


3GPP TSG-RAN WG1 #90	R1-1714314
Prague, Czechia, 21th – 25th August, 2017

Source:	Ericsson
Title:	On DL PTRS design
Agenda Item:	6.1.2.3.4
Document for:	Discussion and Decision
Introduction
In RAN1#89AH2, the following agreement was made:
[bookmark: _GoBack]· If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port and one DL DM-RS port in the DL DM-RS port group are associated for phase tracking, the association is determined in the specification
· FFS details for the association
· If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port is associated with:
· Alt 1: the lowest DL DM-RS port in the DL DM-RS port group.
· Alt 2: one DL DM-RS port in the DL DM-RS port group in a RB, where the one DL DM-RS port may vary across RBs
· Other alternatives are not precluded
· To conclude with one alternative next meeting
· FFS the case of two codewords
· Study further whether or not to support power boosting for PT-RS considering different or same number of ports compared with DM-RS
· Down-selection among the following for CP-OFDM DL & UL for PTRS:
· Opt-1: a single association table pair per subcarrier spacing 
· Opt-2: UE recommends the preferred thresholds in tables and/or gNB to update/confirm
· Opt-3: multiple association tables for each subcarrier spacing, to reflect different phase noise models resulting from different carrier frequencies, subcarrier spacings, UE implementations
· Opt-4: a single association table pair per subcarrier spacing based on UE capability
· For PTRS for CP-OFDM, study further how to handle mapping PTRS in case of non-consecutive scheduling
· Alt 1: based on PRBs
· Alt 2: based on VRBs 
· Other alternatives are not precluded
· Note: consecutive scheduling can be considered as a special case
· For PTRS for CP-OFDM, study further whether or not there is need for interference randomization for PT-RS and if so, how
· Companies are encouraged to provide simulation results
· To continue study to finalize the PT-RS density tables w.r.t. to MCS and scheduled bandwidth
· Study further how to handle PT-RS collision with CSI-RS
· For PTRS for CP-OFDM, NR supports
· Information related to UE to facilitate PTRS port configuration 
· FFS details, e.g., UE to report information (if so, details), or re-using UE information available for other purposes

[bookmark: _Ref178064866]In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS) for DL, used to estimate and compensate for phase noise related errors.


Discussion
PTRS time and frequency density
In RAN1 89 meeting it was agreed to use Table 1 and Table 2 in [1] to represent association between PTRS time density and scheduled MCS, and association between PTRS frequency density and scheduled BW.  In the last RAN1 meeting, different options to set the value of Table 1 and Table 2 were agreed to be discussed. The different options are:
· Option 1: A single association table pair per subcarrier spacing 
· Option 2: UE recommends the preferred thresholds in tables and/or gNB to update/confirm
· Option 3: Multiple association tables for each subcarrier spacing, to reflect different phase noise models resulting from different carrier frequencies, subcarrier spacing, UE implementations
· Option 4: A single association table pair per subcarrier spacing based on UE capability

The tables to use depends on the phase noise performance and the expertise of this is in RAN4. There have been suggestions to send an LS to RAN4 to get guidance on the phase noise models and parameters to use but there is no consensus in RAN1 to ask RAN4 for assistance. Hence, we make the following observation

[bookmark: _Toc489947312]RAN1 does not have the expertise to decide accurate PTRS tables based on actual commercial product behaviors
Moreover, there may be at this point in time difficulties to perform measurements on commercial products as they are not available on the market yet. In RAN4 there could be some knowledge of pre-commercial product performance though.

One solution to this issue is given by selecting Option 2, where the UE signals the table to the gNB. However, this seems overly complex and over-engineered and may lead the very complicated and newly developed testing methodology and procedures in RAN4 if each UE can configure its own table.  The number of possible tables a network needs to handle would be very large and there would be impact on scheduler complexity as well. If such route is to be taken, it is a new paradigm for 3GPP and then RAN4 and RAN2 should also be involved as it impacts protocols and testing methodology.

Option 3 is somewhat similar, without having knowledge in RAN1 of an accurate phase noise model for commercial NR UEs, it would be over engineering to go ahead and design multiple tables if anyway all of them anyway are inaccurate. This could be a possible route if RAN4 was involved in assisting RAN1 with phase noise models but as mentioned earlier, there is currently no consensus in RAN1 to consult RAN4 in this issue. 

[bookmark: _Toc489947313]RAN4 and RAN2 needs to be part of a decision if Option 2 or 3 would be selected 
Due to these observations, we prefer that in NR Rel.15 we take a conservative approach and design a single association table pair per SCS (Option 1) with the aim of selecting thresholds conservatively so that we get the performance benefits but it is not optimized (since we don’t know how to optimize at this point in time).  We are open to Option 4, but again, this requires RAN4 involvement as the UE capabilities with respect to phase noise is not within RAN1 expertise.  

[bookmark: _Toc489947323][bookmark: _Toc490205825]Adopt Option 1: A single association table pair per subcarrier spacing.
In order to obtain a good PTRS design using Option 1, a phase noise model verified with empirical measurements must be used to determine the thresholds. So far, the only phase noise model presented in RAN1 that fulfils this requirement is the one presented in [2]. Therefore, in Appendix 5.1 and Appendix 5.2 we show evaluations results for 60 and 120 kHz subcarrier spacing using the phase noise model in [2], with different scheduled BW and different MCS index. 
As the NR MCS tables is not discussed yet, for the evaluations, the LTE MCS and the Transport Block Size have been utilized by using Table 7.1.7.1-1 in [3], considering 2 symbols PDCCH and single front-loaded DMRS pattern. The evaluation results show that the best combination of time and frequency densities for PTRS is dependent on SCS, MCS and scheduled BW. However, making the densities depend on a joint consideration lead to unnecessary complexity and therefore a decoupled approach where frequency density is only dependent on the scheduling BW and SCS, while the time density depends on MCS and SCS was agreed. 
With this decoupling it is observed from the simulated cases that the loss compared to full coupled density determination is not significant. Therefore, based on the evaluations results presented in Appendix 5.1 and Appendix 5.2, we propose the PTRS time and frequency density tables in Table 1 and Table 2, and in Table 3 and Table 4 for 60 and 120 kHz SCS, respectively. 
In the presented graphs, the curve that meets with the PTRS design in Table 1 to Table 4 is painted in green. It can be seen that the proposed thresholds offer a good performance in all the cases. For 256 QAM, the time density is FFS as we didn’t provide evaluation results in this contribution.
[bookmark: _Toc485399125][bookmark: _Toc489947324][bookmark: _Toc490205826]Table 1 and 2 are adopted for association between MCS, Scheduling BW and PTRS time/frequency density for SCS 60 kHz.
[bookmark: _Toc489947325][bookmark: _Toc490205827]Table 3 and 4 are adopted for association between MCS, Scheduling BW and PTRS time/frequency density for SCS 120 kHz.
	Scheduled MCS
	Time density

	QPSK
	No PTRS

	16 QAM
	1/4

	64 QAM
	1/2

	256 QAM
	FFS


[bookmark: _Ref485307247]Table 1. Association table between PTRS time density and MCS for 60kHz SCS.

	Scheduled BW
	Freq. density

	0  BW  8 PRB
	1

	8 PRB BW  32 PRB
	1/2

	32 PRB BW  64 PRB
	1/4

	64 PRB BW 
	1/8


[bookmark: _Ref485307461]Table 2. Association table between PTRS freq. density and scheduled BW for 60kHz SCS.

	Scheduled MCS
	Time density

	QPSK and 16 QAM
	No PTRS

	
	1/4

	256 QAM
	FFS


[bookmark: _Ref485307390]Table 3. Association table between PTRS time density and MCS for 120kHz SCS.

	Scheduled BW
	Freq. density

	0  BW  32 PRB
	1

	32 PRB BW  64 PRB
	1/2

	64 PRB  BW
	1/4


[bookmark: _Ref485307248]Table 4. Association table between PTRS freq. density and scheduled BW for 120kHz SCS.
Discontinuities in PTRS frequency density table
It was pointed out in [4] that PTRS design based on the association table between scheduled BW and PTRS frequency density introduces a discontinuous number of PTRS subcarriers for different scheduled BW’s. These discontinuities can be seen in Figure 1, where we show the number of PTRS subcarriers as a function of the number of scheduled PRB’s for 60 and 120 kHz (Table 2 and Table 4 have been used to obtain these graphs). With the purpose of seeing the effect of these discontinuities in the performance, we show the spectral efficiency and the throughput as a function of the number of scheduled PRB’s in Figure 2 and Figure 3, respectively. 
Figure 2 shows that there is a small change in the spectral efficiency in the PRB’s in which the discontinuities occur. However, this small change does not have a significant impact in the throughput, as can be seen in Figure 3, where the effect of the discontinuities is negligible. Thus, we can conclude that the effect of the discontinuities is not significant, so a more complex PTRS design that avoids the discontinuities (as the one shown in [4]) does not offer any advantages. Therefore, a PTRS design based in Table 2 and Table 4 could be used as it is a much simpler design which offers good performance.
[bookmark: _Toc489947314]The effect of the discontinuities in the number of PTRS subcarriers is negligible.
[bookmark: _Toc489947326][bookmark: _Toc490205828]Table 2 structure in [1] can be  used to represent between PTRS frequency density and scheduled BW, since the effect of the discontinuities in the PTRS table is negligible.
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a) 60 kHz
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b) 120 kHz





[bookmark: _Ref488327758]Figure 1. Number of PTRS subcarriers as a function of the number of scheduled PRB, based on Table 2 and Table 4.
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[bookmark: _Ref488327973]Figure 2. Spectral efficiency evaluation for the discontinuities in the PTRS density tables for 16QAM(3/4) and 30 GHz carrier frequency.
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[bookmark: _Ref488327975]Figure 3 Throughput evaluation for the discontinuities in the PTRS density tables for 16QAM(3/4) and 30 GHz carrier frequency.
PTRS port configuration
In the last RAN1 meeting, different options to determine which DMRS port should be used for PTRS transmission were discussed. The different options are:
· Alt 1: the lowest DL DM-RS port in the DL DM-RS port group.
· Alt 2: one DL DM-RS port in the DL DM-RS port group in a RB, where the one DL DM-RS port may vary across RBs
· Other alternatives are not precluded

Alt 1 and Alt 2 are both fixed association rules, what means that they do not require additional signaling in DL to indicate in which port/ports the PTRS is transmitted (the UE knows the fixed association rule). Alt 2 has the disadvantage that it does not offer the possibility of transmitting PTRS in all PRB’s in the port with best SNR, which decreases the accuracy in the phase estimation. However, Alt 1 does offer the possibility of transmitting PTRS in the best port. To do so, gNB must know which is the best transmission port (this information could be obtained by adding additional signaling in UL based on CSI-RS measurements). If gNB has information about which is the best transmission port in the DMRS group, it can permute the columns of the selected precoder to transmit always the DMRS port with lowest index in the best transmission port (in other words, PTRS is transmitted in the best transmission port without requiring additional signaling in DL).

[bookmark: _Toc489947327][bookmark: _Toc490205829]Adopt Alt 1: The DL PT-RS port is associated with the lowest DL DM-RS port in the DL DM-RS port group.
To inform the gNB about which is the best transmission port, additional signaling must be added. Different signaling alternatives could be used, as UCI or RRC. RRC has the disadvantage that in some cases it could not track the best transmission port, because the radio channel can vary very quickly, so the best transmission port can change quite quickly. Therefore, UCI must include information about the best transmission port, based on CSI-RS measurements.
[bookmark: _Toc489947328][bookmark: _Toc490205830]Support UCI signaling to assist gNB in determining a preferred transmission precoding vector for PTRS, based on CSI-RS measurements.
The UCI signaling is a tradeoff between overhead and performance. It is observed that for rank 1 feedback there is no need to feed back preferred transmission port, while for rank 2 feedback there are two options. 
[bookmark: _Toc489947315]Required bits to indicate preferred precoding vector column and RI are dependent
For example, for up to 4 CSI-RS ports and up to rank 4 transmission, 2 bits are required in the CSI-feedback for the Rank Indicator. By increasing the number of bits to 3, we can include also information about the best transmission port (or precoding matrix column) as shown in Table 5. The presented solution does not allow to signal the best port in all the cases but limits the impact on overhead. For example, for the case with Rank Indicator 4 just 2 ports among 4 can be selected. 
However, even if we cannot select the best transmission port in all the cases, this scheme ensures that PTRS is not transmitted in the worst port, using just 1 additional bit in the UCI. Other options may allow to signal which is the best transmission port in all the cases, but they have the disadvantage of requiring more signaling bits, which is not desired because there are few available bits in the UCI.  Moreover, the performance loss of not transmitting PTRS in the best transmission port for transmissions with high Rank Indicator is not as important as for transmission with low Rank Indicator, because the number of antennas in the receiver is usually higher, so more accuracy in the estimation is obtained thanks to the averaging of the estimation over the different antennas. 
[bookmark: _Toc489947329][bookmark: _Toc490205831]Information about the preferred transmission port is jointly encoded with the Rank Indicator

	Signaled bits
	Rank indicator
	Preferred transmission port

	000
	1
	0

	001
	2
	0

	010
	2
	1

	011
	3
	0

	100
	3
	1

	101
	3
	2

	110
	4
	0

	111
	4
	2


[bookmark: _Ref489438610]Table 5.  Example of joint CSI-feedback information for Rank Indicator and preferred port transmission

PTRS mapping for non-consecutive resource allocation
In the last RAN1 meeting, different options to determine how to handle the PTRS mapping in case of non-consecutive scheduling were discussed. The different options are:
· Alt 1: based on PRBs
· Alt 2: based on VRBs 
· Other alternatives are not precluded

As proven in [5], one of the main properties of the Common Phase Error (CPE) is that it produces an identical phase rotation for all the subcarriers in the transmission. Thus, CPE does not necessarily need to be estimated in the same part of the spectrum where it will be used for the phase compensation. So in principle PTRS mapping based on PRBs does not offer any advantage for the phase compensation, because the phase estimation obtained in a subcarrier can be used in any other subcarrier for the phase compensation. On the other hand, the mapping must avoid that the density of PTRS is too low. 

For NR resource allocation type 0, RBGs are used and one possibility is to ensure that each RBG has at least one PTRS which will ensure that the mapping works well also in the case for non-consecutive resource allocation. One observation from Table 2 and Table 4 above is that the BW thresholds are quite similar to the RBG definition thresholds use in LTE RBG and PRG definitions. On the other hand, RBG and PRG definitions for NR are not settled yet and there seem to be a greater possibility for configurability compared to LTE. Nevertheless, we make the following:

[bookmark: _Toc489947330][bookmark: _Toc490205832]For NR resource allocation type 0, consider a simple mapping rule where at least one PTRS subcarrier per RBG is defined to avoid issues with non-consecutive resource allocation.

Note that this is an alternative to Table 2 and 4 above but it is hard to progress further until there has been more progress in the PRB bundling and RBG discussions in RAN1.

For NR resource allocation type 1, it makes sense to consider mapping PTRS to a subcarrier in every n:th allocated physical RB. 

[bookmark: _Toc489947331][bookmark: _Toc490205833]For NR resource allocation type 1, consider a simple mapping rule where one PTRS subcarrier per n:th PRB is defined to avoid issues with non-consecutive resource allocation.
[bookmark: _Toc485298801][bookmark: _Toc485298864]PTRS multiplexing for MU-MIMO
It has not been yet agreed if NR should use orthogonal or non-orthogonal multiplexing of PTRS for co-scheduled UE’s in MU-MIMO. In [6] we discussed about the different advantages and disadvantages of orthogonal and non-orthogonal multiplexing of PTRS for MU-MIMO. The main conclusion was that orthogonal PTRS multiplexing for MU-MIMO has higher overhead, requires additional signalling and may present EPRE (Energy per RE) imbalance problems in some cases.  Moreover, in [7] is shown that the performance that could be obtained with non-orthogonal multiplexing is almost as good as the one with orthogonal multiplexing. Therefore, non-orthogonal multiplexing is preferred because it has lower overhead, does not require additional signalling, and has good EPRE properties.
[bookmark: _Toc485298872][bookmark: _Toc485399129][bookmark: _Toc489947332][bookmark: _Toc490205834]Orthogonal PTRS for MU-MIMO is not supported.

PTRS and CSI-RS multiplexing
One of the remaining open issues in the PTRS design is its mapping when it is multiplexed with CSI-RS. Different solutions for this problem were previously presented. All the solutions presented so far are based on changing the subcarrier or the PRB index in which PTRS is mapped to avoid the collision of PTRS and CSI-RS. In this context it should be noted that CSI-RS/PTRS FDM multiplexing is only necessary in case data and CSI-RS are multiplexed – PTRS does not need to be present in symbols with no data. If PTRS is associated with a fixed DMRS port (as we propose), say port n, then one still need to define on which of subcarriers PTRS should be placed out of the one containing DMRS for port n. A simple solution is to place PTRS on a subcarrier that is determined by the DMRS configuration only (for example the subcarrier with lowest index that is used by DMRS port n). The CSI-RS can then be configured so that it does not occupy subcarriers containing PTRS. For CSI-RS density D < 1 re/PRB/port this may be achieved by placing CSI-RS in PRBs not occupied by PTRS, and for D=1 this may be achieved by suitable configuration of CSI-RS pattern. This approach has the advantage of not creating dependencies between CSI-RS configuration and PTRS placement from the UE perspective. Note that this approach works best if the DMRS port associated with PTRS is constant in all scheduled PRBs (as we propose above).
[bookmark: _Toc490205835]Subcarriers used by PTRS is a function of DMRS configuration and DMRS port index. No explicit dependency on CSI-RS configuration is needed in specification.


Conclusions
[bookmark: _In-sequence_SDU_delivery]Based on the discussion in this contribution we propose the following:
Proposal 1	Adopt Option 1: A single association table pair per subcarrier spacing.
Proposal 2	Table 1 and 2 are adopted for association between MCS, Scheduling BW and PTRS time/frequency density for SCS 60 kHz.
Proposal 3	Table 3 and 4 are adopted for association between MCS, Scheduling BW and PTRS time/frequency density for SCS 120 kHz.
Proposal 4	Table 2 structure in [1] can be  used to represent between PTRS frequency density and scheduled BW, since the effect of the discontinuities in the PTRS table is negligible.
Proposal 5	Adopt Alt 1: The DL PT-RS port is associated with the lowest DL DM-RS port in the DL DM-RS port group.
Proposal 6	Support UCI signaling to assist gNB in determining a preferred transmission precoding vector for PTRS, based on CSI-RS measurements.
Proposal 7	Information about the preferred transmission port is jointly encoded with the Rank Indicator
Proposal 8	For NR resource allocation type 0, consider a simple mapping rule where at least one PTRS subcarrier per RBG is defined to avoid issues with non-consecutive resource allocation.
Proposal 9	For NR resource allocation type 1, consider a simple mapping rule where one PTRS subcarrier per n:th PRB is defined to avoid issues with non-consecutive resource allocation.
Proposal 10	Orthogonal PTRS for MU-MIMO is not supported.
Proposal 11	Subcarriers used by PTRS is a function of DMRS configuration and DMRS port index. No explicit dependency on CSI-RS configuration is needed in specification.


References
[bookmark: _Ref485303303][1]	R1-1709521, “WF on PTRS for CP-OFDM”
[bookmark: _Ref485370050][2]	R4-1701165, “On mm-wave phase noise modelling”, Ericsson
[bookmark: _Ref488156545][3]	TS 36.213, “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical layer procedures”
[bookmark: _Ref488327584][4]	R1-1710297, “On UL PT-RS design”, LG Electronics
[bookmark: _Ref477791508][5] 	R1-1612335, “On phase noise effects”, Ericsson
[bookmark: _Ref488400560][6] 	R1-1711047, “On DL PTRS design”, Ericsson
[bookmark: _Ref488401064][7] 	R1-1710296, “On DL PT-RS design”, LG Electronics



Appendix
[bookmark: _Ref488155923]Evaluations for 60 kHz subcarrier spacing
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Figure 4. Evaluation results for MCS index 8 at 30 GHz carrier frequency with 60 kHz SCS.
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Figure 5. Evaluation results for MCS index 10 at 30 GHz carrier frequency with 60 kHz SCS.
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Figure 6. Evaluation results for MCS index 16 at 30 GHz carrier frequency with 60 kHz SCS.
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Figure 7. Evaluation results for MCS index 18 at 30 GHz carrier frequency with 60 kHz SCS.



		[image: ]
a) 2 PRB
	[image: ]
b) 4 PRB




		[image: ]
c) 8 PRB
	[image: ]
d) 16 PRB




		[image: ]
e) 32 PRB
	[image: ]
f) 64 PRB





Figure 8. Evaluation results for MCS index 28 at 30 GHz carrier frequency with 60 kHz SCS.

[bookmark: _Ref488155951]Evaluations for 120 kHz subcarrier spacing
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Figure 9. Evaluation results for MCS index 16 at 30 GHz carrier frequency with 120 kHz SCS.
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Figure 10. Evaluation results for MCS index 18 at 30 GHz carrier frequency with 120 kHz SCS.
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Figure 11. Evaluation results for MCS index 28 at 30 GHz carrier frequency with 120 kHz SCS.

Simulations assumptions
	Parameter
	Value

	Channel Model
	TR38900_5G_CDL_B

	Phase noise model
	As proposed in [2], applied on both BS and UE

	Tx Scheme
	2x2 antenna panel

	Rx Scheme
	1x2 antenna panel

	UE speed
	3km/h

	Delay spread
	100 ns

	Transmission Slot Length
	14 symbols

	Link Adaptation
	Disabled

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation


[bookmark: _Ref477940397]Table 6. Simulation assumptions 1
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