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1 Introduction

In RAN1#86, the following were agreed [1]

 REF _Ref462673409 \r \h 
[2]:
· At least the following RSs are supported for NR downlink

· [Contents omitted for brevity, denoted as “…” in the following]
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not

· FFS whether new RS or RS for other functionalities can be used
· For CP-OFDM waveform, for the RS enabling phase tracking, the following should be studied:
· Time domain pattern
· …
· Frequency domain pattern
· …

· Other properties
· …
As a continued study upon [3], in this paper, we first discuss the requirements on and the associated design principles for the RS for phase tracking, then provide our views on whether/how to use DM-RS/other/new RS for this purpose. 
The evaluation assumptions follow [4], while specific choices will be given along with the results. The phase noise models used are denoted as PN#1/2/3 with the same order as in [5]. Throughout this paper, we focus on CP-OFDM, and PNC and CPE stands for phase noise compensation and common phase error, respectively.
2 Requirements and design principles
As a starting point, assuming single port transmission, the time/frequency-domain pattern and the design principles for the RS for phase tracking are discussed. In this section, frequency offset is not considered, i.e., we consider case 2 in [4].
2.1 Time-domain pattern
In Figure 1, different time-domain patterns with different densities for the RS for phase tracking are depicted, i.e.:
· Option 1: Density = 1. Per-symbol CPE estimation and correction.

· Option 2: Density = 1/2. CPEs of odd-indexed symbols are linearly interpolated from even-indexed.

· Option 3: Density = 1/3. CPEs of 2 symbols out of every 3 are interpolated from adjacent ones. 
· Options with further reduced time-domain density: Density = 1/4, 1/6, 1/12.

To study the required time-domain density, at this stage, we assume ideal CPE estimation, i.e., calculated from inserted phase noise, without using actual RS. The evaluation results are provided in Figure 2.
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Figure 1 Illustration of different time-domain patterns
Summarizing from the evaluation results, to cover majority cases, i.e., different phase noise model/level and high-order modulation, we have the following proposal:

Proposal 1: For the 30 GHz band with 60 or 120 kHz subcarrier spacing, the time-domain density of the RS for phase tracking should be at least 1/2, i.e., mapped on every other symbol. 
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Figure 2 SE with different time-domain patterns with phase noise only
2.2 Frequency-domain pattern

In Figure 3, we compare the SE with different frequency-domain patterns, using actual RS for CPE estimation, but occupying different numbers of subcarriers. As an upper bound, such RS are mapped continuously in time domain, i.e., on each data OFDM symbol.
As can be seen, the RS for phase tracking is generally not needed for low-order modulation and narrow-band transmission. It is, however, needed for high-order modulation and wide-band transmission. In addition, for the evaluated cases, using no more than 8 subcarriers can provide close-to-optimal SE with RS overhead taken into account.
Although we focus on CP-OFDM in this paper, it is also worth mentioning that when DFT-s-OFDM is used, RS for phase tracking may not be needed, as it targets at coverage-limited scenario with single stream transmission only, where low-order modulation are more applicable. 
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Figure 3 SE with different frequency-domain patterns with phase noise only
Proposal 2: For each transmission, if phase tracking is needed, no more than 8 subcarriers for the RS for phase tracking are used regardless of the scheduled bandwidth.
2.3 UE-specific scheduling/configuration
In general, the front-loaded RS is always needed for starting demodulation. Whether to schedule RS for phase tracking depends on at least the scheduled modulation order and assigned bandwidth. For these reasons, the RS for phase tracking can be UE-specifically scheduled or configured, independent of the front-loaded RS. 
Moreover, if scheduled/configured in UE-specific manner, the RS for phase tracking should be confined within the scheduled bandwidth, with which the requirement on UE capability and processing efforts can be reduced (e.g., not requiring detection of RS outside scheduled bandwidth). 
With these observations, we have the following proposal:
Proposal 3: Support UE-specific scheduling/configuration for the RS for phase tracking.
Proposal 4: Confine the UE-specific RS for phase tracking within the scheduled bandwidth.
3 Design option for further study
As discussed before, RS for phase tracking is needed only for high-order modulation, in which case the cross-UE interference should be small. In this case, same time-frequency resource can be shared between such RS(s) and/or data among paired UEs, which may lead to a better resource utilization. 
In addition, for a single UE with multiple layers, sharing the time-frequency resource for the RS for phase tracking can also be considered for the following cases: 1) rough channel estimation already obtained by layer-separated front-loaded RS and phase tracking for each layer can be done with sequential joint detection, even with different phase noise for different layers [6][7]; 2) highly-correlated or even same phase noise are experienced by different layers. With such sharing, the RS overhead and processing complexity can both be reduced.
Proposal 5: Study sharing of time-frequency resource between the RS(s) for phase tracking and/or data among UEs and/or among layers of a single UE. 
4 Whether/how to use DM-RS/other/new RS
Due to the identified requirements such as continuous mapping in time domain with density >= 1/2 and independent scheduling on top of the front-loaded RS for starting demodulation, new RS needs to be defined for the phase tracking purposes.
In Figure 4, we have evaluated the case with both phase noise and frequency offset. The frequency offset are estimated using the RS for phase tracking and compensated before equalization. Similar to [3]
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[8][9]
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[10], we observed that the RS for phase tracking can be utilized for combating frequency offset, and using 4 or 8 subcarriers provides a better SE over the case with 2 subcarriers. Hence, while the specific terminology is for further discussion, the name of this RS should not be limited to phase rotation. 
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Figure 4 SE with different frequency-domain patterns with phase noise and frequency offset
Proposal 6: Define new RS for phase/freq tracking.

Furthermore, if other RS already mapped on some symbols and can help to enable phase tracking, there is no need to map the RS for phase tracking on these symbols, i.e., such RS can skip those symbols and be mapped in a non-continuous manner.
5 Summary of proposals
The proposals and observations made in this paper are summarized as follows:
Proposal 1: For the 30 GHz band with 60 or 120 kHz subcarrier spacing, the time-domain density of the RS for phase tracking should be at least 1/2, i.e., mapped on every other symbol. 
Proposal 2: For each transmission, if phase tracking is needed, no more than 8 subcarriers for the RS for phase tracking are used regardless of the scheduled bandwidth.
Proposal 3: Support UE-specific scheduling/configuration for the RS for phase tracking.
Proposal 4: Confine the UE-specific RS for phase tracking within the scheduled bandwidth.

Proposal 5: Study sharing of time-frequency resource between the RS(s) for phase tracking and/or data among UEs and/or among layers of a single UE. 
Proposal 6: Define new RS for phase/freq tracking.
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