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Introduction
In RAN1-90bis, the following agreements were made:
 In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS), used to estimate, and compensate for phase noise related errors and to support frequency offset estimation.· If DL-PTRS-present/UL-PTRS-present is enabled, 
· When PTRS is present, one PTRS port is present in every OFDM symbol and every 2nd RB unless DL/UL density tables are configured by RRC. Note: This can in specification be achieved by specifying ptrsthMCS1 = ptrsthMCS2 = ptrsthMCS3 and ptrsthRB2 = ptrsthRB4 = Inf for these pre-defined values respectively
· PTRS is not present in DL if MCS < ptrsthMCS1DL or BW < ptrsthRB0DL, where default values of ptrsthMCS1DL and ptrsthRB0DL are to be decided at RAN1#90b or RAN1#91 the latest
· PTRS is not present in UL if MCS < ptrsthMCS1UL or BW < ptrsthRB0UL, where default values of ptrsthMCS1UL and ptrsthRB0UL are to be decided at RAN1#90b or RAN1#91 the latest
· For CP-OFDM, antenna port (AP) configuration
· Same as DL, support at least up to 2 UL PTRS ports in Rel-15
· For CP-OFDM, support UE to report the desired maximum number of UL PTRS ports as UE capability and report the preferred DL layer, in case of 2 CW, report the preferred DL layer within the CW with higher CQI in UCI
· For UL codebook-based transmission, when one PTRS port is configured, support gNB to indicate to UE in the UL grant which DMRS port is associated with the PTRS port
· UE is not expected to be configured/scheduled with DMRS with TD-OCC and PTRS in the same slot in case of above 6 GHz.
· Support a RB-level offset for selecting RBs among the scheduled RBs for mapping PTRS, and the offset is implicitly determined by UE-ID (i.e., C-RNTI).
· Support implicit derivation the RE-level offset for selecting subcarrier for mapping PTRS within a RB from one or more parameters (e.g. associated DMRS port index, SCID, Cell ID, to be decided in RAN1#91)
· In addition, an RRC parameter “PTRS-RE-offset” is also supported that explicitly indicates the RE-level offset and replaces the implicit offset, at least for avoiding collision with DC tone
· For UL, the transmission power for the symbols with and without PTRS should be kept the same when more than 1 PTRS port is configured
· Support power borrowing for PTRS from muted REs when more than 1 PTRS port is configured
· At least for DL SU-MIMO scheduling, the EPRE ratio between PTRS and PDSCH is by default implicitly indicated by the number of scheduled PTRS ports for the UE
· The default EPRE ratio is 0dB for 1 PTRS port case and 3dB for 2 PTRS port case
· Other combinations including EPRE up to 6dB are allowed by RRC configuration of association between number of DL PTRS ports and EPRE ratios
· 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
· 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
· Note: No further modifications are bought with the respect to the design for K={2,4}

[bookmark: _Ref178064866]Discussion
This contribution is divided in two main sections, one focused on the open issues of the PTRS design for the CP-OFDM waveform (both for DL and UL) and the second one focused on the open issues of the PTRS designed for DFT-S-OFDM waveform.
PTRS design for CP-OFDM
[bookmark: _Ref498444385]Association tables for PTRS time/freq. densities
In previous RAN1 meetings it was agreed to support time densities of PTRS every, every 2nd and every 4th OFDM symbol, and frequency densities of 1 PTRS subcarrier every 2nd and every 4th PRB. In transmissions with small scheduled BW, denser PTRS in frequency domain is required to obtain accurate phase noise estimation (as shown in [1]), and specially to obtain accurate frequency offset estimation (as shown in [2]). Therefore, we think it is important to also support the frequency density of 1 PTRS subcarrier in every PRB. 
[bookmark: _Toc498702338]Add support for frequency density of 1 PTRS subcarrier in every PRB in the density tables that can be configured by RRC for UL and DL, respectively.
Also, it was agreed that the selected PTRS configuration should be selected using Table 1 and Table 2 (i.e., time density associated with the scheduled MCS and frequency density associated with the scheduled BW). However, we showed in the evaluations results presented in [3] that PTRS time density can be selected independently of the coding rate, i.e. it is sufficient if the PTRS time density is associated with the modulation schemes (QPSK, 16QAM, 64QAM and 256QAM) only. 
To achieve this, we propose to simplify Table 2, where the MSC association is done using only the Modulation Schemes since we don’t need the granularity of code rate. Hence, MCS can only select modulation constellation where MCS=1 is QPSK, MCS=2 is 16 QAM and so on.
One important advantage of this approach is that single association table can be used with different MCS tables as there will be multiple MCS tables defined (so far it has been agreed to use two different MCS tables for NR [4]). Also, the proposal does not require special handling of the reserved MCS entries, simplifying the design.
[bookmark: _Toc498702339]The MCS thresholds in the PTRS time density table have the granularity of modulation constellation size only, excluding the code rate.
	Scheduled BW
	Frequency density

	NRB < ptrsthRB0
	No PT-RS

	ptrsthRB0 ≤  NRB < ptrsthRB1
	1

	ptrsthRB1 ≤  NRB < ptrsthRB2
	½ 

	ptrsthRB2 ≤ NRB
	¼ 


[bookmark: _Ref498077551][bookmark: _Ref498442756]Table 1. Association table between PTRS frequency density and scheduled BW.
	Scheduled MCS
	Time density

	MCS < ptrsthMCS1
	No PT-RS

	ptrsthMCS1≤  MCS < ptrsthMCS2
	¼

	ptrsthMCS2≤  MCS < ptrsthMCS3
	½

	ptrsthMCS3≤  MCS
	1


[bookmark: _Ref498077556]Table 2 Association table between PTRS time density and MCS.
PTRS default configuration in time/freq. domain
It was agreed that as default configuration, PTRS is mapped to every OFDM symbol and to every other PRB. It was FFS to decide if this default configuration should be used for all scheduled BW and MCS or not, i.e., if PTRS is always ON. From the evaluations presented in [5] it can be seen how PTRS is not needed to compensate the phase noise effects for low MCS and small scheduled BW. However, PTRS could be used in some cases to perform frequency offset estimation, e.g., in UL transmissions with front-loaded DMRS as shown in [7] (either sub-6 or mmWave) and in DL transmissions for mmWave (where TRS could require too high overhead). 
For these cases PTRS should be ON even for low MCS and small scheduled BW, due to the requirements of the frequency offset estimation. Therefore, to fulfil both the phase noise and frequency offset compensation requirements, we propose to use a default association table where PTRS is always ON, both for DL and UL. The proposed default thresholds for DL and UL are shown in Table 3 and Table 4, respectively. 
As the largest number of RB per carrier is 275 in NR, we can use the value 276 to indicate the unobtainable threshold of a scheduled BW.  
[bookmark: _Toc498702340]Support ptrsthRB0DL=ptrsthRB1DL=0, ptrsthRB2DL=276 and ptrsthMS1DL=ptrsthMS2DL=ptrsthMS3DL =0 as default thresholds for DL.
[bookmark: _Toc498702341]Support ptrsthRB0UL=ptrsthRB1UL=0,ptrsthRB2UL=276 and ptrsthMS1UL=ptrsthMS2UL=ptrsthMS3UL =0 as default thresholds for UL.
	RB thresholds
	ptrsthRB0DL= ptrsthRB1DL=0, ptrsthRB2DL = 276

	MS thresholds
	ptrsthMS1DL = ptrsthMS2DL =ptrsthMS3DL =0


[bookmark: _Ref498078382]Table 3. Proposed default thresholds for DL.
	RB thresholds
	ptrsthRB0DL= ptrsthRB1DL=0, ptrsthRB2DL = 276

	MS thresholds
	ptrsthMS1DL = ptrsthMS2DL =ptrsthMS3DL =0


[bookmark: _Ref498078384]Table 4 Proposed default thresholds for UL.
It is important to clarify that PTRS always ON as default configuration does not mean that PTRS is always transmitted, RRC signalling can be used to activate or de-activate the PTRS transmission when needed.  An important detail related with the PTRS presence is that it should be independent for DL and UL, because each case has different requirements. For example, for sub-6 scenarios PTRS is not required in DL because the effects of phase noise are not significant and the tracking of frequency offset is done by TRS. However, PTRS is required in sub-6 for UL to perform frequency offset compensation. Therefore, we propose to have independent indication by RRC of the PTRS presence for DL and UL.
[bookmark: _Toc498702342]Higher layer configuration indicate the possible presence of PTRS for DL and UL independently, i.e. UL-PTRS-present and DL-PTRS-present are the RRC parameters.
[bookmark: _Ref498333879]RRC signalling of thresholds
It was previously agreed that UE can suggest by RRC signalling values for the thresholds in the association tables to override the default ones. Regarding the signalling of the thresholds two important aspects should be studied: which values are allowed for the thresholds (e.g. do we need the flexibility of 275 possible threshold values for scheduled BW?) and how to encode these allowed thresholds in an efficient way.
Association table for freq. density
Firstly, we are going to focus on the thresholds for the association table between scheduled BW and PTRS frequency density (Table 1). For this table, each threshold is set to a specific number of PRBs. In NR, the maximum scheduled BW is X=275 PRB [6], then with full flexibility selection each threshold in the table can take any value from the vector , where “276” can also be used instead of “Inf”. Selection with full flexibility requires 9 bits to encode each threshold when , which means that 27 bits are required to encode 3 thresholds. However, such flexible selection does not provide any advantage as the values that the thresholds take is usually limited, as seen in the evaluations presented in [1].  To reduce the complexity and the signalling overhead we propose a reduced flexibility selection where the number of allowed values for the thresholds is restricted. 
The preferred option is to restrict the values of the thresholds to the number of PRBs multiples of the RBG size, i.e., the thresholds can take any value from the vector , where  . If RBG=4, S=[0,4,8,16, … , 272, Inf], which contains 70 elements (requiring 7 bits to encode one threshold and 21 bits to encode 3 the thresholds).
[bookmark: _Toc498702343]Restrict the values of the thresholds ptrsthRBx to the set of elements which are multiple of the RBG size, i.e.,  with  and  is the maximum scheduled BW in NR.
Further reduction in the signalling overhead can be achieved if efficient encoding is used instead of bitmap encoding. This is used for EPDCCH configuration in LTE where a limited set of RBs are selected from the set of all available RBs. 
With bitmap encoding each threshold can take any value of , so the required number of bits to encode each threshold is , where  is the length of vector . However, to improve the encoding we can take advantage of the relative relation between the thresholds, i.e., ptrsthRB0 ptrsthRB1 ptrsthRB2. 
Thus, considering the previous relation we propose in Algorithm 1 an efficient encoding scheme for the set of thresholds in the association table.
	Algorithm 1:
· Define the vector  which contains the  allowed values for the thresholds (in increasing order). For example, for the reduced flexibility solution presented previously  with N=70 elements.
· Denote the M thresholds to encode as , , …, , which are defined as . Where  is the index that represents which value from  has been selected for . One important property is that  and .
· For each combination of thresholds , , …, ,  we can generate a unique index r as follows:

where  and  is the binomial coefficient.
· Finally, the unique index r is encoded using  bits.



In Table 5 we show a comparison of the overhead to encode the set of thresholds for the frequency density association table using full and reduced flexibility selection, and bitmap and efficient encoding. We can see how using the proposed encoding the overhead is reduced 5 bits for both full flexibility and reduced flexibility selection and combining the two methods we reduce the signaling overhead from 27 to 16 bits.
Therefore, the proposed encoding should be adopted for efficiently encode the thresholds of the association table similar to what was done for EPDCCH in LTE.
[bookmark: _Toc498702344]Use the encoding scheme described in Algorithm 1 to encode the set of thresholds of the frequency density association table.
	
	Bit map
	Encoding in Algorithm 1

	Full flexibility
	27 bits
	22 bits (18.5% overhead reduction)

	Reduced flexibility with RBG=4
	21 bits
	16 bits (22.7% overhead reduction)


[bookmark: _Ref498094053]Table 5. Overhead comparison for two types of selection and 2 types of encoding for 3 thresholds signalling.
Association table for time density
As proposed in 2.1.1, Table 2 should be used for association of PTRS time density and modulation schemes. As NR using CP-OFDM supports the modulation schemes QPSK, 16QAM, 64QAM and 256QAM, the thresholds in such a table are set to one of the values in the vector S = [0, 1, 2, 3, 4, Inf]. 
[bookmark: _Toc498702345]Restrict the values of ptrsthMCSx to .
To efficiently encode the 3 thresholds for the association table we can use the same encoding scheme proposed for the association table for frequency density. In Table 6 we show the overhead required to signal the set of thresholds using bitmap encoding and the proposed encoding scheme. The overhead reduction achieved with the proposed encoding is significant, so it should be adopted for NR.
[bookmark: _Toc498702346]Use the encoding scheme described in Algorithm 1 to encode the set of thresholds of the time density association table.
	Bit map
	Encoding in Algorithm 1

	9 bits
	6 bits (33.3% overhead reduction)


[bookmark: _Ref498519475]Table 6. Overhead comparison for 2 types of encoding for 3 thresholds signalling.
RB-level offset for PTRS
RAN1 agreed to support RB-level offset for selecting RBs among the scheduled RBs for mapping PTRS. It was also agreed to implicitly derive the offset from the C-RNTI, but not exactly how to do it. To design an implicit association rule between C-RNTI and RB-level offset we should consider that for different densities the maximum offset is different. Thus, for a frequency density of 1 PTRS subcarrier every 4th PRB the maximum value for the RB-offset is 3, for every 2nd PRB is 1 and for every PRB is 0. Hence, we propose the following equation to implicitly derive the RB-level offset from the C-RNTI (considering the frequency density used):
RBoffset = C-RNTI mod nPTRS_step
where nPTRS_step =1 for freq. density 1, nPTRS_step =2 for freq. density ½,  and nPTRS_step =4 for freq. density 1/4.
The association between RB-level offset and C-RNTI is not valid when it comes to broadcast transmissions with PTRS. In this case the RB-level offset must be implicitly derived from a different parameter, as for example the SI-RNTI. Like in the previous case, the association rule for the broadcast case can be set to RBoffset = SI-RNTI mod nPTRS_step.
[bookmark: _Toc498702347]For broadcast transmissions RB-level offset for PTRS is associated with SI-RNTI. 
[bookmark: _Toc498702348]The implicit relation between RB-level offset for PTRS and RNTI depends on the frequency density and is given by the equationRBoffset = C-RNTI mod nPTRS_step, where nPTRS_step =1/(freq_density).
[bookmark: _Toc498695523][bookmark: _Toc498697152][bookmark: _Toc498698190]
RE-level offset for PTRS
The RE-level offset indicates to which subcarrier within a PRB the PTRS is mapped. In the last RAN1 meeting it was discussed to associate the RE-level offset to one of the following parameters:
· Index of the DMRS port associated with the PTRS port
· SCID
· Cell ID
Some companies claim that if the RE-level were associated with the DMRS port index the effect of PTRS to PTRS inter-cell interferences could cause several degradations in the performance. It was suggested to avoid this degradation by randomization of the PTRS mapping between cells by associating the RE-level offset to the SCID or Cell ID. 
However, in [1] we presented evaluation results showing that PTRS to PTRS interference for neighbouring cells offers better performance than PDSCH to PTRS interference (when using the agreed constant modulation symbol sequence for PTRS in CP-OFDM). Also, in Appendix 5.1 in [3] we presented the derivations that support this argument. 
Moreover, PTRS mapping is closely related with the multiplexing of PTRS and CSI-RS. In the cases in which CSI-RS and PTRS are FDMed, CSI-RS resources can’t be mapped to subcarriers in which PTRS is mapped. It has been already agreed that CSI-RS resources with more than 1 port use in all cases FD2, and so each CSI-RS port includes 2 adjacent CSI-RS RE in the frequency domain. This fact produces that a RE-level offset associated with SCID or Cell ID could lead to a low number of available RE for CSI-RS resources in some cases, as shown in Figure 1. 

	[image: ]
a) RE-level offset associated with DM-RS port index
	[image: ]
b) RE-level offset associated with SCID/Cell ID


[bookmark: _Ref492651029]Figure 1. Example of PTRS fixed and configurable mapping and the available CSI-RS ports.
In conclusion, we believe that the best option for PTRS mapping is to associate the RE-level offset with the index of the DMRS port associated with the PTRS port, because of its lower degradation due to inter-cell interference and its good properties for FDM with CSI-RS. In Table 7 and Table 8 we show the proposed RE-level offset associated to each DMRS port index for DMRS type 1 and 2.
[bookmark: _Toc498702349]Support implicit association of the RE-level offset with the index of the DMRS port that is associated with the PTRS port.
[bookmark: _Toc498702350]Adopt Table 7 and Table 8 for deriving the RE-level offset for one PTRS port based in its associated DMRS port index (for DMRS type 1 and 2).
[bookmark: _Toc498698298]
	DMRS port
	1000
	1001
	1002
	1003
	1004
	1005
	1006
	1007

	RE-level offset
	0
	2
	1
	3
	4
	6
	5
	7


[bookmark: _Ref498098102]Table 7. Implicit association of RE-level offset and DMRS port index for DMRS type 1.
	DMRS port
	1000
	1001
	1002
	1003
	1004
	1005
	1006
	1007
	1008
	1009
	1010
	1011

	RE-level offset
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11


[bookmark: _Ref498098104]Table 8. Implicit association of RE-level offset and DMRS port index for DMRS type 2.
RRC “RE-level-offset” signalling 
In addition to the implicit association of RE-level offset, in RAN1 90bis it was agreed to support a RRC parameter “PTRS-RE-offset” which explicitly indicates the RE-level offset and replaces the RE-level offset obtained with the default association rule. The main motivation for introducing this parameter in the RRC signaling is to avoid to map PTRS to the DC subcarrier. The agreements regarding this parameter suggest that “PTRS-RE-offset” can take any value from 0 to 11. However, this has several drawbacks that are considered next. 

Firstly, if “PTRS-RE-offset” can be set to any value from 0 to 11, it implies a gNB scheduling restriction since the DMRS used for PDSCH or PUSCH transmission must use the subcarrier indicated by “PTRS-RE-offset” (because it was agreed that PTRS is mapped to one of the subcarriers to which its associated DMRS port is mapped). For example, if “PTRS-RE-offset”=0, then if DMRS type 1 is configured the DMRS ports mapped to comb using subcarriers {1,3,5,7,9,11} cannot be used when scheduling UE. In Table 9 we show the mentioned restriction for DMRS type 1.

	PTRS-RE-offset value
	Subcarrier used for PT-RS
	Compatible DM-RS ports

	0000
	0
	1000/1001/1004/1005

	0001
	1
	1002/1003/1006/1007

	0010
	2
	1000/1001/1004/1005

	0011
	3
	1002/1003/1006/1007

	0100
	4
	1000/1001/1004/1005

	0101
	5
	1002/1003/1006/1007

	0110
	6
	1000/1001/1004/1005

	0111
	7
	1002/1003/1006/1007

	1000
	8
	1000/1001/1004/1005

	1001
	9
	1002/1003/1006/1007

	1010
	10
	1000/1001/1004/1005

	1011
	11
	1002/1003/1006/1007


[bookmark: _Ref497748092]Table 9. Bitmap encoding of “PTRS-RE-offset” with DM-RS type 1.
Another problem is related with the signalling overhead. If “PTRS-RE-offset” can be set to any value from 0 to 11, 4 bits are required per “PTRS-RE-offset” indication. Moreover, as PTRS ports for DL and UL can be associated with different DMRS ports, independent indication of “PTRS-RE-offset” for UL and DL is needed, increasing the overhead. Similarly, independent indication of “PTRS-RE-offset” per PTRS port in SU-MIMO is required (further increasing the overhead). 
Thus, more efficient signalling that avoids scheduling restrictions and reduces the overhead is needed. We propose a different approach where “PTRS-RE-offset” is used to generate a relative index to one of the elements in the subset of subcarriers used by the DMRS port associated with the PTRS port. Hence, the relative index selects a subcarrier among the subcarriers used by the DMRS ports used for the particular PDSCH or PUSCH scheduling (without introducing any scheduling restriction). The proposed solution is summarized in Algorithm 2.
	Algorithm 2:
· Encode PTRS-RE-offset using bitmap encoding with 2 bits, i.e. PTRS-RE-offset{0,1,2,3}
· Denote the vector containing the subcarriers used by DMRS port x within a PRB as Sx, being DMRS port x the one associated with the PTRS port. 
· Define N as the length of vector Sx.
· Define the parameter FD_offsetx = x mod 2, which is related with the FD-OCC used for DMRS port x.
· Define the parameter TD_offsetx, which is related with the TD-OCC used for DMRS port x. 
· If x is a DMRS port of the DMRS type 1, TD_offsetx = 
· If x is a DMRS port of the DMRS type 2, TD_offsetx =.
· Define Δ=(PTRS-RE-offset+ FD_offsetx+2*TD_offsetx) mod N, which is a relative index to one of the elements of Sx.
· Obtain the index of the subcarrier scheduled for PTRS within a PRB as Sx()


Based on the presented approach, we show in Table 10 and Table 11 the encoding of “PTRS-RE-offset” and the selected PTRS subcarrier for the DMRS ports in DMRS type 1 and 2 (based on Algorithm 2). The proposed solution avoids restrictions in the scheduling while reduces the required overhead. Just 2 bits are required to encode “PTRS-RE-offset”. Moreover, common indication of “PTRS-RE-offset” for DL and UL can be used because with the proposed solution any value of “PTRS-RE-offset” can be used with any DMRS port. Also, for the SU-MIMO case with more than 1 PT-RS port, single indication of “PTRS-RE-offset” can be used, because it will provide different subcarriers for PTRS ports associated with different DMRS ports.
[bookmark: _Toc498702351]Encode “PTRS-RE-offset” in RRC using bitmap encoding of 2 bits, where “PTRS-RE-offset” can take the values {0,1,2,3}.
[bookmark: _Toc498702352]Use Algorithm 2 to determine to which subcarrier the PTRS port is mapped based on the value of “PTRS-RE-offset.

	PTRS-RE-offset by RRC
	Sub-carrier index for PT-RS

	
	port 1000
	port 1001
	port 1002
	port 1003
	port 1004
	port 1005
	port 1006
	port 1007

	00
	0
	2
	1
	3
	4
	6
	5
	7

	01
	2
	4
	3
	5
	6
	8
	7
	9

	10
	4
	6
	5
	7
	8
	10
	9
	11

	11
	6
	8
	7
	9
	10
	0
	11
	1


[bookmark: _Ref498687236]Table 10. Proposed encoding of “PTRS-RE-offset” for DM-RS type 1. 
	PTRS-RE-offset by RRC
	Sub-carrier index for PT-RS

	
	port 1000
	port 1001
	port 1002
	port 1003
	port 1004
	port 1005
	port 1006
	port 1007
	port 1008
	port 1009
	port 1010
	port 1011

	00
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	01
	1
	6
	3
	8
	5
	10
	7
	0
	9
	2
	11
	4

	10
	6
	7
	8
	9
	10
	11
	0
	1
	2
	3
	4
	5

	11
	7
	0
	9
	2
	11
	4
	1
	6
	3
	8
	5
	10


[bookmark: _Ref498697027]Table 11. Proposed encoding of “PTRS-RE-offset” for DM-RS type 2.
PTRS port signalling for DL in UCI
It was agreed in the last RAN1 meeting that UE should report information about the preferred DL transmission layer within the CW with higher CQI in UCI. With this information, gNB can perform permutation of the columns of the precoder to transmit the DMRS port with lowest index in the DMRS group and its associated PTRS port in the best transmission port. Here we define the concept of Column Permutation Indicator (CPI), which indicates which of the columns of the selected precoder must be permutated in the gNB. For example, if CPI=0 no permutation is done and if CPI=2 the first and third columns of the precoder are permutated. By including the CPI in the CSI-feedback we are signalling information about the best transmission port.
RAN1 agreed in supporting transmission ranks from 1 to 8, where the RI is part of the CSI-feedback with 3 bits overhead. It is important that the number of possible CPI is related with the rank and with the maximum number of ports per CW that can be used for each rank (as it was agreed to signal just information about the best transmission port associated with the CW with higher CQI). For example, for rank 5 a maximum of 3 ports can be associated with 1 CW, so 3 different CPI values can be selected. Therefore, 1 CPI value is allowed for rank 1, 2 for rank 2, 3 for rank 3, 4 for rank 4, 3 for rank 5 and 6, and 4 for rank 7 and 8. Then a total of 1+2+3+4+3+3+4+4=24 states are needed to jointly encode the RI and the CPI, so 5 bits are required for jointly encoding RI and CPI (with full flexibility in the CPI selection). In previous contributions as [8], we proposed reduced flexibility CPI selection where for ranks higher than 4 only 2 out of 4 CPI values can be selected. For this case we need a total of 1+2+3+2*5=16 states, i.e. 4 bits required to jointly encode RI and CPI. 
An important aspect to consider is that RAN1 agreed to have the possibility to limit the ranks that can be used and signalled in the CSI-feedback by means of the rank restriction indicator. Therefore, when rank restriction is used some of the 16 states proposed in the previous solution are not used due to the restriction and can be used to increase the flexibility of the CPI selection. Next in Algorithm 3 we propose the steps to efficiently encode and reduce DCI payload for signalling the RI and CPI considering the rank restriction.
	Algorithm 3:
· Generate all the 24 possible combinations of RI and CPI in increasing order.
· Remove all the combinations that cannot be used because of the rank restriction. 
· Assign one of the following priorities to each of the RI and CPI combinations left.
· Priority 1: combinations with RI  3
· Priority 2: combinations with RI>3 and CPI=0 or CPI=2
· Priority 3:  combinations with RI>3 and CPI=1 or CPI=3
· Encode each combination of RI and CPI using 4 bits, starting by the combinations with Priority 1, and then the combinations with priority 2 (starting with the combinations with lowest RI). 16 states are required at most for encode combinations with Priority 1 and 2, so using 4 bits we can always encode the combinations with these Priorities.
· If there are free states left from the total of 16 states, assign the free states to the combinations with Priority 3 (starting with the combinations with lowest RI) until all the 16 states are used.



In Table 12 we show an example of the previous encoding when no rank restriction is used (a) and when rank restriction is used (b). We can see how the previously proposed encoding for the case without rank restriction is the same as the one proposed in  [8]. Also, we can see that when rank restriction is used we can increase the flexibility on the selection of the CPI for ranks>3, while still using 4 bits overhead. Therefore, the proposed joint encoding offers high flexibility on the CPI selection while reducing the CSI-feedback overhead in 1 bit. It is important to mention that as we use joint encoding of RI and CPI, CPI information will be signalled even when no PTRS transmissions are present. That is because static UCI payload is preferred.
[bookmark: _Toc498702353]Use Algorithm 3 to jointly encode RI and the CPI with 4 bits.

		Not used due to reduced flexibility




	Not used due to rank restriction




	

		Signaled bits
	Rank indicator
	CPI

	0000
	1
	0

	0001
	2
	0

	0010
	2
	1

	0011
	3
	0

	0100
	3
	1

	0101
	3
	2

	0110
	4
	0

	
	4
	1

	0111
	4
	2

	
	4
	3

	1000
	5
	0

	
	5
	1

	1001
	5
	2

	1010
	6
	0

	
	6
	1

	1011
	6
	2

	1100
	7
	0

	
	7
	1

	1101
	7
	2

	
	7
	3

	1110
	8
	0

	
	8
	1

	1111
	8
	2

	
	8
	3

	a) Without rank restriction



		Signaled bits
	Rank indicator
	CPI

	0000
	1
	0

	0001
	2
	0

	0010
	2
	1

	0011
	3
	0

	0100
	3
	1

	0101
	3
	2

	0110
	4
	0

	0111
	4
	1

	1000
	4
	2

	1001
	4
	3

	
	5
	0

	
	5
	1

	
	5
	2

	1010
	6
	0

	1011
	6
	1

	1100
	6
	2

	
	7
	0

	
	7
	1

	
	7
	2

	
	7
	3

	1110
	8
	0

	
	8
	1

	1111
	8
	2

	
	8
	3

	b) With rank restriction for rank 5 and 7.





[bookmark: _Ref498436473]Table 12. Examples of the proposed joint encoding of RI and CPI.
Power boosting of PTRS
PTRS power boosting is beneficial as it increases the accuracy of the estimation. However, the power boosting principles of PTRS are different from the ones used in other reference signals as DMRS. In DMRS, we power boost certain RE for one DMRS port using the non-used power of the blanked RE in that port (i.e. the power transfer is between RE in the same port, and power transfer between ports is not allowed). However, for PTRS we have two different power boosting types. Power boosting type 1, which follows the same principle used by DMRS power boosting, i.e. the power transfer is between RE in the same port. Power boosting type 2 where the power transfer is between different ports for the same RE.  
Which power boosting type should be used is related with the transmitter architecture. For analog beamforming transmitters power boosting type 1 should be used, as each port is directly mapped to a power amplifier (so power transfer between ports can’t be done). For digital and hybrid beamforming, both type 1 and type 2 can be used. With type 1 the power scaling for the PTRS ports is related with the number of PTRS ports in the SU-MIMO transmission (maximum 2 PTRS ports) while with type 2 the power scaling for PTRS ports is related with the number of PDSCH/PUSCH layers in the DMRS group in SU-MIMO (maximum 8 PDSCH layers and 4 PUSCH layers [6]). Therefore, for digital and hybrid beamforming transmitters power boosting type 2 offers better power utilization, so it is preferred. In Figure 2 and Figure 3 we show examples of power boosting for digital and analog beamforming with 1 and 2 PTRS ports in a SU-MIMO transmission with 3 DMRS ports and 3 PDSCH layers.
[bookmark: _Toc498595142][bookmark: _Toc498595188][bookmark: _Toc498595273][bookmark: _Toc498601412][bookmark: _Toc498602262][bookmark: _Toc498602321][bookmark: _Toc498602368][bookmark: _Toc498602420][bookmark: _Toc498602458][bookmark: _Toc498602496][bookmark: _Toc498602536][bookmark: _Toc498685642][bookmark: _Toc498695530][bookmark: _Toc498697160][bookmark: _Toc498698198][bookmark: _Toc498698251][bookmark: _Toc498698304][bookmark: _Toc498698373][bookmark: _Toc498698465][bookmark: _Toc498698508][bookmark: _Toc498698558][bookmark: _Toc498698656][bookmark: _Toc498699921][bookmark: _Toc498702354]Support power boosting type 1, which uses power transfers between RE in the same port. It should be used for transmitters with analog beamforming.
[bookmark: _Toc498702355]Support power boosting type 2, which uses power transfers between ports for the same RE. It should be used for transmitters with digital and hybrid beamforming.
[bookmark: _Toc498702356]Power boosting type 2 should be used as default for DL and UL.
[bookmark: _Toc498702357]Support RRC signalling parameters “PTRS_boosting_typeDL” and “PTRS_boosting_typeUL” to indicate the power boosting type used for DL and UL independently.
	[image: ]
a) Analog beamforming with power boosting type 1
	[image: ]
b) Digital beamforming with power boosting type 2


[bookmark: _Ref498600567]Figure 2. Example of power boosting type 1 and 2 for a transmission with 1 PTRS port, 3 DMRS ports and 3 PDSCH layers.
	[image: ]
a) Analog beamforming with power boosting type 1
	[image: ]
b) Digital beamforming with power boosting type 2


[bookmark: _Ref498600569]Figure 3. Example of power boosting type 1 and 2 for a transmission with 2 PTRS ports, 3 DMRS ports and 3 PDSCH layers.

DL power boosting
For DL, the PDSCH to PTRS EPRE ratio is used as metric to indicate the power boosting level (where the EPRE refers to the power of all the ports in the transmission in one RE, it is not EPRE per port). The EPRE is implicitly derived from different parameters for power boosting types 1 and 2.
For power boosting type 1, power transfers between ports are not allowed. Therefore, in this case the PDSCH to PTRS EPRE ratio is related with the number of PTRS ports in the transmission (NPTRS) and the number of PDSCH layers (NPDSCH) in the DMRS group. The EPRE level is computed as:
EPREPDSCH_to_PTRS = 10*log10(NPDSCH) – 10*log10(NPTRS)  [dB]
For power boosting type 2, power transfers between ports are allowed. Therefore, for this type of power boosting EPRE PDSCH_to_PTRS =0 dB for any NPTRS and NPDSCH.
[bookmark: _Toc498702358]For power boosting type 1, PDSCH to PTRS EPRE ratio is implicitly calculated as EPRE PDSCH_to_PTRS = +10*log10(NPDSCH) – 10*log10(NPTRS)  [dB], where NPTRS is the number of PTRS ports in the transmission and NPDSCH isthe number of PDSCH layers in the DMRS group.
[bookmark: _Toc498702359]For power boosting type 2 the EPRE ratio of PDSCH to PTRS is always 0 dB for any number of PTRS ports in the transmission and PDSCH layers in the DMRS group.
It was also agreed in the last RAN1 meeting to support RRC signalling of the PDSCH to PTRS EPRE. However, this indication offers some problems that are discussed next. For power boosting type 1, the EPRE ratio is implicitly derived from NPTRS and NPDSCH (parameters derived from the DCI that can change dynamically). So, the EPRE level indicated by RRC can be outdated with respect to the values of NPTRSand NPDSCH in DCI (producing incorrect power scaling). For power boosting type 2, the EPRE ratio is equal to 0 dB for all the cases, so a RRC indication of a different EPRE level would lead to an incorrect power scaling. Therefore, we think that the EPRE indication by RRC must be precluded to avoid the pointed problems.
[bookmark: _Toc498702360]Do not include explicit EPRE indication in the RRC signalling, instead use RRC to configure the boosting type.
[bookmark: _Toc498698206][bookmark: _Toc498698259][bookmark: _Toc498698312][bookmark: _Toc498698381]
UL power boosting
For UL, the power of the PTRS port is used as metric to indicate the power boosting level.
For power boosting type 1, the power of the PTRS port is related with the power of a PUSCH RE in one layer (PPUSCH) and the number of PTRS ports (NPTRS). The PTRS power is given by
PPTRS=10*log10(NPTRS) + PPUSCH
For power boosting type 2, the power of the PTRS port is related with the number of PUSCH layers in the DMRS group (NPUSCH) and the power of a PUSCH RE in one layer (PPUSCH). Hence, the power of the PTRS port is given by
PPTRS=10*log10(NPUSCH) + PPUSCH
[bookmark: _Toc498702361]If power boosting type 1 is used in UL the power of the PTRS port is implicitly given by PPTRS=10*log10(NPTRS) + PPUSCH, where NPTRS is the number of PTRS ports and PPUSCH is the power of a PUSCH RE in one layer.
[bookmark: _Toc498702362]If power boosting type 2 is used in UL the power of the PTRS port is implicitly given by PPTRS=10*log10(NPUSCH) + PPUSCH, where NPUSCH is the number of PUSCH layers in the DMRS group and PPUSCH is the power of a PUSCH RE in one layer.

Mapping in time domain
It was previously agreed how to map PTRS within a slot, but there are still no agreements related with the collision of PTRS and SSB in a slot. Two different options can be used in this case, either the PTRS RE that collides with the SSB is punctured or it is shifted to the first OFDM symbol after the SSB. In some cases, puncturing could lead to cases in which extrapolation of the phase estimation does not offer good accuracy because of big distance between the last PTRS symbol and the PDSCH symbol. For example, in Figure 4 we show an example with low PTRS time density (1 PTRS every fourth OFDM symbol). There, we can see that when puncturing there are 7 symbols between the last PDSCH symbol and the last PTRS RE in the slot, while with shifting this distance is reduced to 1 symbol (improving the phase estimation). Therefore, we prefer PTRS shifting when PTRS collides with SSB.
[bookmark: _Toc498702363]When PTRS collides with SSB, PTRS should be shifted to the first OFDM symbol after the SSB and restart the mapping algorithm.
	[image: ]
a) Puncturing
	[image: ]
b) Shifting


[bookmark: _Ref494472062]Figure 4. Examples of PTRS collision with SSB with PTRS time density 1/4.
PTRS design for mini-slot
The same PTRS configuration should be used for slot based and non-slot based transmissions.
[bookmark: _Toc498702364]The PTRS configuration by RRC applies for both slot based and non-slot based scheduling for Rel.15.
PTRS design for DFT-S-OFDM
Association table
RAN1 agreed that the configuration of chunk-based PTRS must be associated with the scheduled BW. The following issues regarding the association table are still open:
· If the configuration is also associated with the scheduled MCS.
· If chunk size K=1 is supported.
· If configuration with K=4 and X>4 is supported. 
· The default values for the thresholds in the table.
In [9] we show that the configuration of PTRS in DFT domain is independent of the scheduled MCS, so the association table should only be dependent on the scheduled BW. Also, in [9] we show that configuration with K=1 does not provide any performance gain for large scheduled BWs, so it should not be supported. Thus, the overhead to signal the thresholds in the association table is reduced (as 1 threshold less is used). Moreover, we show in [9] that in some cases a configuration with X=8 and K=4 offers performance gains (specially for large BWs and UEs with low quality oscillators), so Y=8 needs to be supported. Therefore, Table 13 must be used for selecting the configuration of PTRS in the DFT domain.
[bookmark: _Toc498702365]Preclude configuration with K=1.
[bookmark: _Toc498702366]Support Y=8 for large scheduled BW.
[bookmark: _Toc498702367]PTRS configuration in the DFT domain is not associated with the scheduled MCS.
	Scheduled BW
	X x K

	NRB ≤  NRB0
	No PT-RS

	NRB0 < NRB ≤  NRB1
	2x2

	NRB1 < NRB ≤  NRB2
	2x4

	NRB2 < NRB ≤  NRB3
	4x2

	NRB3 < NRB ≤  NRB4
	4x4

	NRB4 < NRB 
	8x4


[bookmark: _Ref498329025]Table 13. Association table between scheduled BW and chunk-based configuration.
As previously stated, an important open issue is the default value for the thresholds in the association table. In [9] we present evaluations results that show that the best selection for the default thresholds in Table 13 are NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108. One important aspect of the proposed default thresholds is that they offer a configuration with PTRS always ON for DFT-S-OFDM, allowing frequency offset estimation.
[bookmark: _Toc498702368]Adopt NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 as default values for the thresholds in the association table between scheduled BW and chunk-based configuration.
RRC signalling of thresholds
As in the CP-OFDM case, UE can suggest new thresholds by RRC signalling to override the default values in association Table 13. The same principles presented in Section  2.1.3 for signalling the thresholds of the association table for the frequency density of PTRS for CP-OFDM can be applied for the signalling of the thresholds of the association table for the DFT configuration. In Table 14 we show the required overhead to signal the 5 thresholds of the association table using full and reduced flexibility selection, and bitmap and the efficient encoding. In this case, the benefits of the reduced flexibility selection and the proposed efficient encoding are even larger than in the case of the thresholds for the PTRS frequency density table (as the number of thresholds to encode is larger).
[bookmark: _Toc498702369]Restrict the values of NRBx to the set of elements which are multiple of the RBG size, i.e.,  with  and  the maximum scheduled BW in NR.
[bookmark: _Toc498702370]Use the encoding scheme described in Algorithm 1 to efficiently encode the thresholds of the PTRS chunk-based configuration association table

	
	Bit map
	Encoding in Algorithm 1

	Full flexibility
	45 bits
	34 bits (24.4% overhead reduction)

	Reduced flexibility with PRG=4
	35 bits
	24 bits (28.5% overhead reduction)


[bookmark: _Ref498334422]Table 14. Overhead comparison for 2 types of selection and 2 types of encoding for 5 thresholds signalling.
Placement of chunks for K=2
In the last RAN1 meeting it was agreed to place the chunks from sample n to sample n+K-1 within the interval dedicated for each chunk for the case with K=2. In [10] we showed evaluation results with different chunk placements for K=2 and X=2 that showed very little performance differences for different chunk placements. Therefore, to have a harmonized design between the case K=4 and K=2 case, we think that the best option for K=2 is to place the chunks in the centre of the intervals. 
[bookmark: _Toc498702371]For K=2, the PTRS chunks are mapped in the middle of each interval, i.e.,  where N is number of samples in the interval.
Conclusions
We make the following additional proposals:
Proposal 1	Add support for frequency density of 1 PTRS subcarrier in every PRB in the density tables that can be configured by RRC for UL and DL, respectively.
Proposal 2	The MCS thresholds in the PTRS time density table have the granularity of modulation constellation size only, excluding the code rate.
Proposal 3	Support ptrsthRB0DL=ptrsthRB1DL=0, ptrsthRB2DL=276 and ptrsthMS1DL=ptrsthMS2DL=ptrsthMS3DL =0 as default thresholds for DL.
Proposal 4	Support ptrsthRB0UL=ptrsthRB1UL=0,ptrsthRB2UL=276 and ptrsthMS1UL=ptrsthMS2UL=ptrsthMS3UL =0 as default thresholds for UL.
Proposal 5	Higher layer configuration indicate the possible presence of PTRS for DL and UL independently, i.e. UL-PTRS-present and DL-PTRS-present are the RRC parameters.
Proposal 6	Restrict the values of the thresholds ptrsthRBx to the set of elements which are multiple of the RBG size, i.e.,  with  and  is the maximum scheduled BW in NR.
Proposal 7	Use the encoding scheme described in Algorithm 1 to encode the set of thresholds of the frequency density association table.
Proposal 8	Restrict the values of ptrsthMCSx to .
Proposal 9	Use the encoding scheme described in Algorithm 1 to encode the set of thresholds of the time density association table.
Proposal 10	For broadcast transmissions RB-level offset for PTRS is associated with SI-RNTI.
Proposal 11	The implicit relation between RB-level offset for PTRS and RNTI depends on the frequency density and is given by the equationRBoffset = C-RNTI mod nPTRS_step, where nPTRS_step =1/(freq_density).
Proposal 12	Support implicit association of the RE-level offset with the index of the DMRS port that is associated with the PTRS port.
Proposal 13	Adopt Table 7 and Table 8 for deriving the RE-level offset for one PTRS port based in its associated DMRS port index (for DMRS type 1 and 2).
Proposal 14	Encode “PTRS-RE-offset” in RRC using bitmap encoding of 2 bits, where “PTRS-RE-offset” can take the values {0,1,2,3}.
Proposal 15	Use Algorithm 2 to determine to which subcarrier the PTRS port is mapped based on the value of “PTRS-RE-offset.
Proposal 16	Use Algorithm 3 to jointly encode RI and the CPI with 4 bits.
Proposal 17	Support power boosting type 1, which uses power transfers between RE in the same port. It should be used for transmitters with analog beamforming.
Proposal 18	Support power boosting type 2, which uses power transfers between ports for the same RE. It should be used for transmitters with digital and hybrid beamforming.
Proposal 19	Power boosting type 2 should be used as default for DL and UL.
Proposal 20	Support RRC signalling parameters “PTRS_boosting_typeDL” and “PTRS_boosting_typeUL” to indicate the power boosting type used for DL and UL independently.
Proposal 21	For power boosting type 1, PDSCH to PTRS EPRE ratio is implicitly calculated as EPRE PDSCH_to_PTRS = +10*log10(NPDSCH) – 10*log10(NPTRS)  [dB], where NPTRS is the number of PTRS ports in the transmission and NPDSCH isthe number of PDSCH layers in the DMRS group.
Proposal 22	For power boosting type 2 the EPRE ratio of PDSCH to PTRS is always 0 dB for any number of PTRS ports in the transmission and PDSCH layers in the DMRS group.
Proposal 23	Do not include explicit EPRE indication in the RRC signalling, instead use RRC to configure the boosting type.
Proposal 24	If power boosting type 1 is used in UL the power of the PTRS port is implicitly given by PPTRS=10*log10(NPTRS) + PPUSCH, where NPTRS is the number of PTRS ports and PPUSCH is the power of a PUSCH RE in one layer.
Proposal 25	If power boosting type 2 is used in UL the power of the PTRS port is implicitly given by PPTRS=10*log10(NPUSCH) + PPUSCH, where NPUSCH is the number of PUSCH layers in the DMRS group and PPUSCH is the power of a PUSCH RE in one layer.
Proposal 26	When PTRS collides with SSB, PTRS should be shifted to the first OFDM symbol after the SSB and restart the mapping algorithm.
Proposal 27	The PTRS configuration by RRC applies for both slot based and non-slot based scheduling for Rel.15.
Proposal 28	Preclude configuration with K=1.
Proposal 29	Support Y=8 for large scheduled BW.
Proposal 30	PTRS configuration in the DFT domain is not associated with the scheduled MCS.
Proposal 31	Adopt NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 as default values for the thresholds in the association table between scheduled BW and chunk-based configuration.
Proposal 32	Restrict the values of NRBx to the set of elements which are multiple of the RBG size, i.e.,  with  and  the maximum scheduled BW in NR.
Proposal 33	Use the encoding scheme described in Algorithm 1 to efficiently encode the thresholds of the PTRS chunk-based configuration association table
Proposal 34	For K=2, the PTRS chunks are mapped in the middle of each interval, i.e.,  where N is number of samples in the interval.
 

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref498168922][bookmark: _Ref498168944][bookmark: _Ref494446976][1]	R1-1718750, “Further evaluations on PTRS for CP-OFDM”, Ericsson
[bookmark: _Ref498700004][2]	R1-1720981, “TRS above-6GHz evaluations”, Ericsson
[bookmark: _Ref494476898][3]	R1-1716373, “Details on PTRS design”, Ericsson
[bookmark: _Ref498522122][4]	Chairman’s Notes RAN1 90bis
[bookmark: _Ref498522366][5]	R1-1714314, “On DL PTRS design”, Ericsson
[bookmark: _Ref498523974][6]	3GPP TS 38.211 v1.1.2
[bookmark: _Ref498169288][7]	R1-1718749, “Further evaluations on DMRS”, Ericsson
[bookmark: _Ref498422257][8]	R1-1718449, “Remaining details on PTRS design”, Ericsson
[bookmark: _Ref498332529][9]	R1-1720725, “Further evaluations on PTRS”, Ericsson
[bookmark: _Ref498532370][10]	R1-1718751, “Further evaluations on PTRS for DFT-S-OFDM”, Ericsson



	1/15	
image1.png
Not available for CSI-RS port

Not available for CSI-RS port

Available for CSIRS port

Available for CSI-RS port

Available for CSIRS port

Available for CSIRS port





image2.png
Not available for CSI-RS port

Not available for CSI-RS port

Available for CSI-RS port

Not available for CSI-RS port

Available for CSI-RS port

Not available for CSI-RS port





image3.png
PDSCH to PTRS EPRE rati

Power transfer

between ports is not
allowed | j
1 1—" n w

=

Analog beamforming





image4.png
0de

Power transfer
between ports is
allowed

gital beamforming





image5.png
PDSCH to PTRS EPRE ratio= 4.7dB-3dB=1.7dB.

B § power ransforbotwoon subcarriors is ailowed

Powor transfor i -

between ports is not

allowed 8 EEE j/
, |y

Analog beamforming





image6.png
PDSCH to PTRS EPRE

a8

3K Power transforbetwesn subcarrers is notallowed

Power transfer
between ports is
allowed

Digital beamforming





image7.png
W PTRSRE
B OMRs RE
M ssBRE





image8.png
7] PTRSRE
[l DVRsS RE
[ ssBRE





