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Introduction
In RAN1#87, the following agreement was made regarding a PT-RS:
Agreements:
· RS for Phase tracking is denoted as PT-RS
· FFS: Naming of RS
· PT-RS supports the following for CP-OFDM: 
· Time-domain density of mapped on every other symbol and/or every symbol and/or every 4-th symbol
· FFS: Whether/how to down-select the time-domain density
· Note: Other time-domain densities of PT-RS are not precluded
· At least for UL 
· The presence of PT-RS is UE-specifically configured
· FFS: Whether implicit and/or explicit UE-specific configuration is supported
· PT-RS is confined in the scheduled time/frequency duration for a UE
· FFS: UE-specific and/or non-UE-specific and/or cell-specific for DL
· The following are to be studied for PT-RS:
· Number of PT-RS ports to be supported
· Use of precoding 
· QCL relationship with other RS, e.g., DM-RS 
· Details on frequency domain pattern(s) and/or variable frequency domain densities
· Whether PT-RS is necessary for DFT-s-OFDM waveform
· Sharing of time/frequency resource between PT-RS among UEs and/or among layers of a single UE
· Additional usage for estimating residual frequency offset and/or high-speed channel
· Possible method(s) to improve phase estimation performance from PT-RS
· E.g., using ZP/NZP PT-RS to reduce interference 
· Details of UE-specific configuration, e.g., associated with the scheduled MCS and/or BW, the number of scheduled layers, or use dedicated signaling
· Others are not precluded
· FFS whether new RS is introduced or extended DMRS is used for phase tracking

[bookmark: _GoBack]Introduction
Phase noise is present in any practical communication system, and impact the system by introducing random phase variations of the received signal. For an OFDM system, this will lead to inter-carrier interference as well as to a common phase error (CPE) on all subcarriers. With increasing carrier frequency, the variance of the phase noise increases, leading more pronounced problems. For NR, targeting carrier frequencies of 6 GHz and above, measures need to be taken to reduce phase noise induced degradation of system performance. 
In previous meetings, it has been agreed to study the design of phase noise tracking reference symbols (PTRS), used to estimate and compensate for phase noise related errors. One of the most important design considerations is the time and frequency density of the PTRS. This is important both with respect to the processing gain needed and the time variations in the phase noise process. In some of the later sections we investigate this in a basic SISO setup.
First we present a general discussion about the design aspects of the PTRS are discussed. 
[bookmark: _Ref178064866]Discussion
Phase noise introduces both a common phase errors (CPE) on all subcarriers, which lead to a rotation of the received constellation symbol, as well as inter carrier interference (ICI). In [1], the CPE is observed to dominate over the ICI introduced by phase noise. Therefore, our discussion will mainly focus on using the PTRS for CPE estimation. It should also be mentioned that PTRS could also be used for frequency offset estimation. Furthermore, for PTRS design implications related to DFT-S-OFDM, please refer [2]. The main conclusion is that for the targeted scenarios for DFT-S-OFDM the need for PTRS is limited.
[bookmark: _Toc471725671][bookmark: _Toc471746740]Consider to preclude a phase tracking reference signal in the DFT-S-OFDM waveform

In [1], it is observed that lower order modulation is less sensitive to phase errors, as compared to higher order modulation. It is therefore expected that the problem with CPE will be more pronounced for users in favourable channel conditions, achieving the high SNR required for higher order modulation. Therefore, PTRS is not necessarily required to be transmitted to/from all active UEs. From a resource utilization perspective, it is therefore beneficial to only transmit PTRS when needed. This will reduce overhead for the UL, and for DL if UE specific PTRS are used, the reduction can either be in terms of more data symbols or less interference if resources are blanked.  
[bookmark: _Toc465858448][bookmark: _Toc465938492][bookmark: _Toc465948185][bookmark: _Toc465948314][bookmark: _Toc466012202][bookmark: _Toc466024205][bookmark: _Toc466025473][bookmark: _Toc465672100][bookmark: _Toc465672136][bookmark: _Toc465672146][bookmark: _Toc465672176][bookmark: _Toc465681276][bookmark: _Toc465682104][bookmark: _Toc465682113][bookmark: _Toc465682137][bookmark: _Toc465682151][bookmark: _Toc465682184][bookmark: _Toc465682209][bookmark: _Toc465682263][bookmark: _Toc465682271][bookmark: _Toc465682277][bookmark: _Toc465682283][bookmark: _Toc465682362][bookmark: _Toc465682379][bookmark: _Toc465685628][bookmark: _Toc462904622][bookmark: _Toc462914186][bookmark: _Toc465094340]PTRS will mainly be needed for UEs scheduled for higher order modulation, excluding UEs in unfavourable channel conditions. 
[bookmark: _Toc465858449][bookmark: _Toc465938493][bookmark: _Toc465948186][bookmark: _Toc465948315][bookmark: _Toc466012203][bookmark: _Toc466024206][bookmark: _Toc466025474][bookmark: _Toc465672101]Transmitting PTRS only when needed may reduce overhead and interference.
[bookmark: _Toc465672137][bookmark: _Toc465672147]From the perspective of PTRS, the UL and DL differs in a distinct way. In the UL, the received signals from different UEs are effected by individual phase noise processes. The different UEs are therefore required to transmit independent PTRS. For the DL, the PTRS can potentially be shared between all UEs being served by a single TRP. This may be beneficial from a resource utilization perspective, since resources are shared amongst UEs. Furthermore, if designed properly, the PTRS could be used for granular phase noise tracking used for ISI mitigation. On the other hand, since all UEs are targeted with the PTRS, UE specific beamforming cannot be used, thus reducing the coverage of the signal, unless other means are taken. This type of signal also increases to the inter-site interference as it needs to be transmitted when it is needed by some user and will thus not scale well with load. Further on, a shared PTRS also introduces an asymmetry in the design of the UL and DL. An alternative is instead to schedule UE specific PTRS, which allows for beamforming and thus providing improved coverage.  
[bookmark: _Toc465948187][bookmark: _Toc465948316][bookmark: _Toc466012204][bookmark: _Toc466024207][bookmark: _Toc466025475][bookmark: _Toc465672102][bookmark: _Toc465672138][bookmark: _Toc465672148][bookmark: _Toc465672177][bookmark: _Toc465681277][bookmark: _Toc465682105][bookmark: _Toc465682114][bookmark: _Toc465682138][bookmark: _Toc465682152][bookmark: _Toc465682185][bookmark: _Toc465682210][bookmark: _Toc465682264][bookmark: _Toc465682272][bookmark: _Toc465682278][bookmark: _Toc465682284][bookmark: _Toc465682363][bookmark: _Toc465682380][bookmark: _Toc465685629][bookmark: _Toc465858450][bookmark: _Toc465938494]For DL, the PTRS can either be shared or UE specific, both having a number of implications requiring further study. 
In the following subsection, discussions on the implications of UE specific PTRS in UL and DL is discussed. 
Design considerations for UL PTRS and UE specific PTRS in DL
The PTRS can either be a standalone signal, or being co-scheduled with a DMRS. Irrespective of the approach taken, due to the short coherence time of the phase noise, PTRS may needed to be transmitted on every OFDM symbols in a subframe as we will show in the next section. At the same time, as observed in [1], CPE may vary slow enough to allow for accurate interpolation.  An alternative to using a slow varying CPE is to increase processing gain with a time domain filtering technique.
[bookmark: _Toc465858451][bookmark: _Toc465938495][bookmark: _Toc465948188][bookmark: _Toc465948317][bookmark: _Toc466012205][bookmark: _Toc466024208][bookmark: _Toc466025476]PTRS could potentially be transmitted more parse that in every OFDM symbol. 
An illustration of PTRS placements are shown in Figure 1. Note that the intersection between DMRS and PTRS has to be taken into account when designing the signal. It is important to preserve the orthogonal properties of the DMRS, as well as preserving the available channel estimation processing gain of a continuous DMRS allocation.
[bookmark: _Toc465858452][bookmark: _Toc465938496][bookmark: _Toc465948189][bookmark: _Toc465948318][bookmark: _Toc466012206][bookmark: _Toc466024209][bookmark: _Toc466025477]The PTRS need to be designed and placed in such a way that it does not impact the DMRS related processing negatively.
An obvious solution is letting the values for the resource elements of the PTRS on a given subcarrier, take on the value of the DMRS on the same subcarrier. That is, the PTRS is obtained by repeating the DMRS on the subcarriers on which PTRS is present.
[bookmark: _Toc465869518][bookmark: _Toc465938501][bookmark: _Toc465948179][bookmark: _Toc465948308][bookmark: _Toc466012196][bookmark: _Toc466024213][bookmark: _Toc466024327][bookmark: _Toc466025481][bookmark: _Toc466035652][bookmark: _Toc471746741]On a given subcarrier, the PTRS should be formed by repeating the value of the DMRS on that subcarrier. 
[image: PTRS_grid_v2]
[bookmark: _Ref465431883]Figure 1: PTRS placement illustration; a) Distributed PTRS, b) Localized PTRS.
If designed to be a standalone signal, a PTRS well localized in frequency is preferred, potentially covering one or several PRBs. This confinement provides a processing gain when estimating the channel, needed for tracking the CPE over time. Additional processing gain can also allow the PTRS to be transmitted without precoding, enabling sharing between users in certain scenarios. A downside of a frequency confined signal is that it is more sensitive to frequency selective fading, as compared to a signal distributed in frequency. Observe that it is an open question the impact of pre-coding, for example, in high speed scenarios were Doppler estimation is also needed.
By instead distributing the signal over a number of subcarriers, a diversity gain is achieved. This construction requires the PTRS to rely on a DMRS, since an initial channel estimate is needed in order to estimate the CPE component. A benefit of this approach is that the DMRS based channel estimate will provide a reliable reference point due to, in general, a large processing gain. How many subcarriers are needed for PTRS, and their placement in the scheduled resources, may depend on the link quality, as well as on the scheduled bandwidth. An additional aspect to consider is how to distribute PTRS in frequency for different subcarrier spacing. Preferably, the placement should be numerology independent. The placement and density in frequency and time is investigated more in later sections.
For MIMO transmissions, the question arises on which Tx port to use for PTRS transmission. Since the CPE can be approximated as common to all Tx ports, transmitting the PTRS on a single port could be sufficient as long as Doppler can be estimated and corrected per port. In this case PTRS should be transmitted over the port with the best SINR. 
For MIMO transmissions PTRS should be mapped to the port with the best SINR
[bookmark: _Toc465672105][bookmark: _Toc465672141][bookmark: _Toc465672151][bookmark: _Toc465672180][bookmark: _Toc465681280][bookmark: _Toc465682108][bookmark: _Toc465682117][bookmark: _Toc465682155][bookmark: _Toc465682188][bookmark: _Toc465672106][bookmark: _Toc465672142][bookmark: _Toc465672152][bookmark: _Toc465672181][bookmark: _Toc465681281][bookmark: _Toc465682109][bookmark: _Toc465682118][bookmark: _Toc465682156][bookmark: _Toc465682189]For co-scheduled UE transmissions in the UL, within the same time-frequency resources, e.g. MU-MIMO, inter-UE interference has to be addressed. Preferably, the PTRS could be designed to allow for a number of orthogonal signals. Due to the short coherence time of phase noise, applying coding in the time domain may not be a suitable option, instead the frequency domain need to be exploited for orthogonality. Additionally, when co-scheduling larger number of users, spatial separation of UEs should instead be applied, as well as the use of interference cancellation in the receiver. This puts requirements on which receiver type to be assumed for evaluations of PTRS dimensioning, which is further discussed in [2].  
[bookmark: _Toc465858455][bookmark: _Toc465938499][bookmark: _Toc465672107][bookmark: _Toc465672143][bookmark: _Toc465672153][bookmark: _Toc465672182][bookmark: _Toc465681282][bookmark: _Toc465682110][bookmark: _Toc465682119][bookmark: _Toc465682140][bookmark: _Toc465682157][bookmark: _Toc465682190][bookmark: _Toc465682212][bookmark: _Toc465682266][bookmark: _Toc465682274][bookmark: _Toc465682280][bookmark: _Toc465682287][bookmark: _Toc465682366][bookmark: _Toc465682383][bookmark: _Toc465685633][bookmark: _Toc465948192][bookmark: _Toc465948321][bookmark: _Toc466012209][bookmark: _Toc466024212][bookmark: _Toc466025480][bookmark: _Toc465858456][bookmark: _Toc465938500]For co-scheduling users within the same time-frequency resources in the UL, orthogonal PTRS signals; spatial UE separation as well as interference cancelling receivers should be exploited.

Based on the above discussion, the following proposals are made
[bookmark: _Toc465681924][bookmark: _Toc465938502][bookmark: _Toc465948180][bookmark: _Toc465948309][bookmark: _Toc466012197][bookmark: _Toc466024214][bookmark: _Toc466024328][bookmark: _Toc466025482][bookmark: _Toc466035653][bookmark: _Toc471746742][bookmark: _Toc465869519]As a baseline, PTRS should be transmitted only when needed. 
[bookmark: _Toc465938503][bookmark: _Toc465948181][bookmark: _Toc465948310][bookmark: _Toc466012198][bookmark: _Toc466024215][bookmark: _Toc466024329][bookmark: _Toc466025483][bookmark: _Toc466035654][bookmark: _Toc471746743]As a baseline, the PTRS should be configurable per UE.
[bookmark: _Toc466024216][bookmark: _Toc466024330][bookmark: _Toc466025484][bookmark: _Toc466035655][bookmark: _Toc471746744]As a baseline, the PTRS should be transmitted together with DMRS.
[bookmark: _Toc465938504][bookmark: _Toc465948182][bookmark: _Toc465948311][bookmark: _Toc466012199][bookmark: _Toc466024217][bookmark: _Toc466024331][bookmark: _Toc466025485][bookmark: _Toc466035656][bookmark: _Toc471746745]Study the required PTRS time and frequency allocation with respect to overhead and system performance. 
[bookmark: _Toc465948183][bookmark: _Toc465948312][bookmark: _Toc466012200][bookmark: _Toc466024218][bookmark: _Toc466024332][bookmark: _Toc466025486][bookmark: _Toc466035657][bookmark: _Toc471746746]One orthogonal PTRS for every four DMRS ports should be sufficient to handle, e.g. MU-MIMO. 
[bookmark: _Toc465869521][bookmark: _Toc465938505][bookmark: _Toc465948184][bookmark: _Toc465948313][bookmark: _Toc466012201][bookmark: _Toc466024219][bookmark: _Toc466024333][bookmark: _Toc466025487][bookmark: _Toc466035658][bookmark: _Toc471746747]Receiver capabilities in terms of number of Rx antenna branches and interference suppression capabilities need to be taken into account when dimensioning PTRS.

Evaluation of PTRS density 
In this section we present simulation results for a single link scenario, related to PTRS density. We start by describing the estimation method used for the evaluation, before we present the simulation results.  
Phase estimation
To maintain comparability between results and facilitate simple implementation we describe and use a basic method for CPE compensation.
Let us denote the channel estimate in the DMRS RE with subcarrier  and symbol 

where  is the true channel frequency response for subcarrier  and symbol ,  is AWGN and  is the phase rotation in symbol  produced by the CPE effect, because of phase noise. By using the MMSE channel estimator we obtain the channel estimate in all the RE of the scheduled bandwidth, denoted by  (for subcarrier  and OFDM symbol ).
The channel estimate in the PTRS RE with subcarrier  and symbol  is given by

where  is the true channel frequency response for subcarrier  and symbol , and  is the phase rotation in symbol  produced by the CPE effect.
The phase estimation for each of the OFDM symbol in which there is PTRS is given by

where  is the number of subcarriers scheduled with PTRS and  is the set of the indices of the subcarriers scheduled with PTRS. 
Once the phase estimation has been done, the MMSE channel estimate for subcarrier  and symbol  is rotated by  in order to compensate the CPE effect

In the case in which the PTRS pattern is sparse in time domain, a simple linear interpolation is used to obtain the  for those  in which there is no PTRS.

PTRS time density results
In this section we present the results from the simulations and make basic observations. We investigate three options for the time density of the PTRS, as seen in Figure 2, pattern 1 is the densest pattern using a PTRS for every OFDM symbol and pattern 4 is the most sparse where we only assigning PTRS to two OFDM symbols. 
Pattern 1
Pattern 2
Pattern 4

[bookmark: _Ref471203547]Figure 2: The three different PTRS time density patterns under consideration
[image: Throughput][image: BLER]
[bookmark: _Ref471734894]Figure 3: Simulation results, at 30 GHz using 60 kHz SC and 64-QAM code rate 5/6 and freq. density 2

The first set of simulation results in Figure 3 we assume 30 GHz carrier frequency and a 60 kHz sub-carrier spacing. In previous contributions [1] we have observed that CPE compensation is needed for higher order modulation and that it is beneficial to limit the number of supported patterns to use the same PTRS patterns for all users. Hence we should assign PTRS patterns to support a target modulation at 30 GHz, we here assume this to be 64-QAM. First observation is that pattern 4 is too sparse and can be removed as a candidate pattern. Pattern 1 and 2 give very similar performance.
[image: Throughput][image: BLER]
[bookmark: _Ref471205571]Figure 4: Simulation results, at 60 GHz using 60 kHz SC and 64-QAM code rate 5/6 and freq. density 2
In the set of simulations results 2 (Figure 4) we investigate 60 GHz and observe none of the time PTRS patterns give sufficiently good phase noise suppression and only pattern 1 show sufficient performance to give clear benefits of 64-QAM modulation. A target BLER of 10% is not meet for any of the patterns at the used code-rate. The high degradation in the performance in this case is produced by the ICI (which is significant for very high frequencies).  As shown in [1], the ICI effect is reduced if the subcarrier spacing is increased. Therefore, in order to improve the performance with 64-QAM (5/6) at 60 GHz the subcarrier spacing should be increased. We let for further study if by increasing the subcarrier spacing we get a good enough performance or if ICI compensation methods are needed.
[image: Throughput][image: BLER]
[bookmark: _Ref471735050]Figure 5: Simulation results, at 30 GHz using 60 kHz SC and 16-QAM code rate 3/4 and freq. density 2
In the case of 30 GHz and 16-QAM (Figure 5) the pattern 1 gives too high overhead, while pattern 2 and 4 are very similar with a slight advantage to pattern 4.
[image: Throughput][image: BLER]
Figure 6: Simulation results, at 60 GHz using 60 kHz SC and 16-QAM code rate 3/4 and freq. density 2
As observe above the 64-QAM case could not be supported well in the 60 GHz and 60 kHz case, switching to 16-QAM implies that both pattern 1 and 2 works with a slight advantage to pattern 2.

PTRS frequency density
In this section we switch to investigating the needed frequency density if we have the highest density in time-domain. I.e. is there a need for additional processing gain in the CPE estimation. Additional processing gain can also be achieved through more advanced receiver design, including multi-antenna processing for multi-layer transmissions. Hence the conclusions in this section will favour quite high density. In practice if pattern 1 is standardized, some scenarios can utilize the relatively high time density in relation to the phase-noise process to gain processing gain. This is not done here to simplify the analysis.

[image: Throughput][image: BLER]
[bookmark: _Ref471735175]Figure 7: Simulation results, at 30 GHz using 60 kHz SC and 64-QAM code rate 5/6 and time. density pattern 1
In the case of 64-QAM and 30 GHz (Figure 7) a higher frequency density seems to pay off at reasonable SNR.
[image: Throughput][image: BLER]
[bookmark: _Ref471735195]Figure 8: Simulation results, at 60 GHz using 60 kHz SC and 64-QAM code rate 5/6 and time. density pattern 1
In the case of 64-QAM and 60 GHz (Figure 8) the higher density is even more beneficial.

[image: Throughput][image: BLER]
Figure 9: Simulation results, at 30 GHz using 60 kHz SC and 16-QAM code rate 3/4 and time. density pattern 1

The same observation follow for 16-QAM, were at high SNR a slight advantage of lower overhead can be seen.
[image: Throughput][image: BLER]
Figure 10: Simulation results, at 60 GHz using 60 kHz SC and 16-QAM code rate 3/4 and time. density pattern 1
As previous results the high density with PTRS in every second PRB show favourable results.
Conclusions from simulation results
In the previous subsections, we have looked at the link performance, at different carrier frequencies and subcarrier spacing, for different time and frequency densiy of the PTRS signal. From the SISO simulation presented above, the following observations are made:
Observation 8	PTRS is needed in every OFDM-symbol to support 64-QAM at 30 GHz 60 kHz sub-carrier spacing and 16-QAM at 60 GHz and 60 kHz sub-carrier spacing.
Observation 9	Additional processing gain is benificial for the PTRS and every second PRB PTRS can be needed unless additional processing gain is achived through other means.
Observation 10	If ICI compensation algorithms are not used, higher subcarrier spacing than 60 kHz should be used for very high carrier frequencies and high order MCS.
Observation 11	High order MCS offer better performance with dense frequency PTRS, while low order MCS offer better performance with more sparce frequency PTRS.

Based on the observations we propose the following:
[bookmark: _Toc471746748]Support PTRS in every OFDM-symbol.
[bookmark: _Toc471746749]Support configurable PTRS frequency density, were one supported configuration should be to include PTRS in every second PRB.

[bookmark: _Toc462757192]Conclusion
This contribution discuss our view on important design aspects for the phase noise tracking signal (PTRS). Based on the discussion we propose:
Proposal 1	Consider to preclude a phase tracking reference signal in the DFT-S-OFDM waveform
Proposal 2	On a given subcarrier, the PTRS should be formed by repeating the value of the DMRS on that subcarrier.
Proposal 3	As a baseline, PTRS should be transmitted only when needed.
Proposal 4	As a baseline, the PTRS should be configurable per UE.
Proposal 5	As a baseline, the PTRS should be transmitted together with DMRS.
Proposal 6	Study the required PTRS time and frequency allocation with respect to overhead and system performance.
Proposal 7	One orthogonal PTRS for every four DMRS ports should be sufficient to handle, e.g. MU-MIMO.
Proposal 8	Receiver capabilities in terms of number of Rx antenna branches and interference suppression capabilities need to be taken into account when dimensioning PTRS.

Based on the SISO simulation results we further propose the following:
Proposal 9	Support PTRS in every OFDM-symbol.
Proposal 10	Support configurable PTRS frequency density, were one supported configuration should be to include PTRS in every second PRB.

[bookmark: _In-sequence_SDU_delivery]References
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