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1
Introduction
During the RAN1 #90 meeting, the following agreements and working assumptions on the design of PT-RS were achieved [1]
Agreements:
· Confirm the Working assumption: 

· Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM

Agreements:
· For pre-DFT PTRS insertion for DFTsOFDM
· Define for the sake of discussion the pre-DFT pattern as X chunks of K>=1 adjacent PTRS samples
· The chunk sizes K can be {1,2,Y}, values to be down-selected at RAN1#90bis 
· Y is a single value, larger than 2, FFS the exact value
· At most two K values is supported after down-selection

· FFS: configuration of K is by higher layer or implicit by DCI depending on e.g. allocation size and/or MCS 
· The supported number of chunks : X includes at least {2, Z}
· Z is larger than 2, FFS the exact value
· FFS: configuration of X is by higher layer or implicit by DCI depending on e.g. MCS 
· FFS: the exact positions of the chunks and sequence
· Note: K=1 corresponds to distributed allocation
Working assumption:

· PT-RS frequency density table for 60 and 120 kHz SCS

· The listed BW thresholds are only for the predefined (default) table.

· As agreed before, the BW thresholds (N_RBi,i=1,…) in this predefined table can be replaced by RRC configuration 

· If frequency density is 1/n, then every n:th RB in the scheduled BW carry a PTRS port

· FFS on RB location offset in steps of one RB

	Contiguous Scheduled BW
	Frequency density (1/n)

	NRB < [3 or 1]
	No PT-RS

	[3 or 1]≤  NRB < [5]
	[1]

	[5]≤  NRB < [10]
	[1/2]

	[10]≤  NRB < [15]
	[1/3]

	[15]≤ NRB
	1/4


· FFS; the case of non-contiguous resource allocation
· FFS: bracketed values to be decided

Agreements:
· When one or more of PT-RS RE(s) is overlapped with CSI-RS

· The one or more overlapping PT-RS RE(s) is punctured

Agreements:
· For DL, if one PT-RS port is configured for an DM-RS port group, 

· For 1 CW case, the PT-RS port is associated with the lowest DM-RS port index among the ports assigned to the DMRS port group for PDSCH demodulation.

· For 2 CW case, down-selected between

· Alt.1: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.

· If MCS of the 2 CWs is the same, CW 0 is selected

· Alt.2: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation (across both CWs)

· FFS: UE can provide some information to facilitate gNB to map the PT-RS port onto the layer with higher received SINR.

· FFS: information details, e.g. signaling carried by MAC-CE or UCI, UL signal e.g. SRS

· FFS: Which subcarrier to be used for PTRS mapping in RB assigned to contain PTRS

Agreements:
· PTRS is not mapped to RBs that are not scheduled for the UE

Working assumption:

· For non-consecutive scheduling, RBs are indexed among the scheduled RBs only
· For the purpose of identifying RB containing PTRS, RB indexing within scheduled RBs is common for contiguous and non-contiguous scheduling 
· Companies are encouraged to check whether or not there are significant issue(s) for the case of non-continugous scheduling taking into account PTRS density
In this contribution, we discuss and present our views on the remaining open issues on PT-RS design for CP-OFDM waveform.  
2
PT-RS for CP-OFDM 
2.1 

PT-RS Frequency Domain Patterns
Though several PT-RS densities have been proposed, too much densities may introduce unnecessary overhead, and the gain from the optimization is also marginal. For simple implementation without bit performance loss, we propose to support every 2nd RB and every 4th RB.  Because the total power is distributed to the scheduled BW, the performance of PT-RS is more relevant to the data to PT-RS power ration, and the exact number is not always guaranteeing the phase estimation performance. 
Proposal 1: For CP-OFDM, support the following tables for PT-RS frequency domain density, where DL-PTRS- FD0, DL-PTRS- FD1 are the RRC parameter to be configured UE-specifically

If not configured, default values of DL-PTRS- FD0 =1, DL-PTRS- FD1 =6 should be used.
	Contiguous Scheduled BW
	Frequency density (
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	NRB < DL-PTRS- FD0
	No PT-RS

	DL-PTRS- FD0≤  NRB < DL-PTRS- FD1
	2

	DL-PTRS- FD1 ≤ NRB
	4


The exact RE positions of PT-RS related to DM-RS patterns are not decided yet. For utilizing channel estimation gain from filtering, centered REs are preferable to the boundard REs for PT-RS transmission. For configuration type 2, lower REs of two CDMed REs is preferable to be used for PT-RS. Figure 1 shows the proposed mapping schemes. 
Proposal 2: For CP-OFDM, centered REs is assiend for PT-RS transmission. For type 2 configuration, REs with lower index of CDMed REs are used for PT-RS transmission. 
[image: image2.emf]
Figure 1. Proposed frequency domain location of PT-RS for each DM-RS configuration type.

We have also agreed take a working assumption that RBs are indexed among the scheduled RBs only, RB indexing within scheduled RBs is common for contiguous and non-contiguous scheduling for identifying RB containing PTRS . Though uniformly distributed pattern may provide at least better performance, to achieve full uniform distribution introduces additional complexity and overhead. Thus, we propose to confirm the working assumption as the agreement. 

Proposal 3: For CP-OFDM, confirm the working assumption on the non-consecutive scheduling to take into account only scheduled RBs for indexing for identifying RBs for PTRS.

2.2 

PT-RS Configuration and Signaling

As agreed in RAN1 #89, a baseline operation, the dynamic presence of PT-RS, when enabled by RRC configuration, in downlink/uplink transmission is implicitly determined at receiver based on user/group-specific QCL assumption of DM-RS port with PDSCH/PUSCH, carrier frequency, sub-carrier-spacing (SCS) and scheduled PRB as well as MCS configuration. By leveraging of this information, UE/gNB can derive antenna port specific PT-RS pattern association rules without additional signalling information. 

Such baseline operation can be complemented on-need-basis, by optional complementing UE-specific explicit signalling information which is used to provide additional information related to PT-RS antenna port resource mapping obtained via implicit signalling. This additional signalling may comprise e.g.:

· explicit signalling of a re-adjustment value to be used for offsetting the default minimum threshold values of scheduled BW and/or scheduled MCS that are used to implicitly determine if PT-RS is present or not.

· explicit signalling of PT-RS transmission regardless of the pre-defined condition e.g. for the purpose of frequency offset estimation with PT-RS
Based on the above discussion we make the following observations and proposals:

Proposal 4: NR supports complementing UE-specific dynamic signaling (e.g. DCI) for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 
· Explicit indication of PT-RS transmission regardless of default configuration
2.3
On PT-RS power boosting 
There have been discussions on possible power boosting options of PT-RS at the previous meeting. However, because PT-RS has been agreed to be frequency multiplexed with data, PT-RS power boosting is not always possible. Such cases are valid only when multiple TRPs/panels are involved to the transmission, and PT-RS power boosting is not applicable in many cases. If the DM-RS antenna port associated with PT-RS is derived from multiple layers, then the involved layers can be used for PT-RS power boosting. However, the available number of layers are not always the same, we cannot specify the value. Thus, it is preferable to accept PT-RS power boosting implementable but not specify the exact value at least for DL. 

However, in UL, at least for codebook based operation, it is feasible to be specify the exact power boosting value according to the TPMI.
Proposal 5: PT-RS power boosting can be implemented based on gNBs decision in DL.

· FFS: UL for at least codebook based.
2.4
On PT-RS sequence
Different from DM-RS, PT-RS is not front-loaded and not required to be demodulated earlier. In addition, PT-RS is more relavant to the estimation of the phase rotation than the amplitude, therefore there is no strong necessity to use QPSK constellation only. In addition, the required phase tracking capability is tightly related to the scheduled MCS because the the EVM requirement is higher for higher order modulation (17.5% to 3.5%). Since PT-RS is fully multiplexed with data, it is natural to share the same constellation points with data in terms of signal statistics. Moreover, since PT-RS is not a random signal, we can simply choose only the largest constellation points, (i.e. outer-most constellation points) for PT-RS transmission, which can provide better SNR than QPSK-based sequence. Table 1 shows the SNR gain from using outer-most constellation points (OMCP) over using QPSK sequence only. For different modulation order, 2.55-5.07 dB of SNR gain can be achieved. The evaluation showed good performance gain of the proposed scheme when it is applied to DFT-s-OFDM [2]
Though different amplitudes should be applied for using the outer-most constellation point according to the modulation order used, phase of the constellation points are maintained regardless of the modulation order. We can simply introduce an amplitude scaling factor to be aligned with each modulation scheme. 
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Figure 2. Illustration of the outer-most constellation points usage for PT-RS sequence (assuming 16-QAM).
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Figure 3. Comparison of the amplitude of the outer most constellation points for different modulation schemes
Table 1. Power gain of using outer-most constellation over QPSK based-sequence

	
	QPSK
	16QAM
	64QAM
	256QAM
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	Amplitude scaling factor
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	Power Gain (dB)
	0
	2.55
	3.68
	5.07

	Required EVM(%)
	17.5%
	12.5%
	8%
	3.5%


Proposal 6: NR PT-RS should utilize the outer-most constellation points for its sequence to improve the phase estimation performance
3
PT-RS for DFT-s-OFDM 
3.1 

PT-RS time domain densities
Since PT-RS with pre-DFT insertion is basically time-domain design, the allocation size is the key design consideration to be determined for PT-RS pattern. Table 2 shows the relative overhead of PT-RS according to the scheduled bandwidth. Assuming the minimum number of information bits are limited to 40 bits, the small allocation of 1-2 PRB(s) are not likely to be scheduled. Thus, we have considered from 4 PRB allocation. DFT input size is varying with scheduled BW, and the minimum PT-RS overhead (1 subcarrier PTRS for whole allocation) is relatively high with small allocation, e.g. 8.33% for 1 PRB allocation. With such high overhead, the loss from the overhead diminishes all gain from PT-RS insertion. Thus, we recommend not to allocate PT-RS for small allocation size less than 4 PRBs. In case of small scheduled BW, for reducing PT-RS overhead, PT-RS samples can be included every N-symbols. As shown in Table 1, if scheduled PRB is 1 PRB, every 2 or 4 symbol intervals are possible to be considered. 

Table 2. PT-RS overhead vs. scheduled bandwidth
	Scheduled PRBs
	DFT input size
	Number of PT RS samples

	
	
	4 % overhead
	8% overhead

	4
	48
	2
	4

	8
	96
	4
	8

	16
	192
	8
	16

	32
	384
	16
	32


Observation 1: With small resource allocation size, minimum PT-RS overhead is a bit high considering the performance gain-overhead trade-off.
Proposal 7: NR should support PT-RS samples at every symbols, and PT-RS time-domain overhead can be configurable.

3.2 

PT-RS pattern in a symbol

In RAN1 #90, we have agreed that one symbol includes PT-RS with X chunks of K samples. And, we also agreed to consider X={2, Z} and K={1,2, Y}, K=1 means full distributed cases. Chunk-based scheme can provide local estimates with enhanced accuracy because of improved noise averaging ability across the consecutive PT-RS samples, while distributed scheme can provide phase estimates with a higher resolution in time, assuming a fixed number PT-RS resources. Though full distributed pattern is good for providing higher resolution of phase rotation, it is valid only if higher SINR is assumed. Because the SINR is the function of scheduled BW, and PT-RS power per sample decrese proposional to the allocated bandwidth. At least the phase estimates from PT-RS should be comparable to the channel estimates from DM-RS. 
We have evaluated the impact of chunk size and the number of PT-RS samples with two allocation sizes of 4 RB and 24 RB, and Figure 4 shows the simulation results. Under the higher SNR (i.e. higher MCS), the distributed scheme provides comparable performance. However, the throughput performance with distributed pattern is degraded with lower SNR (e.g. 16 QAM R=1/2), especially when the fading environment and frequency offset impact are considered. In addition, since PT-RS for DFT-s-OFDM is introduced not only for mtitigation of higher phase noise but also for tracking phase due to higher Doppler shift, NR PT-RS design should also consider the low SNR scenarios with higher frequency offset.
In addition, we have observed that the optimal PT-RS samples increases propotional to the allocation size. 

Observation 2: Distributed pattern performs good under higher SNR, while chunk-based pattern provides the gain under low SNR channel and small allocation size.
Observation 3: optimal number of PT-RS samples are propotional to the allocation size, and the exact number 
Proposal 8: NR should support PT-RS for DFT-s-OFDM with chunk-based patterns of X={1, 2} and K should be propotional to NRB, where NRB is the allocation size.
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Figure 4. Performance evaluation results with various chunk-sizes, numbers of the PT-RS samples (30GHz, SCS=60kHz, cs: chunk size)
3.3 

PT-RS Sequence
The sensitivity of the data channel detection performance to PN and/or FO impairments increases with scheduled modulation and coding scheme (MCS), and the condition using PT-RS is more about higher MCS like 16QAM etc. In order to fully exploit PT-RS with higher reliability, it is beneficial to utilize the outer-most constellation points (OMCP) corresponding to the scheduled modulation order of the Physical Uplink Shared Data Channel (PUSCH) for the PT-RS sample sequence. This is illustrated in Figure 5 for the example case where a UE is assumed to transmit PUSCH with 16-QAM. By doing so, the PT-RS transmit power can be maximized As a result, received SNR of PT-RS samples used for PN and/or residual FO estimation can be improved and enhanced estimation accuracy vs PT-RS overhead trade-off can be obtained. 

Table 3 shows the analytical comparison of the relative gain. In fact, since the phase in the constellations are the same for all cases, only amplitude scaling is required as shown in the table 3. The relative power gains are 2.55-5.07 dB for each QAM scheme. 
Table 3. Power gain of using outer-most constellation over QPSK based-sequence

	
	QPSK
	16QAM
	64QAM
	256QAM
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	Power Gain (dB)
	0
	2.55
	3.68
	5.07

	Required EVM(%)
	17.5%
	12.5%
	8%
	3.5%


The performance gains of the OMCP scheme in case of pre-DFT insertion based PT-RS have been evaluated through the simulation, and Figure 5 and 6 show the evaluation results when applying 4 and 8 PRB with various number of PT-RS samples. To see both theoretical limit and the practical gains, we have evaluated under AWGN and TDL-A channels. Simulation results show the performance gain of upto 0.8dB for AWGN and more than 5dB for TDL-A channel cases.
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Figure 5. Performance evaluation results with the proposed scheme (AWGN)
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Figure 6. Performance evaluation results with the proposed scheme (TDL-A 30ns)
Figure 7 shows the comparison of IAPR charactersics of the proposed scheme with QPSK only scheme. There is no incease of PAPR from the proposed scheme, and even slight gain also obtained from the proposed scheme. The insertion of the PT-RS mapped to the outer-most constellation increase the average power without increase of the peak power, and it results in the decrease of the PAPR/CM of the PT-RS-carrying DFT-s-OFDM symbols. 
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Figure 7. Comparison of IAPR with outer most constellation
Proposal 9: NR PT-RS should utilize the outer-most constellation points for its sequence.

3.4 

PT-RS Multiplexing
For UL MU-MIMO support, both orthogonal and non-orthogonal multiplexing can be considered. For orthogonal multiplexing, CDM within a cunk can be a good candidate without increase of PT-RS overhead. According to PT-RS chunk size, the number of PT-RS ports multiplexed can be changed. By using OCC2 or OCC4, multiple PT-RS port can be CDM multiplexed. The orthogonal code is determined with predetermined association with DM-RS ports. 
Proposal 10: NR support PT-RS multiplexing with CDM within PT-RS chunks. 

4
Conclusions

The observations and proposals made in this paper are summarized as follows: 

Proposal 1: For CP-OFDM, support the following tables for PT-RS frequency domain density, where DL-PTRS- FD0, DL-PTRS- FD1 are the RRC parameter to be configured UE-specifically. 
· If not configured, default values of DL-PTRS- FD0 =1, DL-PTRS- FD1 =6 should be used.
	Contiguous Scheduled BW
	Frequency density (
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	NRB < DL-PTRS- FD0
	No PT-RS

	DL-PTRS- FD0≤  NRB < DL-PTRS- FD1
	2

	DL-PTRS- FD1 ≤ NRB
	4


Proposal 2: For CP-OFDM, centered REs is assiend for PT-RS transmission. For type 2 configuration, REs with lower index of CDMed REs are used for PT-RS transmission. 
Proposal 3: For CP-OFDM, confirm the working assumption on the non-consecutive scheduling to take into account only scheduled RBs for indexing for identifying RBs for PTRS.

Proposal 4: NR supports complementing UE-specific dynamic signaling (e.g. DCI) for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 

· Explicit indication of PT-RS transmission regardless of default configuration
· FFS: Forword compatible options 
Proposal 5: PT-RS power boosting can be implemented based on gNBs decision in DL.

· FFS: UL for at least codebook based.
Proposal 6: NR PT-RS should utilize the outer-most constellation points for its sequence to improve the phase estimation performance

Observation 1: With small resource allocation size, minimum PT-RS overhead is a bit high considering the performance gain-overhead trade-off.

Proposal 7: NR should support PT-RS samples at every symbols, and PT-RS time-domain overhead can be configurable.

Observation 2: Distributed pattern performs good under higher SNR, while chunk-based pattern provides the gain under low SNR channel and small allocation size.

Observation 3: optimal number of PT-RS samples are propotional to the allocation size, and the exact number 

Proposal 8: NR should support PT-RS for DFT-s-OFDM with chunk-based patterns of X={1, 2} and K should be propotional to NRB, where NRB is the allocation size.

Proposal 9: NR PT-RS should utilize the outer-most constellation points for its sequence.

Proposal 10: NR support PT-RS multiplexing with CDM within PT-RS chunks. 
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