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1 Introduction
Currently, RAN1 is considering both grant-free and scheduled UL transmissions for NR. This contribution addresses a method for enabling UE-initiated scheduled UL transmissions with minimal delay that is suitable for delay-sensitive applications. 
The contribution is organized as follows:
· Section 2 discusses the trade-off between resource utilization and latency for UE-initiated uplink transmissions
· Section 3 discusses UE-initiated data transmissions using the Underlay Control Channel 
· Section 4 presents Multicarrier Spread Spectrum-based Design
· Section 5 presents conclusion and summary
2	Resource-utilization and latency trade-off for the UE initiated uplink transmissions
In NR grant-free uplink transmissions are being considered and the following agreements have been reached:
Agreements[footnoteRef:1]: [1:  For the complete text of the agreement refer to [1]] 

· 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

Grant-free UL transmissions allow UEs to transmit within specified resources without any explicit scheduling grants from the eNB resulting mainly in lower control signalling overhead. However, UL transmissions require the UEs to transmit in a given set of resources or resource pools assigned by the eNB within the uplink resources with a predefined periodicity and predefined data size and format (Figure 1). 
[image: ]
Figure 1: Resource allocation of grant-free UL for TDD deployments
Additionally, it was agreed in the previous RAN1 meeting NR supports scheduling-based multiple access for DL/UL transmissions [1].
Agreements[footnoteRef:2]: [2:  For the complete text of the agreement refer to [1]] 

· NR supports at least synchronous/scheduling-based orthogonal multiple access for DL/UL transmission schemes, at least targeting for eMBB

The above agreement is based on the past LTE UE-initiated UL access scheme. In this scheme the UE transmits a Scheduling Request (SR) to the eNB within an assigned resource and in response the eNB scheduler grants UL resources. LTE provides two alternatives: In the first alternative a particular UE is pre-assigned a dedicated UL resource for transmitting its SR (pre-scheduling). In the second alternative a contention-based resource is used to transmit the SR. 
In both grant-free and scheduled UL transmissions there is a trade-off between latency and resource utilization efficiency. In the grant-free method, a predefined amount of resources are allocated with a pre-defined periodicity. This type of allocation has lower latency with a cost of resource under-utilization if the UEs don’t have anything to transmit. On the other hand, the eNB-scheduled case improves the resource-utilization efficiency with a cost of higher latency (longer SR period) as it takes multiple TTI cycles to receive the UL grants at the UE. As a consequence, both of the above methods are not optimal for delay-sensitive applications such as URLLC [2]. 
Furthermore, in practical deployments uplink resources are not fully utilized, providing a good opportunity for the UEs to use those unused resources for the autonomous uplink. However, these unused resources cannot be used efficiently in most scenarios. First, there might be too many UEs interested in autonomous transmissions causing too many collisions. Second, the UEs will have to monitor all the UL data resources to find the resources available for such transmissions. In dynamic TDD deployments, the availability of resources within the required time is much more unpredictable as in, for example, DL transmissions spanning multiple subframes shown in Figure 2 [3]. 
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Figure 2: TDD frame structures 
Observation: Predefined periodic resource pools for the UE-initiated uplink access causes inefficiencies such as resource under-utilization and increase in latency. 
3	UE initiated data transmissions using the Underlay Control Channel
To handle the trade-off between the latency and resource utilization efficiency for the UL access we propose an Underlay Control Channel (UCC) that reduces the latency and at the same provides increased resource utilization efficiency. In order to avoid collisions and to exchange control information to concur on the channel usage for the UL transmissions, a multiple access spread spectrum-based underlay control channel is transmitted by the UEs during the DL and UL data transmissions using the entire channel bandwidth, including the guard-bands as shown in Option 1A in Figure 3. Also in Figure 3 another implementation, option 1B with UCC confined to the guard band subcarriers, is shown. Option 1B can be viewed as a special case of option 1A. In order to remain invisible to the corresponding receivers, a spread spectrum technique is applied to the signal to keep its transmit power comparable to or below the thermal noise level.
The interested UEs transmit their respective Scheduling Request signals (SR) using the UCC to access the resources in the UL data channel. For the remainder of this document we refer to this signal as the Physical layer Scheduling Request Underlay Channel (PSRUCH).

[image: ]
Figure 3: Underlay Control Channel Design Options
As shown in the Figure 4, the PSRUCH is available all the time triggering the UL transmissions to facilitate dynamic TDD deployments. The PSRUCH signals contain control information such as buffer status, priority, power-headroom, etc., related to the data packets to be transmitted by the UEs. The serving eNB decodes the SR and uses the information to schedule the UEs.
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Figure 4: Dynamic TDD with UL subframes triggered by the scheduling requests in the PSRUCH  
Based on the number of SR signals being transmitted, the eNB has the flexibility to adapt by deferring some of the delay-tolerant scheduled UL transmissions, allocates UL resources and transmits UL grants in response to the received SRs. Additionally, there could be time periods when the PSRUCH is not transmitted to protect the control information signals transmitted by the eNB.  For brevity, these details are not discussed here, but they are important topics for further study. 
Observation: The Scheduling Request signals transmitted in an Underlay Control Channel provide scheduling flexibility to the eNB to adapt and dynamically allocate resources for UL transmissions.
A dedicated control channel works for the SR transmissions; however, as mentioned earlier, a dynamic resource allocation scheme has to provide a capability to access resources on-demand in order to meet the latency requirements. The PSRUCH offers just that capability in the most efficient manner by not requiring any dedicated resources and providing always-on availability for contention-based SR transmissions, no spectrum fragmentation as in the case of PUCCH/PUSCH in LTE and allowing the UEs to access UL resources with very low latency and signalling overhead.
According to Table 5.2.1-1 in [5] (reproduced as Table 1 below), the SR-related latency in the UL is the dominant factor. As an example, shown in the Figure 5(A), in order to send a SR the UE must wait for a SR-valid UL resource (PUCCH). This wait time, on average, could vary from 0.5ms to 5ms assuming 1ms and 10ms SR periods, respectively [5]. On the other hand, as shown in Figure 5(B), the PSRUCH allows the UEs to transmit SRs immediately such that in response the eNB can transmit the corresponding UL grants in the very next DCI transmission. This scheme reduces the average waiting time to almost zero for the UE to transmit its SR and also eliminates the delay uncertainty. Additionally, PSRUCH based access also allows NR to compete against non-3GPP technologies (for example, IEEE802.11) where due to CSMA/CA schemes dynamic TDD capabilities come naturally.
Table 1 Typical radio access latency components (Rel.8/9) for an UL transmission from a UE without a valid uplink grant
	Component
	Description
	Time (ms)

	1
	Average waiting time for PUCCH (10ms/1ms SR period)
	5/0.5

	2
	UE sends Scheduling Request on PUCCH
	1

	3
	eNB decodes SR and generates the Scheduling Grant
	3

	4
	Transmission of the Scheduling Grant
	1

	5
	UE processing Delay (decoding of scheduling grant + L1 encoding of UL data)
	3

	6
	Transmission of UL data
	1

	7
	Data decoding in eNB
	3

	
	Total delay (ms)
	17/12.5



Observation: PSRUCH-based UE-initiated access reduces the average waiting time to almost zero and eliminates the delay uncertainty.
The UE initiated data transmissions using PSRUCH are ideal for URLLC type data transmissions requiring low latency and flexibility in data formats. PSRUCH-based access should be viewed as an improvement of the existing LTE Rel-8 type scheduling schemes; therefore, PSRUCH is applicable to the delay-tolerant scheduled UE initiated data transmissions as well. On the other hand, the new NR grant-free UE transmissions works well for the small MTC type data transmissions. 
Proposal: Underlay Control Channel-based SR signals should be studied to facilitate low-latency UE initiated data transmissions. 
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Figure 5: UE initiated data transmissions timeline comparison  
Most of the spread spectrum technologies are possible choices for the generation of the PSRUCH. One possibility is to use direct-sequence spread-spectrum (DS-SS), as in the single-carrier RSMA modulation proposed in [4]. An alternative is the multicarrier spread spectrum (MC-SS) technique proposed. MC-SS is known to be superior to DS-SS in terms of partial band interference suppression. Furthermore, a design example that is presented below shows that MC-SS can be designed to be superior to DS-SS in terms of PAPR and possibly computational complexity.     
4 	Multicarrier Spread Spectrum-based Design
As an improved alternative to the single-carrier RSMA modulation [4] we propose MC-SS based modulation design for the generation of the PSRUCH signal. Figure 6 presents a block diagram of the MC-SS baseband signal. The input is a sequence of binary data symbols . The data symbols can also belong to a QAM alphabet. However, since in PSRUCH each packet carries a minimum number of information bits and it should operate at a minimal Power Spectral Density (PSD), a binary symbol assumption is more reasonable and, thus, is assumed in this document. Each data symbol is upsampled L-times, pulse-shaped using a filter  and the repeated filter outputs are mapped to N subcarriers . As shown in the Figure 6 a user-specific spreading factor  is applied to each subcarrier. Moreover, the choice is made for all , to equally spread the signal power across a broad bandwidth.
[image: ]
Figure 6: Block diagram of a MC-SS signal generation at baseband  
For brevity, we define . We also assume that L and the subcarrier frequencies  are chosen such that  is a periodic function with period L. This leads to

where  and n, k are the respective discrete-time indices. 
The pulse-shape  depends on the choice of  and the spreading gain factors . A rectangular pulse with raised-cosine roll-off at its sides is recommended as the filter since it suppresses the out-of-band (OOB) emissions, as in the case of OFDM with WOLA (windowed overlap add). The length of the filter  is between L and 2L resulting in minimal baseband processing complexity. In order to minimize the PAPR an algorithm for selection of a set of spreading gain factor can be used such as described in [6]. Through such a design, one can achieve PAPR values as low as a fraction of 1 dB.
Overall, the spreading in the frequency dimension and the pulse-shaping filtering results in a relatively less-complex receiver (for example, MRC receiver) and a reduction in inter-subcarrier interference, respectively. Both of these advantages are needed to combat the challenging asynchronous uplink environment. 
5	Conclusion
Table 2 summarizes the latency/data requirements and the appropriate UE access solutions for each type of application: 
Table 2 UE initiated access solutions for the various applications
	Application
	Latency
Requirement
	Key Issue
	UE access solutions

	eMBB
	Medium
Target for user plane latency is 4ms [2]
	eNB scheduler needs buffer status and related info to assign UL resources for the large data packets
	PSRUCH

	mMTC
	High
	Must consider low control signalling overhead due to small data packets
	Grant-free UL

	URLLC
	Low
Target for user plane latency is 0.5ms [2] 
	Must consider a trade-off between the control signalling overhead and latency to handle medium to small data packets
	PSRUCH



In this contribution we made the following observations and proposals:
Observation: Predefined periodic resource pools for the UE-initiated uplink access causes inefficiencies such as resource under-utilization and increase in latency. 
Observation: The Scheduling Request signals transmitted in an Underlay Control Channel provide scheduling flexibility to the eNB to adapt and dynamically allocate resources for UL transmissions.
Observation: PSRUCH based UE-initiated access reduces the average waiting time to almost zero and eliminates the delay uncertainty.
Proposal: Underlay Control Channel-based SR signals should be studied to facilitate low-latency UE-initiated data transmissions. 
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