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Introduction
The 5G Study Item regarding the “Study on New Radio Access Technology” was approved at the 3GPP TSG RAN#71 meeting. It has the objective to be able to operate from sub 1 GHz to 100 GHz in a large variety of deployment scenarios in a single technical framework [1]. Phase Noise becomes a major impairment at carrier frequency above 6 GHz and has been discussed in previous RAN WG1 meetings.

The following agreements have been made in RAN1 NR ad-hoc meeting in Jan. 2017 on the WF on PT-RS [7]:
Agreements:
· Regarding PT-RS for CP-OFDM, the following is supported
· For a given UE, the designated PT-RS is confined in scheduled resource as a baseline
· Whether/how to share DL PT-RS among UEs is FFS
· Presence of PT-RS in scheduled resource is UE-specifically configured/indicated
· Multiple PT-RS densities defined in time/frequency domain are supported
· UE can assume same precoding for a DM-RS port and a PT-RS port
· Among which ports and mapping rules (fixed and/or configurable, etc) are FFS
· Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource
· Study the following for PT-RS, taking overhead and forward compatibility into account
· Details on frequency domain patterns/densities
· How to indicate presence/patterns of PT-RS
· E.g., implicitly indicated based on association with numerology/MCS/number of allocated PRBs/UE category
· E.g., explicit indication by L1/L2/L3 signaling
· Port multiplexing methods
· E.g., non-orthogonal multiplexing within PT-RS ports and with data
· Using PT-RS for CFO/Doppler estimation
· QCL relationship between PT-RS and DM-RS
· Joint transmission of CSI-RS and PT-RS for improving CSI acquisition accuracy
· Others are not precluded

The following agreements have been made in RAN1#88 related on the WF on PT-RS [2]:
Agreements:
· Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI.
· Whether PT-RS can be present or not depends on RRC configuration. 
· When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
· FFS: Time domain density is associated with dynamic configuration by MCS. 
· When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW.
· FFS: Frequency domain density is associated with dynamic configuration by MCS. 
· FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers.
· Other association factors/rules are not precluded.
· Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different
The following agreements have been made in RAN1#88bis related on the WF on PT-RS [8]:
Agreements:
· 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

In this contribution we will present the factors that impact the time and frequency density of PT-RS and how those densities might be configured with different signaling techniques. 

Design of PT-RS
Time density of PT-RS
We have investigated the time density in our previous contributions [5] and [6] considering different CPE compensation methods. After taking into account the various company views, the candidates for the time density of PT-RS have been narrowed down as [3]
a) Every symbol,
b) Every other symbol,
c) Every fourth symbol.

The required time density of PT-RS depends on the following factors
1. MCS: The lower MCS transmission is not sensitive to PN as much as the higher MCS transmission, and thus does needs less dense PT-RS in time. 
2. SINR: At higher SINR, Phase Noise dominates compared to low SINR operation.
3. Bandwidth allocated to UE: Time density of PT-RS should not depend on this factor
4. Subcarrier spacing: Larger SCS is more robust to PN and will require lesser time density. 
5. Transceiver hardware quality: The LO quality of the device & the total PSD of the Phase Noise process will impact the time density requirement. The coherence time of the phase noise process also depends on the quality of the RF components. 
6. Implementation: If the UE/TRP have the capability to implement advanced processing techniques such as Blind Phase Noise detection and estimation algorithms, ICI compensation algorithms etc., then it is possible to reduce the time density overhead of PT-RS. 
7. Multi-purpose use of PT-RS for residual frequency offset estimation, refining the DMRS based channel estimation, aiding multi symbol CSI-RS etc. can impose separate constraints on the required time density of PT-RS.

Also, the time density has to be designed keeping forward compatibility in mind. 

Observation 1: PT-RS time density is impacted by many factors and does not depend only on MCS and number of PRBs allocated to a specific grant.

Proposal 1: Design signaling capabilities to configure time density for every, every other and every fourth symbol.
Frequency density of PT-RS
The factors that impact the frequency density of PT-RS are similar to those above:
a) MCS,
b) SINR,
c) Bandwidth allocated to UE,
d) SCS,
e) Transceiver hardware quality,
f) Implementation and
g) Multi-purpose use of PT-RS.

The frequency domain density has been commonly chosen in previous contributions to be 
a) 1 per 12 RE 
b) 1 per 24 RE
c) 1 per 48 RE

Observation 2: PT-RS frequency density is impacted by many factors similar to those that impact the PT-RS time density.

CPE estimation and compensation is done after the equalization. Real-world channel estimation introduces some slight degradation which slightly impacts the equalizer performance. 
Observation 3: Channel estimation impacts the accuracy of the CPE estimate.

Proposal 2: Design signaling capabilities to configure different PT-RS frequency densities, having at least three ranges of frequency densities.
 
Time and frequency domain pattern 
The PT-RS estimation is a scalar estimation of the common phase error due to the phase noise process which is assumed to be constant over all the subcarriers of a given symbol of the allocated UE bandwidth. This estimate becomes more accurate with increasing the number of REs allocated to PT-RS within the scheduled bandwidth of the given UE. But the location of the REs that are allocated to the PT-RS should not impact the estimation quality.

There are two options (assuming the same number of REs used for PT-RS)
a) Equal spaced REs in frequency over the allocated UE bandwidth
b) Contiguous REs localized in frequency in a certain part of the allocated UE bandwidth. 

Option a) has the advantage that PT-RS can be reused for channel estimation, since it is spaced apart in frequency. Whereas option b) has the advantage that narrow band UEs can be assigned this pattern. Also, such a clustered pattern can aid with ICI estimation in the future.  

As an illustrative example shown in Table 2, in a parameter space that contains SCS, MCS, number of RBs allocated to the UE (NRB), we can define it as given below. It should be apparent that the complexity of such a table can grow rapidly with the number of the controlling parameters and the granularity of the partitioning of the parameter space.


[bookmark: _Ref478042435]Table 1: PT-RS time-frequency density vs. SCS, MCS, number of allocated PRBs and UE category
	SCS [kHz]
	Modulation
	Number of allocated PRBs to UE
	UE Category
	Time Density
	Frequency Density

	60
	QPSK
	Small
	High quality LO
	low
	low

	240
	QPSK
	Small
	High quality LO
	low
	low

	60
	64 QAM
	Small
	High quality LO
	medium
	medium

	240
	64 QAM
	Small
	High quality LO
	medium
	medium

	60
	QPSK
	Medium
	Low quality LO
	high
	medium

	240
	QPSK
	Medium
	Low quality LO
	medium
	low

	60
	64 QAM
	Medium
	Low quality LO
	high
	medium

	240
	64 QAM
	Medium
	Low quality LO
	medium
	medium

	60
	QPSK
	Small
	Low quality LO
	high
	medium

	240
	QPSK
	Small
	Low quality LO
	medium
	medium

	60
	64 QAM
	Small
	Low quality LO
	high
	High

	240
	64 QAM
	Small
	Low quality LO
	medium
	High



Observation 4: Complexity of decision about appropriate PT-RS time-frequency density increases substantially with increasing number of parameters to consider.

Proposal 3: Consider a two-stage signaling procedure for PT-RS configuration with a first stage providing information about LO quality via UE category and a second stage providing information about MCS, number of allocated PRBs per UE and subcarrier spacing.

Proposal 4: Consider different association rules that are linked to different UE categories.

PT-RS to DM-RS mapping and PT-RS precoding
It was agreed in RAN1#88 that 
a) UE can assume same precoding for a DM-RS port and a PT-RS port
a. Among which ports and mapping rules (fixed and/or configurable, etc) are FFS
b) Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource
c) FFS: QCL relationship between PT-RS and DM-RS

There can be one-to-one mapping or many-to-one mapping from the DM-RS ports to the PT-RS ports. It has been shown in previous contributions that multiple DM-RS ports can be mapped to a single PT-RS ports if the phase noise among them is correlated. This depends on the pertinent details of architecture of the TRP in the DL and the UE in the UL, such as sharing of clocks and LOs between the transceiver chains and antenna panels. 

Also, there can be up to 8 orthogonal DM-RS ports for SU-MIMO and up to 12 orthogonal DM-RS ports for MU-MIMO. In order to design the mapping, it is useful to decide the maximum number of PT-RS ports needed. Considering the agreements on number of DM-RS ports, there can be a maximum of 12 UEs scheduled for MU-MIMO transmission, with a single spatial stream to each UE. This corresponds to 12 orthogonal DM-RS ports and 12 PT-RS ports.  

The options of multiplexing the PT-RS ports are
a) FDM of the PT-RS ports – transmit each PT-RS port on different RE, with a null on the orthogonal REs from other PT-RS ports.   
b) CDM of the PT-RS ports – transmit each PT-RS port on all REs, with a CDM between the ports. 
c) FDM and TDM of the PT-RS ports – transmit a subset of PT-RS ports in alternate symbols, with FDD of the PT-RS ports on each symbol.  
d) No multiplexing – transmit the PT-RS ports on the same time/frequency resource.

For option b) we need to carefully inspect the case where there are lesser number of PT-RS ports than DM-RS ports. The CDM patterns of the DM-RS ports will need to be designed in a manner that a subset of the CDM pattern is still precoded in the same way. To further illustrate this problem, if a CDM over 4 consecutive DMRS ports is used, and these DMRS ports correspond to a single PT-RS port, then it is not straightforward how the precoding of the PT-RS port maps to the precoding of a single DMRS port out of those 4 CDM-ed DMRS ports. It should also be ensured that the DMRS ports that share the PT-RS ports are in the same CDM grouping.   

Observation 5: In MU-MIMO transmission, at least one PT-RS is needed per UE scheduled in the same time- frequency resource, for a maximum of 12 PT-RS ports.

Observation 6: Mapping of multiple DMRS ports which are multiplexed in a CDM manner to a lesser number of PT-RS ports needs to be studied further. 

Proposal 5: Support up to 12 PT-RS ports for MU-MIMO.

Proposal 6: Support dedicated PT-RS ports for every UE scheduled in the same time-frequency resource. 

Signaling Techniques for PT-RS configuration
Explicit and Implicit Indication of PT-RS presence and pattern
The indication of PT-RS needs to be carefully designed as maximum flexibility is desired in the time and frequency density of PT-RS. Also, the number of ports of PT-RS required, the precoding used etc. can be different for each UE, and can dynamically change on a per slot basis depending on channel conditions and scheduler constraints. 

The indication of PT-RS can be either
a) explicit indication or 
b) implicit indication

Explicit indication is signalled to the UE via a DCI/ MAC CE/ RRC message. 

Implicit indication means association with certain parameters in the DCI, etc. Implicit indication can be implemented by dividing the parameter space into regions where each region is associated with a certain time and frequency density of the PT-RS. This association can be either be further drawn from a hierarchy of such possible associations, and/or configured for each UE separately by the gNB with an RRC configuration, depending on the UE category. 

Support of explicit indication can reduce the complexity of implicit indication method. It can be used as an aid to the implicit indication, and override it or refine it as necessary. The other advantages of explicit indication are  related to forward compatibility aspects:
a. The UE capability for phase noise compensation can change in the future, with either implementation of more computationally intense ICI compensation, or using blind tracking to further refine the CPE estimate. 
b. Also, with the rapid advances in mmWave technology, the phase noise characteristics of UEs and TRPs might become substantially better in the near future. This will lessen the impact of phase noise. 
c. If the association rules are hard coded into the specification, then it will be difficult to assure such forward compatibility.

Observation 7: Implicit indication has lower signaling overhead compared to explicit indication of PT-RS but is more complex to specify and implement. 

Observation 8: Relying only on implicit indication for PT-RS configuration is not forward compatible in future releases with advances in RF technology. 
Configuration of PT-RS
In the DL for each scheduled transmission to each UE, the following attributes of the PT-RS may need to be signalled implicitly/explicitly at the L1/L2/L3 layer. The signaling requirements of UL transmission can be similarly understood in a straightforward manner and we will not elaborate that further in this contribution. We will consider them below:  

1.1.1  Presence of PT-RS
The presence or absence of the PT-RS needs to be signalled. The gNB decides whether to enable PT-RS for a UE depending on the UE category. Although the UE category is FFS at this time, we expect it to be different for UEs for different frequency bands (at least for sub 6 GHz and above 6 GHz), and for different phase noise performance of the UE.
 
In addition to the UE category, the gNB may need more information regarding the UE RF quality which can be signalled during initial access. The LO quality and/or PSD is an example of such information.  RRC configuration is suitable for both indications.
The set of association rules to be used can be indicated by gNB via an RRC message, or if the rules are implicitly defined, then they can be refined via RRC messages. 
1.1.2  Dynamic setting of PT-RS parameters & number of ports
If PT-RS is enabled for the UE by the gNB, then in each scheduled transmission to the UE, PT-RS is transmitted or not depending upon the MCS, SINR, bandwidth allocation such as number of #PRBs and SCS etc. This can vary on a per slot basis and cannot be signalled via RRC message with low latency desired. Such PT-RS parameters have to be set dynamically per TTI. 

Also the number of PT-RS ports per UE and the total number of PT-RS ports per TTI have to be decided and can change in a dynamic manner. As we have seen in the previous section, the transceiver architecture at TRP(s) and UEs is a decisive factor in selecting the number of PT-RS port, and can be considered constant for a given scenario.  

Assuming in the most general case that there is a one to one mapping between the DM-RS ports and the PT-RS ports, there can be up to 12 PT-RS ports in the DL. If LO sharing is present between the transceivers and/or antenna panels, then lesser number of PT-RS ports can be used. It is important to note that this is dependent on the implementation of the TRPs and needs to be indicated to the UE.  
1.1.3  Precoding and Association of PT-RS port to DM-RS port 
This can be a two step indication. 
1. In the first step, depending on the maximum number of spatial streams supported and scheduled for that UE, the gNB configures for it a DM-RS port to PT-RS port mapping table via RRC configuration message. 
2. In the next step, the number of DM-RS ports is indicated to the UE using the usual procedure in a dynamic manner, and this is used by the UE to derive the number of PT-RS ports. 

In the DL, there is potential for sharing PT-RS port between UEs. But taking into account the agreement given in [7] that UE can assume same precoding for a DM-RS port and a PT-RS port, it is recommended to not share the PT-RS ports between UEs. 

Similarly in the UL, every UE can indicate the DMRS to PT-RS mapping table to the gNB in the RRC message and depending on the number of spatial streams it can pick the correct number of dedicated PT-RS ports. It is recommended to have at least one dedicated PT-RS port per UE.
1.1.4  Frequency and Time Pattern
Frequency pattern: The baseline frequency density and pattern is implicitly indicated using the association table. It can be further refined via explicit indication in the DCI. 

Time pattern: The baseline time density and pattern is implicitly indicated using the association table. It can be further refined via explicit indication in the DCI.

Table 2: Overview about PT-RS signaling via RRC and DCI
	
	
	Signaling via RRC
	Signaling via DCI

	Presence of PT-RS
	
	X
	

	Transceiver quality
	Time frequency density
	X
	

	PT-RS to DM-RS mapping
	
	X
	

	PT-RS port mapping
	
	X
	

	SCS
	Time density
	X
	X

	MCS
	Time density
	
	X

	# of PRBs
	Frequency density
	
	X



Proposal 7: Consider signaling of PT-RS configuration via RRC as method to ensure forward compatibility.

Proposal 8: Consider both implicit and explicit signaling via the DCI information for grant-specific refining of PT-RS configuration based on association rules signalled via RRC configuration.

Conclusion
In this contribution, we have shown that many factors impact the time-frequency density of PT-RS. We discussed which factor have what impact on the time and/or frequency density of the PT-RS. In order to keep the signaling overhead low while ensuring forward compatibility, we discussed which factor might be reflected in the signaling either via RRC configuration or via DCI.
In this contribution, we make the following observations and proposals:
Observation 1: PT-RS time density is impacted by many factors and does not depend only on MCS and number of PRBs allocated to a specific grant.
Observation 2: PT-RS frequency density is impacted by many factors similar to those that impact the PT-RS time density.
Observation 3: Channel estimation impacts the accuracy of the CPE estimate.
Observation 4: Complexity of decision about appropriate PT-RS time-frequency density increases substantially with increasing number of parameters to consider.
Observation 5: In MU-MIMO transmission, at least one PT-RS is needed per UE scheduled in the same time- frequency resource, for a maximum of 12 PT-RS ports.
Observation 6: Mapping of multiple DMRS ports which are multiplexed in a CDM manner to a lesser number of PT-RS ports needs to be studied further. 
Observation 7: Implicit indication has lower signaling overhead compared to explicit indication of PT-RS but is more complex to specify and implement. 
Observation 8: Relying only on implicit indication for PT-RS configuration is not forward compatible in future releases with advances in RF technology. 

Proposal 1: Design signaling capabilities to configure time density for every, every other and every fourth symbol.
Proposal 2: Design signaling capabilities to configure different PT-RS frequency densities, having at least three ranges of frequency densities.
Proposal 3: Consider a two-stage signaling procedure for PT-RS configuration with a first stage providing information about LO quality via UE category and a second stage providing information about MCS, number of allocated PRBs per UE and subcarrier spacing.
[bookmark: _GoBack]Proposal 4: Consider different association rules that are linked to different UE categories.
Proposal 5: Support up to 12 PT-RS ports for MU-MIMO.
Proposal 6: Support dedicated PT-RS ports for every UE scheduled in the same time-frequency resource.
Proposal 7: Consider signaling of PT-RS configuration via RRC as method to ensure forward compatibility.
Proposal 8: Consider both implicit and explicit signaling via the DCI information for grant-specific refining of PT-RS configuration based on association rules signalled via RRC configuration.
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Appendix A
Table A.1: Simulation Assumptions aligned with Table A.1.6-3 of [3]
	Carrier Frequency
	30 GHz

	Channel Model
	AWGN

	Phase noise model
	Typical UE-grade LO, see Sec. 3 of [4]

	Evaluation Cases
	Case 2: Phase noise only, and no frequency offset

	Subcarrier Spacings
	60kHz, 120kHz, 240kHz

	# of Physical RBs
	4, 32 RBs

	Transmission Scheme
	Single antenna transmission (1 port)

	Channel estimation
	Ideal estimation

	Time/freq. Tracking, Phase tracking
	RS for phase tracking

	Performance Metric
	EVM

	Cyclic Prefix
	Normal

	FFT Size
	2048

	# Occupied Subcarriers
	1200

	Symbols per Subframe
	14 (3 PDCCH, rest are PDSCH)




Modulation-scheme-dependent required SINR ranges to achieve a BLER < 10% and considering different coding rates.

Table A.2: Modulation-scheme-dependent SINR ranges for BLER < 10%
	Modulation scheme
	Required SINR

	QPSK
	< 8 dB

	16QAM
	5...12 dB

	64QAM
	10…20 dB



The figures below plot the degradation in EVM due to the PNRS based CPE compensation scheme. The simulation assumptions are as described in Table A.1 and the considered SNR ranges for a given modulation scheme follow Table A.2. The baseline EVM used is the EVM due to the leftover ICI after perfect CPE compensation (where the CPE is the DC value of the DFT of the Phase Noise process instantiation). As the CPE estimation accuracy depends on the density of PNRS, the EVM after PNRS based CPE compensation is worse than the baseline EVM. The CPE estimation and correction algorithm is as described in our previous contribution [6]. 
[image: ]
Figure 1: QPSK, typical UE-grade LO, 4 PRBs, pilot-aided blind CPE estimation

[image: ]
Figure 2: 64QAM, typical UE-grade LO, 32 PRBs, pilot-aided blind CPE estimation
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