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Abstract—Grant-free (GF) access enables massive and low-
latency access for various use cases of the 5th generation (5G)
mobile communication and beyond. However, these use cases
have diverse quality-of-service (QoS) requirements, which can
be measured in terms of an access success rate and latency
from a random access perspective. Consequently, a unifying GF
scheme, which enables supporting of a diverse QoS, is highly
desired. This paper proposes a GF access scheme in which high-
QoS users superpose multiple preambles to achieve collision and
multiple access interference diversity and ultimately improve
their access success rate. We further show that in the presence
of multiple antennas at the base station (BS) a low-complexity
receiver correctly detects active preambles with a significantly
high probability, even under severe multiple access interference
caused by non-orthogonal preamble transmission. Simulation
results demonstrate multiple orders improvement in terms of
the access success rate for critical-QoS users, even under severe
noise and multiple access contamination.

Index Terms—grant-free access, massive MIMO, ZadoffChu
sequences, quality of service, uRLLC, mMTC

I. INTRODUCTION

In contrast to the four-step resource request and grant-

based random access in the 3GPP’s long-term evolution (LTE)

standard, grant-free (GF) random access permits users to

send the preamble and data signal in one shot. GF ran-

dom access is considered as an enabler for ultrareliable and

low-latency communication (uRLLC) and massive machine-

type communication (mMTC), as it simultaneously reduces

the access delay and signaling overhead, respectively [1-3].

The preamble transmission in GF random access serves to

identify the existence of an active transmission in the course

of active user detection (AUD), while estimating the chan-

nels of active users. Massive multiple-input multiple-output

(mMIMO)-based GF access has gained considerable attention

recently [1-3]. Preamble signals received by multiple antennas

can be jointly processed to significantly improve the AUD

performance. Moreover, by employing well-known techniques

for receiver beamforming, superposed users’ signals can be

differentiated based on their channel vectors.

The quality of service (QoS) of a GF access scheme can

be measured by reliability and latency metrics [4]. In this

regard, we consider the GF access success rate (probability)

as a key performance indicator (KPI) to measure QoS [3-4].

It is to be noted that the GF access success rate comprehen-

sively measures the GF access scheme’s capability of avoiding

access collision while ensuring its accuracy in AUD, channel

estimation, and data detection. In this respect, a unified GF

scheme that guarantees different QoS (success rates) for the

various services of 5G and B5G, including uRLLC, mMTC,

and critical mMTC, would be significant. For example, a

uRLLC service requires 99.999-99.99999% success rate while

it is sufficient to provide only 99.9% for vast majority of

mMTC use cases [4]. To provide ultrareliability in GF access,

the transmission of multiple preamble sequences by a user is

investigated in [3]. Therein, users transmit multiple pream-

bles over multiple preamble transmission slots by randomly

selecting them from a pool of orthogonal preambles. The

use of multiple preambles provides collision diversity, i.e.,

it increases the probability of avoiding preamble collision in

at least one of the preamble transmission slots and thereby

improves the success rate of random access [3]. However, the

preamble overhead is increased upon using multiple preamble

slots. Furthermore, a GF system for users with varying QoS

is yet to be investigated.

In this paper, we consider a mMIMO-based GF access

where users transmit one or multiple preambles from a pool of

non-orthogonal preamble sequences based on their respective

QoS. In contrast to [3], in which multiple preambles from

a user are transmitted in orthogonal consecutive time slots,

a high-QoS user superposes its multiple preamble signals in

the proposed scheme, thereby reducing signaling overhead.

Many preamble sequences are generated from multiple-root

ZadoffChu (ZC) sequences while allowing nonzero cross-

correlation among preambles, i.e., using the non-orthogonal

preambles. The use of ZC sequences as preamble sequences

enables multipath (multi-tap) channel estimation and facili-

tates orthogonal-frequency division multiple access (OFDM)-

based data transmission. Another significant limitation of the

majority of the previous works on GF access is that they

consider single-tap channel estimation [1-3] and their exten-

sion to multi-tap channel estimation is not straightforward.

For example, [1-3] employed binary and Gaussian random

sequences as preambles, which are not suitable for multipath

channel estimation. The single-tap channel assumption may be

reasonable for narrowband systems such as NB-IoT. However,

for low-latency services, which require transmission on wider

bandwidth and shorter time span, this assumption is not

practical. ZC sequences, on the other hand, exhibit an excellent

cross-correlation property that enables low-complexity multi-

path channel estimation. Furthermore, a low-complexity AUD

algorithm inspired by simultaneous-hard thresholding (SHT)
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Fig. 1. (a) Cellular GF-MIMO system with a large number of single-antenna
users and a BS with M antennas (b) Preamble and data transmission for GF
access: Illustration of multiple UEs superposed for their transmissions

[5], which is suitable for delay-intolerant communication,

is proposed. In particular, the preamble signal received by

multiple antennas at a BS is jointly processed by modeling it

as an multiple-measurement vector (MMV) class of compres-

sive sensing problems. Furthermore, for the proposed AUD

scheme, simulation results show that an exponential decrease

in preamble misdetection rate as the number of antennas at

the BS is increased. Moreover, it is shown that the GF access

success rate of high-QoS users is significantly improved upon

superposing and transmitting multiple preambles.

II. SYSTEM MODEL & PROBLEM FORMULATION

A. Preamble and Data Transmission

We consider a GF random access system, as illustrated in

Fig. 1 (a), wherein there are NUE users each with a single

antenna and a BS equipped with M antennas. At a random

access opportunity, suppose that Na active users contend for

random access, where Na � NUE , i.e., a small fraction of the

total users are active. As illustrated in the figure, users can be

classified as having one of two QoS levels, a high or low level.

In general, more than two QoS levels can be considered. Fig.

1 (b) illustrates an OFDM system in which Na active users

are superposed on the same time and frequency resources.

Therein, a time domain is divided into a preamble slot and data

transmission slot (OFDM symbols). Furthermore, the number

subcarriers for the preamble and data slots are given by Np
sc

and Nd
sc, respectively, in a frequency domain for an OFDM

system.

An active user first selects a single or multiple preamble

sequences from a pool of Np preambles, which is a pre-

defined set,
{
p1,p2, · · · ,pNp

}
, where the m-th preamble

is an NZC-length ZC sequence denoted as pm ∈ C
NZC×1

for m = 1, 2, · · · , Np. The preamble length NZC must be

equal or close to the number of subcarriers, Np
sc, in the

preamble regime, as each element of the inverse discrete

Fourier-transformed (IDFT) preambles is mapped to a resource

element (single subcarrier). When Np
sc is slightly greater

than NZC , the lower subcarriers in the preamble slot can

be repeated by copying the first (Np
sc − NZC) elements of

preambles. It is to be noted that a normalized ZC sequence

have a unit auto-correlation and a zero and 1/
√
NZC cross-

correlation values if they are generated from the same and

different roots, respectively. Therefore, in order to average-out

the MAI form other users’ transmission, it is advantageous if

a user chooses its multiple preambles from different roots.

Moreover, suppose that h̄
(t)
k ∈ C

τ×1 denotes a time-

domain channel between the k-th user and t-th BS antenna.

In particular, it is defined as h̄
(t)
k = [h̄

(t)
k,0, h̄

(t)
k,1, · · · , h̄(t)

k,τ−1]
T

,

wherein h̄
(t)
k,� represents a multipath path channel component

for the �-th tap with delay-spread length τ . Let Pk denote

an index set of the preambles selected by the k-th user.

Then, pk � |Pk| corresponds to the number of preambles

employed by the k-th user. The preamble signal received at

the t-th antenna in the BS, after applying a discrete Fourier

transformation (DFT), is given as

y(t)
p =

Na∑
k=1

∑
m∈Pk

pm ⊗ h̄
(t)
k + ω(t)

p , t = 1, 2, · · · ,M. (1)

where ⊗ denotes a circular convolution operation. We assume

that ωp ∼ CN (0, σ2INZC
) in (1) is the ambient noise with

power σ2, where IN denotes an NZC ×NZC identity matrix.

For the MIMO receiver, the preamble transmission in (1) can

also be expressed in a matrix multiplication form as

Yp = PH+Ωp, (2)

where NZC × M matrices, Yp and Ωp, are concatenations

of the received signal and noise vectors in (1), i.e., Yp =[
y
(1)
p ,y

(2)
p , · · · ,y(M)

p

]
and Ωp =

[
ω

(1)
p ,ω

(2)
p , · · · ,ω(M)

p

]
,

respectively. The preamble matrix P ∈ C
NZC×τNp has Np

blocks of columns associated with each preamble sequence

and their (τ − 1) cyclically-shifted versions. In particular,

the preamble matrix P can be expressed as a concatenation

of submatrices (blocks) as P = [P1,P2, · · · ,PNp
], where

Pm = [pm,0,pm,1, · · · ,pm,τ−1] is formed by setting the

first column as pm,0 = pm and the other (τ − 1) columns

set by circularly rotating pm by one element at a time, i.e.,

pm,� = circ(pm, �). Similarly, the channel matrix is defined as

H � [h(1),h(2), · · · ,h(M)] where its t-th column h(t) belongs

to the channel vector associated with the t-th antenna. For

the sake of generality, let Dm be a set of users that selected

and transmitted the m-th preamble. The block-sparse vector

h(t) = [
(
h
(t)
1

)T

,
(
h
(t)
2

)T

, · · · ,
(
h
(t)
Np

)T

]
T

∈ C
τNp×1 holds

the channel gain coefficients associated with each preamble,

i.e., the m-th subsector (block of elements) denoted as h
(t)
m

is set by
∑

k∈Dm

h̄
(t)
k as superposition of the channels for users

which selected the m-th preamble. If there is no collision while

selecting m-th preamble, |Dm| = 1. Note that each column of

H is block-sparse in a sense that the number of nonzero values

in it is less than its dimension, i.e.,
∥∥h(t)

∥∥
0
≤ τNa � τNp

for t = 1, 2, · · · ,M and an �0-norm operator ‖�‖0. Moreover,

these nonzero values are located as a block of τ elements.

From the transmission model in (2), it is now obvious

that the frequency-domain channel between user k and the

t-th antenna along Nd
sc data subcarriers is given as ĥ

(t)
k =

W[(h
(t)
k )

T
,0]

T

, where W denotes an Nd
sc-point discrete

Fourier transform (DFT) matrix whose element at n-th row and

m-th element is given as wm,n = (1/Nd
sc
) exp

(−j2πmn/Nd
sc

)
.
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Fig. 2. Receiver structure for MIMO-based grant-free access in BS

Moreover, [(h
(t)
k )

T
,0]

T

is a Nd
sc × 1 vector formed by zero-

padding h
(t)
k . Furthermore, the transmitted symbol vector is

denoted as xs ∈ C
Na×1 with its k-th element holding the

symbol transmitted by user k at the s-th subcarrier. Then

the received data symbols vector ys ∈ C
M×1 for subcarrier

indices running as s = 1, 2, · · · , Nd
sc, is given as

ys = Hsxs + ωs, s = 1, 2, · · · , Nd
sc, (3)

where ωs ∼ CN (0, σ2
sIM ) is a noise vector associated with

the s-th subcarrier of power σ2
s .

III. ACTIVITY DETECTION AND CHANNEL ESTIMATION

Given the above preamble and data transmission model, the

receiver at the BS must first identify the active preambles (user

transmissions), while estimating the corresponding channel,

for data detection. Fig. 2 shows the MIMO-based receiver

structure for the proposed GF access. It first performs AUD

to identify the active preambles, which are then included in

a set Ua for initial channel estimation. The receiver then

attempts to identify preambles that belong to the same users by

matching the estimated channel. Once the preambles belonging

to the same users are identified, i.e., the sets {P̂k} for k =
1, 2, · · · , Na, then channel estimation can be performed. The

second tier of channel estimation benefits from the multiple

preamble consideration via averaging out of the possible error

due to MAI and noise. Finally, on utilizing the channel

estimates {ĥ(t)
k }, multiuser data can be detected via receive

beamforming.

A. Active User Detection Based on SHT

In this study, we consider an AUD scheme inspired by

the widely known algorithm referred to as simultaneous hard

thresholding (SHT) or multichannel thresholding [5]. SHT

is the simplest of the greedy algorithms, as it estimates

the support of the signal in one shot as opposed to other

greedy CS algorithms that involve iterative steps for support

recovery. Given the preamble transmission model in (2),

received preamble signals {y(t)
p }Mt=1, and preamble matrix

P =
[
P1,P2, · · · ,PNp

]
, the algorithm computes the cor-

relation values and sums them along the M measurements.

In particular, the correlation value corresponding to the m-th

preamble is computed as

ξm =
M∑
t=1

∥∥∥PH
my(t)

p

∥∥∥
2

2
, m = 1, 2, · · · , Np. (4)

Then, the preambles with a correlation value greater than a

predefined threshold ξ are included in the estimated support set

Ua. By employing a threshold value ξ, therefore, preambles

with ξm ≥ ξ are declared as active. In the following sections,

ξ is set to ensure that elements in the correct support set are

also included in the estimated support, i.e., Λ ∈ Ua. The initial

channel estimation associated with the preambles in m ∈ Ua,

i.e., ĥ(t) = [−ĥ
(t)
m −] can be performed with least-square (LS)-

based channel estimation as follows:

ĥ(t) = (PUa)
†
ŷ(t)
p . (5)

After the channel estimates associated with the detected

preambles are computed, preamble indices, m and m′ in

Ua, are considered to belong to the same users if their

corresponding channel estimates, {h(t)
m } and {h(t)

m′}, satisfy

the following constraint:
∣∣∣∣∣
M∑
t=1

(
ĥ(t)
m

)H

ĥ
(t)
m′

∣∣∣∣∣ ≥ ξ(2), for m,m′ ∈ Ua. (6)

In (6), ξ(2) is considered as a threshold to declare whether two

detected preambles belong to the same user. After grouping

the detected preambles using (5), we obtain the estimates of

the sets {P̂k}N̂a

k=1, where N̂a is the number of detected active

users. It should be noted that collided preamble transmissions

are excluded in (6). For example, suppose Pk = {m,m′}
and Pk′ = {m,m′′}, implying that pm is transmitted by two

users, k and k′. Then, the channel estimates {ĥ(t)
m } would

differ considerably from {ĥ(t)
m′} and {ĥ(t)

m′′}. Thus, pm would

not be included in the estimated preamble sets, P̂k and P̂k′ .

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we discuss the performance of the proposed

scheme with simulation results. For performance evaluation,

we consider a GF random access resource (RAR) with an SC

spacing of 15 kHz for both preamble and data transmission

slots. The RAR constitutes Ns = 128 subcarriers in the

frequency domain, with one preamble slot and two data OFDM

symbols. In practice, the channel coherence time is much

longer than that of two symbols, and the data transmission

regime can carry more OFDM symbols. Furthermore, QPSK is

employed for data transmission by all users, implying that the

data regime carries 256 bits. A ZC sequence of NZC = 127
is mapped onto the 128 SCs in the preamble slot by circularly

placing its first element to the last (128th) SC. A single BS

with M = 4 : 32 antennas serves Na = 20 : 32 active

users. A total of Np = 1024 unique preamble sequences are

generated. Here, the maximum number of orthogonal (single-

root) preamble sequences that can be generated is given as


NZC/NSH� = 42 for NZC = 127 and NSH = τ = 3.

Therefore, 1024 preambles are non-orthogonal with each other,

as they are generated from Nr = 25 different roots. We

consider a Gaussian channel between each user and each

MIMO antenna with a flat power profile.

In Fig. 3 (a) and (b), the probability of misdetection (Pmis)

and the average threshold margin (Δξ) for variable number of

users and receiver antennas (M ) are presented. The threshold

margin is defined as Δξ � min
m∈Λ

ξm−max
m′ /∈Λ

ξm, i.e., the margin

between the minimum and maximum correlation values, as

computed in (4), of an active and inactive preamble have

with the received signal, respectively. From the figure, it is
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(a) (b)

Fig. 3. (a) average threshold margin vs. the number of active users (b)
preamble misdetection rate vs. the number of antennas at the BS (M )
SNR = 5dB, 10dB and Na = 20 : 32.

observed that Δξ increases linearly as M increases. For a

Gaussian distributed noise and other-cell interference, it can be

conjectured that a linear increase in Δξ means an exponential

decrease in the misdetection error. This conjecture is confirmed

by Fig. 3 (b) wherein Pmis decreases exponentially (linearly

in logarithmic scale) as the M increases. Therefore, it can be

concluded that at the availability of a large number of antennas

at the BS, a nearly perfect AUD can be ensured even under

non-orthogonal preamble transmission.

Fig. 4 (a) presents the collision probability for a varying

number of active users. The number of total preambles is

maintained at Np = 1024, and the number of active users

is increased from 4 to 32. Furthermore, it is assumed that all

users employ the same number of preambles, and the number

of preambles per user assumes the values pk = 1, 2, and

3. It is clear from Fig. 4 (a) that the collision probability

is significantly reduced by multiple orders when multiple

preambles are employed by each user. Fig. 4 (b) shows the GF

access failure rate, Pfailure, of the high- and low-QoS users

to highlight the overall advantage of QoS differentiation in GF

access. In this regard, we have implemented a 10-bit user ID

embedded in the data transmission. Then, we assume that a

user’s packet is lost if this ID cannot be decoded. Both high-

and low-QoS users employ a convolutional channel coding

with a 1/2 code rate. The number of users is increased from

Na = 4 to Na = 32, and the SNR ranges from 0 to 15

dB. High-QoS users constitute 20% of the users, and they

randomly select, superpose, and transmit pk = 3 preambles.

In the figure, it is shown that when the SNR increases to 10

dB, the PDR decreases. Above SNR = 10 dB, however, the

failure rate does not improve as other factors such as preamble

collision and misdetection become detrimental factors, causing

packet drop. In contrast, for high-QoS users, even at low SNR,

i.e., 0 and 5 dB, a very low failure rate is observed. In fact,

even if there exist 15 or 20 users contending for random

access, a Pfailure = 10−4 can be experienced by high-QoS

users, when the SNR is 0 or 5 dB, respectively. It is to be noted

that this failure rate is within the failure rate that is recommend

for uRLLC systems, i.e., 10−5-10−3 [4]. The figure confirms

that if multiple preambles are transmitted by a user with high

(a) (b)

Fig. 4. (a) collission rate vs. the number of active users (b) GF access failur
rate vs. the number of users for mMTC and uRLLC users with pk = 1 and
pk = 3 preambles per users, respectively.

QoS requirements, high reliability, i.e., low failure rate, may

be achieved even despite severe noise and MAI.

V. CONCLUSION AND FUTURE WORKS

In this study, we presented a unified framework of grant-free

access that can support users with diverse QoS requirements.

The proposed GF access framework enables both mMTC and

uRLLC use cases, particularly for their coexistence over a

single radio resource, in the 5G or B5G mobile communication

system. It is shown that the same framework supports a 99.9%

to 99.99999% GF access success rate (reliability) depending

on the QoS requirement of a user. Furthermore, it is observed

that by permitting high QoS users to contend with superposi-

tion of multiple preambles, the grant-free access success rate

can be improved by multiple orders. One important advantage

of the proposed GF access framework is that it can be flexibly

implemented in the current mobile communication standards,

i.e., 3GPP LTE and NR specifications, with their moderate

modification. In the future, we plan to investigate the optimiza-

tion of the proposed scheme with respect to the various design

parameters such as the number of preambles employed for

high QoS users, preamble length, and the underlying overhead.
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