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1. Introduction

In the March RAN plenary meeting, a new work item (WI) on further NB-IoT enhancements was approved [1]. In the WI, support of physical layer scheduling request (SR) is identified as one of the mechanism to reduce UL latency.

In this documents, we discuss options of physical SR design.
2. Waveform Design
To save power, UE should not have to transmit anything when it has no SR. For this reason, we have the following proposal.
Proposal 1: adopt on-off signaling for SR. 

Instead of reinventing the wheel, it is desirable to realign the existing NB-IoT UL signal waveforms and formats to the purpose of SR. Two immediate options are to reuse NPUSCH format 2 and NPRACH waveforms and formats with some modifications and enhancements. These two options are discussed below.
2.1  NPUSCH Format-2 Based Design

NPUSCH format-2 is used to carry 1-bit Ack/Nack and can be readily adapted to support SR. That is, SR uses single-tone transmission with 3.75 kHz or 15 kHz subcarrier spacing and has 4 slots per resource unit (RU). 

Since for on-off signaling coherent detection has only about 1 to 1.5 dB gain over non-coherent detection, spending extra energy on DMRS to enable coherent detection tends to be inefficient. In addition, efficient UE multiplexing can be allowed to save UL resource without DMRS. For the above reasons, orthogonal sequences are to be considered. For instance, a length-28 Zadoff-Chu (ZF) sequence and its 27 cyclic-shifted versions can be used. 
The repetition level of SR can be directly derived from the repetition level of NPUSCH format 2, 
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A block diagram of the SR signal generator based on NPUSCH format-2 is given in the Figure 1. Several observations regarding to NPUSCH format-2 based SR design are summarized below.

· DMRS is not needed and orthogonal sequences are used to fill the 28 data symbols in a RU.

· The repetition level for SR can be derived from that of NPUSCH format-2 without additional signaling.

· Cell-specific scrambling is applied to mitigate inter-cell interference.
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Figure 1 Block diagram of NPUSCH format-2 based SR transmitter.
2.2  NPRACH Based Design

NPRACH waveform can also be adapted for SR transmission: Each repetition consists of 4 symbol groups and each symbol group consists of 5 symbols and a CP. The use of NPRACH waveform is preferred if SR uses part of the NPRACH resource or FDM with NPRACH.

To allow UE multiplexing, orthogonal sequences are to be carried with one data sample per symbol or per symbol group. Depending on further if frequency hopping between symbol groups is applied, there are three options for UE multiplexing:

1. Data modulation is applied at symbol level and a length-20 sequence is carrier by a repetition. This allows up to 20 UE to be multiplexed within a tone without frequency hopping between symbol groups.

2. Data modulation is applied at symbol level and a length-5 sequence is carrier by a symbol group. This allows up to 5 UEs to be multiplexed in a tone even with frequency hopping between symbol groups. 
3. Data modulation is applied at symbol group level and a length-4 sequence is carried by a repetition. This allows up to 4 UEs to be multiplexed in a tone without frequency hopping between symbol groups.

Note that longer spreading sequences across multiple repetitions may not be useful as the channel may have varied too much between repetitions and is not considered. The impact of inter-symbol interference in options 1 and 2 due to the lack of CP could be negligible, thanks to the long symbol duration.  In addition, options 1 and 2 could have slightly larger PAPR than option 3 does. This disadvantage of options 1 and 2 is, however, outweighed by their higher multiplexing capability and flexibility. In summary, option 1 is preferred if frequency hopping between symbol groups is not applied and option 2 is preferred otherwise.

Like in the case of NPUSCH format-2 based design, the repetition level of SR can be derived from the repetition level of NPUSCH format 2. 
Based on the above discussion, we have the following proposals.

Proposal 2: Down-select from the following SR waveform design options

· Option 1: Using NPUSCH format-2 RU structure without DMRS and each RU carrying one of length-28 orthogonal sequences,

· Option 2: Using NPRACH waveform with each repetition carrying one of length-20 orthogonal sequences or with each symbol group carrying one of length 5 orthogonal sequences.
Proposal 3: The number of repetitions of an SR transmission is derived from that of NPUSCH Format 2.

Proposal 4: Cell-specific scrambling is applied for SR transmission.
3. Collison and Resource Allocation

Collision between an expected SR transmission of a UE and its NPUSCH format-2, NPDCCH search space, or NPDSCH can be avoided by eNB scheduler. If this is difficult for eNB, collision handling is needed. Two apparent choices are:
1. UE drops current SR transmission and wait till next opportunity.

2. UE transmit SR and drops the other channel/search space.

Option 1 is preferred for collision with NPDSCH or NPUSCH format 2, and option 2 may be preferred for collision with NPDCCH candidate search space. 

In addition, eNB needs to avoid collision of the allocated SR resource of a UE with other UEs’ NPUSCH. This could be very difficult if not impossible. Another choice is to have a UL transmission postpone whenever it collides with a SR resource. Although it is possible for eNB to broadcast the total resource reserved for SR, release-13 and release-14 UEs would not understand. One way to solve this problem is to use part or all of the reserved NPRACH resource [3]. There are two situations with different preferred signal waveform and multiplexing gain. They are

· If both the number of starting subcarriers allocated to SR and the first starting subcarrier of the reserved NPRACH resource are integer multiples of 12, frequency hopping between symbol groups and repetitions are not needed. In this case, option 1 of NPRACH based waveform is preferred to provide multiplexing of up to 20 UEs per starting subcarrier. NPUSCH format-2 based waveform can also be used in the reserved NPRACH resources in this case.
· Otherwise, frequency hopping needs to be applied to avoid collision with NPRACH. In this case, option 2 of NPRACH based design can be used to allow multiplexing of up to 5 UEs per starting subcarrier.
For each NPRACH starting subcarrier, the N repetitions can be divided into multiple SR resource blocks of smaller number of repetitions. For instance, as shown in the figure below, the N repetitions are divided into three SR resource blocks, two with N/4 repetitions and one with N/2 repetitions. 
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Figure 2 Dividing an N-repetition NPRACH resource block into multiple SR resource blocks.
Proposal 5: Use part or all of the reserved NPRACH resource for SR to avoid collision with legacy UEs.
4. Summary
In this document, we have discussed SR waveform design, collision handling, and resource allocation with the following proposals:
Proposal 1: adopt on-off signaling for SR.
 

Proposal 2: Down-select from the following SR waveform design options

· Option 1: Using NPUSCH format-2 RU structure without DMRS and each RU carrying one of length-28 orthogonal sequences,

· Option 2: Using NPRACH waveform with each repetition carrying one of length-20 orthogonal sequences or with each symbol group carrying one of length 5 orthogonal sequences.

Proposal 3: The number of repetitions of an SR transmission is derived from that of NPUSCH Format 2.

Proposal 4: Cell-specific scrambling is applied for SR transmission.

Proposal 5: Use part or all of the reserved NPRACH resource for SR to avoid collision with legacy UEs.
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