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Introduction
In RAN1 AH#3, the following were agreed for PT-RS for DFT-s-OFDM:

Agreement:
· For chunk-based pre-DFT PTRS insertion for DFTsOFDM, support the following
· The supported values for K (chunk size) are 2 and 4
· Implicit configuration depending on MCS/BW
· The supported values for X (number of chunks/DFTsOFDM symbol) are at least 2 and 4
· X implicitly depends on allocated bandwidth and/or MCS and/or K value
· Implicit configuration can be subcarrier spacing dependent
· FFS if K=1 is also supported and exact mechanism
· When X=2 is configured, downselect among the following:
· Alt. 1: chunks are placed head/tail of DFTsOFDM symbols containing PTRS
· Alt. 2: chunks are placed middle/tail of the DFTsOFDM symbols containing PTRS
· Alt. 3: chunks are placed head/middle of the DFTsOFDM symbols containing PTRS
· Alt. 4: chunks are placed middle of each of the X equally-sized parts of the DFTsOFDM symbols containing PTRS
· For PTRS sequence, downselect from the following options:
· Option 1:
· pi/2 BPSK PTRS is used for pi/2 BPSK PUSCH
· [FFS] PTRS sequence consists of the outermost points of the PUSCH constellation
· Option 2
· Reuse the same sequence as PTRS or DMRS sequence for UL CP-OFDM
· FFS: Time-domain PTRS density reduction is supported at least for allocated bands below N RB and/or some MCS
· Time-domain pattern depends on DM-RS positions (DFTsOFDM positions near DMRS do not contain PTRS)
· FFS: N value
· FFS: every other DFTsOFDM symbol not neighbouring DM-RS positions does not contain PTRS
· For RB allocation larger than N, PTRS density reduction is configured by RRC

In this contribution, we discuss further details of remaining issues such as chunk-based pre-DFT PTRS patterns for DFT-s-OFDM and evaluate the performance of the alternatives.
Chunk-based pre-DFT PTRS insertion for DFT-s-OFDM
The four alternatives of the PT-RS patterns that are evaluated are illustrated in Figure 1. In each alternative PT-RS pattern, the DFT input is divided into equal sized intervals where the number of interval is the same as the number of chunks. 
For the Alt-1, a chunk is located either head or tail in each interval and alternating across intervals. Therefore, when two chunks are used, a chunk is located in the head for the first interval and the other chunk is located in the tail for the second interval. If more than two chunks are used, the same pattern can be repeated as shown in the Figure 1. For the Alt-2, Alt-3, and Alt-4, the chunks are located at the same position in each interval such as tail, head, or middle. 
In the simulations, the interval is set to either 48 samples, i.e., data worth of 4 RBs; or 48 × 2 samples, i.e., data worth of 8 RBs. The phase noise (PN) is generated according to the models provided in [2] and [4]; and interpolation based correction is used so that common phase error as well as the inter-carrier interference (ICI) can be compensated. The detailed simulation assumptions are provided in Table 1 in the Appendix.



[bookmark: _Ref494570649]Figure 1 Evaluated PT-RS alternative patterns (8 chunks) 
Figure 2-Figure 5 illustrate the spectral efficiency with the PN models [2] and [3]. In these figures, the “Alt-2 across” means that the PT-RS of the previous DFT-s-OFDM symbol is also used for the interpolation as the PT-RS is already available and no additional delay. In the other alternative patterns, interpolation is done using the PT-RS chunks in one DFT-s-OFDM symbol only.
Figure 2 shows the spectral efficiency with 8 RBs where the DFT input constitutes two intervals, i.e., the two chunk PT-RS patterns are same as those of two intervals in Figure 1. From the figure, we can see that with PN model [2], the performance of “Alt-4” and “Alt-2 across” is approximately the same and is better than the other patterns. The PN generated according to model [2] changes significantly within an OFDM symbol, causing the “Alt-1” pattern to result poor interpolation due to the large distance between the chunks. With PN model [3], the performance of the compared patterns is similar with the “Alt-2 across” being slightly better than the others.

Figure 3 illustrates the spectral efficiency with 32 RBs where the DFT input consists of 8 intervals and each interval has 1 chunks (16 PT-RS in total). In this configuration, with PN model [2], the “Alt-4” and “Alt-3” patterns provide the largest spectral efficiency and the performance of the “Alt-2” pattern is close to the best performers. The “Alt-1” pattern again results in the lowest spectral efficiency. With PN model [3], on the other hand, the performance of the compared patterns is similar with the “Alt-2 across” being slightly better than the others. The “Alt-1”, in this case, performs slightly worse than the others.
Figure 4 illustrates the spectral efficiency with 32 RBs where the DFT input now consists of 4 intervals and each interval has 1 chunk of 4 PT-RS. When we compare this figure with Figure 3, we can see that the performance of the “Alt-4” pattern stays the same, however, the other patterns experience some loss due to reduced PT-RS density in time. With PN model [3], the various patterns perform similarly, with “Alt-1” and “Alt-2 across” being slightly better than the others.
Figure 5 illustrates the spectral efficiency with 16 RBs where the DFT input has 4 intervals and each interval has 1 chunk (8 PT-RS in total). In this configuration, with PN model [2], the “Alt-4” pattern has the best performance while gap between the spectral efficiency of “Alt-2” and “Alt-3” to “Alt-4” is small. With PN model [3], the various patterns perform similarly, with “Alt-2 across” being slightly better than the others.
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[bookmark: _Ref495047157]Figure 2 Spectral efficiency with 8 RBs and 2 chunks (Left: PN model [2], Right: PN model [3])
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[bookmark: _Ref494700798]Figure 3 Spectral efficiency with 32 RBs and 8 chunks (Left: PN model [2], Right: PN model [3])
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Figure 4 Spectral efficiency with 32 RBs and 4 chunks (Left: PN model [2], Right: PN model [3])
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[bookmark: _Ref495047198]Figure 5 Spectral efficiency with 16 RBs and 4 chunks (Left: PN model [2], Right: PN model [3])
From the presented results, the following observations can be made:
· The performance of various patterns depends on the PN model. The spectral efficiency of “Alt-1” is consistently the lowest with PN model [2] due to its poor interpolation accuracy. With the milder model [4], the difference of various patterns’ spectral efficiency is small.
· The cyclic prefix (CP) is an exact copy of the tail of the DFT-s-OFDM symbol. Since the PN model in [2] varies significantly within one DFT-s-OFDM symbol, the CP and tail of the symbol are multiplied with different phase noise values, resulting in the CP no longer being the exact copy of the symbol at the tail. The difference between the actual and ideal CP, leaks into the head of the current symbol, resulting in interference. This causes the estimation made at the head less reliable.
· The spectral efficiency of “Alt-4” and “Alt-2 across” is the highest in all of the configurations.

Based on the above results and observations, the following proposals are made:
Proposal-1: use interval based PTRS insertion with uniform PTRS spacing
Proposal-2: either Alt-2 or Alt-4 is supported for chunk-based pre-DFT PTRS pattern for DFT-s-OFDM
RB location for PTRS
Two alternatives have been discussed whether UE-specific RB offset should be used or fixed RB offset is enough. Using the UE-specific RB offset may provide better phase noise estimation performance when a collision between PTRS of two or more UEs occurs, especially when power boosting of PTRS is used either implicitly or explicitly. 
The Figure 6 shows the spectral efficiency performance when PTRS collision occurs with and without UE-specific RB offset. In the simulation, the outermost constellation of scheduled modulation order has been used for PTRS modulation which provide roughly 3dB power boost effect.
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(a)                                           (b)
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(c)
Figure 6 Spectral efficiency with RB offset and without RB offset
As seen in the figure 6, UE-specific RB offset provides spectral efficiency gain by randomizing interference of PTRS. Therefore, PTRS interference randomization with a UE-specific parameter should be supported.
Proposal-3: UE-specific RB offset is supported for PTRS interference randomization in Rel-15
PTRS density for PUSCH
In NR, it has been agreed to support UCI piggybacking on PUSCH. In general, the BLER requirement for UCI is more stringent than data. The required density of PT-RS to achieve UCI BLER requirement is evaluated with simulations. 
Figure 7 presents the spectral efficiency and BLER curves for CP-OFDM waveform with PT-RS time densities of 1/2 and 1. The detailed simulation assumptions are provided in Table 2. We can see from the figures that although the spectral efficiency of time densities 1/2 and 1 are similar, 1/2 time density fails to achieve 10-2 BLER due to an error floor. Therefore, when UCI exists in the PUSCH, it is beneficial to have denser PT-RS. 
[image: cid:image001.png@01D3407E.172B7FA0][image: cid:image002.png@01D3407E.172B7FA0]
Figure 7 Spectral efficiency and BLER comparison with PT-RS time density 1 and 1/2
Proposal-4: PTRS time density is increased when a UCI is piggybacked on PUSCH
Summary
In this contribution, we discussed the remaining details of PTRS design for DFT-s-OFDM and CP-OFDM and evaluated alternatives. Based on the discussions and observations, we propose the following:
Proposal-1: use interval based PTRS insertion with uniform PTRS spacing
Proposal-2: either Alt-2 or Alt-4 is supported for chunk-based pre-DFT PTRS pattern for DFT-s-OFDM
Proposal-3: UE-specific RB offset is supported for PTRS interference randomization in Rel-15
Proposal-4: PTRS time density is increased when a UCI is piggybacked on PUSCH
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[bookmark: _GoBack]Appendix – Simulation Assumptions
Table 1 Simulation Assumptions for DFT-s-OFDM
	Parameters
	Value

	System bandwidth
	320 MHz 

	Waveform
	DFT-s-OFDM

	Subcarrier spacing
	240 kHz

	Number of PTRS
	4 for 8 RBs (2 chunks, chunk size=2)
8 for 16 RBs (4 chunks, chunk size=2)
16/32 for 32 RBs (4/8 chunks, chunk size =4)

	Chunk size
	2 and 4

	Carrier Frequency 
	52 GHz

	Modulation and coding rate
	64QAM, 5/6

	Number of allocated PRBs
	8, 16, 32 PRBs

	Channel model
	TDL-C, 30 ns, 3 kmph

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	PN model in [2] and [3]



Table 2 Simulation Assumptions for CP-OFDM
	Parameters
	Value

	System bandwidth
	320 MHz 

	Waveform
	OFDM

	Transmission type
	SISO

	Subcarrier spacing
	240 kHz

	PT-RS density
	Frequency: 1 (PTRS per RB) 
Time: 1, 1/2

	Chunk size
	1

	Carrier Frequency 
	52 GHz

	Modulation and coding rate
	16QAM, 3/4,
64QAM, 5/6

	Number of allocated PRBs
	4 PRBs

	Channel model
	CDL-C, 30 ns, 3 kmph

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	[4]
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