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Introduction
An agreement on the definitions of the reference signals (RSs) to be used in NR was made in the 3GPP RAN1#86bis meeting [1]:
Agreements:
· At least the following RSs are supported for NR downlink
· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement 
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: channel state information estimation and interference estimation
· FFS: beam management
· 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
· Reference signal for time/freq. tracking
· FFS whether new RS or RS for other functionalities can be used
· Reference signal for Radio link monitoring
· FFS whether new RS or RS for other functionalities can be used
· RS for RRM measurement
· FFS whether new RS or RS for other functionalities can be used
· At least the following RSs are supported for NR uplink
· SRS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: beam management
· 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
· FFS: Reference signal for RRM measurement
· FFS whether new RS or RS for other functionalities can be used
In addition, an agreement on the demodulation reference signal was also made in the 3GPP RAN1#86bis meeting [1]:
Agreements:
· Study variable/configurable DL/UL RS pattern for demodulation 
· For data channel and control channel
· At least density can be configurable
· FFS: other configurability
· The applicable scenarios need to be studied
· Study multi-set DL/UL RS for control and/or data demodulation 
· The first set is front-loaded (i.e. loaded in the front of RB) 
· Other set(s) can be configured for different purposes
· Details FFS (e.g. higher frequency/time density, Rx beam detection, RSRP/CSI-reporting, phase noise compensation)
According to these agreements, various RSs having different locations and densities are supported for different purposes including CSI-RS, DMRS, phase-tracking RS, time/frequency-tracking RS, and so on. If these RSs are separately and independently allocated to the resource grids, a significant portion of it would be wasted, thereby reducing the link efficiency. Hence, in this contribution, we suggest a possible RS design principle where the allocated RSs are used for multiple purposes in order to reduce RS overhead while performing their own specific functionalities. Our main focus is to simultaneously support the high mobility tracking and phase noise tracking by carefully allocating the additional “multi-purpose” RSs in addition to the baseline front-loaded RSs.
Need for the multi-purpose RS
Baseline front-loaded RS
In NR, the use of baseline front-loaded RSs is necessary due to its ability for achieving low latency. In the time-frequency resource grid, the front-loaded RSs can be located just after the control region, followed by data region, as seen in Figure 1. As soon as obtaining channel estimates from the front-loaded RSs, the receiver can demodulate data in the data region. This front-loaded RS structure is particularly advantageous in decoding latency reduction for low mobility scenarios where channel coherence time is longer than the duration of two consecutive front-loaded RSs in the time domain (i.e., slot or subframe length) [2].


[bookmark: _Ref466038821]Figure 1. Resource grid with front-loaded RS
Additional RSs for supporting various functionalities
For high mobility scenario, the employment of only front-loaded RSs may not guarantee satisfactory decoding accuracy of the data due to the outdated channel estimate depending on the UE speed and the slot duration. This is particularly important considering that the mobility requirement of the 5G NR is 500 km/h [3]. This fast channel variation necessitates the use of additional RSs in addition to the baseline front-loaded RSs. As an example, the additional RSs for supporting high mobility can be located in the middle of the transmission duration (i.e., slot or subframe), as in [4].
Observation 1: Additional RSs are required for accurate channel estimation for demodulation, especially for high mobility case.
Another important factor requiring additional 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. 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 [5]. 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 additional RSs.
The additional RSs for the phase noise estimation (more specifically, common phase noise) can be continuously allocated along the time domain [6], [7], as seen in Figure 2. 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.
Observation 2: Additional RSs are required for accurate phase noise estimation, especially for high carrier frequency case.


[bookmark: _Ref466046059]Figure 2. Introduction of time continuously allocated additional RS for phase tracking
The additional RS for phase tracking can also be used for channel estimation for demodulation, as discussed in [6]. The use of additional RSs for channel estimation in addition to the front-loaded RSs will help improve the accuracy of the channel estimation for demodulation and corresponding link-level performances such as BLER and spectrum efficiency. The detailed methods for joint phase noise and channel estimation can be found in the existing literature [8], [9], [10].
Proposal 1: NR should consider the use of the additional RSs for multiple purposes including at least phase noise estimation and channel estimation for data demodulation.
Possible multi-purpose RS allocation
Assuming the multi-purpose additional RSs for estimating both the phase noise and channel estimations, some modifications on the previously discussed RS allocation are needed. The above time continuous additional RS allocation (seen in Figure 2) has very limited ability to accurately estimate the frequency-selective fading channels. Hence, it would be beneficial to have the additional RSs scattered in the frequency domain. One example is the alternating allocation of the additional RSs into the two distant subcarriers, as seen in Figure 3. Note that the common phase error is the same for every subcarrier. Hence, the phase tracking performance will not be degraded while achieving improved channel estimation performance for data demodulation.


[bookmark: _Ref466049581]Figure 3. Alternating allocation of the multi-purpose additional RSs into two distant subcarriers
Proposal 2: NR should consider the alternating allocation of the multi-purpose additional RSs into multiple subcarriers. 
Conclusion
In this contribution, we provided a possible RS design principle where the additional RSs are used for multiple purposes including phase tracking and channel estimation for data demodulation. The presented additional RS allocation is particularly useful for high speed and high carrier frequency environments. We found the followings.
Observation 1: Additional RSs are required for accurate channel estimation for demodulation, especially for high mobility case.
Observation 2: Additional RSs are required for accurate phase noise estimation, especially for high carrier frequency case.
Proposal 1: NR should consider the use of the additional RSs for multiple purposes including at least phase noise estimation and channel estimation for data demodulation.
Proposal 2: NR should consider the alternating allocation of the multi-purpose additional RSs into multiple subcarriers. 
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