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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1#84bis meeting [1], it was agreed that:
Phase 1 and later phases of NR should be designed with the following principles to ensure forward compatibility and compatibility of different features:
Strive for
· Maximizing the amount of time and freq. resources that can be flexibly utilized or that can be left blanked without causing backward compatibility issues in the future 
· Minimizing transmission of always-on signals
· Confining signals and channels for physical layer functionalities (signals, channels, signaling) within a configurable/allocable time/freq. resource 
At RAN1 NR adhoc meeting [2], agreements were reached regarding fine time/frequency tracking:
· For fine time/frequency tracking, consider
· The required RE resource/patterns
· E.g. CSI-RS, RS for mobility (if adopted, may be CSI-RS or other RSs), DM-RS for broadcast/unicast/control (if introduced), PT-RS, a dedicated RS (if required), etc.
· Other RSs are not precluded
· The required periodicity and the corresponding configurations
· Tracking performance

In this contribution we discuss the reference signal that may be used or enhanced for fine time/frequency tracking.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]LTE CRS functionalities  
In LTE the set of reference signal: SS, CRS, DMRS, CSI-RS and DRS are designed to carry a variety of functionalities, i.e. cell identification, time/frequency synchronization, RRM measurement, demodulation and CSI measurement. CRS carries several important functionalities and is designed to transmit in every subframe with certain time/frequency density to meet the minimum requirement of the most stringent functionality.  CRS transmission is always-on regardless the presence and absence of data transmission except for the case with cell on/off and LAA. However, the downside of the always-on CRS includes that it imposes persistent interference upon neighboring cells. In NR RS design, to reduce common channel overhead, to reduce interference, and to improve operational flexibility, it is decided to strive to minimize the transmission of always-on signal, and hence CRS transmission should be minimized or removed. The functionalities carried by CRS thus should be distributed among other reference signals or newly designed NR reference signals. On the other hand in LTE, CRS help to provide an assumption of quasi co-location with other reference signals/channels to facilitate their reception. With CRS always-on transmission minimized or removed, the QCL assumptions with reference to CRS should be reconsidered. 
NR design should support frequency up to 100GHz [3]. To combat the significant path loss at these high frequency bands, hybrid antenna beamforming strikes a good tradeoff between complexity and performance. In addition to the RS functionalities for the low frequency band, NR design should consider the additional RS design to accommodate various analog/digital antenna architectures, e.g. multi-panel hybrid antenna implementation and etc. 
Figure 1 shows the overview of LTE RS signal set and their functionalities which are essential to the normal operation of the mobile wireless communication system.  

[image: ]
Figure 1 LTE reference signal set and functionalities
As shown in the figure regarding time/frequency tracking, UE acquires coarse time/frequency synchronization and cell identification through the detection of PSS/SSS signal. CRS carries the functionalities of fine time/frequency synchronization. Assume that NR SS design will still fulfill the requirement of coarse time/frequency tracking, the functionality of fine time/frequency carried by CRS will be relocated to other NR reference signals which are either existing/enhanced RS signal or newly designed. 
Design requirement of NR RS 
[bookmark: _GoBack]Sufficient time/frequency density 
To fulfill the requirement of fine time/frequency tracking for demodulation, especially in the case of high order modulation order and code rate, time/frequency density should meet certain minimum requirements. Insufficient RS frequency density results in small coverage on PDP spread range and coarse path granularity and insufficient RS time density cause small frequency error pull-in range and degraded tracking performance. So the PDP and frequency error range for valid estimation is small. Evaluation should be performed to determine the sufficient NR RS time/frequency density for satisfied demodulation performance with NR numerologies.    
Proposal 1: Perform evaluation to determine minimum time/frequency density for sufficient demodulation performance

Flexible QCL support 
High frequency support is an essential part of NR specification. Due to the significant signal path loss at high frequency band, beamforming at both transmit and receive sides are necessary. The narrow beam resulting from the applying of beamforming is more venerable to blocking effects. Multi-point transmission is often an effective method to compact blocking. Narrow beams pointing to different directions also naturally provide near orthogonal channels which facilitates the multi-stream data transmission from different transmission point to increase the throughput. For multi-point transmission, the RS carrying QCL assumptions should be flexibly configured and grouped to support various QCL functionalities, e.g. fine time/frequency tracking.
Various antenna architecture implementations are possible to achieve the required beamforming gain. One implementation may employ multiple antenna panels where each antenna panel contains analog antenna array. Different antenna panel may point to different directions and driven by different oscillators. At high frequency with very narrow beams, the large scale QCL parameters may be quite different depending on the beam pointing directions. Thus even for the transmission from the transmission point, different data stream may come from different antenna panels and beam directions which results in different large scale QCL parameters, e.g. delay spread, frequency offset and etc. The RS design for fine time/frequency tracking should take the antenna architecture variations into account to have flexible QCL association and indication [4].
Proposal 2: RS designed for fine time/frequency tracking should support flexible QCL association and indication

Large scale channel property tracking
In LTE, these larger scale parameters, i.e. delay spread and Doppler spread are estimated based on CRS signal. Without CRS certain NR reference signals need to pick up these functionalities. NR DMRS design in current specifying process is considering front-loaded and configurable time/frequency density features which further demands flexible RS design on estimating delay and Doppler spreads. Delay spread estimation can use the same NR reference signal for fine time tracking since they have similar performance requirements. Doppler spread typically requires the consecutive transmission of reference signal for a short period of time. Since Doppler spread and fine time/frequency tracking are both related to the demodulation performance, it is more convenient and efficient that one NR reference signal design could carry both functionalities.
Proposal 3: RS designed for fine time/frequency tracking should support also larger channel property tracking, e.g. Doppler spread.

Design options  
Option 1: Common RS
Common RS, e.g. common control RS for the demodulation of control channel, may meet the density requirement to guarantee data demodulation performance if configured properly. To serve the purpose of tracking Doppler spread, its time domain density must be dense enough to cover the high mobility scenarios. The frequent transmission imposes the same negative effect as with LTE CRS. While the biggest issue lies in its difficulty and inefficiency to support flexible QCL since it is common RS.
Observation 1: Common RS is inefficient in supporting flexible QCL and larger channel property tracking.

Option 2: SS
SS is transmitted with low density in both time and frequency domain which limits its tracking capability to meet the demodulation requirement. In RAN1 NR adhoc [2], it was agreed that:
· RAN1 aims to select a default SS burst set periodicity for each agreed frequency range category from the following candidate values:
· For carrier frequency range #1 (below 6GHz): [5ms, 10ms, 20ms, 40ms, 80ms, 100ms]
· For carrier frequency range #2 (above 6GHz): [5ms, 10ms, 20ms, 40ms, 80ms, 100ms]
The periodicity of SS is insufficient for fine frequency tracking, and thus SS is more suitable for coarse time/frequency tracking.

Observation 2: SS is insufficient for fine time/frequency tracking due to its low time/frequency density

Option 3: DMRS
DMRS is transmitted only in the scheduled resources and the tracking performance cannot be guarantees when there is no DMRS scheduling for a long period of time. For DMRS to demodulate data symbol, it itself relies on some other QCLed reference signal. To support burst transmission for Doppler estimation, DMRS may need to be scheduled in consecutive time slots and with the same pre-coder which impose scheduling restrictions. Also to support configurable DMRS, the channel delay spread and Doppler spread need to be derived independent of current DMRS patter configuration which causes contradiction since only DMRS with current configuration is available for estimation.  
Observation 3: DMRS alone is not suitable for fine time/frequency tracking

Option 4: CSI-RS
NR CSI-RS is being discussed for beam management. In certain steps, UE may need to derive the CSI based on beamformed CSI-RS which could be received with the same narrow beams as DMRS thus both RS see similar channel in term of delay spread and etc. CSI-RS is also configurable which make CSI-RS very suitable to serve as the RS signal to support flexible QCL assumption. LTE CSI-RS has sparse time and frequency density which is insufficient for delay spread and Doppler spread estimations. Special configuration could be made to fix the issue such as configure multiple CSI-RS port spaced in the same OFDM symbol to increase the frequency density and consider adding CSI-RS burst transmission mode.
Observation 4: CSI-RS with enhancement could meet the RS design requirements for fine time/frequency tracking and support flexible QCL and larger scale channel property tracking
Proposal 4: Consider enhancing CSI-RS for fine time/frequency tracking, supporting flexible QCL and larger scale channel property tracking 

[bookmark: _Ref129681832]Conclusion
In this contribution we discussed the design requirement and options for NR RS design for fine time/frequency tracking. In summary we have the following observations and proposals:
 Proposal 1: Perform evaluation to determine minimum time/frequency density for sufficient demodulation performance  
Proposal 2: RS designed for fine time/frequency tracking should support flexible QCL association and indication
Proposal 3: RS designed for fine time/frequency tracking should support also larger channel property tracking, e.g. Doppler spread.
Observation 1: Common RS is inefficient in supporting flexible QCL and larger channel property tracking.
Observation 2: SS is insufficient for fine time/frequency tracking due to its low time/frequency density
Observation 3: DMRS alone is not suitable for fine time/frequency tracking
Observation 4: CSI-RS with enhancement could meet the RS design requirements for fine time/frequency tracking and support flexible QCL and larger scale channel property tracking
Proposal 4: Consider enhancing CSI-RS for fine time/frequency tracking, supporting flexible QCL and larger scale channel property tracking 
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