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Introduction
In RAN1#90b meeting [1], the following was decided:
· For chunk-based pre-DFT PTRS insertion for DFTsOFDM with X chunks of size K={2,4}, support the following
· For K=2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in samples n to n+K-1  where the n is FFS
· For K=4, the samples in DFT domain are divided in X intervals, where in the first interval the chunk is placed in the Head (first K samples), in the last interval the chunk is placed in the Tail (last K samples), and in the rest of intervals the chunk is placed in the middle of each of the two intervals
· For PTRS for DFT-s-OFDM, support a RRC parameter « UL-PTRS-frequency-density-transform-precoding » indicating a set of thresholds T={NRBn,n=0,1,2,3,4}, per BWP that indicates the values of X and K the UE should use depending on the scheduled BW according to the table below
	Scheduled BW
	X x K

	NRB0NRB NRB1
	2x2

	NRB1 NRBNRB2
	2x4

	NRB2NRBNRB3
	4x2

	NRB3NRBNRB4
	4x4

	NRB  NRB4
	Yx4


· FFS default UE behaviour before RRC configuration, if needed
· FFS value of Y (if different than 4)
· FFS whether thresholds are MCS dependent
· Note: NRB0 can be equal to 0; when NRB0 is larger than 0, no PTRS is present for allocations less than or equal to NRB0
· Note: The use of a specific pattern can be disabled by setting NRBi=NRBi+1 on the corresponding line in the previous table
· Possible PTRS presence/absence is configured through an RRC parameter « UL-PTRS-present-transform-precoding » 
· Time-domain PTRS density is configured by an RRC parameter « UL-PTRS-time-density-transform-precoding » where supported time densities are L_{PT-RS}={1,2}
· Note: Time-domain pattern depends on DM-RS positions using the same principle as agreed for CP-OFDM PTRS mapping
· FFS: Whether to introduce (K=1, X=16) and the impacts on existing design. If supported, K={1,2,4} is supported and the following applies
· The samples in DFT domain are divided in X intervals, and the chunks (K=1) are located in the middle of each interval
· (K=1, X=16) applies when NRB4<NRB NRB5, and Yx4 applies for NRB  NRB5
Concerning the PTRS sequence, it has been decided that:
· For DFT-s-OFDM, support using pi/2 BPSK PTRS sequence
· Support boosting the amplitude of pi/2 BPSK PTRS for DFT-s-OFDM to the same level as outermost constellation points of the corresponding PUSCH (including pi/2 BPSK PUSCH)
· Support applying additional OCC within each PTRS chunk for DFT-s-OFDM

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 remaining issues for pre-DFT PTRS patterns for DFTsOFDM. 

Discussion
Remaining issues for pre-DFT chunk based PTRS for DFTsOFDM are:
· Offset n of each chunk with respect to the beginning of each of the X intervals for Xx2 patterns
· Method for generating the pi/2 BPSK sequence to be mapped onto PTRS patterns
· Default UE behaviour before RRC configuration, if needed
· Value of Y (if different than 4) for Yx4 patterns
· whether thresholds T={NRBn,n=0,1,2,3,4} are MCS dependent
· Whether to introduce (K=1, X=16) and the impacts on existing design.
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 offset for K=2
For K=2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in samples n to n+K-1 where the n an offset with respect to the start of each of the X intervals
Different patterns are depicted in Figure 1. The following 3 alternatives are investigated for fixing the offset n, where pre-DFT samples are considered to be numbered from 0 to M-1, where M is the DFT size:
· Head (n=0)
· Middle (n=floor(M/(2X))-1)
· Tail (n=M/X-2)
	[image: ]
a) X=2, K=2
	[image: ]
b) X=4, K=2


[bookmark: _Ref498089109]Figure 1 - Head, Middle, Tail insertion for K=2

At the receiver side, averaging over the K samples in each chunk is performed, followed by interpolation between the chunks. Interpolation is also performed across DFTsOFDM symbol boundaries.
Inserting the first PTRS chunk as head has the advantage of providing an early phase reference. Inserting the last PTRS chunk as tail has the advantage of being copied with the CP: it can thus can be used for other purposes (synchronization, time offset correction). Inserting all PTRS chunks in the middle of the X intervals has the advantage of better protection against circularity problems.
Simulation results are provided in Figure 2 and Figure 3. Patterns in the legend use the convention XxK (number of chunks x chunk size).
	[image: ]
[bookmark: _Ref498208080]Figure 2 – 2x2, 8RB, 16QAM, PN in [7] 
	[image: ]
[bookmark: _Ref498208082]Figure 3 – 4x2, 32RB, CFO, 16QAM3/4, PN [7]



Observation 1: For Xx2 patterns, there is no significant performance difference with regard to offset n.

Method for generating the pi/2 BPSK sequence to be mapped onto PTRS patterns
It has been decided that the PTRS sequence is obtained by boosting the amplitude of pi/2 BPSK PTRS for DFT-s-OFDM to the same level as outermost constellation points of the corresponding PUSCH (including pi/2 BPSK PUSCH). It remains to be decided the exact sequence to be pi/2 BPSK modulated.


[bookmark: _Hlk498342295]For CP-OFDM, PTRS sequence is based on the UL DMRS sequence, generated from a pseudo random sequence defined by a Gold sequence. For DFTsOFDM, the pi/2 BPSK nature of the sequence does not allow to reuse the CP-OFDM DMRS sequence, nor the Zadoff-Chu DFTsOFDM DMRS sequence. Since PTRS is inserted in the time domain (pre-DFT), it is spread by the DFT together with data before transmission and its time domain position varies based on a number of parameters (allocated band, UE RF characteristics translated into the NRBi thresholds leading to the exact pattern). Therefore, there is no need of any particular randomization measures, and most straightforward strategy is to rely on generating the shortest necessary sequence, that is a XxK sequence r’(n) of maximum length 16 (or 4xY if a value Y>4 is further agreed) and map it to the XxK identified pre-DFT positions in each l-th DFTsOFDM symbol containing PTRS, where m takes XxK values from the set {0 … M-1}, the XxK values being given by the selected pattern. Positions m depend on X, K and   and will be described in the specification under the form of a table (see Table 6.4.1.2.2.2-1 from the current specification draft [9]).
Proposal 1: For DFTsOFDM, a pi/2 BPSK PT-RS sequence of length XxK is generated and inserted before transmit precoding into each OFDM symbol carrying PT-RS as following: 
· 


A BPSK sequence is generated as  where  are the elements of a pseudo-random sequence and , where X is the number of PTRS chunks and K is the number of samples per PTRS chunk
· 

The PT-RS  shall be mapped to the m-th complex valued symbol  of the l-th OFDM symbol before transform precoding, where m is the n-th index in the symbol indicating a PT-RS position, n=0…XK-1 and l is the time index of the OFDM symbol in which PT-RS shall be transmitted
· 
m depends on the number of PT-RS chunks X and the number of samples per PT-RS chunk K and of  and takes XK different values, indexed by n in increasing order 
· 
 boosts the PT-RS to the outermost PUSCH constellation points

Default behavior before RRC configuration
NRBi thresholds are RRC configurable and UE-specific, since they depend on the RF of the UE. In order for the gNB to correctly set NRBi thresholds, it needs some degree of knowledge on the UEs RF characteristics. Nevertheless, since no PUSCH is transmitted before RRC configuration, there seems not be needed to define any default UE behavior prior to RRC configuration. Initial configuration can be left to the gNB implementation (e.g. schedule PUSCH with a specific pattern and an appropriate MCS/bandwidth allocation, or switch PT-RS off by letting parameter UL-PTRS-present-transform-precoding to the default value OFF, or use a very dense pattern in the early stages of the communication, and then reconfigure appropriate NRBi thresholds once enough information is acquired). 
Observation 2: There is no need to define default UE behavior before RRC configuration.

Dependency of NRBi thresholds on MCS
Previous evaluations [3] show little or no dependency of the NRBi thresholds on the MCS. On the other hand, these thresholds are quite sensitive to the phase noise mask (and thus dependent on the UE’s RF characteristics) and to the exact implementation at the receiver side. Setting a default set of threshold values and/or some averagely good threshold/MCS dependency seems to be difficult due to the too many degrees of freedom involved.
Proposal 2: Thresholds NRBi are not MCS dependent.

On patterns for large bands
In previous contributions [3], [4], [5], 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. 

[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



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. For 264 allocated RBs, the densest PTRS pattern within the current agreements (16 PTRS) corresponds to an overhead of 0.5%, which may be too low to yield sufficient performance.

[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
Figures from Figure 4 to Figure 9 show performance with an allocated band of 100RB and 200RB, with 16QAM3/4 and 64QAM, and different phase noise masks. Patterns 4x4, 6x8 and 8x4 correspond to 0.6%, 1% and 1.33% of overhead respectively for a 200RB allocation. For Xx4 patterns, increasing X from 4 to 6 provides important spectral efficiency gain, and further increasing X to 8 still provides further spectral efficiency gain, the amount of gain being phase noise mask dependent. 8x4 pattern corresponds to an overhead ranging from 4% for 66RBs to 1% for 264 RBs, which is reasonable.
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[bookmark: _Ref498547048]Figure 4 – 100RB, 16QAM, PN [7]
	[image: ]
Figure 5 – 100RB, 16QAM, PN [8]
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[bookmark: _Ref494729817][bookmark: _Ref494729790]Figure 6 – 200RB, 16QAM3/4, PN [7]
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[bookmark: _Ref494729811]Figure 7 – 200RB, 16QAM3/4, PN [8]
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Figure 8 – 200RB, 64QAM1/2, PN [7]
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[bookmark: _Ref498547080]Figure 9 – 200RB, 64QAM1/2, PN [8]



Observation 3: With 100 allocated RBs, for Xx4 patterns, increasing X from 4 to 6 provides small spectral efficiency gain, and further increasing X to 8 provides limited spectral efficiency gain, the amount of gain being phase noise mask dependent and being observed only in the high SNR region.
Observation 4: With 200 allocated RBs, for Xx4 patterns, increasing X from 4 to 6 provides important spectral efficiency gain, and further increasing X to 8 still provides some spectral efficiency gain, the amount of gain being phase noise mask dependent.
Proposal 3: For NRB  NRB4, support 8x4 PT-RS pattern (Value of Y is set to 8 in the table)

On support of K=1
We already investigated the performance of patterns with K=1 in [3]. 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 were drawn, also consistent with results previously presented in [5]: 
Observation 5:
· 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.
Results in Figure 4 to Figure 9, where patterns 16x1 were also investigated for very large allocation bands, lead to the following supplementary observations;
Observation 6: 
· 16x1 patterns with linear interpolation have variable performance, heavily dependent on the type of phase noise, and generally worse than 8x4 patterns
· 16x1 patterns with least squares and Xx4 patterns are more robust to changes of the phase noise mask
· Gains with 16x1 patterns can only be obtained with a more complex LS receiver, and only for allocations 100RBs or more
· Spectral efficiency gains of 16x1 patterns with LS receiver over 8x4 pattern are negligible with allocations of 100RB and small with allocations of 200RBs.

If the group considers that the performance gain justifies the implementation of an LS receiver, K=1 can also be supported. The use of this sequence can be disabled by setting corresponding thresholds NRBi=NRBi+1. To avoid having to switch between LS and no-LS receivers for very large allocated bands (more than 50RBs), pattern 8x4 should also be supported.


Conclusion 
The following observations have been made:
Observation 1: For Xx2 patterns, there is no significant performance difference with regard to offset n.
Observation 2: There is no need to define default UE behavior before RRC configuration.
Observation 3: With 100 allocated RBs, for Xx4 patterns, increasing X from 4 to 6 provides small spectral efficiency gain, and further increasing X to 8 provides limited spectral efficiency gain, the amount of gain being phase noise mask dependent and being observed only in the high SNR region.
Observation 4: With 200 allocated RBs, for Xx4 patterns, increasing X from 4 to 6 provides important spectral efficiency gain, and further increasing X to 8 still provides some spectral efficiency gain, the amount of gain being phase noise mask dependent.
Observation 5:
· 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.
Observation 6: 
· 16x1 patterns with linear interpolation have variable performance, heavily dependent on the type of phase noise, and generally worse than 8x4 patterns
· 16x1 patterns with least squares and Xx4 patterns are more robust to changes of the phase noise mask
· Gains with 16x1 patterns can only be obtained with a more complex LS receiver, and only for allocations 100RBs or more
· Spectral efficiency gains of 16x1 patterns with LS receiver over 8x4 pattern are negligible with allocations of 100RB and small with allocations of 200RBs.

Based on the analysis in the contribution, we propose the following
Proposal 1: PT-RS is inserted as following: 
· 


A BPSK sequence is generated as  where  are the elements of a pseudo-random sequence and , where X is the number of PTRS chunks and K is the number of samples per PTRS chunk
· 



The PT-RS  shall be mapped to the th complex valued symbol of the l-th OFDM symbol before transform precoding , where  is the n-th index in the symbol indicating a PT-RS position, n=0…XK-1 and l designates the set of time indices for which PT-RS shall be transmitted
· 

 depends on the number of PT-RS chunks X and the number of samples per PT-RS chunk K and of  and takes XK different values, indexed by n in increasing order 
· 
 boosts the PT-RS to the outermost PUSCH constellation points
Proposal 2: Thresholds NRBi are not MCS dependent.
Proposal 3: For NRB  NRB4, support 8x4 PT-RS pattern (Value of Y is set to 8 in the table)

Annex: simulation setup for DFTsOFDM

	Parameter
	Value

	Carrier frequency
	50GHz

	BW
	80MHz
	320MHz

	Samplig frequency
	122.88MHz

	SCS
	120KHz

	NFFT
	1024
	4096

	CP overhead
	6.7%

	Allocation
	8RB, 50RB (full allocation)
	100RB, 200RB

	DMRS
	One front-loaded DMRS at 3kmph

	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]) and PLL model from 3GPP TR 38.803 [8]

	Residual CFO
	Either off or +/- 0.1ppm

	Channel estimation
	realistic

	Equalizer
	MMSE
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