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Introduction
In this contribution, we provide further details on PTRS for DFT-s-OFDM. The evaluation assumptions follow [1][2][3], while specific choices will be given along with the results.
Pre-DFT or post-DFT PTRS
For DFT-s-OFDM, PTRS can be inserted either pre-DFT or post-DFT. With pre-DFT PTRS, low PAPR of DFT-s-OFDM can be preserved. For post-DFT PTRS, there are two methods for resource mapping: rate-matching and puncturing [4]. As shown in Figure 1, PAPR of both methods are higher than pre-DFT PTRS insertion. Moreover, similar to PTRS for CP-OFDM, post-DFT PTRS for DFT-s-OFDM would mainly serve for CPE estimation, providing only a symbol-level phase tracking (i.e., one CPE is calculated for one DFT-s-OFDM symbol). In contrary, pre-DFT PTRS can enable phase tracking within one DFT-s-OFDM symbol, and thus a finer time-domain resolution. For these reasons, pre-DFT PTRS is preferred for DFT-s-OFDM.
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[bookmark: _Ref480449638]Figure 1 PAPR of DFT-s-OFDM with pre-DFT and post-DFT PTRS
Proposal 1: Confirm the working assumption on supporting pre-DFT PTRS for DFT-s-OFDM. 
Time-domain pattern of PTRS
The time-domain pattern for pre-DFT PTRS for DFT-s-OFDM can be divided into two levels: symbol-level (across symbols) or sample-level (within one symbol). Here the “symbol” refers to a DFT-s-OFDM symbol.
Symbol-level time density
For tracking Doppler or frequency offset, the symbol-level time density of PTRS can be comparatively sparser. For tracking phase noise for high MCS, the symbol-level time density of PTRS should be relatively denser, as the coherence time of phase noise is much smaller. In general, different scenarios/functionalities ask for different symbol-level time densities for PTRS for DFT-s-OFDM. 
To simplify the PTRS design, same symbol-level time densities as CP-OFDM are preferred for PTRS for DFT-s-OFDM, i.e., PTRS for DFT-s-OFDM can be mapped every symbol, every 2nd symbol, or every 4th symbol. 
Proposal 2: Support using the same set of symbol-level time densities for PTRS for CP-OFDM and DFT-s-OFDM.
Sample-level time pattern
For pre-DFT PTRS within one DFT-s-OFDM symbol, as shown in Figure 2, there are three alternatives:
· Alt-1: Fully distributed allocation of PTRS samples
· Alt-2: Fully localized allocation of PTRS samples
· Alt-3: Chunk-based allocation of PTRS samples


[bookmark: _Ref480471948]Figure 2 Methods of inserting pre-DFT PTRS within one DFT-s-OFDM symbol
For Alt-1, phase error on each PTRS sample can be estimated independently, and further interpolation can be performed to estimate phase errors on adjacent data samples. This method enables finer phase tracking granularity, but the phase estimation on every single PTRS sample can be easily contaminated by additive noise and interference from adjacent UEs/Cells. To solve this problem, some additional processing such as filtering or moving average is needed, which incurs extra complexity and may become unreliable.
For Alt-2, PTRS samples are placed in a localized manner within one DFT-s-OFDM symbol. By averaging the phase estimation of multiple PTRS samples, impacts of additive noise and interference from adjacent UEs/Cells can be alleviated. Nevertheless, the phase estimation for data samples located far away from PTRS samples would be less accurate. 
Alt-3 offers a balance between Alt-1 and Alt-2 – To insert distributed PTRS chunk(s) where each chunk consists of more than one PTRS sample. By averaging operation, negative influence from additive noise and interference from adjacent UEs/Cells can be alleviated. And, with multiple distributed PTRS chunks, time-domain interpolation and fine phase tracking granularity can be achieved. 
A comparison of Alt-1/2/3 is given in Appendix 8.1, where the legend of [x-y] stands x PTRS chunks with y samples in each chunk. Except for the phase noise models proposed in [2], the reference model discussed in RAN4 [3] is also evaluated. As can be seen, Alt-2 can provide a better performance in some cases (i.e., [1-8] on LHS), while Alt-3 can provide a better performance in other cases (i.e., [8-2] on RHS). Furthermore, for Alt-3, if the number of chunks and size of them can be suitably chosen, both Alt-1 and Alt-2 can be achieved. If multiple UEs are paired for UL transmission, with chunk-based PTRS, orthogonal sequences can be applied to overlapped chunks of PTRS for different UEs, which can help to alleviate the inter-user interference. For these reasons, Alt-3 is preferred. 
Proposal 3: Support chunk-based distribution for pre-DFT PTRS within one DFT-s-OFDM symbol, where each chunk consists of at least two samples. 
Configuration for PTRS
Presence of PTRS
The presence of PTRS for DFT-s-OFDM is UE-specifically configurable. Such configuration can be done explicitly or implicitly. To save the signalling overhead whilst harmonizing with the configuration of PTRS for CP-OFDM [5], implicit indication by RRC configuration of association rules and then dynamic association with MCS/BW is preferred for determining the presence of PTRS for DFT-s-OFDM. 
Proposal 4: PTRS for DFT-s-OFDM is mapped when scheduled MCS/BW are above pre-defined and RRC-configured thresholds.
Pattern of PTRS
Multiple patterns are supported for PTRS for DFT-s-OFDM. To select suitable patterns, evaluations have been performed for the 30GHz band and 120KHz subcarrier spacing. The evaluations results are summarized in Appendix 8.2 and 8.3. In simulations, a channel model of CDL-C and 100ns DS is used, and case 2 (with phase noise only) is considered. In figures therein, the abbreviations of {N, S, T} denotes {number of PTRS chunks, size of chunks, symbol-level time density}, respectively, while the symbol-level time density of {0.25, 0.5, 1} denotes that PTRS mapped to every {4th, 2nd, 1} symbol, respectively. 
Throughout our evaluations, a chunk size of 2 appears to be achieving the maximum spectrum efficiency for most cases. So, we fix the chunk size for PTRS for DFT-s-OFDM as 2, and then investigate the suitable symbol-level time density and number of chunks (NC) for various cases. 
To keep a unified design for both waveforms as much as possible, we propose to associate symbol-level time density of PTRS for DFT-s-OFDM with the scheduled MCS, and associate the sample-level time density of PTRS for DFT-s-OFDM with the scheduled BW, as expressed in Table 1 and Table 2. 
[bookmark: _Ref478027694]Table 1 Association between scheduled MCS and PTRS symbol-level time density
	Scheduled MCS
	Time density

	0 <= MCS < MCS1
	No PTRS

	MCS1 <= MCS < MCS2
	TD1

	MCS2 <= MCS < MCS3
	TD2

	MCS3 <= MCS < MCS4
	TD3


[bookmark: _Ref480635859]Table 2 Association between scheduled BW and number of chunks for PTRS
	Scheduled BW
	Number of chunks 

	0 <= NRB < NRB1
	No PTRS

	NRB1 <= NRB < NRB2
	NC1

	NRB2 <= NRB < NRB3
	NC2

	NRB3 <= NRB < NRB4
	NC3 

	NRB4 <= NRB < NRB5
	NC4

	NRB5 <= NRB
	NC5


[bookmark: _Ref485285089]From Appendix 8.2, we can observe that the symbol-level time density of PTRS achieving the highest spectrum efficiency increases with increasing the scheduled MCS, and the selected MCS thresholds and time densities are summarized in Table 3 (As the MCS table for NR has not been decided, we put constellation and coding rate in the table, which can be replaced as MCS later). From Appendix 8.3, we can observe that the number of chunks of PTRS achieving the highest spectrum efficiency increases with increasing the scheduled BW, and the selected BW thresholds and number of chunks are summarized in Table 4. 
[bookmark: _Ref485285087]Table 3 Suggested MCS thresholds and PTRS sample-level time density for phase noise models in [3]
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	64QAM-2/3
	64QAM-3/4
	64QAM-5/6
	64QAM-9/10
	1/4
	1/2
	1


[bookmark: _Ref485295195]Table 4 Suggested BW thresholds and number of PTRS chunks for phase noise models in [3]
	NRB1
	NRB2
	NRB3
	NRB4
	NRB5
	NC1
	NC2
	NC3
	NC4
	NC5

	4
	8
	32
	32
	32
	1
	2
	4
	4
	4


To accommodate different UE implementations, the association between time-density/number-of-chunks and scheduled MCS/BW should be UE-specifically configurable. And, UE should be able to suggest the preferred MCW/BW thresholds to the gNB, to enable forward compatibility.
Proposal 5: For DFT-s-OFDM, support predefined and RRC-configured and UE-suggested association between symbol-level time density of PTRS and scheduled MCS, and between number of PTRS chunks and scheduled BW, where the chunk size (>=2) is fixed to N with N>=2.
If different size and number of PTRS chunks are preferred for different MCS and/or BW, the PTRS patterns for DFT-s-OFDM consisting of size and number of PTRS chunks can be indexed and associated with different MCS and BW. Such design may lead to increased complexity and requires further study. 
Sequence for PTRS
Pi/2 BPSK is supported for data transmission using DFT-s-OFDM. Even for such low-order modulation, PTRS can still be used to deal with CFO/Doppler, by configuring proper MCS/BW thresholds. In Figure 3, PAPR of pi/2 BPSK modulation with different PTRS sequences are compared. As can be seen, using pi/2 BPSK sequence (shifted together with or independent of data) for PTRS for DFT-s-OFDM can help maintaining the desired low PAPR property.
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[bookmark: _Ref485308202]Figure 3 PAPR of pi/2 BPSK modulation with different PTRS sequences
Proposal 6: Support using pi/2 BPSK sequence for PTRS of DFT-s-OFDM at least when pi/2 BPSK is used for the scheduled data transmission.
Summary of proposals
Proposal 1: Confirm the working assumption on supporting pre-DFT PTRS for DFT-s-OFDM. 
Proposal 2: Support using the same set of symbol-level time densities for PTRS for CP-OFDM and DFT-s-OFDM.
Proposal 3: Support chunk-based distribution for pre-DFT PTRS within one DFT-s-OFDM symbol, with each chunk consisting of at least two samples.
Proposal 4: PTRS for DFT-s-OFDM is mapped when scheduled MCS/BW are above pre-defined and RRC-configured thresholds.
Proposal 5: For DFT-s-OFDM, support predefined and RRC-configured and UE-suggested association between symbol-level time density of PTRS and scheduled MCS, and between number of PTRS chunks and scheduled BW, where the chunk size (>=2) is fixed to N with N>=2.
Proposal 6: Support using pi/2 BPSK sequence for PTRS of DFT-s-OFDM at least when pi/2 BPSK is used for the scheduled data transmission.
References
[1] [bookmark: _Ref465239150][bookmark: _Ref480637248]LG Electronics, Nokia, Huawei, Samsung, Qualcomm, InterDigital, KT, ZTE, “WF on evaluation assumptions for tracking of phase rotation and/or frequency offset”, R1-1611012, Lisbon, Portugal, 10-14 October 2016.
[bookmark: _Ref481675435][bookmark: _Ref465239156]Huawei, HiSilicon, “Phase noise model for above 6 GHz”, R1-164041, Nanjing, China, 23-27 May 2016.
[bookmark: _Ref481675865]Ericsson, “Draft CR to technical report: On phase noise modelling”, R4-1703988, Spokane, USA, 3-7 April  2017.
[bookmark: _Ref481764409]CATT, “Further discussion on RS for phase tracking for UL”, R1-1704565, Spokane, USA, 3-7 April 2017.
[bookmark: _Ref480626076][bookmark: _GoBack]Huawei, HiSilicon, “PTRS for CP-OFDM”, R1-1709939, Qingdao, China, 27-30 June 2017.

Appendix
[bookmark: _Ref485291356]Comparison of different sample-level time patterns in one DFT-s-OFDM symbol
[image: ][image: ]
[bookmark: _Ref485291550]Evaluations results for selecting symbol-level time density and MCS thresholds
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