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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#86bis meeting [2], it was agreed that 
At least the following RSs are supported for NR downlink
· 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
In this contribution we discuss design principles of NR reference signal for tracking-related functionalities. 
At RAN1 Jan-2017 Ad-Hoc meeting [6], it was agreed that
· For fine time/frequency tracking, consider
· [bookmark: _GoBack]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
RS in common control resource set and RS for RLM
If a single symbol PDCCH is considered or the control region is confined within a single symbol, then the bandwidth required to transmit an aggregation level 8 is large. For example, assuming that each CCE contains 36 REs, and that the RS overhead is 1/3, then even for localized search space, the bandwidth required for aggregation level 4 and aggregation level 8 are 6.48 MHz and 12.96 MHz, respectively, in case of 30 kHz sub-carrier spacing. Since common control search space should accommodate at least one aggregation level 8, the bandwidth that it spans should be at least around 10MHz in the single-symbol control scenario.
RLM functionality is about the measurement of PDCCH SINR, and the mapping of PDCCH SINR to PDCCH BLER. The PDCCH BLER estimate is used to declare radio link failure (RLF) in the case when control channel performance cannot be guaranteed. Because RLM is directly linked with control channel performance, it is natural for the RLM functionality to rely on control channel RS, which leads to the following two schemes.
· Use RS in UE-specific control search space for RLM
· Use RS in common control search space for RLM 
It should be clear that the second scheme is much more preferable. The reasons are as follows: 
First of all, UE-specific search space is likely to adopt RS that is on-demand in both time and frequency, in which case the existence of RS can be quite sporadic and cannot guarantee RLM robustness. Plus, in general the signal strength of UE-specific control-RS beamformed to one UE does not reflect control performance for other UEs. Secondly, common-control-RS is guaranteed to be transmitted with the periodicity of M-SIB, which favors RLM operation (may not be enough). Thirdly, common-control-search-space likely involves only high aggregation levels for coverage purposes and thus the amount of common-control-RS that accompanies common control transmission won’t be very small, which makes it suitable for RLM compared with RS for UE-specific control.
Observation 1: RS for common control search space will be transmitted (1) at least with the time periodicity of M-SIB (2) at least with enough dimension to support the minimum aggregation level for common search space.
Observation 2: RS for common control search space is more suitable for RLM, compared with RS for UE-specific control search space. 
Assume that RS for common control search space is used for RLM functionality, then it would be desirable if the RS could be transmitted in a consecutive frequency span so that wide-band based RS processing is feasible. Also, once consecutive frequency span of common control RS can be assumed, it also opens up the possibility of leveraging the common control RS for delay spread estimation and time-tracking-loop (TTL) operation, which will be discussed in the next section.
Observation 3: The decision for RS configuration in common control search space should be determined based on not only control channel performance, but also RLM robustness. 

3	RS for tracking
UE operations relies on the various tracking related functionalities, which in LTE, are driven by (or partially driven by) always-on cell-specific reference signal (CRS). Since always-on signal introduces pilot pollution and leads to unnecessary power consumption, it is not preferred in NR. As a result, we need to carefully study how to map these functionalities to different RS in different modes. 
Specifically, the following tracking functionalities need to be considered. 
Coarse Frequency 
Tracking
Coarse Time 
Tracking
Fine Time 
Tracking
Fine Frequency 
Tracking
Delay Spread Estimation
Doppler Spread
Estimation
Radio Resource Management

Coarse time and frequency tracking can be achieved using narrow band processing, and thus can be driven by Synchronization Signal (SS). Regarding the rest of the tracking functionalities, the following requirements should be studied.
	Tracking functionality
	RS requirement

	Time Tracking Loop
	RS span in frequency  time domain tap resolution
RS density in frequency   time domain pull-in range
RS density in time  enough periodicity to maintain certain processing gain

	Frequency Tracking Loop
	RS density in time  at least two observation in time is required; the time-gap between the two observations should not be too small, otherwise it is hard to differentiate noise with frequency rotation; the time-gap between consecutive observations in time should not be too large, otherwise it leads to frequency offset ambiguity or equivalently small frequency pull-in range.

	Delay spread estimation
	The RS requirement for delay spread estimation is general similar to that for time tracking loop. 

	Doppler spread estimation
	Doppler spread estimation could benefits from RS that are transmitted in a time burst fashion for accurate estimate. 


While the existing agreement on tracking RS does not take Doppler spread and delay spread into account, it makes sense to consider if the RS for tracking can be used for Doppler spread and delay spread estimation as well, as the requirements for fine time/frequency tracking and Doppler/delay spread estimation largely overlap.
Proposal 1: RS that is used for fine time/frequency tracking should also support Doppler-spread/delay-spread estimation.
In general the robustness of the tracking functionalities could benefit from reduced periodicity in time and increased BW in frequency. Extensive studies need to be conducted to determine how much RS presence is enough to provide robust tracking performance. Note that the feasibility of reduced density CRS in terms of TTL and FTL has been studied in RAN1#68b [3] by various companies in the context of unsynchronized new carrier type. As a reference, the following agreement has been made in RAN1#68b:
New carrier type can carry 1 RS port (consisting of the Rel-8 CRS Port 0 REs per PRB and Rel-8 sequence) within 1 subframe with 5ms periodicity
· This RS port is not used for demodulation
· BW is FFS until RAN1#69 between one of: 
· full system BW
· min(system BW, X) where X is selected from {6, 25} RBs
· configurable between full system BW and min(system BW, X)
In NR, we need to carry out similar study to determine the minimum BW and periodicity requirement for robust tracking loop performance. 
It should be noted that the tracking requirements are different across different RRC states. For example, the frequency tracking performance in initial access phase needs not be as strict as the case when the UE is in connected active mode expecting high MCS transmissions. In the table below, we provide discussion of the requirements for three UE states. 
Connected mode DRX
Initial Access
Connected active mode

	Initial access
	The tracking loop performance should be robust enough to provide reliability for at least the following transmissions: 
(1) PDCCH message that indicates PDSCH allocation for M-SIB 
(2) M-SIB message in PDSCH 
(3) PDCCH message that indicates PDSCH allocation for RAR 
(4) RAR message in PDSCH
(5) PDCCH message that indicate PDSCH allocation for RRC signaling
(6) RRC message in PDSCH
Whether Synchronization Signal itself alone can provide the desired robustness or not is subject to evaluation. 
Note that since RRC connected mode is not established, any RS that needs the configuration from RRC signaling cannot be used for tracking in this stage. 

	CDRX [footnoteRef:2] [2:  Note that the discussion here also applies to SCell activation and also transition from connected inactive to connected active state.] 

	In CDRX mode, UE needs to wake up for potential PDCCH and PDSCH reception. In NR, since always-on RS is no longer an option, we need to study mechanisms that can allow robust CDRX performance for cold-start. 
To deal with the cold start, two options are possible
(1) Transmit concentrated tracking RS in the beginning of the CDRX wake up and start with a high MCS. 
(2) Gradual MCS increase with loop convergence.

	Connected active mode
	Tracking loop performance in RRC connected mode should be able to support high MCS PDSCH transmission.



Observation 4: The requirement of RS periodicity and BW for robust tracking performance under different UE states should be studied. 
Potential RS that can be coupled with tracking purposes are listed below. Discussion can be found in the table below.
Common-Control
RS
CSI-RS
Synchronization Signal (SS)
DMRS
Dedicated 
Tracking RS

	CSI-RS
	CSI-RS may not be suitable for time-tracking or delay spread estimation giving that it is in general very sparse in frequency (on the scale of 1RE/RB/Port), which leads to very small resolvable channel impulse response. 
Also, frequency tracking is in general infeasible as CSI-RS time periodicity may not be enough to guarantee large frequency offset pull-in range, unless a special CSI-RS is transmitted in back-to-back slot-pair for tracking purpose. 

	Common-control RS
	If common-control RS is purely on-demand in time, then the only guaranteed periodicity is the M-SIB interval, which is too large for tracking updates, even though the BW and RS density in time could be enough for a good time resolution and a good channel impulse response span.  
To make common-control RS suitable for tracking/parameter-estimation, the configuration of common-control RS transmission following a certain periodicity and certain pattern in time should be enabled (e.g., RS transmitted in back-to-back slot pair with 5ms periodicity). 

	Synchronization Signal
	Synchronization signal may not be suitable for fine time-tracking or delay-spread estimation given its small BW.  Also, code-start handling may be challenging.

	DMRS
	The channel estimation of DMRS requires QCL parameters like delay spread and Doppler spread, which yields a chicken-and-egg problem regarding using DMRS for parameter estimation. 

	Dedicated Tracking RS
	Dedicated Tracking RS may be configured/inserted opportunistically e.g. in the warm-up region. Not only this improves CDRX performance (substantially in a WB system where the actual on duration is expected to be small) but also relieves requirements on the frequency of (regular) periodic RS which contributes to RS pollution in scenarios with sparse traffic. However, this is not good from resource reuse perspective.


4	Conclusions 
Observation 1: RS for common control search space will be transmitted (1) at least with the time periodicity of M-SIB (2) at least with enough dimension to support the minimum aggregation level for common search space.
Observation 2: RS for common control search space is more suitable for RLM, compared with RS for UE-specific control search space. 
Observation 3: The decision for RS configuration in common control search space should be determined based on not only control channel performance, but also RLM robustness. 
Proposal 1: RS that is used for fine time/frequency tracking should also support Doppler-spread/delay-spread estimation.
Observation 4: The requirement of RS periodicity and BW for robust tracking performance under different UE states should be studied. 
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