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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
It was agreed in RAN1#84bis that [1]
· Autonomous/grant-free/contention based non-orthogonal multiple access should be studied
In RAN1#85, it was further explained that [2]
· Autonomous/grant-free/contention based UL non-orthogonal multiple access has the following characteristics
· A transmission from UE does not need the dynamic and explicit scheduling grant from eNB
· Multiple UEs can share the same time and frequency resources
And in RAN1#86, the following agreements were achieved [3]:
· NR should target to support UL “autonomous/grant-free/contention based” at least for mMTC

This contribution discusses an overview of grant-free transmissions, its key technical components, and the advantages and drawbacks of using grant-free transmission and grant-based transmission for applications with sporadic traffic and infrequent small packets, including some quantitative analysis and the comparison from the spectrum efficiency and signaling overhead perspectives. 

[bookmark: _Ref129681832]Grant-free technical review
The grant-free refers to the fact that users can transmit data in an arrive-and-go manner without sending scheduling request (SR) or receive scheduling grant (SG) from BS in advance. When a grant-free UE is in a light-connection mode, or energy conserving state, it will hold an identification user ID, unique in a network area; once a short packet  of a UE arrives, it is transmitted along with the user ID immediately in the next available grant-free access area without transitioning to the RRC connected state.  When the data transmission is successful, the base station (BS) will extract the UE ID that will identify itself to the network.
Since no grant-request and scheduling process are required, the grant-free transmission can reduce significantly the signaling overhead and air-interface latency. As a result, the grant-free scheme is applicable to the traffic with infrequent small packets for service applications such as mMTC, URLLC and eMBB. 
To make the grant-free transmission work reliably, we have to deal with a few key technical components, including grant-free resource allocation and management, collision control and reduction, UL reference signal design, and HARQ process.
In grant-free transmissions, the effective resource pre-allocation and slow adaptation can be employed to help reduce the grant-free collision and improve spectrum efficiency and traffic loading balance. Also, the resource allocation and management for intra- and inter-cell interference coordination / mitigation can also help improve the grant-free performance. More details can be found in [12, 11].  

The reference signals such as DMRS are critical for UL grant-free transmissions, as it can be used for channel estimation, user activity detection and transmission source identification. Moreover, the reference signal can be coupled with other MA signatures such as codebook to reduce the eNB search space on UE activity and thus the implementation complexity.  The basic structure of each RS transmission is a frequency-domain sequence with constant power, and the RS design details can be found in [9]. 
HARQ transmission is important process for increasing the reliability in UL grant-free transmission. If a packet of a user fails in an initial transmission, one or more re-transmission is needed. HARQ is an efficient and fast retransmission technique that can combine the information from initial- and re-transmissions in an effective way. However, due to the grant-free nature of contention, the eNB may not know in advance whether a transmission is new transmission or retransmission, and which transmission signals belonging to which users. Therefore, how to perform HARQ in grant-free transmissions needs to be carefully studied. The HARQ feedback, retransmission schemes and signal combining schemes have been provided for grant-free transmissions in [10].
Observation 1: The key technical problems on grant-free transmissions have been further studied with different solutions proposed for NR.

Grant-free and grant-based comparison
In this section, we provide a quantitative analysis and comparison from the overall spectrum efficiency (including signal overhead) between grant-free and grant-based transmissions for the applications with sporadic traffic and infrequent small packets. To make the comparison simple and fair, we look into a simple metrics: given a system traffic load, how many RB resources are required to support successful transmission for an infrequent small packet (of 40 bytes in this analysis). For the latency comparison, the details can be found in [8].  
 Overall evaluation assumptions and methodology
We consider the grant-free (GF) or grant-based (GB) scheme in uplink OFDMA system, where we allocate the same resource bandwidth (e.g. 4RB) for UL data transmission. The UE signaling messages and overheads during the UE access procedure before data transmissions will be considered first and the arrival traffic rate that each scheme can support is obtained through collision analysis. We then evaluate the total resources needed for both systems to support one packet arrival and provide an overall comparison between the two schemes. As we consider infrequent transmission of short packets, assuming 40 bytes per user packet arrival in UE energy conserving state, and a fixed and robust MCS (QPSK 1/2) for evaluation simplification; each arrival will take a total of 2RBs for the transmissions or retransmissions. In grant-free (GF) OFDMA system, user randomly selects 1RB among 4RB resources to transmit the packet of 40 bytes using 2 TTIs. For grant-based OFDMA system, we assume UE can be scheduled on 2 RB each TTI or 1RB using 2 TTIs (assuming orthogonal multiple access among multiple users).
Signaling overhead analysis
We are using RACH-less grant-free system for UL transmission of infrequent and sporadic small packets. In the following, we consider NB-IoT as the baseline for grant-based system for the overhead analysis. The grant-based scheme is assumed on a basis of NB-IoT, as shown in Figure 1 of Appendix ([8]), with data transmission procedure from an idle state as shown in Figure 3 of Appendix.  The extra signaling overhead for grant-based over grant-free scheme includes: preamble transmission (UL), random access response (RAR, DL), RRC connection setup (UL, DL), UE buffer status report (BSR), power headroom (PHR) in UL, scheduling request (SR, UL) and scheduling grant (SG, DL). NB-IoT access procedure has been greatly improved upon legacy LTE system, which significantly reduced RACH overhead.
Preamble transmission (NPRACH) 
The signal structure and resources for NPRACH in NB-IoT is shown in Figure 3 of Appendix, which is based on single-tone transmission with frequency hopping. The amount of RACH resource opportunities are configurable and needs to be able to handle the traffic load.  
If we assume the number of preamble transmission per second per cell (denoted as RACH intensity) is following a Poisson distribution with average arrival rate , the collision probability of the RACH preamble is given by ([4, 7]):

Where L is the number of random access opportunities (RAO) assigned per second per cell, and L= number of preamble hopping patterns * number of NPRACH opportunities per second. For a target PRACH collision rate, the ratio  . Consider a unit NPRACH resource region of 12 subcarrier and 4 symbol groups with long CP (ref. Table 3 in Appendix), which is approximately equivalent to 1.6 RBs in LTE, the number of hopping patterns is at most 48. The number of preamble transmissions that can be supported with this unit region is .  Therefore, the per-access preamble resource is approximately 1.6/n RBs. We assume each preamble access corresponding to one user arrival of 40 bytes packet, which requires 2RB resources for data transmission, the overhead is then calculated based on per-access preamble resources over the resources for data transmission of one packet (1.6/2n and plotted in  Figure 2 of Appendix). For a target NPRACH collision rate of 1%, the overhead is 166%. 

Random Access Response (RAR) and RRC connection
Figure 3 in Appendix shows the access procedure based on NB-IoT UL transmission ([8]). From [8], the required bits for RAR message (PDSCH) and RRC connection setup are 51 bytes.  Therefore, the resource overhead for RAR message and RRC connection setup can be approximated by 51/40=128% assuming the same robust MCS is used for RAR and RRC signaling messages.  Note a control message on PDCCH needs to be sent to indicate/schedule the RAR transmission in DL-SCH. Assume the minimum DCI format, at least 1 control channel element (CCE) is needed for PDCCH, which corresponds to 36 REs in LTE (minimum CCE size for NB-IoT is larger). This corresponds to around 10.7% overhead with respect to a 2RB size for data transmission of one packet.   

UE buffer status report (BSR), power headroom (PHR), scheduling request (SR) and scheduling grant (SG)
In grant-based system, UE needs to transmit at minimum a scheduling request (SR) to inform the BS that it has data to transmit. After detecting the SR, the BS can send scheduling grant (SR) and other information to assign resources for the UE to perform UL transmission. UE also needs to report buffer status and power headroom for eNB to make scheduling decision. The UE BSR and PHR are transmitted as part of UL data transmissions through MAC control elements (CE).  BSR MAC has two formats, short BSR (1 byte) or long BSR (3 bytes).  PHR also generally takes 1 byte. The short BSR and PHR has been considered as part of the RRC connection process and therefore not separately counted.  We have assumed that SR can be included in preamble message while SG can be included in RAR in grant-based system, therefore, we have used a conservative estimation that the SR and SG overhead is also not separately counted. However, in a grant-based system where SR and SG are sent after RRC connection has established, significant extra overhead needs to be counted for SR and SG signaling. 

Signaling overhead summary 
Summary of the above analysis:  the signaling overhead resources of grant-based scheme over grant-free resources per user for each packet arrival and transmission is shown in the following table:
Table 1: Extra signaling overhead of grant-based system over grant-free system for small packet based on above described assumptions 
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Additional msg in grant-based
	Preamble transmission
	RAR and RRC connection setup
	PDCCH for RAR
	Total

	Signaling overhead
	166%
	128%
	10%
	304%



It can be seen grant-based OFDMA will incur more than 300% more (both DL and UL signaling overhead) resources usage over the grant-free transmissions for each user packet arrival and transmission.
Observation 2: From signaling overhead perspective, the grant-based OFDMA will incur more than 300% more resources usage over the grant-free transmissions, when applicable to the sporadic and infrequent small packet transmissions. 

Overall SE comparison between GF and GB system
In this section, we evaluate the supported packet arrival rate (PAR) using the 4RB bandwidth for the data transmission for both schemes, and then the overall resources (including overhead) required for transmission of each packet for grant-based and grant-free systems are compared. 
The perfect channel estimation is assumed; the antenna configuration is 1Tx/2Rx. More evaluation assumptions can be found in Table 3 of Appendix.
To simplify the detection performance, we assume the following rules:
· Grant-free: Users without any collision will be decoded correctly; up to two collided users can be successfully decoded with 1Tx/2Rx configurations.
· Grant-based: Each TTI can only schedule up to 2 packets with successful reception. In grant-based system, we assume the scheduler can always balance the load, which means if the number of packet arrivals is larger than 2, the scheduler can schedule 2 packets in current TTI and schedule the others in later TTIs.
For grant-free, we have simulated the collision process, where retransmissions will be assumed for failed transmissions due to collisions,  and find out the supported load each scheme in terms of average successful transmitted packets per TTI at different input PAR.  Note the packet arrival rate  is the average PAR per cell and a random variable following Poisson distribution. For each TTI, we only count the successfully detected packets in the supported load. For grant-based system, we considered the necessary resources required for signaling overhead to support transmission of each packet. From Table 1, the UL and DL signaling resources of grant-based scheme take about three times of resources scheduled for each data transmission (i.e., 2RB per 40-byte packet arrival). Putting RB resources for pure data transmissions and signaling transmissions together with supported traffic loading into one table,  Table 2 shows the overall spectrum efficiency (SE), measured by (the other way around) RB resource usage to support each successful transmission of a packet for a given system traffic load and bandwidth.  
It can be seen that, when the signaling overhead of grant-based scheme is considered, the overall SE of grant-free system is much better than grant-based scheme for the small-packet transmission.  For example, at an input traffic load of 2 packets/TTI, to deliver one small packets (of 40 bytes) to the network, the grant-free scheme will require 2.74 RBs resources, whereas the grant-based scheme will require 8RBs resources, about three times of the grant-free resources. 
Note that with more advanced non-orthogonal multiple access (NOMA) scheme, grant-free approach will have more gain ([5]). Thus, when applying to the sporadic and infrequent small packet transmissions, the grant-free scheme will outperform the grant-based scheme considering overall resource and signaling cost.    
Observation 3:  The grant-free scheme will outperform the grant-based scheme when considering overall SE including signaling costs, when applicable to the sporadic and infrequent small packet transmissions. 
Proposal 1:  NR should support UL grant-free transmissions, at least for infrequent small packet transmissions.





Table 2: Total resources required for GB and GF system to transmit one small packet
	Input  sector traffic load  (packets/ms)


	
       Scheme
	Actual resources used for UL  data  (RBs) *

	Resources for UL and DL signaling  (RBs)
	Supported sector  load (packets/ms) 
	Total resources used to transmit one short packet (RBs/packet)
	Resource efficiency gains of grant-free vs grant-based

	
1
	Grant-based OFDMA
	4
	6
	1
	5** 
	--

	
	Grant-free OFDMA
	4.4 
	0
	1
	2.2** 
	127%

	
2
	Grant-based OFDMA
	4 
	12 
	2
	8 
	--

	
	Grant-free OFDMA
	5.48
	0
	2
	2.74 
	192%

	

3
	Grant-based OFDMA
	4 
	12 
	2
	8 
	--

	
	Grant-free OFDMA
	4.76 
	0
	2 
	2.38
	236%


* The grant-free will assume retransmissions due to some collisions. 
** Assuming each user will take two-RB resources for each packet transmission.  

Conclusions
In this contribution, we provide our views on grant-based versus grant-free system for infrequent small packet transmission. According to the above discussions, we have following proposals:
Observation 1: The key technical problems on grant-free transmissions have been further studied with different solutions proposed for NR.
Observation 2: From signaling overhead perspective, the grant-based OFDMA will incur more than 300% more resources usage over the grant-free transmissions, when applicable to the sporadic and infrequent small packet transmissions. 
Observation 3:  The grant-free scheme will outperform the grant-based scheme when considering overall SE including signaling costs, when applicable to the sporadic and infrequent small packet transmissions. 
Proposal 1:  NR should support UL grant-free transmissions, at least for infrequent small packet transmissions.
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Appendix

Table 3: Assumption for the SE comparison of grant-based and grant-free system
	
	GB OFDMA
	GF OFDMA

	Total BW
	4RB
	4RB

	Resource allocation
	2RB 1TTI or 1RB 2TTIs per packet, No UE multiplexing on the same time-frequency resources
	UE randomly select  1RB among the available 4RBs and use two TTIs for 1 packet

	Scheduling
	FIFO
	UE transmit packet immediately (next TTI) after packet arrival

	MCS
	Fixed at QPSK, 1/2
	Fixed at QPSK, 1/2

	Traffic Model
	Packet arrival following Poisson distribution 

	Packet size 
	Fixed size at 40 bytes, (40 bytes already includes header).

	Detection assumption
	Detection is always successful with linear MMSE-IRC receivers
	detection is successful if and only if two or less users collide, with linear MMSE-IRC receiver

	Delay constraint
	No delay constraint
	No delay constraint

	SE calculation assumption
	Assume scheduler can balance the load given no delay constraint, therefore only average load is needed
	Only count successfully transmitted packet (assume all lost packet can be eventually transmitted successful via re-transmission given no delay constraint)
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Figure 1: NPRACH signal structure, resources and frequency hopping pattern
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Figure 2: NPRACH resource overhead with respect to different target collision probability
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