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1 Introduction

As defined in [1], URLLC (Ultra-Reliable and Low Latency Communications) requires the reliability to be 1-10-5 with a user plane latency of 1ms. In RAN1#86b [2], it was agreed to support both CP-OFDM and DFT-S-OFDM. 
Agreement:
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz

· FFS additional low PAPR techniques 

· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)

· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use

· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.

· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations

In this contribution, some further considerations for DFT-S-OFDM to support UL URLLC are discussed. 
2 Discussion
To achieve such a high reliability as required by URLLC, it is expected that an extremely low channel coding rate needs to be used. It is well known that diversity can improve the link performance especially when the channel coding rate is low. Also due to the short latency required, it is not expected to have much diversity in time domain. To explore the benefit of diversity in frequency domain, distributed RB scheduling can be considered for URLLC user. 
One concern for the distributed RBs is that it increases the CM value. To evaluate the link performances, four configurations are studied with simulation. Simulation assumptions are given in the Annex A. 
Case 1A: 2 continuous RBs


Case 1B: 2 discontinuous RBs
Case 2A: 10 continuous RBs

Case 2B: 10 discontinuous RBs
Cases with continuous RBs scheduled have less diversity gain due to the occupied narrow bandwidth when compared to cases with discontinuous RBs. Both CP-OFDM and DFT-S-OFDM waveforms are compared for each case. As well known, different from CP-OFDM, DFT-S-OFDM has an additional pre-coder with one or multiple DFTs just before the subcarrier mapping.  In this contribution, DFT-S-OFDM with the pre-coder of either one DFT or multi-DFT is studied. If one DFT is used as the pre-coder for all scheduled RBs, CM values for both waveforms in all cases are compared in Table 1.
Table 1 CM (dB) for different cases

	
	Case 1A
	Case 1B
	Case 2A
	Case 2B

	CP-OFDM
	3.5
	3.5
	3.8
	3.8

	DFT-s-OFDM
	1.0
	1.8
	1.0
	3.3


BLER for both waveforms are compared in Figure 1. 
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Figure 1 LLS results for CP-OFDM and DFT-S-OFDM waveforms 
From the above simulation results, it can be concluded that both waveforms can benefit from the increased diversity of discontinuous RB scheduling and CP-OFDM with discontinuous RBs has the best link performance. 
The relative gains vary for different BLER targets and in general, more gains are expected with a higher targeting reliability. For illustration only, 10-3 is used as the targeting BLER without HARQ retransmission and the reliability without retransmission will be 99.9%. Combined with CM values in Table 1 and assuming increased CMs are all compensated with power backoff, the relative coverage performance is compared in Table 2.
Table 2 Relative coverage performance (dB)
	
	Case 1A
	Case 1B
	Case 2A
	Case 2B

	CP-OFDM
	0
	-5.0
	0
	-4.2

	DFT-s-OFDM
	-2.0
	-2.2
	-1
	-0.4


As can be seen, CP-OFDM together with discontinuous RB scheduling has the best coverage and the performance gap is quite remarkable. 
Proposal 1: it is proposed to support discontinuous RB scheduling for UL URLLC to explore the diversity gain in frequency domain.
As discussed above, one DFT for DFT-S-OFDM is used to pre-code all subcarriers, and since information symbols are mapped in the time domain, frequency diversity cannot be fully used by the followed decoder. This problem can be solved by reducing the DFT size and letting each DFT to cover only subcarriers within a narrow bandwidth whose corresponding channel response is nearly flat, and it is well known that the channel response could be nearly flat when it is much narrower than the coherent bandwidth. Multiple DFTs need to be used when the scheduled subcarriers span a wide bandwidth. 
In scenarios with wide delay spread, the coherent bandwidth is narrow and one DFT covers a smaller number of subcarriers and more DFTs are needed by the pre-coder. In scenarios with narrow delay spread, the coherent bandwidth is wide and one DFT can cover a bigger number of subcarriers and accordingly less DFTs are needed for the pre-coder. With less DFTs, a smaller CM value can be achieved. In different scenarios, the suitable number of DFTs for the whole band (or the bandwidth covered by each DFT) can be selected to optimize the overall link performance. 
The above LLS for DFT-S-OFDM is redone with one DFT per scheduled RB (named as Multi-DFT below) and the results are compared with CP-OFDM in Figure 2.
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Figure 2 LLS results for Multi-DFT-OFDM
From the above simulation results, it can be concluded that DFT-S-OFDM with a multi-DFT pre-coder has nearly identical link performance as that of CP-OFDM but multi-DFT pre-coder reduces the number of equivalent carriers and has a smaller CM value depending on the number of RBs scheduled as given in Table 3.
Table 3 CM (dB) for Multi-DFT-OFDM

	
	Case 1B
	Case 2B

	CP-OFDM
	3.5
	3.8

	DFT-S-OFDM (multi-DFT)
	2.3
	3.6

	Difference
	1.2
	0.2


Proposal 2: it is proposed to study the feasibility to use DFT-S-OFDM waveform for UL URLLC services.
Proposal 3: it is proposed to clarify that DFT-S-OFDM waveform includes the pre-coder implementation with multiple DFTs. 
3 Conclusion
In this contribution, waveforms for UL URLLC are discussed with LLS and DFT-S-OFDM with pre-coder of multiple DFTs is proved to have a similar link performance as but a smaller CM than CP-OFDM.

Based on above discussions and simulation, we have the following proposals: 

Proposal 1: it is proposed to support discontinuous RB scheduling for UL URLLC to explore the diversity gain in frequency domain.
Proposal 2: it is proposed to study the feasibility to use DFT-S-OFDM waveform for UL URLLC services.

Proposal 3: it is proposed to clarify that DFT-S-OFDM waveform includes the pre-coder implementation with multiple DFTs. 
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Annex A: Simulation assumptions
	Attributes
	Values or assumptions

	Carrier Frequency
	5 GHz

	Modulation and coding rate
	QPSK

1/14.4 (LTE rate matching)

	User bandwidth
	2 RBs (continuous or discontinuous)

10 RBs (continuous or discontinuous)

	SINR range
	-5dB to 10dB

	Channel coding
	TBCC 1/3

	Sub-carrier spacing
	15 KHz

	Channel equalization
	Zero forcing

	TTI length
	1 ms

	OFDM symbols per TTI
	14

	Channel model
	TDL-C-1000ns, moving speed = 3 Km/h

	BS antenna configuration
	2 Rx

	UE antenna elements
	1 Tx

	Packet arrive rate
	periodically

	PHY Packet size
	40 bits for 2 RBs, 200 bits for 10 RBs (all include CRC)

	Channel estimation
	Ideal


