is randomly reselected at each
user independently. However, since the base station can-
not recognize the relationship between the RAIDs in the
initial transmission and retransmission, the base station can-
not perform packet combining. Furthermore, when channel-
dependent RAID selection is assumed such as in the RAID-
linked receiver BF method [26], [27], reselection of the
RAID, which does not match a given user channel at retrans-
mission, reduces the received signal power after receiver BF,
which represents the combined received signal power from
among all receiver antennas. This degrades the transmission
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performance. References [26] and [27] include some quan-
titative evaluations on the impact of the unmatched receiver
BF applied to the user channel on the achievable packet er-
ror rate (PER).

3. Proposed Method

The proposed method simultaneously actualizes packet
combining and resolution of RAID collision at retransmis-
sion in HARQ. To achieve this, we employ novel hierar-
chical tree-structured RAID groups. Figure 2 shows the
proposed hierarchical tree-structured RAID group configu-
ration. Unlike the conventional method, in the hierarchical
tree-structured RAID group configuration, a RAID set for
initial transmission and that for retransmission are prepared
separately. LetM be the set of RAIDs for initial transmis-
sion. The number of RAIDs prepared for initial transmis-
sion is denoted as M = |M|. Term T denotes the maxi-
mum number of retransmissions allowed by the HARQ pro-
tocol. The RAID set for retransmission is defined separately
for the respective number of retransmission attempts. Fur-
thermore, each RAID set for retransmission is linked to the
RAID used in the previous transmission. The set of RAIDs
that can be used for the t-th retransmission (t = 1, . . . ,T )
of the user who used RAID i in the t − 1-th transmission
(t − 1 = 0 corresponds to initial transmission) is denoted as
R

(t)
i . The number of RAIDs in R(t)

i for all i is denoted as R(t),
and R(t) is set equal to or greater than two.

The proposed method is applied to retransmission in
Case C described in Sect. 2. In Case B, since the base sta-
tion does not recognize the reception of the corresponding
packet, the user repeats the process equivalent to that for the
initial transmission, which is the same as in the conventional
retransmission process. On the other hand, in Case C, the
base station recognizes the RAID of the received packet in
decoding error. By utilizing this, when the base station feeds
back a NAK for RAID i used at the t − 1-th transmission in
Case C of the proposed method, the base station also notifies
the index of the RAID set for the next retransmission, R(t)

i ,
to users who used RAID i at the t−1-th transmission via the
downlink. This is a kind of on-demand-type RAID alloca-
tions for retransmission. The user who replies with a NAK
to the previously transmitted packet using RAID i recog-
nizes RAID set R(t)

i and randomly selects a RAID from R(t)
i

for the next t-th retransmission. Here, if the decoding error
of the previously transmitted packet using RAID i is caused
by a RAID collision with other users, the user-dependent
random RAID reselection from R(t)

i yields an opportunity to
resolve the RAID collision at the t-th retransmission. For
example, when two users incur a RAID collision at the t−1-
th transmission, the probability that the RAID collision is
resolved in the next t-th retransmission is 1− (1/R(t)). When
the proposed method is applied to the RAID-linked receiver
BF method in [26], [27], the received BF vector associated
with RAID i in the initial transmission is also applied to all
the RAIDs in all the retransmission RAID groups that are
linked to the initial RAID i.

Fig. 2 Proposed hierarchical tree-structured RAIDs.

Table 1 Operation of proposed method.

The receiver operation at the base station in the pro-
posed method is explained hereafter. When the base sta-
tion identifies the reception of the packet using the RAID
contained in R(t)

i from the active user detection process, it
recognizes that this packet is a retransmission of the previ-
ous packet using RAID i. Therefore, the packet combining
of these two packets is activated and this brings about im-
provement in the SINR or error correction code capability.
However, when multiple RAIDs in R(t)

i are detected in the
active user detection process, the base station recognizes the
RAID collision of the previous packet using RAID i. In this
case, packet combining is not activated to avoid degradation
due to the combining of the conflicted RAID packets. Ta-
ble 1 summarizes the operation of the proposed method.

4. Numerical Results

4.1 Simulation Parameters

The performance of the proposed method is evaluated based
on computer simulations. Table 2 gives the major simula-
tion parameters. Random access with a 4.6-MHz transmis-
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Table 2 Simulation parameters.

sion bandwidth and 0.5-ms time slot, which is equal to the
packet length, using the RAID-linked receiver BF [26], [27]
is assumed as the baseline random access method. A combi-
nation of the turbo and repetition codes is used for channel
coding. The coding rate for the turbo code is 1/3, which is
used in LTE [13]. The number of repetitions in the rep-
etition coding is set to 10. The scrambling code is used
as the RAID. We assume bit-level scrambling. The scram-
bling code is randomly generated where its length is equal
to that of the coded bit sequence and each element of the
scrambling code takes ‘1’ or ‘0’. The bit-level scrambling is
achieved by calculating the exclusive-OR operation between
each of the encoded bits and elements of the scrambling
code. Quadrature phase-shift keying (QPSK) data modu-
lation is assumed. We assume discrete Fourier transform
(DFT)-spread orthogonal frequency division multiplexing
(OFDM)-based single-carrier transmission [13], [14]. One
packet comprises 7 DFT blocks with the packet length of
0.5 ms including a cyclic prefix (CP). One DFT block is
used for transmission of the preamble comprising a Zadoff-
Chu sequence. The base station performs received-RAID
detection (active user detection) and channel estimation us-
ing the received preamble signal [25]. The number of users
that transmit the initial packet simultaneously at each ran-
dom access time slot, K, is set to 20, except for the eval-
uation in Fig. 7. For example, K of 20 corresponds to the
situation where 40,000 user terminals are associated with a
base station and each user terminal transmits one random-
access packet per second on average. In Fig. 7, K is param-
eterized. Six-path block Rayleigh fading with the rms delay
spread of 1µs is simulated using the tapped delay line model
[35] as the channel model. Assuming that the transmission
power control compensates for the distance-dependent path
loss and random shadowing between each user and the base
station, the received signal-to-noise ratio (SNR) of all users
is assumed to be the same.

The number of receiver antennas at the base station
is 100. We use the SIC in [4] as a multiuser receiver and
the maximum number of iterations in the SIC process is
set to eight. Packet combining is achieved by adding the

log-likelihood ratio of each coded bit. Except for the eval-
uation in Fig. 6, the M of the proposed method is fixed to
200. The maximum number of retransmissions in HARQ,
T , is parameterized. For simplicity, all of R(1), . . . ,R(T ) in
the proposed method are set to the same value, R, where R
is parameterized. For comparison, we also evaluate the con-
ventional method in which a single RAID groupM is used
for initial transmission and retransmissions. The average to-
tal number of available RAIDs per random access time slot

in the proposed method, N
(Prop.)
RAID , for the given K, M, and

R(t) can be roughly estimated as

Rough estimate of N
(Prop.)
RAID = M +

T∑
t=1

KQt−1R(t), (1)

where Qt−1 is the temporal PER at the t − 1-th retransmis-
sion. We note that Eq. (1) is shown just for a purpose to
provide an insight to the on-demand usage of RAIDs for re-
transmissions in the proposed method. The actual N

(Prop.)
RAID

can be less than the above estimate since the same set of
RAIDs for retransmission is used for multiple users when
the packet decoding error is caused by RAID collision. In
the following performance evaluations, Eq. (1) is not used
for calculating N

(Prop.)
RAID . Instead, actual N

(Prop.)
RAID is experimen-

tally measured using computer simulations for given system
conditions including K, M, T , and R. The number of RAIDs
in the conventional method is set to the measured N

(Prop.)
RAID for

fair comparison in all figures except for Fig. 6. In Fig. 6, the
average PER after HARQ process is measured as a function
of the average total number of available RAIDs per random
access time slot. The HARQ ACK/NAK feedback is as-
sumed to be transmitted to the user without error. In the fol-
lowing evaluations, the average PER represents the average
residual PER after HARQ process.

4.2 Simulation Results

Figure 3 shows the average PER as a function of the SNR
per receiver antenna. In addition to the proposed method
with T = 1 and R = 4, the conventional method with
and without packet combining with T = 1 and the case
without HARQ are tested. The RAID collision probabil-
ity with regard to the number of RAIDs, M, and the num-
ber of simultaneously transmitting users, K, is represented
as Pcollision(M,K) = 1 − ((M − 1)/M)K−1. As a reference,
Pcollision with M = 200 and K = 20 is shown in Fig. 3. The
observed PER floor in a high SNR region without HARQ
is dominated by RAID collisions. The reason why the PER
floor is slightly lower than the RAID collision probability
is that even if the RAIDs collide, when there is a clear dif-
ference in received signal power between collided users, the
information sequence of the user with a higher received sig-
nal power may be correctly decoded, which is referred to as
the capture effect.

The floor of the average PER of the conventional
method is reduced by retransmission. This is because even
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Fig. 3 Average PER as a function of SNR.

if the RAIDs collide at the initial transmission, when one
of the users succeeds in decoding, the RAID conflicts will
be resolved at retransmission. However, in the conven-
tional method with packet combining, the improvement in
the PER floor by retransmission is relatively small because
packet combining degrades the decoding performance when
a RAID collision occurs. The proposed method further re-
duces the PER floor compared to the conventional method.
This is because, according to the exclusive definition of the
RAIDs for retransmission, even if the decoding of the packet
with RAID collision fails, the RAID collision can be re-
solved by retransmission. Furthermore, since the proposed
method can conduct packet combining at retransmission,
the received signal power after packet combining increases.
Even in the conventional method, the effect of packet com-
bining is observed in a relatively low SNR region. However,
in the conventional method, the effect of packet combining
is limited since RAID collisions between users with differ-
ent numbers of retransmission attempts occur. Therefore,
the proposed method is able to reduce the required SNR to
achieve the same average PER compared to that for the con-
ventional method.

Figure 4 shows the average PER as a function of the
number of RAIDs per retransmission RAID group, R. The
maximum number of retransmissions, T , is parameterized.
The SNR is set to −22 dB. The performance level at R = 0
shows the conventional method without using packet com-
bining. The average PER decreases as R increases. This
is because the resolution probability of RAID collision in-
creases since the users incurring RAID collision individ-
ually and randomly reselect the RAID for retransmission
from the R candidates. This effect is especially significant
when T is set high. This is because there is an opportunity
to resolve the RAID collision at each retransmission attempt
up to T times.

Figure 5 shows the average PER as a function of the
SNR with the maximum number of retransmissions, T , as a
parameter. The R of the proposed method is set to four. For
comparison, the results of the conventional method with-

Fig. 4 Average PER as a function of the number of RAIDs per retrans-
mission RAID group, R.

Fig. 5 Average PER as a function of SNR with maximum number of
retransmissions, T , as a parameter.

out packet combining and the case without HARQ are also
shown. The proposed method improves the average PER
compared to the conventional method, and this becomes
more significant when T is set higher. In the conventional
method, even if T is increased, the RAIDs continue to col-
lide until one of the users who selected the same RAID suc-
ceeds in decoding the packet. On the other hand, in the pro-
posed method, each user randomly reselects one RAID from
multiple candidates dedicated to retransmission. So, the
packet decoding error due to RAID collision decreases more
effectively as the number of retransmissions increases. Fur-
thermore, the proposed method reduces the SNR required to
achieve the target PER as T increases thanks to the effect of
the packet combining.

Figure 6 shows the average PER as a function of the
average total number of available RAIDs per random access
time slot. Term T is set to 1 and the SNR is −22 dB. In
addition to the proposed method with R = 4, the conven-



702
IEICE TRANS. COMMUN., VOL.E106–B, NO.8 AUGUST 2023

Fig. 6 Average PER as a function of average total number of available
RAIDs per random access time slot.

tional method with and without packet combining is tested.
The proposed and conventional methods are evaluated while
changing the value of M. The proposed method, in which
the RAID group is prepared separately for the initial trans-
mission and the retransmissions, resolves the RAID colli-
sion more efficiently, so that the number of RAIDs required
to achieve the same PER is reduced compared to that for the
conventional method with and without packet combining.
Since the base station tries to detect active users (RAIDs) for
all the prepared RAIDs, the proposed method that reduces
the effective number of RAIDs also contributes to reducing
the computational complexity of the base station receiver.

Figure 7 shows the average PER as a function of the
number of users that transmit initial packets simultaneously,
K. The SNR is −22 dB and T is set to 1. The proposed
method with R = 4 and the conventional method with and
without packet combining are compared. The proposed
method reduces the PER compared to that for the conven-
tional method for a given K. This is because, the proposed
method can resolve the RAID collision more efficiently at
retransmission than the conventional method although the
reduction effect of the PER by using the proposed method is
decreased when K is excessively large. The K values of the
proposed method are increased by approximately 20 users
compared to that for the conventional method for achieving
the same PER. This means that the proposed method is ef-
fective in accommodating a larger number of random access
users, which should contribute to actualizing mMTC.

Figure 8 shows the complementary cumulative distri-
bution function (CCDF) of the number of retransmissions
required for correct decoding. The SNR is −22 dB and T
is set to 2. The proposed method with R = 4 and the con-
ventional method without packet combining are compared.
The proposed method has a higher probability of correct de-
coding with a smaller number of retransmissions than the
conventional method. This means that the proposed method
is effective in reducing the transmission latency of the ran-
dom access, which can contribute to actualizing URLLC.

Fig. 7 Average PER as a function of number of users that transmit initial
packets simultaneously, K.

Fig. 8 CCDF of number of retransmissions required for correct decod-
ing.

5. Conclusion

In this paper, we proposed an efficient HARQ scheme for
NOMA-based random access systems for multi-packet re-
ception to actualize mMTC. Different from the conventional
approaches, the proposed method simultaneously actual-
izes packet combining and resolution of RAID collisions
at retransmission in HARQ. To achieve this, we introduce
novel hierarchical tree-structured RAID groups in which the
RAID for the previous packet transmission has a one-to-one
relationship with the set of RAID candidates for retrans-
mission. The proposed method resolves RAID collisions at
retransmission through individual and random RAID rese-
lection at each user from the multiple retransmission RAID
candidates that are dedicated to the RAID selected at the
previous transmission. Furthermore, since the relationships
between the RAIDs at the previous transmission and retrans-
mission are known at the base station, packet combining
is achieved simultaneously. Based on extensive computer
simulation results, we showed that the proposed method re-
duces the PER floor due to RAID collision and reduces the
required SNR by packet combining compared to those for
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the conventional method. Furthermore, we showed that by
using the proposed method, it is possible to reduce the num-
ber of RAIDs the system must prepare to obtain the same
PER performance, which contributes to reducing the com-
putational complexity of the base station receiver. Finally,
the proposed method is also effective in reducing the trans-
mission latency of the random access, which can contribute
to actualizing URLLC.
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