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Introduction
In RAN1#88b, the following agreement was made:
· For CP-OFDM, the same PTRS to RE mapping and PTRS densities in time and frequency are available for DL and UL 
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration
· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 
· For single-user case, support orthogonal multiplexing among PTRS ports, if multiple PTRS antenna ports are supported.
· FFS: how to multiplex multiple PTRS ports, e.g. FDM, TDM, CDM
· FFS: Whether to support multiple PTRS ports or not (FFS: Max number of PTRS APs).
· Support orthogonal multiplexing between PTRS and data transmitted or received by a single UE.
· For MU-MIMO, non-orthogonal multiplexing of e.g. PTRS/PTRS and PTRS/data is possible but also orthogonal multiplexing to be considered
· FFS: Support multiplexing through multiple scrambling sequences for PTRS port(s) 
· Support association between PTRS port and DMRS port group

[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
As shown in [1], at mm-Wave frequencies the Common Phase Error (CPE) produced by phase noise is the main degradation produced by this hardware impairment. Therefore, our discussion will mainly focus on using the PTRS for CPE estimation and correction. 
It should also be mentioned that PTRS could also be used for fine frequency offset estimation, but the requirements for frequency offset estimation are different and may be better served by a separate reference signal. The discussion on additional use of PTRS for other purposes will be discussed under the tracking agenda point 7.1.2.4.6 and not further discussed in this contribution which focus on phase noise issues.
PTRS Time/Frequency density 
The time/frequency density of PTRS is one of the key aspects in the design of this reference signal. On the one hand, the time density is related with the correlation of the phase rotation produced by CPE, which is shown to not be completely uncorrelated for consecutive OFDM symbols [1]. Hence, using a non-continuous PTRS signal in time domain could offer good results in some scenarios due to lower overhead. The proposed PTRS time densities are shown in Figure 1, i.e., PTRS every, every second and every fourth OFDM symbol. On the other hand, the frequency density of PTRS is related with the accuracy in the phase estimation. In Figure 2 we show the proposed PTRS frequency densities, i.e., one PTRS subcarrier every, every second, every fourth and every eighth PRB.
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[bookmark: _Ref477792207]Figure 1. Proposed PTRS time densities.
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[bookmark: _Ref481501091]Figure 2 Proposed PTRS frequency densities
In Figure 3 to Figure 11 we show the evaluation results at 30 GHz for different time/frequency PTRS densities with different MCS, different scheduled BW, and 60 and 120 kHz subcarrier spacing (SCS). In the evaluations we have used the time densities shown in Figure 1 and frequency densities shown in Figure 2. The assumptions in Table 3 have been used. 
The presented results show that PTRS only provide spectral efficiency gain in some cases as it comes with an RS overhead penalty, revealing that the presence of PTRS must be associated with the scheduled BW, MCS, and SCS. For example, for 120 kHz SCS, 16-QAM(3/4) and 2 PRB scheduled BW, PTRS does not provide any spectral efficiency gain, while for 60 kHz SCS, 64-QAM(5/6) and 32 PRB scheduled BW the spectral efficiency gain provided by PTRS is significant.
[bookmark: _Toc481694773][bookmark: _Toc481699418][bookmark: _Toc481748369][bookmark: _Toc481756513]The PTRS presence should depend on SCS, MCS and scheduled BW.
Moreover, the evaluation results further show that the best combination of time and frequency densities for PTRS is also dependent on SCS, MCS and scheduled BW. For example, PTRS time density 2 and frequency density 1 gives the best results for 60 kHz SCS, 64-QAM(5/6), and 2 PRB scheduling BW, while time density 1 and frequency density 4 gives the best results for 120 kHz SCS, 64-QAM(5/6) and 32 PRB.
The best combination of time and frequency densities for PTRS depends on MCS, SCS and scheduled BW jointly.
However, making the densities depend on a joint consideration may lead to unnecessary complexity and it is worth considering a decoupled approach where frequency density is only dependent on the scheduling BW (as already agreed) while the time density depends on MCS and SCS. With this decoupling it is observed from the simulated cases that the loss compared to full coupled density determination {scheduling BW, MCS, SCS} is only 0.1-0.2 b/s/Hz in these link evaluations.
The spectral efficiency gain in determining the frequency density on additional parameters than the scheduling BW is modest (0.1-0.2 b/s/Hz) in the simulated cases.
Moreover, this gain is using a link level evaluations and the gains in system level evaluation with additional impairments is likely to be smaller or negligible. We thus make these proposals:
[bookmark: _Toc481694774][bookmark: _Toc481699419][bookmark: _Toc481748370][bookmark: _Toc481756514][bookmark: _Toc481694775][bookmark: _Toc481699420][bookmark: _Toc481748371][bookmark: _Toc481748372]Make a working assumption that the PTRS freq. density is determined by the scheduled BW only, unless scenarios with significant benefits have been demonstrated with using a dependence on additional parameters.
[bookmark: _Toc481748373][bookmark: _Toc481756515]The PTRS time density is determined by the MCS and SCS.
[bookmark: _Toc481699422][bookmark: _Ref481583660][bookmark: _GoBack]
The dependencies between time and frequency densities can be expressed as two configuration table like Table 1 and Table 2 for each SCS. Each table is divided in different intervals (limited by the MCS/scheduled BW thresholds) and each interval contains the following information:
· PTRS presence flag (ON or OFF)
· PTRS time/freq density
For each transmission, the interval a related with the MCS and the interval b related with the scheduled bandwidth is selected. If MCS_PTRS_flag=ON and RB_PTRS_flag=ON, PTRS is scheduled with Time density Ya and frequency density Xb. If MCS_PTRS_flag=OFF or RB_PTRS_flag=OFF PTRS is not scheduled.
The creation of the tables is highly dependent on state of the art UE implementation and used oscillators and it is thus up to RAN4 to determine the thresholds and intervals of this table.
[bookmark: _Toc481748374][bookmark: _Toc481756516]Inform RAN4 about the PTRS decisions so they can start working on deciding on the MCS thresholds and scheduling BW thresholds for the time and frequency densities suggested by RAN1.

	MCS0<MCS< MCS1
	MCS_PTRS_flag
	Time density Y0

	MCS1<MCS< MCS2
	MCS_PTRS_flag
	Time density Y1

	…
	…
	

	MCSN-1<MCS< MCSN
	MCS_PTRS_flag
	Time density YN-1


[bookmark: _Ref481742402]Table 1. PTRS time density configuration table for a given SCS.
	RB0< RB < RB1
	RB_PTRS_flag
	Freq. density X0

	 RB1< RB < RB2
	RB_PTRS_flag
	Freq. density X1

	…
	…
	

	RBM-1< RB < RBM
	RB_PTRS_flag
	Freq. density XM-1






[bookmark: _Ref481742404]Table 2. PTRS frequency density configuration table for a given SCS.



	[bookmark: _Toc477949062][bookmark: _Toc477949116][bookmark: _Toc477949158][image: ]a) 60 kHz SCS
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[bookmark: _Ref477855754]Figure 3. Different PTRS time/freq. densities for carrier frequency 30 GHz, 16-QAM(3/4) and 2 PRB.
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Figure 4. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(3/4) and 2 PRB.
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Figure 5. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(5/6) and 2 PRB.
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Figure 6. Different PTRS time/freq. densities for carrier frequency 30 GHz, 16-QAM(3/4) and 8 PRB.
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Figure 7. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(3/4) and 8 PRB.
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Figure 8. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(5/6) and 8 PRB.
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Figure 9. Different PTRS time/freq. densities for carrier frequency 30 GHz, 16-QAM(3/4) and 32 PRB.
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Figure 10. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(3/4) and 32 PRB.
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[bookmark: _Ref481575314]Figure 11. Different PTRS time/freq. densities for carrier frequency 30 GHz, 64-QAM(5/6) and 32 PRB.

PTRS position in frequency domain
As shown in [2], one of the open issues in the PTRS design is its position in frequency domain. In this section we study which subcarrier should be used by PTRS within a PRB.

In RAN88bis it was agreed to support association between PTRS port and DMRS port group, which means that only 1 PTRS port is used per DMRS port group (and the PTRS is transmitted in the same port and with the same precoder as one of the DMRS ports in the group).  One important aspect to consider in the PTRS design is if PTRS should be mapped to a subcarrier in which DMRS is also mapped (Figure 12a) or if it should be mapped to a different subcarrier (Figure 12b). The phase estimation based on PTRS assumes that the radio-channel is the same in the RE of the PTRS and in the RE of its associated DMRS reference. Therefore, if DMRS and PTRS are transmitted in the same subcarrier the phase estimation and compensation will be more accurate, because the channel in RE’s in the same subcarrier is more similar than the channel in 2 RE located in two different subcarriers.

[bookmark: _Toc481694782][bookmark: _Toc481699426][bookmark: _Toc481748375][bookmark: _Toc481756517]The PTRS is present in one of the subcarriers used by the DMRS port to which the PTRS is linked.
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[bookmark: _Ref481669635]Figure 12. PTRS subcarrier allocation.
[bookmark: _Toc481694783][bookmark: _Toc481699427]The number of available subcarriers in a PRB for PTRS is limited to the set of subcarriers used by the DMRS port (to which the PTRS is linked to).  If PTRS always uses the subcarrier with lowest index (from the set of subcarriers used by DMRS) no additional signalling is needed. In Figure 13 the PTRS and DMRS scheduling in a PRB for two ports transmission is shown. 
This procedure is also valid for the case with more than 1 DMRS group (more than 1 PTRS transmitted). In Figure 14 the PTRS and DMRS scheduling in a PRB for 2 DMRS groups with 2 ports each is shown. In this case the UE must know the number of DMRS groups and which ports are included in each group. 
Moreover, for a MU-MIMO scenario this approach is still valid. In the case in which there is enough spatial multiplexing gain, even if different PTRS collide in the same allocation the phase estimation would still be accurate. In the case in which there is not high spatial multiplexing gain, a comb structure is used for DMRS which makes that the previous approach is still valid, because the PTRS of different UE will be mapped to different subcarriers (according to the comb structure).
[bookmark: _Toc481748376][bookmark: _Toc481694784][bookmark: _Toc481699428][bookmark: _Toc481756518][bookmark: _Toc481747841][bookmark: _Toc481747880][bookmark: _Toc481748377][bookmark: _Toc481747842][bookmark: _Toc481747881][bookmark: _Toc481748378][bookmark: _Toc481747843][bookmark: _Toc481747882][bookmark: _Toc481748379][bookmark: _Toc481747844][bookmark: _Toc481747883][bookmark: _Toc481748380][bookmark: _Toc481747845][bookmark: _Toc481747884][bookmark: _Toc481748381][bookmark: _Toc481747846][bookmark: _Toc481747885][bookmark: _Toc481748382][bookmark: _Toc481747886][bookmark: _Toc481748383][bookmark: _Toc481748384]The subcarrier used by PTRS within a PRB should be the DMRS subcarrier with lowest index in the PRB.


[bookmark: _Toc481694785][bookmark: _Toc481699429][bookmark: _Toc481748385][bookmark: _Toc481748714][bookmark: _Ref481683119]Figure 13 PTRS mapping for 2 DMRS ports transmission.
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[bookmark: _Ref481683275]Figure 14. PTRS mapping for 2 DMRS groups with 2 DMRS ports each.

Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	The PTRS presence should depend on SCS, MCS and scheduled BW.
Proposal 2	Make a working assumption that the PTRS freq. density is determined by the scheduled BW only, unless scenarios with significant benefits have been demonstrated with using a dependence on additional parameters.
Proposal 3	The PTRS time density is determined by the MCS and SCS.
Proposal 4	Inform RAN4 about the PTRS decisions so they can start working on deciding on the MCS thresholds and scheduling BW thresholds for the time and frequency densities suggested by RAN1.
Proposal 5	The PTRS is present in one of the subcarriers used by the DMRS port to which the PTRS is linked.
Proposal 6	The subcarrier used by PTRS within a PRB should be the DMRS subcarrier with lowest index in the PRB.
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0. [bookmark: _Toc477947887]Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	100 ns

	Link Adaptation
	Disabled

	Tx Scheme
	Single antenna transmission scheme (1 port)

	Rx Scheme
	Single antenna transmission scheme (1 port)

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE

	Number of layers
	1

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation


[bookmark: _Ref477940397]Table 3. Simulation assumptions 1
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