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Abstract—The ever increasing demand for massive connec-
tivity, combined with the specific characteristics of machine-
generated wireless traffic, is pushing the existing solutions for
device registration and data transfer beyond their operational
limits. In this paper, we target specifically the 3GPP 5G New
Radio random access channel, proposing some enhancements
inspired by recent research results in the field of unsourced
multiple access (UMAC). Aiming to enable massive grant-free
connectivity for large machine-type and Internet of things ter-
minals, we focus on modifications of the two-step random access
procedures originally introduced in 3GPP Release 16. By means
of simulations, we show that remarkable gains in both energy
and spectral efficiency can be attained while retaining a strong
resemblance to the legacy protocol.

I. INTRODUCTION

The increasing demand for wireless connectivity and the rise
of machine-type communication (MTC) are placing significant
strain on existing wireless infrastructure in terms of requests
and data transfers. Humans are now connecting to cellular
systems through multiple devices, making requests more fre-
quently. At the same time, the number of unattended devices
relying on wireless infrastructure for information transfer is
growing rapidly. Moreover, the nature of device-driven data
transfers, as opposed to human-operated equipment, funda-
mentally differs from the traditional connectivity-based model.
MTC traffic tends to be sporadic and fleeting. This chang-
ing dynamic is putting undue stress on the 3GPP 5G New
Radio (5GNR) physical random access channel (PRACH), as
many more devices are simultaneously competing for spectral
resources at any given moment while the resources may be
used only for a small fraction of time. In fact, the wireless
mechanism used for initial device registration is being pushed
beyond the operating range it was originally designed for,
rendering the system inefficient and in need of reconsideration.
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Also the data transmission part requires a re-thinking, as the
overhead for resource acquisition becomes a larger burden for
the delivery of the smaller data units that typical of MTC. In
the past, cell densification has been extensively employed to
address issues related to a growing user population. However,
with the predicted growth in machine-type data transfers and
the shifting trends among existing users, cell densification
alone is unlikely to resolve this looming challenge. Some
estimates suggest that unattended wireless devices could reach
densities several orders of magnitude greater than that of
humans. This situation calls for a rethinking of both the
resource acquisition and data transmission processes within
wireless infrastructures, with a focus on accommodating much
greater user densities.

Adopting such mechanisms within next-generation proto-
cols would help prepare wireless systems for the traffic de-
mands of the future. Pragmatic registration and data transmis-
sion mechanisms must account for computational complexity
and implementability. In this regard, potential registration
and data transmission processes are closely related to un-
sourced multiple access, an area of communication that has
garnered considerable attention in recent years. Inspired by
these remarks, we propose and discuss in this paper some
enhancements to the existing 5G NR two-step random access
procedures, showing how remarkable gains in both energy and
spectral efficiency can be attained while retaining a strong
resemblance to the legacy protocol.

II. 5GNR TWO-STEP RANDOM ACCESS

We start by reviewing the current registration mechanisms
available in 5GNR. The 5GNR random access channel inherits
a four-step handshake mechanism from the Long Term Evo-
lution (LTE) standard. From a high-level point of view, the
four-step random access (4SRA) protocol works as follows.
An active user terminal picks a preamble at random for a set
of (up to) 64 Zadoff-Chu sequences. The preamble is sent
over the shared physical random access channel (PRACH).
At the base station, orthogonal resources—over a physical
uplink shared channel (PUSCH)—are granted to each detected
user preamble, with the allocation sent back to the user
terminal (UT). In the subsequent phase, the UTs transmit their
data units over the allocated resources. Upon decoding the
transmitted packets, the receiver acknowledges the success to
the transmitters. The 4SRA protocol handshake is summarized
in Fig. 1a.

With Release 16 of the 5GNR standard [1], a grant-free
access mechanism is introduced through the two-step random
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Fig. 1. Random access procedures employed by LTE/5GNR standards. (a)
Four-step random access. (b) Two-step random access (Release 16 of the
5GNR standard).

access (2SRA) protocol. Under 2SRA, every active UT picks
a random preamble from a set of (up to) 64 Zadoff-Chu
sequences, and transmits it over the PRACH. Each preamble
points to a resource, in the form of a PUSCH occasion (PO),
which is used by the UT to transmit its data unit. The mapping
can be one-to-one (OTO) or many-to-one (MTO) [2], [3]. In
the OTO case, each preamble points to a distinct PO. In the
MTO case, several preambles can point to a same PO, possibly
employing different pilot sequences to enable channel estima-
tion even in the presence of collisions. At the base station
(BS), the receiver attempts demodulation/decoding at every PO
identified by the detected preambles. For decoded packets, the
BS acknowledges reception through a feedback message. If a
preamble is detected, but the decoding of the associated packet
transmission fails, the legacy 4SRA procedure is resumed:
the BS signals back an orthogonal resource allocation to the
corresponding UT, which proceeds with the retransmission of
its packet in the granted resource unit. The procedure of the
2SRA protocol is outlined in Fig. 1b.

A. 5GNR 2SRA and unsourced multiple access (UMAC)

With the perspective of enabling massive grant-free con-
nectivity, we next focus on the first phase of the 2SRA,
i.e., we study its performance in isolation, excluding the
possibility of exploiting feedback to resume the 4SRA grant-
based procedure for unsuccessful packet transmission. This is
accomplished by removing ancillary aspects of the protocol
such as the specific mapping of the PRACH and POs in the
5GNR framing structure. Specifically, we consider our channel
model as a sequence of channel uses which refer to specific
time/frequency resources in the 5GNR orthogonal frequency-
division modulation (OFDM) grid. Parameter nPRE denotes the
preamble size, and nPO is the length of each PO. The number
of available POs is given by N . Altogether, the frame length
is given by n = nPRE +N · nPO real channel uses.

B. Receiver Algorithms

In the remainder of our discussion, we rely on the following
detection and decoding algorithms.

• Preamble detection: the orthogonal matching pursuit
(OMP) algorithm [4], [5] is used to detect preambles. The

algorithm is set to provide a list of L preambles. L should
be large enough to enable the detection of a moderately
large number (in the order of ten or more) of preambles
in the early iterations Miss-detections will be filtered out
at the decoding stage. For each preamble identified by
the OMP algorithm, the steps below are performed.

• Channel estimation: A pilot field is included in each PO
where a user is attempting transmission and the sequence
is determined by the preamble chosen by the user. Denote
by x

(i)
P the pilot field used by the ith user active in a

given PO, and let yP be the corresponding observation.
The estimate of the channel for ith user is obtained as

ĥi = ⟨yP,x
(i)
P ⟩/

∥∥x(i)
P

∥∥2
2
. (1)

• Interference-plus-Noise Power estimation: Within each
PO, the number of active transmissions is unknown to
the receiver. Hence, the power to noise plus interference
ratio needs to be estimated on a per-PO basis. We use
a blind approach and estimate the interference-plus-noise
power as

NI =
1

nPO

∥y∥22 (2)

where y is the observation associated with the PO.
• Computation of log-likelihood ratios (LLRs): LLRs are

computed using the channel estimate provided by (1) and
the interference-plus-noise power estimate from (2).

• Decoding: When packets are encoded with low-density
parity-check (LDPC) codes, 50 iterations of the belief
propagation (BP) algorithm are employed to decode a
message. When packets are encoded with polar codes,
successive cancellation list (SCL) decoding is used with
adaptive list size (maximum list size 128) [6], [7].

• Packet Validation: For LDPC codes, error detection relies
on the output of the BP decoder. For the polar code case, a
specific error detection method will be discussed in some
detail in Section III.

The steps described above, when applied by a receiver, are
referred to as treat-interference-as-noise (TIN). We will also
consider the improvement obtained by applying successive
interference cancellation (SIC) assuming refined channel esti-
mation. When SIC is exploited, a decoded PO and the contri-
bution of the corresponding preamble are removed before the
aforementioned steps are repeated.1

III. IMPROVING THE 5G NR TWO-STEP RANDOM ACCESS

This section investigates possible modifications to the
5GNR 2SRA protocol aiming at improving its efficiency.
We start by studying the potential benefits of using larger
preamble sets (Section III-A). Inspired by sparse interleaver
division multiple access (IDMA) [8], we then introduce a
richer access pattern family that adapts sparse IDMA to
the framing structure of 5GNR. We refer to the proposed

1Note that the estimation and detection procedures outlined above can be
improved, by developing more sophisticated interference-plus-noise power
estimators, by performing joint decoding and channel estimation, by adopting
more powerful preamble detection techniques, and (in case of non-orthogonal
pilot sequences) by replacing (1) with a minimum mean square error (MMSE)
channel estimator. This would come at the expense of greater complexity.
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scheme as sparse block interleaver division multiple access
(SB-IDMA) (Section III-B). Finally, for SB-IDMA, we ana-
lyze the performance gain that can be achieved in the short
block length regime by replacing the 5GNR LDPC codes [9]
with the 5GNR polar codes [10].

A. Extended Preamble Set

A first improvement over the 5GNR 2SRA protocol may be
obtained by using preamble sets with cardinality larger than
the one of the standardized Zadoff-Chu sequence family. The
rationale behind this choice is to remove the tension between
the limited multi-packet reception (MPR) capability of OTO
configurations (due to the use of identical pilot sequences
for colliding users) and the preamble transmission overhead
incurred by a repeated use of MTO configurations.

Fig. 3 reports the performance achievable over the quasi-
static fading multiple access (MAC) by enlarging the pream-
ble set to 1024 preambles. Therein, we assume each UT
transmission is subject to Rayleigh block fading, with fading
coefficients that are constant over the whole UMAC frame but
independent across UTs. Moreover, non-orthogonal preambles
with symbols drawn independently from a complex Gaus-
sian distribution are used. The preamble length is fixed to
nPRE = 2 · 139 complex channel uses (c.c.u.s). Each preamble
points to a unique pilot sequence of 50 symbols and to one of
N = 64 POs, realizing a MTO configuration. We consider
the (100, 500) 5GNR LDPC codes and quadrature phase
shift keying (QPSK) modulation. The rest of the configuration
parameters are collected in Table I. Our findings for 1024
preambles show a remarkable gain over the OTO mapping
configuration with 64 preambles: the number of active users
supported by the system is essentially multiplied by a factor
four. The improvement over the MTO configuration with 64
preambles is remarkable, too, although limited to a 50% gain
in the number of supported users.

In [11], we tested a setting with up to 16384 preambles and
observed signs of saturation at about 100 to 120 supported
active users. A possible explanation for this phenomenon lies
in the limited MPR capability provided by the error correction
scheme and the limited number of access patterns inherent to
the slotted Aloha nature of 2SRA. These points are addressed
in the following subsection.

B. Sparse-Block Interleaver Division Multiple Access

The modification of the 2SRA proposed in this section
is inspired by the sparse IDMA scheme of [12], although
with some important distinctions (see [11] for details). The
transmission diagram of SB-IDMA is illustrated in Fig. 2.
Recalling that the access frame is composed by N POs, the
scheme works as follows:

1. The k-bits message u is hashed, generating an index
ϕ(u) that uniquely identifies: (i) a preamble within the
preamble dictionary, (ii) a set of ns pilot sequences, and
(iii) a set of ns distinct indexes in [1, 2, . . . , N ].

2. The message u is encoded via a binary linear block
code C. The resulting codeword is modulated using
QPSK, yielding nc-symbol vector c.

3. The modulated codeword c is repeated d times.
4. The resulting vector, composed of d ·nc QPSK symbols,

is split into ns segments of equal length.
5. Each of the ns pilot fields identified in Step 1 is appended

to the respective segment, i.e., the first pilot field is
appended to the first segment, the second pilot field is
appended to the second segment, etc.

6. The preamble selected in Step 1 is appended to the
sequence of segments.

7. The preamble is sent over the PRACH. The interleaving
pattern selected in Step 1 determines the POs where the
individual segments must be transmitted.

The receiver behavior is largely based on the procedures
described in Section II-B. Iterative TIN-SIC decoding is
assumed. We now discuss some important details. In each
iteration of TIN-SIC, observing the PRACH, a set of L
preambles is obtained via OMP. For each detected preamble,
the sequence of POs used to transmit the user segments is
determined, as well as the sequence of pilot fields. In each PO,
channel estimation and interference-plus-noise power estima-
tion are performed. LLRs for the codeword bits are computed
accordingly. The d LLRs associated with the repetition of
each codeword bit are combined (summed) and passed to the
decoder of C. Assuming an incomplete decoding algorithm, the
outcome of decoding can be either a detected error or a valid
codeword decision. In the former case, no further action is
needed and the output is simply discarded. In the latter case, an
additional error detection step is performed by (i) computing
the hash of the decoded message and (ii) comparing it with
the preamble index associated with the decoding attempt. If
the two indexes are different, the decoder output is discarded.
Otherwise, the decoded message is deemed to be correct, and
it is passed at the receiver output. For decoded messages that
are considered correct, SIC is performed as per discussion in
Section II-B.

C. Performance

In the tested SB-IDMA configurations, two types of error
correcting codes are considered: the (100, 500) 5GNR LDPC
codes and the (100, 500) 5GNR polar codes. We adopt QPSK
modulation and introduce 50 symbols per PO as pilots for
aiding channel estimation.

In Fig. 3, we consider the quasi-static fading MAC set-
ting. The parameters used for the simulations are given in
Table I. The performance of the LDPC-based ( ) and
polar-based ( ) schemes shows a remarkable gain over
the various 2SRA configurations (including the non-standard
extension using 1024 preambles). A saturation of the number
of supported users, that happens around 160 to 200 users
in the polar code case, can still be observed, with a two-
fold improvement over the 2SRA OTO mapping with 1024
preambles ( ). The saturation appears to be linked to the
limited number of preambles, and can be largely improved by
enabling an even larger preamble set. However, as observed
for the 2SRA case, the number of channel uses allocated to
the PRACH (278) limits the number of preambles that can
be supported under OMP detection. To enlarge the preamble
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Fig. 2. SB-IDMA transmission chain, as discussed in Sec. III-B.

TABLE I
PARAMETERS USED FOR QUASI-STATIC FADING MAC SIMULATIONS

Parameter 2SRA
OTO

2SRA
MTO

SB-IDMA
LDPC-based

SB-IDMA
Polar-based

Frame length (n) 19478 20230 19478 19478

# POs (N ) 64 1 · 35 64 64

Preamble length 2 · 139 2 · 139 278 278

# Preambles 64/1024 64 1024 1024

Channel code LDPC
(BG2)

LDPC
(BG2)

LDPC
(BG2)

Polar
(CRC-11)

Repetition rate (d) - - 3 3

# Segments (ns) - - 3 3

set, longer preambles can be employed. On the same plot,
the performance of an SB-IDMA configuration that trades the
number of POs (N = 59) for longer preambles (12 × 139
c.c.u.s) is shown ( ). To limit the energy overhead caused
by the longer preamble, a power back-off of 10 dB is applied
to the preambles. The resulting performance allows the support
of more than 260 active users without signs of saturation.

IV. CONCLUSIONS

This article offers pertinent directions for the random access
(RA) to accommodate much larger populations of active users.
The proposed schemes leverage notions from IDMA and un-
sourced random access. Simulation results point to significant
performance improvements over existing schemes, thereby
enabling wireless systems to operate efficiently under greater
user densities. Adopting such access schemes is timely in view
of the rising popularity of machine-type communications.
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