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ABSTRACT

In this letter, we propose a redundancy-aware
two-step random access (2sRA) for LEO satellite
networks. We investigate key features of message
bundling (MB), and message redundancy elimination
(MRE) techniques and integrate them into the 2sRA
framework. In our proposed scheme, each user
equipment (UE) can initiate multiple RA attempts in
parallel using the MB technique, while the base sta-
tion (BS) retains the collided payloads and attempts
to recover them using successfully decoded payloads,
leveraging the MRE technique. Simulation results
demonstrate that our proposed scheme significantly
improves both access success probability and re-

source efficiency.
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I. Introduction

Low earth orbit (LEO)-based non-terrestrial net-
works are emerging as a key infrastructure component
of 6G mobile communication systems!’. Although
LEO satellite networks operate at lower altitudes com-

pared to medium earth orbit and geostationary orbit

satellites, they still experience higher propagation de-
lays than terrestrial networks.

To access internet services via satellite networks,
each UE must establish a connection with a satellite
BS through a random access (RA) procedure. To
facilitate rapid network access, a number of studies
have aimed to alleviate the collision problem inherent
in the conventional four-step RA (4sRA) proce-
dure™”. However, due to the long propagation delays
between ground stations and LEO satellites, signaling
overhead must be minimized to achieve the low-la-
tency requirements of satellite communications.
Accordingly, several recent studies have explored
simplified two-step random access (2sRA) procedures,
as specified in 3GPP Release 1619,

Kim et al'” proposed a novel 2sRA scheme with
message bundling (2sRA-MB) technique to enhance
the network access performance, where a key feature
is the support for simultaneous multiple RA attempts.
However, as the number of RA participants increases,
the performance degrades and can become even worse
than that of the conventional 2sRA scheme.

To address this issue, we propose a re-
dundancy-aware 2sRA scheme that integrates two
message redundancy management techniques: MB
and message redundancy elimination (MRE).
Simulation results verify that our proposed scheme of-
fers substantial improvements in both access success
probability and resource efficiency.

II. Redundancy-Aware Two-Step
Random Access

This section presents background information on
the 2sRA framework, along with key features of the
MB and MRE techniques. Subsequently, we describe
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the overall procedure of our proposed scheme.

2.1 Background and Key Feature

The 2sRA simplifies the conventional 4sRA proce-
dure into two signaling steps, where the preamble
(Msgl) and the payload (Msg3) are transmitted
simultaneously. To enable this, the BS pre-allocates
a portion of the physical uplink shared channel
(PUSCH) resources, which are composed of multiple
unit resources (URs). Here, we denote the amount of
pre-allocated PUSCH resources as £2. Fig. 1 illustrates
an example of the mapping relationship between pre-
ambles (PAs) and URs, where multiple PAs are
pre-associated with a single UR. In this example, each
group of 4 PAs are mapped to each UR, and a total
of 8 URs are configured within the pre-allocated re-
sources (i.e., £=8).

When the MB technique is applied”, identical mes-
sages can be simultaneously transmitted over multiple
URs associated with randomly selected multiple
preambles. Fig. 1 depicts a scenario in which UE 1
selects both PA 1 and PA 5, while UE 2 selects PA
3 and PA 9. According to the predefined PAs - URs
mapping rule in this example, UE 1 transmits its pay-
loads over UR A and UR B, whereas UE 2 transmits
its payloads over UR A and UR C.

Note that PA 1 and PA 3 are grouped together and
mapped to UR A, resulting in a payload collision.
However, since additional identical messages are
transmitted via different URs, both UEs can success-
fully complete their RA attempts. We further focus
on UR A, where the collision occurs. If the BS suc-
cessfully decodes a payload transmitted via UR B (or
UR O), it can subtract the corresponding signal com-

ponent from the received signal on UR A. This inter-

Pre-allocated
PUSCH resources

PRACH-PUSCH  }-----i------
Mapping Rule % ¥
_____________ " Unit Resource (UR)

Fig. 1. An example where 2 UEs perform 2sRA-MB
with pre-defined many-to-one PAs-URs mapping rule

ference cancellation enables an additional opportunity
to decode the residual signal in UR A. We refer to
this approach as the MRE technique.

The MRE technique is expected to enhance net-
work access performance, particularly by improving
the one-shot success probability, which facilitates
more radio-efficient operation within the 2sRA

framework.

2.2 Procedure

Fig. 2 shows the overall procedure of our proposed

scheme.
Satellite
User Base
Equipment Station

Stepl. Msg A (Msgl and Msg3)
- Msgl(Preamble) on PRACH Message
- Msg3 on PUSCH I~ Bundle
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Message
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- Msg4 (Acknowledgement)
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Fig. 2. Overall procedure of the proposed scheme

1) Step 1. Multiple Transmissions of MsgAs us-
ing Message Bundling
Each UE prepares % replicas of the original payload
(i.e., Msg3), where % represents the number of se-
lected PAs associated with distinct URs. Thereafter,
it randomly select £ PAs and transmits each of % pay-
loads on each of URs associated with the selected
PAs.
2) Step 2. Message Redundancy Elimination and
Transmission of MsgB
The BS attempts to decode payloads according to
Algorithm 1. In particular, it iteratively performs
MRE using the successfully decoded messages until
no additional messages can be recovered or the num-
ber of iterations reaches R, which denotes the max-
imum number of iterations allowed for the elimination

procedure.

1565



The Journal of Korean Institute of Communications and Information Sciences "25-10 Vol.50 No.10

Algorithm 1 Payload decoding algorithm based on iterative MRE
1: Notations:
2:  Syg, : Received signal via UR;
3:  DEC(z) : Decoding attempt with x
4 U ={URy,...,URyy} : Set of URs containing undecoded signals
5: M : Set of successfully decoded messages (payloads)
6: M, : The message (payload) decoded in the i-th order
> Initial Decoding Attempt
7: for i =1 to |U| do
8  if DEC(Syr,) — M; then

9: U+ U\ {UR;} and M + M U{M;}
10: end if
11: end for

> Iterative MRE Attempt
12: for r =1to R do
13: for i =1 to || do

14: for j =1 to | M| do

1s: if DEC(Syg, — M;) — M; then

16: U+~ U\ {UR;} and M + M U{M,;}
17: end if

18: end for

19: for j =1 to | M| do

20: for k =1 to |[M| do

21: if DEC(Sur, — Mj — My) — M; then
22 U U\ {UR;} and M + MU {M;}
23: end if

24: end for

25: end for

26: end for

27: end for

> Broadcast the decoding results in M

If a payload is successfully decoded, the BS trans-
mits Msg B containing an acknowledgment (ACK).
Otherwise, Msg B includes a random access response
(RAR), prompting the recipient to fall back to the con-
ventional 4-step RA (4sRA).

II. Numerical Results & Discussions

We perform simulations with MATLAB to eval-
uate the performance of our proposed scheme.
Message bundling is basically assumed” (ie., & =
{2, 4}), and we here focus on evaluating the effect
of the MRE technique on p, and 7 for varying #,
where # is the number of RA-attempting UEs per RA
occasion (RAO).

Here we consider two primary performance metrics
b, and 7. Let p, denote the probability of successful
access without fallback to the 4sRA (referred to as
one-shot success probability), which is given by

nytn,
b= T, where 7, and #, represent the number
of UEs successfully completed RA attempt without
fallback and the number of additional successful UEs
due to the redundancy elimination process.D

Furthermore, let 7 denote the resource efficiency de-
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fined as the ratio of the number of RA-successful UEs
to the amount of pre-allocated resources, £2, which
ngt+n,

Q2
Fig. 3 shows p, for varying ». With our proposed

can be further expressed as 7 =

scheme, p, can be significantly improved even in a

relatively large #» regime, compared to the benchmark
schemes: the conventional 2sRA™ and the
2sRA-MBV!. Furthermore, the higher p, can be ach-

ieved if the larger R is applied. It is worth noting
that integrating the MRE technique into the 2sRA-MB
scheme (i.e., our proposed scheme) yields better per-
formance than simply increasing the value of % in the
2sRA-MB. Furthermore, even with a small value of
R significant performance gains can be achieved com-
pared to the baseline schemes. Therefore, the value
of R should be carefully selected, taking into account
the computational complexity of Algorithm 1.

Fig. 4 shows 7 for varying ». From the results,
we can verify that our proposed scheme can achieve
better » compared to the benchmark schemes, and 7
increases as K increases.

Fig. 5 shows the distribution of the number of UEs
achieving one-shot success without falling back to the
4sRA when 5 UEs attempt 2sRA at the same time.
Compared to the baseline schemes, we verify that our
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Fig. 3. One-shot success probability for varying #
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Fig. 4. Resource efficiency for varying »
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Fig. b. Distribution of the number of UEs achieving
one-shot success when 5 UEs contend with each other

proposed scheme can provide quick access capability
to more UEs.
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