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Abstract—The dramatic increase in Internet traffic to and
from wireless devices poses significant challenges for network
operators. While the current growth of traffic is mostly due to
consumers communicating more frequently and larger amounts
of data over the wireless infrastructure, much of the future growth
is predicted to originate from non-human operated devices or
the so-called Internet of Things (IoT) communication. The third
generation partnership project (3GPP) standardization activities
towards the fifth-generation (5G) cellular systems envisages
two IoT-centric scenarios - massive machine type communica-
tions (mMTC) and ultra reliable low latency communications
(URLLC). In this article, we quantify the advantages of grant-
free operation for 5G mMTC using latency, signaling overhead
and power consumption aspects. We propose the high-level design
of a new grant-free state of operation and explain its interaction
with the legacy long term evolution (LTE) operating states. We
also describe promising grant-free NOMA solutions with respect
to synchronization and hybrid automatic repeat request (HARQ),
and resource collision handling procedures. Our discussion and
proposal relate closely to the current 5G standardization activities
in the 3GPP and highlight solutions that can be easily integrated
to the current LTE framework.

Keywords—Grant-free, long term evolution (LTE), 5G New Radio
(NR), non-orthogonal multiple access (NOMA).

I. INTRODUCTION

Recent advances in wireless communications have provided
a great stimulus and an essential foundation for efficiently sup-
porting the Internet of Things (IoT). A primary advancement
in this regard is the machine-to-machine (M2M) or machine
type communications (MTC) technology, which drives a large
variety of application domains. The high growth potential of
MTC is a strong incentive for cellular wireless technology
providers to participate in this market. However, supporting the
IoT over cellular networks presents a new set of challenges,
such as, handling massive growth in traffic, supporting diverse
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quality-of-service (QoS) requirements and reducing the energy
consumption.

The current cellular technologies like the long term evo-
lution (LTE) governed by the third generation partnership
project (3GPP), have mainly focused on increasing the spec-
tral efficiency of human operated devices. However, 3GPP
quickly recognized the need for enhancing its standards to
more efficiently support IoT applications and started adding
M2M-related amendments from Release 10. Further, 3GPP is
supporting the fifth-generation (5G) evolution through the 5G
New Radio (NR) standard and 5G core network architecture
design, which not only define the protocols and procedures
in different layers, but also explore novel access mechanisms
for IoT, such as, non-orthogonal multiple access (NOMA) and
grant-free access.

A grant-free access mechanism enables the user equipment
(UE) to transmit data in an arrive-and-go manner in the next
available slot. Unlike the current grant-based access mecha-
nism in LTE uplink (illustrated in Fig. 1), the UE using grant-
free transmission need not wait for a specific uplink grant
from the eNB. Such a scheme is more desirable for the two
broad IoT use cases in 5G, namely massive machine type
communications (mMTC) and ultra-reliable and low latency
communications (URLLC), as it has the following advantages:
1) reduced transmission latency, 2) smaller signaling overhead
due to the simplification of the scheduling procedure, and 3)
improved energy efficiency (battery life) of the UEs with the
reduction in signaling and the ON time of the UE. Whether
grant-free mechanisms can satisfy the stringent requirements
of URLLC (< 0.5 ms latency with 99.9999% reliability) is still
open for study in 5G. But the potential benefits of grant-free
NOMA for uplink mMTC, which are more delay tolerant and
have lower reliability requirements, have been demonstrated
in [1]. Hence we focus on standardization activities grant-free
mechanisms for 5G mMTC.

Generally, in grant-free access, due to the lack of UE
scheduling on orthogonal time-frequency resources, there is a
high probability that different UEs randomly choose the same
resource blocks for the uplink transmission, resulting in the
superposition of data of multiple UEs (collision). Therefore,
an access mechanism like NOMA, which is both spectrally
efficient and robust towards user superposition, is desirable.
NOMA tackles the problem of multiuser superposition using
either power-domain or code-domain multiplexing [2]. The
synergy of NOMA and grant-free transmission leads to the
following advantages for mMTC scenarios:

• Reduced energy consumption: Since grant-free NOMA
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can support more users than grant-free OMA [2], the
users can quickly obtain network access, thereby reduc-
ing the latency. With the improved robustness towards
UE superposition as the number of UEs increases,
NOMA also reduces the probability of retransmission.
These improvements reduce the ON time of the devices
and hence reduce their energy consumption1, which is
beneficial for battery constrained devices in 5G mMTC.

• Enabling flexible service multiplexing: Although OMA
dynamically schedules heterogeneous users/services, it
splits the available bandwidth for different services by
allocating orthogonal time-frequency resources, which
may lead to poor spectral efficiency. However, NOMA
may improve the performance of heterogeneous services
by allowing sharing of time-frequency resources. For
instance, enhanced mobile broadband (eMBB) services
can be multiplexed with delay tolerant, low data rate
mMTC services using NOMA, such that the QoS re-
quirements of both the services are satisfied.

NOMA mechanisms involving power allocation, code de-
sign, fairness analysis, user pairing, etc. have been investigated
in e.g. [2]–[4]. However, the standardization activities towards
a grant-free NOMA in 5G are still in a nascent stage. In
this article, we provide insights into the 3GPP standardization
activities for grant-free operation and the NOMA strategies
corresponding to such an operation, with respect to the 5G
NR standards.

• We focus on the key performance indicators of the
mMTC scenario associated with the IoT - latency, sig-
naling overhead and energy consumption.

• We discuss promising grant-free solutions for uplink
synchronization, present our proposal for a new oper-
ating state for grant-free transmission and elaborate on
its interactions with the legacy operating states in LTE.

• We describe the challenges and prospective solutions for
enhanced hybrid automatic repeat request (HARQ) and
resource collision handling in grant-free NOMA, which
are being considered by the 3GPP for standardization.

• We also discuss some recent results for grant-free
NOMA in terms of collision handling and multiuser
detection (MUD).

The proximity of our work to the recent standardization
activities provides a different perspective from those covered in
previous literature [2]–[4]. Also, the featured solutions require
minimal changes to the current standards, ensuring smooth
integration to the current LTE framework.

II. QUANTIFYING THE KEY PERFORMANCE INDICATORS
DRIVING GRANT-FREE OPERATION IN THE 3GPP

The current LTE system uses two categories of scheduling
in order to transmit data packets: i) semi-persistent scheduling
(SPS) and ii) dynamic scheduling. Although SPS reduces the
signaling overhead and is efficient in periodic traffic such
as voice over Internet protocol (VoIP), it is not suitable for

1The amount of reduced energy consumption will be quantified in Sec-
tion II-C.

Msg-1: Random Access Preamble

Msg-2: Random Access Response

Msg-3: RRC Connection Request

Msg-4: RRC Connection Setup

Msg-5: RRC Connection Setup Complete

(Timing Advance, Grant for Msg-3)

(Contention Resolution)

(Network Attach Request / Service Request)

Fig. 1. Random access and RRC procedures in LTE.

scheduling infrequent small packets due to the bursty nature of
traffic. On the other hand, dynamic scheduling is widely used
for a variety of applications in eMBB. However, it requires
the UE to obtain downlink synchronization, decoding of the
system frame number and the system information blocks,
followed by a random access channel (RACH) procedure
to initiate a data transfer, as shown in Fig. 1. The RACH
procedure uses four messages (Msg-1 to Msg-4) for preamble
transmission and radio resource control (RRC) connection set-
up with contention resolution. The earliest phase for uplink
data transmission is at Msg-5, after the reception of the uplink
grant from the base-station (eNB) (See Fig. 1).

Accounting for the RACH procedure and subsequent mes-
sage exchanges, we quantify the latency, signaling overhead
and power consumption, which are the key performance indi-
cators driving grant-free operation.

A. Latency
In the current LTE systems, UEs transmit a scheduling

request (SR) and buffer status report (BSR) to ask eNB for
an uplink grant (see in Fig. 1)2. In order to send an SR, a
UE must wait for an SR opportunity on the physical uplink
control channel (PUCCH) resource and upon receiving the SR,
the eNB sends an uplink grant to the corresponding UE on
the physical downlink control channel (PDCCH). The uplink

2LTE also allows a mechanism where the SR and the BSR can be
transmitted as a part of Msg-3 during RRC set-up for the first transmission
and then sent separately for subsequent uplink transmissions.
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TABLE I. UPLINK LATENCY

Steps Grant-based (TTI) Grant-free (TTI)
Minimum waiting time for SR (in grant-based)
or transmission opportunity (in grant-free) 1 0
UE sends SR on PUCCH 1 NA
eNB decodes SR and 3 NA
generates the scheduling grant
Transmission of scheduling grant 1 NA
UE processing delay 3 NA
Transmission of uplink data and BSR 1 1
Data decoding in eNB and
ACK/NACK generation 3 3
Total 13 4

1 TTI = 1 ms in LTE or 1 OFDMA symbol in 5G NR.
1 OFDMA symbol = 71.354 µs with 15 kHz subcarrier spacing and normal CP.
NA: Not applicable

grant allows the UE to transmit its data on scheduled resources
over physical uplink shared channel (PUSCH) [5]. In Table I,
we provide details of the latency comparison between grant-
free and grant-based scheduling in terms of the transmit time
interval (TTI). For 1 TTI = 1 OFDMA symbol (as in 5G NR),
the latency for the grant-based and grant-free transmissions can
be calculated as 13 × 71.354 µs = 0.927 ms and 4 × 71.354
µs = 0.285 ms, respectively.

In [6], fast uplink transmission, where a UE is configured
with a periodic uplink grant at every TTI, which eliminates SR
messages and reservations of resources, is discussed as a way
to reduce the latency of the first uplink transmission. However,
periodic uplink grant requires reserved uplink resources on
each TTI, which becomes difficult to get as the TTI size
gets smaller. It is shown by simulations in [6] that the gains
from using fast uplink access solutions are not significant
with shorter TTI lengths, e.g. 1-symbol TTI used in 5G NR.
Therefore, a grant-free transmission offering low latency is
desirable, since it also reduces ON time and hence the energy
consumption.

B. Signaling Overhead
In addition to the access delay, signaling overhead, which

is associated with the massive number of UEs and infrequent
small packets transmission, also hinders the usage of grant-
based transmission. For example, mMTC applications, which
are predicted to support massive connection densities (e.g., up
to 106 per km2), increase the total number of SRs sent from
UEs and grants sent from the eNB. Moreover, mMTC is typ-
ically characterized with infrequent small packets. Therefore,
the ratio of the number of bits required for signaling to that for
data packets increases as the packet size decreases, resulting
in a per-packet signaling overhead.

In Table II(a), we provide a quantitative analysis of the extra
signaling overhead incurred from the grant-based transmission
for mMTC applications with infrequent traffic and small
packets. The extra signaling overhead for grant-based over
grant-free scheme includes: preamble transmission, random
access response (RAR), RRC connection set-up, UE SR/BSR
in uplink and the control information of the uplink grant
transmitted by the eNB using the PDCCH [1].

From Table II(a), it can be seen that grant-based access will
incur a signaling overhead of 40% (or 80%), 127.5% and 15%

TABLE II. SIGNALING OVERHEAD AND ENERGY CONSUMPTION

(a) Signaling overhead

Uplink Data size and CP size 40 bytes, Extended CP
Number of uplink data subcarriers 2 PRB pairs =

2 × 120 subcarriers = 240
Time taken for uplink data transmission Case 1: 1 ms

(2 PRB pairs in one subframe)
Case 2: 2 ms
(1 PRB pair in one subframe)

PRACH preamble duration 800 µs
Preamble transmission overhead Case 1: 800

1000 = 80%
(based on time taken) Case 2: 800

2000 = 40%
RAR and RRC connection set-up overhead Message size = 51 bytes
(based on data size) Overhead = 51

40 = 127.5%
PDCCH for uplink grant overhead Grant size using DCI Format 0
(based on subcarriers) = 36 CCEs = 36 subcarriers

Overhead = 36
240 = 15%

(b) Energy consumption share

Settings Data transmission Four-step RACH Others
PL = 144 dB, RRC = 300 ms 75% 19% 6%
PL = 144 dB, RRC = 100 ms 82% 12% 6%
PL = 135 dB, RRC = 300 ms 36% 50% 14%
PL = 135 dB, RRC = 100 ms 48% 33% 19%

for preamble transmission, RAR/RRC connection set-up and
PDCCH for uplink grant, respectively, when compared to the
“data-only” grant-free transmission. Hence, reduced signaling
is also a major impetus for grant-free operation.

C. Energy Consumption

The long scheduling process in LTE involving message
transmissions/exchanges in the uplink and downlink channels
results in high energy consumption for the UEs with infrequent
small packets. In addition, the UE chooses an RACH preamble
in Msg-1 from a limited set of available uplink preamble
patterns in LTE. Therefore, as the number of UEs increase,
the probability of UEs choosing the same preamble increases,
leading to failed transmissions. This initiates retransmissions,
increasing the ON time of the UE and thus increasing the
power consumption. As an example, we evaluate the en-
ergy consumption of mMTC devices during RACH procedure
under different path-loss (PL) scenarios. Here, a discharge-
unconstrained battery is modeled as having an energy capacity
of 5 Wh at 3.6 V. The power consumption model is adopted
from [7], where the “Transmit”, “Receive”, “Sleep”, and
“Standby (Hibernate)” operating modes have power consump-
tion of 60 mW, 60 mW, 3 mW, and 0.015 mW, respectively.
The scenarios where UEs transmit 200 bytes every 2 hours [7]
under different PL and average RRC connection times are
evaluated, and the energy consumption share for different
processes are provided in Table II(b).

The column “Others” in Table II(b) refers to the sum
energy consumption of the downlink synchronization, system
information acquisition, sleep mode and transitions between
hibernate and wake-up. As seen in Table II(b), a significant
portion of the energy is consumed during the four-step RACH
procedure. Thus eliminating the RACH procedure through
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grant-free transmissions is beneficial to reduce the UE power
consumption for mMTC.

III. GRANT-FREE STRATEGIES ENABLING SMOOTH
INTEGRATION TO THE 3GPP STANDARDS

In OFDM based systems such as LTE, if timing offsets
between UEs are not within the CP length, the signals of
the multiple UEs overlap, which increases the eNB detection
complexity due to inter-symbol interference (ISI). In LTE,
Msg-1 and Msg-2 of the RACH procedure (as illustrated in
Fig. 1) would assist the eNB to determine the timing advance
(TA) values to synchronize UE transmissions. Since this part
of the RACH procedure is omitted in grant-free operation,
alternative methods to synchronize UE transmissions in the
uplink are required.

We first present the options for uplink synchronization in
the absence of the RACH procedure, followed by description
of the proposed “grant-free state” for UE operation and its
interaction with the legacy LTE states. Then, we elaborate on
the NOMA techniques that can be incorporated to smoothly
integrate grant-free operation to the 5G NR standards.

A. Uplink Synchronization Options
1) RACH-less long CP (Synchronous): The need for the TA

information used to synchronize uplink UEs can be skipped
by designing the frame structure using a larger CP length. If
the CP is long enough to accommodate the maximum round-
trip delay in the cell, it can also accommodate the timing
misalignment of the UEs, and still maintain the orthogonality
between them. Although having longer CP reduces the actual
symbol time and hence the data rate, it is still a feasible
solution considering that the IoT devices do not demand high
data rates.

2) RACH-less Preamble (Asynchronous): The motivation for
asynchronous uplink transmission is a) to further accelerate the
uplink transmission speed by transmitting packets in the first
step of the RACH procedure (in Msg-1), and b) to further
reduce the required signaling messages (eliminate the need
for Msg-3, Msg-4, etc.). In the uplink grant-free access, where
the TA information is not available, different UE signals will
obviously be received at the eNB with different timing offsets,
which makes the detection problem more complex. To this end,
message-based grant-free access, where the RACH preamble
and data are jointly transmitted at different time delays, can be
considered. With this method, even if different UEs’ signals su-
perpose at the eNB, they can be distinguished by detecting the
preamble sequences and corresponding time delays. Moreover,
the freedom of selecting different time delays for transmission
enables multiple UEs to choose the same preamble, providing
another dimension for collision resolution.

In the following, we provide more insights to the asyn-
chronous multiple access and introduce our proposal for a new
operating state for grant-free access in the LTE framework.

B. Introducing the new “GRANT FREE” State
In order to aid timing offset estimation and user separation

at the eNB, asynchronous multiple access requires a new
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Fig. 2. The interconnection of a “GRANT FREE” state with the “IDLE” state
and “CONNECTED” state of a UE. Blue is legacy LTE, red is new “GRANT
FREE” state and transitions.

physical layer design, i.e., new non-orthogonal waveforms,
preamble and pilot sequences, robust to time and frequency
offsets. NOMA schemes supporting asynchronous operation
are limited. One such scheme is the resource spread multiple
access (RSMA) [4]. The main challenges in these schemes are:
• Degradation in coverage performance: Only single tone

based RSMA can support the asynchronous case. As
with any single-tone method, it suffers from the lack
of frequency diversity which can result in bad coverage
and increased UE power consumption.

• Degradation in channel estimation performance: Chan-
nel estimation will be degraded as the uplink pilot se-
quences or the so-called demodulation reference signals
(DMRS) may interfere with data transmissions and or-
thogonal DMRS multiplexing may not be possible. Ad-
ditionally, frequency offset correction typically utilizes
the DMRS symbols in a subframe and non-orthogonal
DMRS transmissions will also degrade the frequency
synchronization between the UE transmitter and the eNB
receiver.

Therefore, asynchronous multiple access cannot be used at all
the stages of UE communication.

To determine the appropriate stage for asynchronous multi-
ple access, we introduce a new “GRANT FREE” state3. Fig. 2
shows how the new “GRANT FREE” state fits in with the
legacy “IDLE” and “CONNECTED” states. On power up, the
RACH procedure is completed to get to the “CONNECTED”

3The “GRANT FREE” state is similar to the “INACTIVE” state agreed by
the 3GPP RAN2 for LTE standardization. However, the “INACTIVE” state
does not segregate the operation based on data size. The UE directly transitions
from the “INACTIVE” state to the “CONNECTED” state when data becomes
available.

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future 
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or 
redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



5

Time

Power or Code

Domain

UE-1 UE-1 UE-2

UE-2

(a) Time-hopping

Time

Power or Code

Domain

UE-1

UE-1

UE-2UE-2

(b) Frequency-hopping

Time

Power or Code

Domain

UE-1

UE-1

UE-2UE-2

(c) Both time- and frequency-hopping

Fig. 3. Back-off options

state and a valid TA is obtained. After completing the data
transmission, the UE moves from the “CONNECTED” state to
the new “GRANT FREE” state using a grant-free (GF) release
procedure. In the “GRANT FREE” state, the UE monitors
the paging channel and conducts the mobility management
procedures, for example looking for the best cell for potential
future communication, which similar to the “IDLE” state.
However, unlike the exit procedure from “IDLE” mode, which
always requires a high latency, power consuming RACH
procedure, the exit procedure from our new “GRANT FREE”
state depends on the data size and UE mobility.

For large data transmission, the UE would adopt the legacy
RACH-based procedure. But when the amount of data to be
sent is small (e.g. < 100 bytes)and if the UE is registered
with the same cell, it would adopt an asynchronous NOMA
transmission, quickly complete data transmission and return
back to the “GRANT FREE” state. This procedure is denoted
as “GF Send Procedure” in Fig. 2. If the UE has determined
that it has moved away from an eNB and that the TA associated
therewith is likely to be inaccurate, it is configured to move
from the “GRANT FREE” state to the “IDLE” state. Then,
it resumes the legacy RACH procedure on next wake-up to
update the TA. However, a UE may not always be able to
accurately determine if it has moved away from the eNB.
In this instance, the UE executes the GF Send Procedure
with an invalid TA, which will likely fail. Then the UE
can be configured to directly transfer from the “GRANT
FREE” state to the “CONNECTED” state using the legacy
RACH procedure upon a predetermined number of failed GF
Send Procedures, thereby ensuring a smooth transition from
asynchronous to synchronous mode.

If the UE detects a stronger neighboring eNB existence
while the UE is in “GRANT FREE” state, it is understood
that the TA to the new eNB is unknown. In this case, the UE
initiates the eNB Update Procedure. In particular, UE sends a
preamble to the new eNB, which responds with a TA and
an uplink grant. The eNB may further include operational
instructions to the UE, such as to go to the “IDLE” state.

Our concept of a “GRANT FREE” state and the associated
transitions are compatible with different candidate NOMA
schemes proposed in literature, such as, sparse code multiple
access (SCMA), pattern division multiple access (PDMA) and

multiuser shared access (MUSA) [2]. However, the use of
NOMA in a grant-free environment presents a new set of
challenges to be addressed in terms of reliable data decoding.
Grant-free NOMA requires advanced schemes for reliable
data decoding at the eNB, since the sharing of the time-
frequency resources between different UEs results in a higher
probability of collisions and interference. A major data de-
coding procedure considered in this regard is the HARQ,
which guarantees reliable uplink transmission by effectively
combining the information from initial- and re-transmissions.
Next, we summarize the developments in HARQ processing
associated with grant-free NOMA, which can be potentially
adopted in 5G NR.

C. Enhanced HARQ Capabilities for Grant-free NOMA
The HARQ process for NOMA is more challenging than

that in an OFDMA system because these schemes cannot ef-
fectively deal with the multi-user interference (MUI), which is
prominent in NOMA transmissions. Moreover, due to limited
signaling in grant-free transmissions and autonomous trans-
mission of UEs on random resources, the eNB may not know
in advance whether a transmission is a new transmission or a
retransmission. Furthermore, it may not be able to separate and
acknowledge the individual UE transmissions [8]. Therefore,
the design of HARQ in uplink grant-free NOMA needs to
incorporate novel mechanisms to effectively identify the initial-
and re-transmissions and efficiently indicate acknowledgement
(ACK) / no-acknowledgement (NACK) messages to the indi-
vidual UEs. Below, we outline the approaches discussed in the
3GPP standardization committees to resolve these issues [8].

1) Identification and Combining: A simple technique to
differentiate initial- and re-transmissions is based on the di-
vision of the multiple access (MA) resources into groups.
The number of groups would be equal the maximum number
of retransmissions [8]. Then, a unique mapping between the
resources in each group would be used to determine the
transmission type or more specifically the redundancy version
(RV) of each transmission. Alternatively, this mapping can also
be developed using pilot sequences.

Although this grouping may help to reduce base-station
receiver complexity and provide system flexibility, it may
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inherently reduce statistical multiplexing gains given that small
amount of resource would be expected for each group. Hence,
it would be desirable to configure a limited number of groups
within NOMA resource pool to realize the statistical multi-
plexing gains while maintaining system flexibility.

2) ACK/NACK: As mentioned earlier, the ACK/NACK
mechanism is governed by the efficiency of UE identification
and separation at the eNB, which is a challenging task in
grant-free NOMA systems. For the UE identification in grant-
free NOMA systems, one way is to implicitly transmit the
UE identity (ID) piggybacked with the data. Other methods
would be to either use a one-to-one mapping between the UE
ID and its MA signature or overlay the UE ID on orthogonal
DMRS [9]. Regardless of the adopted method, there are three
possible cases (and eNB responses) based on detection.

1) Both UE ID and data are successfully detected (eNB
sends ACK).

2) eNB failed to detect both the UE ID and data (eNB
does not send ACK/NACK).

3) UE ID is successfully detected but the data is not
successfully decoded (eNB sends NACK).

For Case 1, the eNB transmits an ACK feedback to the UE.
For Case 2 and Case 3, a retransmission is required by the UE.
Considering that the UE is in the “GRANT FREE” state (see
Fig. 2), it can adopt a grant-based or grant-free retransmission
based on the number of failed attempts. However, repeated
collisions occur if different UEs keep choosing the same
time and frequency resources for retransmission. To eliminate
this, the UEs would retransmit in randomly chosen different
time and frequency resources using a back-off algorithm. This
process is referred to as the asynchronous HARQ. The possible
back-off schemes, where the colliding UEs can be separated
either in time, frequency or both are shown in Fig. 3.

In summary, all the aforementioned HARQ procedures
not only assist in the provision of robust grant-free NOMA
solutions, but also have minimal impact on the parent LTE
frame structure, ensuring straightforward adoption to the 3GPP
standardization for 5G NR.

D. Resource Collision Handling for Grant-free NOMA
The two types of grant-free resource allocation methods

discussed in 3GPP are:
• Preconfigured/Preassigned Resources: Multiple access

(MA) resources consisting of NOMA signatures (e.g.,
sequence, interleaver, codeword, etc.) and DMRSs are
pre-assigned/pre-configured to the UEs via RRC or
layer-1 signaling,

• Random selection of resources: When a wireless device
has a data to transmit, it randomly chooses a MA
resource from a pool of MA resources.

In both types of GF transmissions, MA resource collision
occurs when two or more UEs share the same resources. With
NOMA in grant-free scenarios, resource collision can occur in
the following ways.

• DMRS collision: In this collision, the base station can-
not recover the correct channel knowledge resulting in
definite decoding failure.
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Fig. 4. Joint vs. separate DMRS and NOMA signature selection.

• NOMA signature collision: In this collision, the data
decoding may be successful based on careful signature
design and advanced multi-user receivers. However, the
collision may still result in decoding failure.

We discuss two solutions being proposed in 3GPP to resolve
collision.

1) DMRS Extension: When NOMA is enabled for
contention-based grant-free transmissions, the base-station
may still perform the UE activity detection and channel
estimation based on DMRS. The base-station can pre-filter
a short list of active UEs based on the DMRS and apply
channel estimation on the short listed UEs. However, in 5G
mMTC, the number of UEs may be larger than the maximum
number of supported DMRS ports (e.g., 8 or 12 in Release-15).
Therefore, one solution is to extend the current DMRS design
to support more distinguishable ports by orthogonal extension
or non-orthogonal extension. The orthogonal extension can
support more distinguishable DMRS ports but at the cost of
higher DMRS overhead. In non-orthogonal extension, more
distinguishable ports can be generated by using different
Pseudo-Noise (PN) sequences or different cyclic shift values.
However, the non-orthogonal extension would introduce inter-
user interference, impacting the performance of both UE
activity detection and channel estimation. Both the topics are
currently under research [10].

2) DMRS and NOMA signature selection: DMRS extension
is more effective for grant-free transmissions with preassigned
resources. For transmissions on randomly chosen resources,
procedures to jointly select DMRS and NOMA signatures
are being explored. Fig. 4 shows the impact of joint and
separate selection of these two entities on the overall colli-
sion probability. Separate selection leads to scenarios where
signature and DMRS collisions happen on different transmis-
sions, which would increase the overall collision probability.
But this problem is eliminated with joint selection and the
overall collision probability decreases accordingly [11]. Joint
detection has an improved decoding performance [9], reduced
collision probability [11], and reduced receiver (e.g., MUD)
complexity [12].

A variant of separate selection has been discussed for uplink
grant-free SCMA in [13], where the NOMA signatures corre-
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spond to codebooks and collisions among the same signatures
can be resolved by the message passing algorithm (MPA) as
long as the channels encountered by the UEs transmitting the
same codebooks are different. In a contention based grant-
free system with low latency traffic, it is shown that SCMA
can provide around 2.8 times gain over OFDMA in terms of
supported active users.

If an uplink synchronization is achieved via the methods
discussed in Section III.A, similar to the underlying assump-
tion used in the study of SCMA in [13], the base station
has to perform blind activity/user detection, resulting in an
MUD problem. Our previous work in [14] based on alternative
direction method of multipliers (ADMM), demonstrates that
the MUD performance can be enhanced by incorporating the
signal value estimate from the previous time interval along
with the partial active user set as prior knowledge.

Moreover, in [15], the authors have compared the grant-
free NOMA and OFDMA under realistic scenarios. As shown
in [15], many grant-free schemes, such as SCMA, RSMA and
MUSA outperform OFDMA and are more robust to grant-free
transmission.

IV. CONCLUSION

This article provides a detailed description of the stan-
dardization aspects related to grant-free transmission and its
combination with the 5G enabling technology NOMA. We
have discussed the quantification of the key performance
indicators being considered by the 3GPP for enhancing the IoT
support in 5G mMTC. We have proposed a new state for the
grant-free mode of operation and described its coexistence with
the legacy LTE states. We also have presented capable grant-
free NOMA solutions with respect to uplink synchronization,
HARQ procedures and resource collision handling, considering
the ease of integration into the current LTE framework. These
solutions provide a great advantage for a large number of small
packet transmissions, as they can greatly reduce the control
signaling overhead, potentially lower the access latency and
allow more power efficient operation for low cost devices. In
conclusion, standardizing grant-free NOMA mechanisms in 5G
NR would provide the much needed substrate for the 3GPP to
efficiently host the IoT.
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