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1 Introduction
In RAN1 #88bis, the following agreements were made regarding to physical layer scheduling request (SR) for NB-IoT further enhancements [1]:

Agreements:
· SR should only be used when an NB-IoT UE is in uplink sync in RRC connected mode. 

· TA estimation should not be a design target of SR signal.

· Sending SR with HARQ ACK/NACK can serve as the baseline case for UE with DL data 
· Further designs to be considered for dedicated SR signal design are:
· Based on NPRACH signal;
· Based on NPUSCH format 2:
· Non-coherent detection based format is not precluded
· Collision handling for dedicated SR is FFS
In this documents, we discuss options of physical SR design.
2 Multiplexing SR with HARQ ACK/NACK
When UE has DL data, SR can be sent together with HARQ Ack/Nack. This can be done by rotating the data symbols by 900 after constellation mapping if SR is to be transmitted as shown in Figure 1.
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Figure 1 Sending SR with Ack/Nack.
Since the Euclidean distance between Ack with SR and Ack only is 1.16 dB larger than the distance between DTX and Ack, the above constellation expansion has little impact on the DTX to Ack detection rate and Ack missed detection rate. If Nack to Ack detection rate is a concern, a rotation angle smaller than 900 could be considered. In general, the impact on the required number of repetitions is small.

SR retransmission with Ack/Nack should be allowed in case of SR detection. 
Proposal 1: When SR is to be sent together with Ack/Nack using NPUSCH format 2, the BPSK-mapped Ack/Nack data symbols are rotated by 900.

3 Dedicated SR 

Piggyback SR with Ack/Nack can only be used when there is DL data. To support SR in other cases, dedicated SR resources are needed. In this section, design options and issues of dedicated SR signal are discussed. 
3.1 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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 [2], without additional signaling. 
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 preferred to mitigate inter-cell interference.
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Figure 2 Block diagram of NPUSCH format-2 based SR transmitter.
3.2 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 hence 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

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

· 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.
3.3 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 postponed 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.
· 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. 

[image: image4.emf]N rep.

N/2 rep.

N/4 rep.


Figure 3 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 Opportunistic vs Dedicated SR

As discussed above, opportunistic SR, i.e., Ack/Nack piggyback, and dedicated SR are supplementary to each other. At any given time, there should be only one option available to a UE. To clearly define the switching time between opportunistic and dedicated SR options, a timer can be defined that starts after the last Ack/Nack transmission. Alternatively, the switching time can be defined with reference to the time of the first DRX. A UE uses opportunistic SR after connection and switch to dedicated SR only after the switching time. 
5 Summary
In this document, we have discussed design for both opportunistic and dedicated SR with the following proposals:
Proposal 1: When SR is to be sent together with Ack/Nack using NPUSCH format 2, the BPSK-mapped Ack/Nack data symbols are rotated by 900.
Proposal 2: Down-select from the following SR waveform design options

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

· 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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