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Introduction
In the previous RAN1, fine tracking of time and frequency were discussed and the following was concluded
· The candidate reference signal for time and frequency tracking  for study
· Demod RS for common control resource set or common control search space together with extension in time domain (if introduced)
· CSI-RS
· Consider the enhanced type in both time and frequency domain (if needed)
· Dedicated RS (if introduced)
· DMRS for PBCH (if introduced)
· MRS (if introduced)
· PT-RS
· PSS/SSS
· Note that it doesn’t mean that only one RS can serve tracking for time and frequency
· The RS design for time and frequency tracking should study
· Tracking range for the frequency error
· E.g. in LTE, CRS: +/-2KHz, DMRS: +/-1KHz, CSI-RS: +/-100Hz 
· Resolution for the timing error
· E.g. in LTE, PSS/SSS: 1us,  10MHz BW CRS: 0.1us
· Transmission timing e.g. burst period and off duration
· Transmission bandwidth, e.g. wideband, partial band
· The support of different sets of QCL parameters
· The support of Delay spread estimation and Doppler spread estimation
· The detailed signaling mechanism
· Evaluation is encouraged
· PDSCH decoding performance including SIB under the realistic time/frequency tracking and compensation
· Performance when DRX in connected mode is configured 
· FFS, evaluation assumptions including channel model, modeling drift of local oscillator after DRX period
· Note: Channel model example is as follows
· Fixed value, for example 300Hz for frequency error and 1us for timing error
· Dynamic model
· CDL model with time varying AOA/ZOA for time varying Doppler shift
· For very high speed, consider RAN4 4-path HST model
· Self-defined model

In this contribution, we consider a few procedures for a device to perform fine tracking of frequency/time that all rely on measuring on configured DL reference signals. The required structure of such reference signals is discussed as well.
Discussion
A device needs to perform frequency/time tracking on some downlink reference signals not only to ensure reliable communications with a base station but also to enable high bit rates. For reliable communications, in the sense of being able to detect PDCCH or receive PDSCH of low MCS, it might be sufficient with a coarse tracking of the time and frequency while fine tracking would be necessary to receive PDSCH of high MCS as well as to enable accurate CSI reporting. Coarse tracking could also be performed based on a RS with somewhat relaxed QCL properties while fine tracking requires a RS with more stringent QCL properties.  QCL properties for frequency and time synchronization are obviously needed but also spatial QCL may be relevant since beamforming affects Doppler spread and delay spread.
Reference signal types for fine frequency and time tracking
Fine tracking of frequency/time could be based on a number of different types of reference signals:
1. The UE can acquire fine tracking of frequency/time via periodically configured CSI-RS or any other configured RS that is not directly associated with demodulation of downlink physical layer channels. A benefit with this alternative is that the fine tracking RS can be configured always to be present when needed and located in time so that the UE can perform fine channel tracking prior to demodulation of PDCCH and PDSCH. This type of RS need to be semi-statically configured.
2. The UE can acquire fine tracking of frequency/time via PDCCH-DMRS or via another RS that is embedded into PDCCH transmissions. As in 1. the UE can perform fine tracking prior detection of PDCCH and PDSCH. The RS will however not be present when there is no downlink or uplink grant and can therefore generally not be utilized for UE measurements based on CSI-RS. This type of RS need to be semi-statically configured.
3. The UE can acquire fine tracking of frequency/time via PDSCH-DMRS or via another RS that is embedded into PDSCH transmissions such as e.g. PTRS. In this case fine tracking is done after PDCCH detection but before PDSCH detection. The RS is only present when there is a PDSCH transmission and can therefore not generally be used for tuning of the UE TX frequency or for UE measurements based on CSI-RS. Presence of this type of RS can be dynamically indicated via PDCCH.
Clearly only type 1 can be used as a self-contained solution for all fine tracking purposes since it’s the only type of signal that is always present when needed. One is therefore easily led to the conclusion that reference signal type 2 and 3 both need to be combined with type 1. As a variant of type 1, one could however, consider a signal that is present only when PDSCH or PDCCH is absent:
4. The UE can acquire fine tracking via a triggered CSI-RS or other triggered RS not directly associated with demodulation of any DL physical channel. The triggered RS is present only when PDCCH or PDSCH is absent. This RS is obviously not utilized for PDCCH/PDSCH detection. 
	RS for fine tracking
	Fine tracking before demodulation of PDCCH 
	Fine tracking before demodulation of PDSCH
	Presence

	1. Periodically configured CSI-RS or other periodically configured RS not directly associated with demodulation of any DL physical channel
	Yes
	Yes
	Always when there are active users not in DRX. Semi-statically configured.

	2. PDCCH-DMRS or other RS embedded in PDCCH transmissions
	Yes
	Yes
	When UL/DL grant exist. Semi-statically configured.

	3. PDSCH-DMRS or other RS embedded in PDSCH transmissions
	No
	Yes
	When DL grant exist. Presence can be dynamically indicated via PDCCH.

	4. Triggered CSI-RS or other triggered RS not directly associated with demodulation of any DL physical channel. The triggered RS is present when PDCCH or PDSCH is absent.
	No
	No
	When UL/DL grant doesn’t exist and there are active users not in DRX. Semi-statically configured.


Table 1 Reference signal types for fine tracking of frequency and time.
Observation 1: Fine frequency and time tracking based on PDCCH-DMRS or PDSCH-DMRS or other RS embedded in PDCCH or PDSCH need to be complemented with fine frequency and time tracking based on additional reference signals that are available when PDCCH or PDSCH are absent due to lack of UL/DL grant.
Thus, our main alternatives are type 1, type 2+1, type 2+4, type 3+1 or type 3+4. ‘Larger’ combinations like 2+3+4 could possibly also be considered.
For type 3+4 (e.g. PDSCH-DMRS + triggered CSI-RS) coarse tracking (e.g. based on PSS/SSS) need to be precise enough to allow PDCCH detection.
All reference signals to aid fine tracking of frequency/time are only transmitted when there are either active users that are not in DRX. In the case of long DRX cycles, the network would need to ensure that the UE can keep track of the frequency/time such that it can at least detect PDCCH when transmitted.
Reference signal design for fine frequency and time tracking
Fine tracking of the time can be done on a one-dimensional reference signal of sufficiently large scheduling bandwidth and density in frequency domain while fine tracking of the frequency requires a 2-dimensional signal design with a large enough separation in time that enables high accuracy but still avoids aliasing. If assuming a maximum frequency error of 10% of the subcarrier spacing prior to the fine tracking the separation in time should not be more than 4 OFDM symbols in order to avoid aliasing (N*15kHz subcarrier spacing with normal CP and 10% course tracking error requires a sampling distance of at most 5*(2048/2192)  4.7 OFDM symbols). The reference signal density in frequency domain for fine tracking of the frequency can be relatively sparse in comparisons to fine time tracking.
Observation 2: A 2-dimensional reference signal design is needed for fine frequency tracking while fine time tracking can be done on a one-dimensional reference signal of sufficiently large bandwidth and density
· A relative sparse 2-dimensional reference signal design would be sufficient for fine frequency tracking whereas fine time tracking would require higher density in frequency
· In a reference signal design that can be used for both fine tracking of time and frequency, at least one instant of the 2-dimensional reference signal can be transmitted with lower density in frequency
Observation 3: If the network operation is such that a frequency error can be at most 10% of the subcarrier spacing prior the fine tracking, the separation in time of two instants of the RS should not be more than 4 OFDM symbols
If CSI-RS and DMRS are to be considered for fine tracking, a 2-dimensional design would thus be needed for these reference signals. This may have some implications on how to perform beam sweeping, on supporting analog beamforming as well as on the possibility to support early decoding if a time separation of 4 OFDM symbols is to be considered. 
Although stay-in-the box principle and self-contained transmissions (in the sense that all reference signals needed for the demodulation are included) should be the baseline in NR one may in the case of fine tracking consider to rely on configurable tracking reference signals that can be transmitted without a direct physical layer channel association. It can be noticed that if the frequency tracking signal would be embedded into PDSCH, then early decoding will require a signal that has less than 4 OFDM symbol separation which will demand more power resources in order to achieve the same accuracy as a signal with 4 OFDM symbol separation. If the DMRS signal would be used for tracking this would require DMRS signals to be separated in time as far as possible (but not by more than 4 OFDM symbols) and this would limit  the possibilities to utilize OCC to support DMRS for multiple layers. It can further be noticed that fine frequency tracking can be performed significantly more seldom than the frequency of PDSCH transmission occasions.
Observation 4: For short 2-3 OFDM symbol low latency transmissions, a desirable separation of 4 OFDM symbols in time for accurate fine frequency tracking is not possible.
Observation 5: For typical PDSCH transmissions, additional reference signals for fine frequency tracking can be accommodated but may hinder early decoding.
Proposal 1: Study fine frequency tracking procedures using a configured UE-specific DL reference signal decoupled from PDSCH DMRS.

Conclusion
In this contribution, we considered some procedures for a device to perform fine tracking of frequency/time that all rely on measuring on configured DL reference signals. The required structure of such reference signals was discussed as well. The following observations and proposals were made:
Observation 1: Fine frequency and time tracking based on PDCCH-DMRS or PDSCH-DMRS or other RS embedded in PDCCH or PDSCH need to be complemented with fine frequency and time tracking based on additional reference signals that are available when PDCCH or PDSCH are absent due to lack of UL/DL grant.
Observation 2: A 2-dimensional reference signal design is needed for fine frequency tracking while fine time tracking can be done on a one-dimensional reference signal of sufficiently large bandwidth and density
· A relative sparse 2-dimensional reference signal design would be sufficient for fine frequency tracking whereas fine time tracking would require higher density in frequency
· In a reference signal design that can be used for both fine tracking of time and frequency, at least one instant of the 2-dimensional reference signal can be transmitted with lower density in frequency
Observation 3: If the network operation is such that a frequency error can be at most 10% of the subcarrier spacing prior the fine tracking, the separation in time of two instants of the RS should not be more than 4 OFDM symbols
Observation 4: For short 2-3 OFDM symbol low latency transmissions, a desirable separation of 4 OFDM symbols in time for accurate fine frequency tracking is not possible.
Observation 5: For typical PDSCH transmissions, additional reference signals for fine frequency tracking can be accommodated but may hinder early decoding.
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