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Introduction
In RAN1 NR AH#03 meeting [1], the following was decided:
· 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

At the RAN1#88 meeting [2], it was previously agreed that usage of PTRS for e.g. CFO/Doppler correction is not precluded.
In this contribution, we give our view on pre-DFT PTRS patterns for DFTsOFDM.




Discussion
Specific RS need to be inserted at high carrier frequency operation, in order to offer support for compensating time domain effects such as phase noise, carrier frequency offset (CFO) and/or Doppler effects. For simplicity we refer to this RS as PTRS, but it can also serve as support for CFO/Doppler compensation.
PTRS insertion is particularly helpful for DFTsOFDM, where DM-RS insertion is particularly costly in terms of overhead, since full symbols are reserved for DM-RS insertion. PTRS in DFTsOFDM can offer phase tracking support to compensate phase noise, CFO and Doppler effects with low, controlled overhead.
Open issues for pre-DFT chunk based PTRS for DFTsOFDM are:
· Exact positions of the chunks for the agreed pattern with K>1, to be chosen among 4 alternatives
· Exact mechanism for implicit pattern configuration
· Whether K=1 is also supported, associated X value and associated signaling mechanism
· Whether to support time-domain PTRS density reduction
· Sequence to be used

Simulations in this contribution are performed on a CDL-A 50ns channel at a carrier frequency of 50GHz. The full simulation parameters, description of the patterns and of the estimation methods are given in the Annex.

On chunk positioning
The following 4 alternatives are investigated for X chunks of K samples each. Different patterns are depicted in Figure 1.
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a) X=2, K=4
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b) X=4, K=2


[bookmark: _Ref494500202]Figure 1 – Head/Tail, Middle/Tail, Head/Middle, Middle/Middle insertion in different scenarios

Alt. 1: Head/Tail (HT)
X chunks are inserted pre-DFT as follows: one chunk occupying the first K samples (head), one chunk occupying the last K samples (tail). If more than 2 chunks, the rest of the chunks are equally distributed between the head and the tail.
At the receiver side, averaging over the K samples in each chunk is performed, followed by interpolation between the chunks.
Advantages of HT insertion are as follows:
· No extrapolation needed
· Tail chunk is repeated with the CP and can be used for other purposes (synchronization, time offset correction)
· If time domain density reduction is supported, offers a fairly even distributed pattern within the slot
A drawback of the scheme is the fact that head position may suffer some interference due to multipath especially on highly dispersive channels, and tail positions is also impacted through circularity. This problem is partially mitigated through averaging within the chunk.

Alt. 2 Middle/Tail (MT)
X chunks are inserted pre-DFT as follows: each pre-DFT symbol is cut in X equal parts, K PTRS samples are inserted at the end of each part (tail).
At the receiver side, averaging over the K samples in each chunk is performed, followed by interpolation between the chunks. When existing, the last chunk of the previous DFTsOFDM symbol is used to mimic a (X+1) chunks pattern, allowing interpolation for the phase estimate of the symbols placed before the first PTRS chunk.
Advantages of MT insertion are as follows:
· No extrapolation needed when the tail chunk of the previous DFTsOFDM symbol is used in the interpolation process
· Tail chunk is repeated with the CP and can be used for other purposes (synchronization, time offset correction)
A drawback of the scheme is the need for further processing in order to take advantage of the extra chunk from the previous symbol. Moreover, except for very high SNR regions and high MCS cases, adding more chunks does not necessarily improve the performance. Using the chunk from the previous symbol is not very reliable, due to the fact that during the effective transmission the CP is added between this extra chunk and the current symbol.

Alt. 3 Head/Middle (HM)
X chunks are inserted pre-DFT as follows: each pre-DFT symbol is cut in X equal parts, K PTRS samples are inserted at the beginning of each part (head).
At the receiver side, averaging over the K samples in each chunk is performed, followed by interpolation between the chunks. For the samples after the last PTRS chunk in each symbol, the average estimation performed on the last chunk is kept. Waiting for the first chunk of the next DFTsOFDM symbol would increase the latency and is avoided.
There is no obvious advantage to this scheme over MT/MM schemes.

Alt. 4 Middle/Middle (MM)
X chunks are inserted pre-DFT as follows: each pre-DFT symbol is cut in X equal parts, K PTRS samples are inserted in the middle of each part.
At the receiver side, averaging over the K samples in each chunk is performed, followed by interpolation between the chunks. For the samples before the first chunk and after the last chunk in each symbol, the closest available estimate is used.
Advantages of MT insertion are as follows:
· Evenly distributed chunks within the slot, offering better protection against interference
A drawback of the scheme is the need for extrapolation for the edge symbols not captured inside the PTRS pattern.

Results comparing different patterns (HT/MT/HM/MM) with 16QAM ½, 16QAM ¾, 64QAM ½ and 8/16/32/50 allocated RBs are presented in Figure 2, Figure 3, Figure 4, Figure 5, where the SNR range around the SNR value corresponding to FER target 10-1 is represented. When X=4, all patterns have similar behavior. For X=2, HM and MT patterns are less performing than HT or MM patterns. MT pattern displays performance loss due to the fact that in the SNR regions of interest adding extra chunks does not improve the overall behavior. In our evaluations the scenarios where MT pattern displayed better performance than its counterparts do not correspond to pertinent working scenarios (insufficient PTRS overhead, SNR ranges corresponding to FER above 10-1).
HT and MM patterns have similar performance for all tested configurations. For the MM pattern, the loss due to the need of extrapolation compensates the potential gain given by a more evenly distributed chunk insertion. Therefore, due to the advantages explained here-above, HM insertion is preferred. 
Observation 1: HT and MT patterns have similar performance and outperform other patterns when pertinent SNR ranges and PTRS overheads are considered.
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[bookmark: _Ref494710755]Figure 2 – 8B, different patterns, SE
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[bookmark: _Ref494710757]Figure 3 - 16RB, different patterns, SE
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[bookmark: _Ref494710760]Figure 4 – 32RB, different patterns, SE
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[bookmark: _Ref494710762]Figure 5 - 50RB, different patterns, SE



Proposal 1: For chunk-based pre-DFT PTRS insertion with X chunks of size K support head/tail PTRS insertion
· For X=2, the PTRS sequence is inserted in first K and last K pre-DFT samples 
· For X=4, the PTRS sequence is inserted in samples 0…K-1, n…n+K-1, 2n…2n+K-1, M-K…M-1 among the M pre-DFT samples indexed 0…M-1, where n=floor((M-K)/3)

On pattern configuration
In previous contributions [3], [4], we have shown that a PTRS overhead in the approximate range 2%-4% provides a good tradeoff performance/overhead. Table 1 shows the correspondence between overhead and allocated band for allocations up to 50 RBs. Simulation results for 16QAM ½, 16QAM3/4, 64QAM1/2 for allocated bands of 8, 16, 32 and 50RBs with sensible PTRS overheads are given in Figure 6 - Figure 11. Patterns in the legend use the convention XxK (number of chunks x chunk size).

[bookmark: _Ref494729573]Table 1 – PTRS overhead (in %) for different patterns and different allocated bands
	XxK
	4RB
	8RB
	12RB
	16RB
	20RB
	24RB
	28RB
	32RB
	36RB
	40RB
	44RB
	48RB
	50RB

	2x2
	8.3
	4.1
	2.7
	2
	1.6
	1.3
	1.1
	1
	0.9
	0.8
	0.7
	0.6
	0.6

	2x4
4x2
	16.6
	8.3
	5.5
	4.1
	3.3
	2.7
	2.3
	2
	1.8
	1.6
	1.5
	1.3
	1.3

	4x4
16x1
	33.3
	16.6
	11.1
	8.3
	6.6
	5.5
	4.7
	4.1
	3.7
	3.3
	3
	2.7
	2.6



For an allocation of 8RB, Figure 6 confirms that 2x2 pattern provides sufficient performance with reasonable 4.1% overhead, and increasing the overhead to 8.3% results in spectral efficiency loss for all tested MCS. At lower SNR the trend is inversed.
For an allocation of 16RBs, Figure 7 shows that 2x4 and 4x2 patterns show similar performance, and they both outperform 2x2, at least for 16QAM ¾ and 64QAM ½. 
For allocations of 32RBs, the following conclusions can be drawn from Figure 8 and Figure 9. Pattern 2x2 has insufficient correcting power due to insufficient overhead (less than 1%). Pattern 2x4 slightly outperforms patterns 4x2 and 4x4. For allocations of 50RB, only pattern 4x4 provides sufficient overhead.
Observation 2:
K value mainly depends on SNR region and thus on MCS, but with allocated bandwidth restrictions due to overhead constraints:
·  For low to medium SNR, K=4 ensures good noise reduction, but for small allocated bands reduced value K=2 allows keeping reasonable overhead
· For medium to high SNR, K=2 is sufficient for noise reduction, but for large allocated bands increasing to K=4 is necessary to provide sufficient overhead for good estimation performance
X value mainly depends on SNR region and thus on MCS, but with constraints depending on X value/allocated band
· For low to medium SNR, X=2 enables some time-domain tracking within the OFDM symbol, without penalty on the noise reduction achieved by setting the value of K
· For medium to high SNR, X=4 enables interpolation gain
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[bookmark: _Ref494729817][bookmark: _Ref494729790]Figure 6 – 8RB, SE
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[bookmark: _Ref494729811]Figure 7 – 16RB, SE
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[bookmark: _Ref494731162]Figure 8 – 32RB, 16QAM, SE
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[bookmark: _Ref494731165]Figure 9 - 32B, 64QAM, SE
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[bookmark: _Ref494741774]Figure 10 – 50RB, 64QAM1/2, FER
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[bookmark: _Ref492688271][bookmark: _Ref494729799]Figure 11 - 50RB, 64QAM1/2, SE



Current simulations only took into account allocated bands of up to 50RBs. Nevertheless, RAN4 decided that the number of maximum allocated RBs for mmWave is as in Table 2. A higher value for X needs to be supported for allocations larger than 50RBs.
[bookmark: _Ref494734105]Table 2 – RB allocation for mmWave
	SCS [kHz]
	50MHz
	100MHz
	200MHz
	400 MHz

	
	NRB
	NRB
	NRB
	NRB

	60
	66
	132
	264
	N.A

	120
	32
	66
	132
	264


Note: The actual maximum RB allocation can be equal to or 1 RB less than the values shown in the table

Proposal 2: 
· When PTRS presence is configured, the following XxK patterns are used for pre-DFT PTRS insertion for DFTsOFDM, where X is the number of chunks and K is the number of PTRS samples in a chunk
· 2x2 for less than NRB1 allocated RBs
· 2x4 from NRB1 to NRB2 allocated RBs
· 4x2 from NRB2 to NRB3 allocated RBs
· 4x4 from NRB3 to NRB4 allocated RBs
· Yx4 for more than NRB4 allocated RBs
· The following values are supported
· NRB1 = [16], NRB2 = [24], NRB3 = [32], NRB4 = [50]
· FFS exact value of Y
· FFS dependency of NRBi values to MCS and/or SCS

On support of K=1
We investigated the performance of patterns with K=1 in Figure 8, Figure 9, Figure 10, Figure 11. The pattern was evaluated with two different assumptions for the receiver: either linear interpolation is used (same receiver as for the chunk-based pattern with K>1), or LS receiver, with a higher complexity. The following observations are drawn.
Observation 3:
· With a receiver applying linear interpolation between phase estimates obtained onto different chunks, chunk-based patterns with K>1 always outperform patterns with K=1. 
· Gains with K=1 can only be obtained with a more complex LS receiver, and only for allocations of at least 50RBs in the high SNR range (16QAM ¾, 64QAM ½ ). 
· With an allocation of 50RBs and 16QAM ½ the gain is negligible.
· With an allocation of 32RBs, no gain is obtained for patterns with K=1, even with an LS receiver.
These observations are consistent with results previously presented in [4]. If the group considers that the performance gain justifies the implementation of an LS receiver, we recommend to limit the use of K=1 to [16]x1 pattern for 64QAM only and more than [50] allocated RBs. RRC configurability between K=1 and K>1 would avoid having to switch between different receivers in a dynamic manner.
On symbol-level time density reduction
For narrowband allocations, PTRS insertion still provides gain, and is particularly useful for e.g. Doppler tracking. The agreed pattern with the smallest overhead (2x2) may still lead to an important overhead (e.g, for 4 allocated RBs, 2x2 pattern represents 8.3% overhead). Time-domain density reduction of the PTRS pattern is useful. Also, in all scenarios where compensating the common phase error is the main concern (e.g. low SNR), time-domain PTRS density reduction (e.g. inserting PTRS every other symbol) is useful for PTRS overhead reduction. 
[image: ]
a) PTRS every other symbol, DFTsOFDM symbol near DMRS does not contain PTRS
[image: ]
b) Reduced time density based on DMRS positions only
[bookmark: _Ref485334009]Figure 12 - Full and reduced time density examples for an UL only 14 symbol slot: every other symbol (upper part) and DMRS position-based (lower part)
Since common phase errors can be absorbed by the DM-RS in the channel estimation process and phase drifts are more important away from the DM-RS position as also reported in [6], one way of reducing the overhead of the PTRS sequence is, for example, to take into account the DM-RS positions and not insert PTRS in symbols adjacent to DMRS positions. This strategy is also possible in scenarios where some interpolation gain can be obtained. For example, full or reduced density can be signalled via RRC, and the exact reduction pattern can implicitly depend on DMRS number/position. For example when PTRS time domain density reduction is on, if more than 1 DMRS position is configured then the time-domain pattern is reduced around the DMRS positions, and if only one DMRS position is configured then the PTRS is inserted every other symbol, by avoiding the symbol near DMRS. An example is depicted in Figure 12.
Proposal 3: Support configurable time-domain PTRS density reduction, where the exact density implicitly depends at least on DMRS number/positions.
In all proposed scenarios, explicit signaling via DCI can be avoided. Explicit signaling via RRC should be minimized and implicit signaling should be preferred whenever possible.

On sequence choice
Concerning the exact sequence to be used for PTRS insertion, it was proposed to reuse the same sequence as for OFDM. Nevertheless, the sequence for OFDM has not been decided yet. It should be further investigated whether the selected sequence is compatible with pi/2 BPSK, where special care needs to be taken in order to preserve the PAPR. 
Another option is to choose the outermost constellation points of the PUSCH constellation, which enables some boosting on the PTRS sequence. In all cases, it is useful to choose a fixed sequence, independent of the MCS. For modulations other than pi/2 BPSK, the fixed sequence can be chosen to be QPSK-like. With correctly chosen boosting, the outermost constellation points of any QAM constellation can be obtained by boosting the fixed QPSK sequence.



Conclusion 
After pattern investigation, we made the following observations.
Observation 1: HT and MT patterns have similar performance and outperform other patterns when pertinent SNR ranges and PTRS overheads are considered.
Observation 2:
K value mainly depends on SNR region and thus on MCS, but with allocated bandwidth restrictions due to overhead constraints:
·  For low to medium SNR, K=4 ensures good noise reduction, but for small allocated bands reduced value K=2 allows keeping reasonable overhead
· For medium to high SNR, K=2 is sufficient for noise reduction, but for large allocated bands increasing to K=4 is necessary to provide sufficient overhead for good estimation performance
X value mainly depends on SNR region and thus on MCS, but with constraints depending on X value/allocated band
· For low to medium SNR, X=2 enables some time-domain tracking within the OFDM symbol, without penalty on the noise reduction achieved by setting the value of K
· For medium to high SNR, X=4 enables interpolation gain
Observation 3:
· With a receiver applying linear interpolation between phase estimates obtained onto different chunks, chunk-based patterns with K>1 always outperform patterns with K=1. 
· Gains with K=1 can only be obtained with a more complex LS receiver, and only for allocations of at least 50RBs in the high SNR range (16QAM ¾, 64QAM ½ ). 
· With an allocation of 50RBs and 16QAM ½ the gain is negligible.
· With an allocation of 32RBs, no gain is obtained for patterns with K=1, even with an LS receiver.

Therefore, we propose the following: 
Proposal 1: For chunk-based pre-DFT PTRS insertion with X chunks of size K support head/tail PTRS insertion
· For X=2, the PTRS sequence is inserted in first K and last K pre-DFT samples 
· For X=4, the PTRS sequence is inserted in samples 0…K-1, n…n+K-1, 2n…2n+K-1, M-K…M-1 among the M pre-DFT samples indexed 0…M-1, where n=floor((M-K)/3)
Proposal 2: 
· When PTRS presence is configured, the following XxK patterns are used for pre-DFT PTRS insertion for DFTsOFDM, where X is the number of chunks and K is the number of PTRS samples in a chunk
· 2x2 for less than NRB1 allocated RBs
· 2x4 from NRB1 to NRB2 allocated RBs
· [bookmark: _GoBack]4x2 from NRB2 to NRB3 allocated RBs
· 4x4 from NRB3 to NRB4 allocated RBs
· Yx4 for more than NRB4 allocated RBs
· The following values are supported
· NRB1 = [16], NRB2 = [24], NRB3 = [32], NRB4 = [50]
· FFS exact value of Y
· FFS dependency of NRBi values to MCS and/or SCS
Proposal 3: Support configurable time-domain PTRS density reduction, where the exact density implicitly depends at least on DMRS number/positions.



Annex: simulation setup for DFTsOFDM

	Parameter
	Value

	Carrier frequency
	50GHz

	BW
	80MHz

	Samplig frequency
	122.88MHz

	SCS
	120KHz

	NFFT
	1024

	CP overhead
	6.7%

	Allocation
	8RB, 50RB (full allocation)

	DMRS
	One front-loaded DMRS at 3kmph, two DMRS at positions 4 and 11 at 30kmph (LTE-like)

	Channel
	CDL-A 50ns

	HPA
	Polynomial with IBO=-8dB

	Transmission scheme
	SIMO with analog DFT beamforming

	Phase noise
	Pole-Zero model, param. set A (R1-163984 [7])

	Residual CFO
	+/- 0.1ppm

	Channel estimation
	realistic

	Equalizer
	MMSE
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