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Introduction
An agreement on the phase tracking reference signal (RS) to be used in NR was made in the 3GPP RAN1#87 meeting [1]:
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
According to these agreements, various RS patterns for phase tracking having different densities and locations in both time and frequency domains can be supported. Based on this, in this contribution, we suggest possible RS patterns for phase tracking and discuss their usage cases including the reuse of RS for multiple purposes.
Need for the phase tracking RS
An important factor requiring the phase tracking RS is the existence of the phase noise. Every oscillator used to up- or down-convert signals in the transmitters or receivers is subject to phase noise problem. An ideal oscillator is expected to have an impulse in the spectrum at the oscillation frequency. However, the spectrum of a practical oscillator tends to disperse from the impulse due to phase noise. Phase noise causes two types of effects on the received OFDM signal: common phase error and ICI [2]. The common phase error is equally added to every subcarrier within an OFDM symbol duration, resulting in a rotation of the entire constellation. Hence, the amount of common phase error can be estimated and compensated at the receiver. On the other hand, the ICI exhibits AWGN-like behavior on the constellation which cannot be corrected or compensated.
The effect of phase noise is more significant for higher frequency bands such as mmWave bands compared with the lower frequency bands. It is quite challenging to implement an RF oscillator with low phase noise characteristics in mmWave bands. Yet, the performance degradation due to the phase noise can be alleviated at least for the common phase errors by phase noise estimation and compensation using the phase tracking RSs.
However, like other RSs, there is an intrinsic tradeoff between the RS overhead and phase tracking accuracy in designing the phase tracking RS patterns. Therefore, the phase tracking RS pattern design including the time and/or frequency density and location should be carefully carried out.
Possible RS patterns for phase tracking
Time-domain density
The phase tracking RSs for the phase noise estimation (more specifically, common phase noise) can be continuously allocated along the time domain [3], [4], as seen in Figure 1a. This time continuous additional RS allocation is to reflect the low-correlation characteristics of common phase errors among the consecutive OFDM symbols. If an outdated phase estimate is used for phase compensation, the performance of the phase compensation will be degraded. Hence, it is desirable to perform phase noise estimation at least once per OFDM symbol. However, this continuous phase tracking RS configuration can consume a significant portion of time-frequency resources. Hence, we can consider a less dense phase tracking RS pattern in order to improve resource usage efficiency while somewhat sacrificing phase tracking accuracy, as seen in Figure 1b.
Proposal 1: Phase tracking RS patterns with different time-domain densities should be considered.


[bookmark: _Ref466038821]Figure 1. Phase tracking RS patterns with different time-domain densities. a) High density; b) Low density.
Frequency-domain density
Frequency-domain phase tracking RS density is also a design parameter. At a specific OFDM symbol, the common phase error estimation involves in combining multiple RSs distributed in the frequency domain. In this situation, estimating with more samples will enhance the phase tracking accuracy while consuming more resources. In this regard, an effort is required to select a suitable frequency domain phase tracking RS density. Figure 2 shows two high and low frequency-domain densities of the phase tracking RSs.
Proposal 2: Phase tracking RS patterns with different frequency-domain densities should be considered.


[bookmark: _Ref466046059]Figure 2. Phase tracking RS patterns with different frequency-domain densities. a) High density; b) Low density.
RS location shift
Further degree of freedom on the phase tracking RS design is associated to the RS location shift either in time or frequency domain. An example of RS location shift is shown in Figure 3, where half of RSs are shifted in the time domain. By doing so, estimating common phase error at every OFDM symbol is available while still having less dense phase tracking RS allocation in the time domain.
Proposal 3: NR should consider the location shift for the phase tracking RSs either in time or frequency domain. 


[bookmark: _Ref471771510]Figure 3. An example of RS location shift.
Reuse of phase tracking RS for other purposes
The above mentioned RS location shift can be particularly useful when phase tracking RSs are also used for other purposes such as channel estimation. It is known that the additional RS for phase tracking can also be used for channel estimation for demodulation [3]. The RS overhead for phase tracking can be high and thus it will be a waste of resources if the phase tracking RSs are used only for phase tracking.
Proposal 4: NR should consider the use of the phase tracking RSs for multiple purposes including at least phase noise estimation and channel estimation for data demodulation.
Assuming the multi-purpose RSs for estimating both the phase noise and channel estimations, the RS location shift can be used to improve the channel estimation performance of the frequency-selective fading channels. Hence, it would be beneficial to have the additional RSs scattered in the frequency domain, as seen in Figure 3. 
Conclusion
In this contribution, we provided possible phase tracking RS patterns where variable densities and/or locations are supported both in the time and frequency domains. In addition, we discussed the use of phase tracking RSs for multiple purposes including phase tracking and channel estimation for data demodulation. We found the followings.
Proposal 1: Phase tracking RS patterns with different time-domain densities should be considered.
Proposal 2: Phase tracking RS patterns with different frequency-domain densities should be considered.
Proposal 3: NR should consider the location shift for the phase tracking RSs either in time or frequency domain. 
Proposal 4: NR should consider the use of the phase tracking RSs for multiple purposes including at least phase noise estimation and channel estimation for data demodulation.
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