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1 Introduction
At GERAN #62 a study item was agreed to study different access stratum solutions to meet the needs for Cellular Internet of Things (CIoT) [1]. Until GERAN #64, three candidate solutions have been included in TR 45.820, i.e., EC-GSM, NB-M2M, and NB-OFDMA [2]. In all the solutions [2], a CIoT device performs random access and then receives a dedicated orthogonal uplink resource via a scheduling grant of its serving cell. During random access, a collision may occur and it leads to capacity degradation. In the random access description of the NB-OFDMA solution [3], it was briefly mentioned that ‘A PRACHless mechanism to send uplink data is FFS’ but there are no details. In this contribution, we discuss the collision issues and the necessity of grant-free non-orthogonal multiple access. In addition, capacity evaluation is performed to show feasibility of the proposed grant-free non-orthogonal multiple access. Changes have been marked in blue. 
2 Issues in Orthogonal Uplink Transmissions

In orthogonal uplink transmissions of [2], each CIoT device selects a frequency-time resource and then transmits a random access request message. When the random access request is successfully received by a base station, CIoT devices can transmit uplink data packet via a dedicated orthogonal frequency-time resource indicated by uplink scheduling grant. 
Table 1 : Assumptions for Collision Rate Simulation in NB-M2M 
	Case No. 
	1
	2
	3

	Packet Size
	50 byte
	50 byte
	200 byte

	Target MCL 
	164 dB
	144 dB
	144 dB

	MCS (Class-A)
	① RA request : 1

② Data Packet : 2
	① RA request : 6

② Data Packet : 8
	① RA request : 6

② Data Packet : 8

	Burst Length (①+②)
	2220 ms
	160 ms
	420 ms

	# of Access Devices 
	15.12 Devices/burst
	1.09 Devices/burst
	2.86 Devices/burst

	RAOs 
	12
	12
	12
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Figure 1 : Collision Rate Simulation in NB-M2M
If collision among random access requests occurs, the corresponding CIoT devices may not transmit uplink data packet due to the absence of a dedicated uplink resource. Thus, when a large number of CIoT devices try to access its serving base station simultaneously, it leads to capacity degradation, so that a corresponding base station cannot support a given massive CIoT devices. 

Figure 1 shows the collision rate of NB-M2M in the given assumption, i.e. Table 1. As described in Annex E of [2], the total number of devices is 52547 (i.e. black solid line), and periodic inter-arrival times are given as 1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%). Based on total number of devices and inter arrival time, the average arrival rate for MAR is calculated as 6.81 devices/sec. Thus, the number of access devices in Table 1 is given as ‘Burst Length x 6.81’. The MCS indexes are selected to achieve BLER 10% at a target MCL. The number of random access opportunity (RAO) is fixed to 12 RA request channel based on frequency reuse factor of 3. 
While only 7% devices collide with each other in Case 2, Case 1 shows 30% collision rate. The reason why Case 1 has a higher collision rate is that the total number of access devices is increased according to an encoded data packet length (i.e. RA request + Data packet size). Similarly, the packet size in Case 2 becomes large, the collision rate is also increased as shown in Case 3 of Fig. 1. Therefore, we can observe that low SNR, i.e. low MCS index, and large packet size scenarios may cause a higher collision rate. Although RAOs is increased to reduce the collision rate in a CIoT system, it may lead to a lack of data resource. It is noted that if the household density of Tokyo city in TR 36.888 [4] is considered, the total number of devices is 80223. The collision problems will be more serious compared to the results above based on the household density of London city. 
In addition, a low SNR device may lead to an increase of collision rate regardless of a packet size. As shown in Table 1, MCS index 1 and 6 are selected to achieve BLER 10% for target MCL 144 and 164 dB, respectively. Thus the burst length of RA request for MCL 164 dB is 16 times longer than that for MCL 144 dB. Ideally, it is interpreted that 16 devices with high SNR (i.e. Case 2) can be supported instead of 1 device with low SNR (i.e. Case 1) because the length of 1 RAO for Case 1 is identical with that of 16 RAOs for Case 2. Therefore, low SNR devices may cause capacity degradation even if the number of low-SNR devices is very small compared to that of high-SNR devices in a grant-based multiple access. 
Observation 1 : Encoded packet length becomes longer and longer (i.e. low MCS or large packet size etc.), a collision rate becomes higher and higher in a given frequency-time resource and inter arrival time.
Observation 2 : The total number of devices are getting larger and larger, a collision rate is becoming higher and higher. 
Observation 3 : low SNR devices may cause capacity degradation even if the number of low-SNR devices is very small compared to that of high-SNR devices in a grant-based multiple access.
3 Grant-Free Multiple Access
3.1 Proposed grant-free non-orthogonal multiple access
Since there’s no resource assignment for each device in a grant-free multiple access, each device transmits its packet on an predefined resources. It leads to a collision problem between data packets. In this contribution, the grant-free non-orthogonal multiple access is proposed, which has robust collision resolution capability.
Figure 2 shows a frame structure of a proposed non-orthogonal uplink transmission. Although this frame structure can employ both a scheduling grant based random access and a grant-free random access, we explain a grant-free non-orthogonal multiple access. To do so, each serving cell should broadcast system information to configure grant-free non-orthogonal multiple access for each CIoT device. The system information includes RAOs (i.e. time-frequency resources to grant-free multiple access) and supported MCS (i.e. modulation, code rate, bonding factor, and spreading factor). 
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Fig. 2. Frame Structure of Grant-Free Non-Orthogonal Multiple Access
If CIoT devices receive it via a broadcasting signal, they try to access a corresponding base station and to transmit data packet in the configured resources simultaneously. The given frame structure for non-orthogonal multiple access consists of a preamble sequence and a concatenated spreading sequence. The serving base station and CIoT devices have an identical preamble sequence set and each active CIoT device randomly selects a sequence in the preamble sequence set. Since each preamble sequence is mapped to a spreading sequence, the CIoT device can transmit data packet using a selected preamble sequence and a spreading sequence. It means that all modulated symbols from the CIoT device are spread by an identical spreading sequence. 
Each CIoT device can start to transmit the proposed frame at a certain time after downlink broadcasting signal. At base station, the uplink receive timing is different with each other up to RTT delay plus maximum delay spread. Thus, the guard time is necessary between the preamble sequence and the concatenated spreading sequence. In addition, for a grant-free operation, the spread data packet should include a device identifier.
As shown in Fig. 2, base station receives the superposed multiple frames from active CIoT devices. First of all, a base station detects the active preamble sequences and corresponding time delay. Since the base station can estimate the number of active CIoT devices and corresponding spreading sequences, it starts de-spreading and decoding the data packet for each active CIoT device. Although multiple CIoT devices select an identical preamble sequence such as Device 1 and 2, the different time delay makes base station detect them correctly. It means that collision can be resolved through the difference time delay. This can be adopted during dispreading data packet. Thus, the base station can successfully decode data packets based on a different time delay even if multiple data packet is spread by an identical spreading sequence. The base station then sends ACK/NACK to UEs via DCI+PDSCH or PDCCH based on UE ID. The detail procedure for the proposed grant-free non-orthogonal multiple access is described in [6] and [7]. Consequently, the proposed grant-free non-orthogonal multiple access is one of appropriate candidates to support a large number of CIoT devices despite a high collision rate. 
3.2 Simulation results
Figure 3 shows link level simulation results for NB-M2M and proposed grant-free non-orthogonal multiple access. The simulation parameters are summarized in Table 2. In Fig. 3, the horizontal axis is the total number of devices per cell site sector and the vertical axis represents the capacity, i.e. the total number of successfully decoded devices per sector. When the required SNR is 14.3 dB for achieving MCL 144 dB, the collision rarely occur in NB-M2M as shown in Fig. 1. Thus the capacity performance is dependent on the data decoding performance. Since data decoding performance is guaranteed to achieve less than BLER 10%, the capacity can linearly increase as shown in Fig. 3. The proposed grant-free non-orthogonal multiple access shows a comparable capacity performance at an identical SNR range due to low collision rate and reliable data decoding performance. When the required SNR is -5.7 dB for achieving MCL 164 dB, the proposed grant-free non-orthogonal multiple access shows 69% gain compared to NB-M2M. Because the proposed grant-free non-orthogonal multiple access is more robust structure than orthogonal multiple access schemes as described in Section 3.1. 
In Fig. 4, capacity evaluation is performed to show whether the proposed grant-free non-orthogonal multiple access supports a given massive connection or not. To evaluate the proposed grant-free non-orthogonal multiple access more practically, three uplink coverage classes are defined based on uplink SINR geometry (i.e. CDF distribution according to UL SINR). The offered traffic for each class is also calculated according to uplink SINR geometry. MCS is then selected to achieve BLER 10%. After capacity for each class is simulated by link level simulation, average capacity in a cell site is calculated as shown in blue solid line in Fig. 4. The black solid line represents an ideal capacity under the assumption of no reporting failure, and the black dotted line represents 90% of ideal capacity due to a target BLER (i.e. 10%). The black solid and dotted line can be interpreted as upper and lower bounds of proposed scheme, respectively. Since the proposed scheme achieves a higher capacity than the lower bound (i.e. BLER 10% capacity in Fig. 4), it is feasible to supports a target number of devices. The detail simulation parameters are summarized in Table 3. 
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Fig. 3. Performance comparison 
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Fig. 4. Capacity (# of reports/200kHz/hour)
Proposal 1: It is suggested that the proposed grant-free non-orthogonal multiple access is one of appropriate candidates to support a large number of CIoT devices despite a high collision rate.
Proposal 2: It is suggested to investigate a grant-free non-orthogonal multiple access for resolving the collision issue, and hence provide capacity improvement. 
Table 2 : Link Level Simulation Parameters (Fig. 3)
	Parameter
	Value

	Frequency band (MHz)
	900

	Antenna configuration
	1T 2R

	Propagation channel model
	TU

	Doppler spread (Hz)
	1

	CRC (bit)
	24

	FEC
	Turbo code

	
	NB-M2M
	GF-NOMA

	MCL (dB)
	164
	144
	164
	144

	RA request size (byte) 
	5
	N/A

	BW per Data Channel
	3.75kHz
	7.5 kHz
	15kHz
	45kHz

	Preamble sequence length

 (# of samples)
	N/A
	600

	Data size (byte)
	50
	55

	Pilot overhead (pilot : data)
	2:8
	2:8

	MCS of RA request 

(Table 7.1.3-2 in [2])
	1
	6
	N/A
	N/A

	MCS of data 
(Table 7.1.3-2 in [2])
	2
	8
	5
	7

	Spreading sequence length
	1
	1
	16
	16

	Number of RA opportunity
	12
	12
	3
	1

	Total Number of Preamble Sequences 
	N/A
	N/A
	12
	12


Table 3 : Capacity Simulation Parameters (Fig. 4)
	Parameter
	Value

	Frequency band (MHz)
	900

	Antenna configuration
	1T 2R

	Propagation channel model
	TU

	Doppler spread (Hz)
	1

	CRC (bit)
	24

	FEC
	Turbo code

	BW per Data Channel
	30kHz

	Preamble sequence length

 (# of samples)
	600

	RA request size (byte) 
	N/A

	Data size (byte)
	Pay load (Mean of Pareto Distribution, 33byte)

 + UE ID (5 byte) + Header (29 byte)

	Traffic Model
	[5] 

	Pilot overhead (pilot : data)
	2:8

	MCS of RA request 
	N/A

	MCS of data 
(Table 7.1.3-2 in [2])
	5
	6
	7

	Spreading sequence length
	16
	8
	8

	Number of RA opportunity
	1
	10
	2

	Total Number of Preamble Sequences 
	12


4 Conclusions
Based on the discussion, we point out following observation and proposal :
Observation 1 : Encoded packet length becomes longer and longer (i.e. low MCS or large packet size etc.), a collision rate becomes higher and higher in a given frequency-time resource and inter arrival time.

Observation 2 : The total number of devices are getting larger and larger, a collision rate is becoming higher and higher. 
Observation 3 : Low SNR devices may cause capacity degradation even if the number of low-SNR devices is very small compared to that of high-SNR devices in a grant-based multiple access.
Proposal 1: It is suggested that the proposed grant-free non-orthogonal multiple access is one of appropriate candidates to support a large number of CIoT devices despite a high collision rate.
Proposal 2: It is suggested to investigate grant-free non-orthogonal multiple access for resolving the collision issue, and hence provide capacity improvement.
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