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1 Introduction

In this paper, further details of PTRS for CP-OFDM are discussed. The evaluation assumptions are aligned with [1]

 REF _Ref465239156 \r \h  \* MERGEFORMAT 
[2]

 REF _Ref481675865 \r \h  \* MERGEFORMAT 
[3], while specific choices will be given along with the results. 

2 Port configuration
In this section, we provide our views on the maximum number of PTRS ports and UE assistance for PTRS port configuration. 

2.1 Maximum number of ports

When gNBs are made with good implementation (e.g., GaAs) and almost negligible phase noise, the required number of PTRS ports will be determined by the number of independent phase noise sources (oscillators) at UE side. On the other hand, for backhaul with high-order modulation (e.g., 1024QAM) or low-cost gNBs with non-negligible phase noise, the required number of PTRS ports also depends on independent phase noise sources (oscillators) at gNB side. In agreed evaluation assumptions, the maximum number of uncalibrated TXRU (i.e., panels) at gNB and UE are both up to 4. Considering these factors, we suggest to support at least up to 4 PTRS ports for CP-OFDM in both DL and UL. 

Proposal 1: Support at least up to 4 PTRS ports for CP-OFDM in DL and UL. 

2.2 UE assistance for port configuration

With larger UE size (e.g., laptop), the TXRUs at such UE may not be driven by a common oscillator, as the connector loss in high frequency band is quite significant. As can be expected, whether the TXRUs at a UE sharing a common oscillator or not is unknown to gNB if there is no indication from this UE. Such information can help gNB to configure the number of PTRS ports and association between DMRS and PTRS (e.g., using one PTRS port if common oscillator and multiple PTRS ports otherwise), leading to reduced overhead and improved throughput. For these reasons, capability indication on UE TXRUs sharing oscillator or not should be supported. This example is further illustrated in Figure 1
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Figure 1 Strategy for configuring number of PTRS ports considering UE TXRUs sharing oscillator or not

Evaluations are performed to check the necessity of scheduling multiple PTRS ports for a single UE, with UE TXRUs are sharing an oscillator or not, especially for UL. Frequency density of every 4th RB and time density of every symbol are assumed, with a total number of 32 RBs and 2-layer transmission. As can be seen in Figure 2, with UE TXRUs sharing an oscillator, a single PTRS port is enough and the RS overhead is reduced. However, significant SE gains can be achieved by scheduling multiple PTRS ports for UE, to cope with multiple independent phase noise sources.
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Figure 2 SE of configuring different number of PTRS ports with UE TXRUs sharing oscillator or not
In addition, UE can also report the maximum number of independent oscillators at this UE. Such extra information can help gNB to configure the exact number of PTRS ports for this UE. For example, when four layers (and DMRS ports) are configured, if a UE has reported that it has only two independent oscillators, the gNB can configure only two PTRS ports for this UE, instead of four, which can further reduce the PTRS overhead. 

Similar with the capability indication discussed above, UE can report whether the instant phase errors measured on PTRS ports with previous/default configuration are mostly same or different, to assist reconfiguration of the number of PTRS ports and QCL/precoder association with DMRS. Such reporting can further accommodate more complicated implementations, e.g., only part of UE TXRUs share the oscillator, and whether the chosen TXRUs sharing oscillator or not can change with time.

Proposal 2: Support UE to report TXRUs sharing an oscillator or not, and/or, maximum number of independent oscillators at UE, and/or, whether phase errors measured on PTRS ports are same or not.

3 Presence and pattern

As described in Table 1 and Table 2, predefined and RRC-configured association between PTRS densities and scheduled MCS/BW are supported. 

Table 1 Association between scheduled MCS and PTRS time density
	Scheduled MCS
	Time density

	0 <= MCS < MCS1
	No PTRS

	MCS1 <= MCS < MCS2
	TD1

	MCS2 <= MCS < MCS3
	TD2

	MCS3 <= MCS < MCS4
	TD3


Table 2 Association between scheduled BW and PTRS frequency density
	Scheduled BW
	Frequency density 

	0 <= NRB < NRB1
	No PTRS

	NRB1 <= NRB < NRB2
	FD1

	NRB2 <= NRB < NRB3
	FD2

	NRB3 <= NRB < NRB4
	FD3 

	NRB4 <= NRB < NRB5
	FD4

	NRB5 <= NRB
	FD5


As the MCS table for NR has not been decided, the predefined association can be discussed at a later stage. Nevertheless, some preliminary suggestions have been provided in [4].

A single table pair can be predefined for each subcarrier spacing. In this way, for a bandwidth part (BP) group where the BPs in this group are with same subcarrier spacing, the same association rules are applied. Nevertheless, it should be noted that the subcarrier spacing of 60 kHz will be used for both below and above 6 GHz and defining a single table pair per subcarrier spacing may create some ambiguity on whether PTRS is used for below 6 GHz or not. One way to address this issue is to set the predefined association based on 30 GHz band only, and also to configure association between PTRS and PDSCH DMRS. That is, if no PTRS is associated with PDSCH DMRS, PTRS will not be used. In this way, the table pair defined for 30 GHz will not be blindly used for below 6 GHz. In fact, such configuration has partially captured in previous agreements but it worthwhile to make it as a formal agreement. 

Proposal 3: Support configuring phase tracking association between PTRS and DMRS (group) to indicate whether PTRS is used for this DMRS (group). 

3.1 UE assistance for RRC configuration

From the evaluation results and summarized tables in [4] (copied here as Table 3 and Table 4), it can be seen that the MCS thresholds suitable for phase noise models in [2] and [3] are quite different. 

Table 3 Suggested MCS thresholds and time density PTRS for phase noise models in [2]
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	24
	24
	28
	29
	1/4
	1/2
	1


Table 4 Suggested MCS thresholds and time density for PTRS for phase noise models in [3]
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	19
	22
	28
	29
	1/4
	1/2
	1


Considering the expected frequency deviations from the representative band and to allow for different gNB/UE implementations whilst providing forward compatibility, using RRC signalling to configure the association between PTRS densities and MCS/BW is also supported.

With the RRC-configured association rules in Table 1 and Table 2, gNB is able to configure always-present PTRS (whenever data comes) for UE to track Doppler or CFO. For example, let MCS1 = 0, MCS2 = MCS3 = MCS4 = 29 (together with appropriate configuration of the BW thresholds), a PTRS pattern with a fixed time density of every 4th symbol can be configured. In this way, no specific signalling is needed for supporting Doppler/CFO compensation. 

In a simplest example, if the predefined table is selected based on phase noise model in [2], PTRS will not be scheduled when the MCS is lower than 64QAM 3/4. However, if the UE phase noise model happens to be closer to that in [3], as suggested in [5], PTRS is needed when the MCS is beyond 16QAM 3/4. Such a mismatch will lead to significant performance loss, as a worst case, leaving non-negligible phase errors uncompensated. This effect is illustrated in the bottom part of Figure 3, where MCS values of 16QAM 5/6 and 64QAM 2/3 are used. 

In the meantime, as the MCS/BW used in UL is typically lower/smaller than DL, gNB may not be able to acquire sufficient information for selecting proper MCS/BW thresholds based on only previous UL transmissions. In this case, UE to report/suggest MCS/BW thresholds for presence/pattern indication of PTRS in Table 1/2 should be supported. 

Proposal 4: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.
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Figure 3 SE loss when the association is not UE-specifically configured based on UE feedback
3.2 Non-continuous scheduling
The previous discussions on PTRS mainly considered continuous resource allocation. The other case of non-continuous scheduling should also be considered, at least for DL. As illustrated in Figure 4, if the RBs for mapping PTRS are selected based on the absolute index, we will be at the risk of mapping PTRS to RBs which are not allocated to this UE and even higher overhead than the desired one. In addition, if the PTRS on RBs non-allocated to this UE are simply not mapped, in extreme cases, we may end up with no or much less PTRS in frequency domain, leading to reduced accuracy of phase tracking. To address these issues, we propose to select RBs for mapping PTRS based on relative index among the allocated RBs. Such a translation (from absolute to relative index) can ensure PTRS not mapped to non-allocated RBs, keep the desired overhead, and more importantly provide uniformly distributed PTRS within the allocated RBs for better robustness against frequency-selective fading. 
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Figure 4 Advantages of mapping PTRS based relative RB index
Proposal 5: For non-continuous resource allocation, RB(s) is/are selected for mapping PTRS based on relative index among the allocated RBs

3.3 Additional frequency densities
In the last meeting, a company proposed to change the agreed frequency density of every 2nd/4th RB to the exact number of subcarriers occupied by PTRS, because of potential back-jumping on number of subcarriers occupied by PTRS at boundaries of allocated BW [6]. To us, this kind of jump is not an issue, as long as the scheduled PTRS can provide sufficient phase tracking performance with affordable overhead. In addition, we found the proposed change even more problematic, as it can lead to non-uniform distribution of PTRS, even for continuous resource allocation, as depicted in Figure 3 of [6]. With the proposed change, the frequency density will be made quite arbitrary, and such a design will further complicate UE implementation, without any additional gain. 

To enable scheduling PTRS for Doppler/CFO tracking for one RB case, it is beneficial to add every RB to the set of frequency densities of PTRS. In addition, considering that we are going to support very large scheduled BW (e.g., over 200 RBs) and to reduce the chance of collision with other RS(s), we propose to include the frequency density of every 8th RB as well. 

Proposal 6: Support frequency densities of every RB and every 8th RB for PTRS for CP-OFDM.

4 Remaining issues
Several remaining but important issues on PTRS design are discussed here, including presence/pattern for reserved MCS, power boosting, interference randomization, and two-CW transmission. 

4.1 Presence/pattern for reserved MCS

The association between presence/time-density of PTRS and scheduled MCS should also consider the reserved MCS(s), where a high MCS value may actually refer to a low modulation order, as illustrated in Figure 5. If we don't do anything, the highest time/frequency density will be applied even for very low-order modulation (e.g., QPSK). In this case, the inserted RS will increase the coding rate and may lead to even worse decoding performance. One possible solution is that for these reserved MCS(s), the presence/time-density of PTRS can be set to those for the maximum non-reserved MCS value whose modulation order is the same as the scheduled MCS.
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Figure 5 MCS table in R14 with reserved TBS Indices
Proposal 7: Presence/time-density of PTRS for MCS index corresponding to reserved TBS index is the same as maximum MCS index associated with non-reserved TBS index but with same modulation order.

4.2 Power boosting 

For multi-layer transmission, if the number of PTRS ports equals the number of DMRS ports, as shown in Figure 6

 REF _Ref485393539 \h 
, to support orthogonal multiplexing between PTRS and data on different layers for one UE, some REs (marked as “X”) are unavailable for mapping data for one layer. To improve phase tracking performance, the energy on these “unavailable” REs can be used to boost the transmit power of the PTRS corresponding to this particular layer. In this particular case, and without introducing any further power consumption, the difference between PTRS transmit power and data transmit power per layer is 3dB, i.e., the logarithm of the number of layers.
When the number of PTRS ports is smaller than the number of DMRS ports, power boosting for PTRS can also be considered. As shown in Figure 7, a “cross-layer” power borrowing concept can be applied to boost the PTRS transmit power by using the energy of muted REs on the other layer. Still, in this particular case, PTRS transmit power is 3dB higher than the data transmit power in the layer it presents, without impacts on the total power consumption.
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Figure 6 Example RE mapping of 2-port PTRS in one RB for 2-layer transmission

[image: image13.png]X

contral

data

mte

DIRS

PTRS

layer#1, DMRS port#1

X

contral

data

mte

DIRS

PTRS

layer#2, DMRS port#2





Figure 7 Example RE mapping of 1-port PTRS in one RB for 2-layer transmission
For the case of two layer and 2 PTRS ports transmission, the effects of power boosting  are examined in Figure 8, with frequency density of every 2nd RB and time density of every symbol, and a total number of 8 RBs. As can be seen, for the case under consideration, power boosting can lead to ~0.2 bit/Hz/s SE gain, without increasing the overall power consumption. 

For the case of two layer and 1 PTRS port transmission, the effects of “cross-layer” power borrowing are examined in Figure 9, with the time/frequency density as in Figure 8. Without increasing the overall power consumption, such power boosting can lead to ~0.3 bit/Hz/s SE gain.

Proposal 8: Support power boosting for PTRS, and the difference between PTRS power and data channel power is the logarithm of the number of layers.
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Figure 8 SE gain of power posting for PTRS for 2 PTRS port transmission
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Figure 9 SE gain of power posting for PTRS for 1 PTRS port transmission
4.3 Interference randomization

For MU-MIMO, non-orthogonal multiplexing between PTRS and PTRS or PTRS and data is supported. In this case, for interference randomization, the PTRS for paired users can be mapped to different frequency positions, by introducing a RB-level or RE-level frequency offset among them. For example, within one RB, the specific position of PTRS may be associated with the corresponding DMRS port, or UE ID, or PTRS port ID, etc. Such interference randomization is particularly important for the case where power boosting is applied on PTRS.
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Figure 10 RB-level offsets for interference randomization for MU-MIMO
In Figure 11, we provided evaluation results on using three different methods for mapping PTRS of different UEs for interference randomization, with power boosting for PTRS from the interfering UEs. Method A represents same sequence and same frequency offsets, method B means different sequences but same frequency offsets, and method C means different sequence and different frequency offsets. Considering the negligible specification efforts, the SE gain (0.2~0.5 bit/Hz/s) is still very appealing, especially when there are more than one interfering UEs. 
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Figure 11 SE gain of interference randomization using different sequences and frequency offsets
Proposal 9: Support using different frequency offsets for mapping PTRS for different UEs for interference randomization. 

5 Summary of proposals

The proposals in this paper are summarized as follows. 
Proposal 1: Support at least up to 4 PTRS ports for CP-OFDM in DL and UL. 

Proposal 2: Support UE to report TXRUs sharing an oscillator or not, and/or, maximum number of independent oscillators at UE, and/or, whether phase errors measured on PTRS ports are same or not.

Proposal 3: Support configuring phase tracking association between PTRS and DMRS (group) to indicate whether PTRS is used for this DMRS (group).

Proposal 4: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.

Proposal 5: For non-continuous resource allocation, RB(s) is/are selected for mapping PTRS based on relative index among the allocated RBs

Proposal 6: Support frequency densities of every RB and every 8th RB for PTRS for CP-OFDM.

Proposal 7: Presence/time-density of PTRS for MCS index corresponding to reserved TBS index is the same as maximum MCS index associated with non-reserved TBS index but with same modulation order.

Proposal 8: Support power boosting for PTRS, and the difference between PTRS power and data channel power is the logarithm of the number of layers.

Proposal 9: Support using different frequency offsets for mapping PTRS for different UEs for interference randomization. 
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