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Introduction
In RAN1#86, a WF on RS design principle in NR [1] was agreed that 
· NR support NR RS configured on a per UE basis
· FFS whether or not to support always-on non-UE-specific RS in NR
· Including the details of always-on and non-UE-specific, if supported
A typical always-on non-UE-specific RS in LTE is the cell-specific RS.  Cell-specific RS is one most fundamental building block of the LTE system since Rel-8, which is used for 
· coherent demodulation of DL physical channels
· channel-state information (CSI) acquisition
· fine time/frequency offset estimation and tracking
· estimation of large-scale properties of the channel for QCLed antenna ports, and 
· RRM for cell-selection and handover decision.  
Some functionalities cell-specific RS are provided by other RSs as the LTE system evolves.  For example, UE-specific RS (or demodulation RS) are introduced for coherent demodulation of EPDCCH and PDSCH in TMs 7, 8, 9, and 10.  Channel state information RS (CSI-RS) are introduced for CSI acquisition since Rel-10.  But cell-specific RS is still unreplaceable due to its versatile functionalities like time/frequency offset estimation and tracking, and estimation of large-scale properties for QCLed ports, loops tracking, mobility measurement and many other functionalities.  In NR, introducing RSs like cell-specific RS shall be avoided for the sake of overhead, eNB power saving and prevent pilot pollution.  But some of the functionalities of cell-specific RS need to be provided. In Section 2, we discuss some high-level design principles of RS for control and tracking for NR.    
In RAN1#86, a WF on the antenna ports QCL in NR [2] was agreed that
· Parameters for antenna port QCL in NR includes at least (if QCL is supported)
· Average gain, average delay, delay spread, Doppler shift and Doppler spread (same as in LTE)
· Additional parameters are FFS 
· FFS whether the QCL or other means can be used for UE beamforming management
In Section 3, we discuss the measurement assumptions for antenna ports in NR.
RS for control and tracking
First of all, it is agreed that NR should strive to minimize the always-on signal, such as CRS. In particular, LTE type of always on CRS over the entire band and spread over the entire subframe, which causes severe pilot pollution issue and poor eNB power consumption even in the case where the cell is lightly loaded. On the other hand, CRS is still extremely important to ensure robust system performance as it plays such versatile role in LTE, the decision/commitment to remove them completely should not be taken lightly. 


Figure 1. Example of CRS (RS for control and tracking in NR) in NR data slot
As a possible tradeoff, CRS should be kept to a small footprint, but not too small that causes performance/robustness issues. In NR, suppose CRS is not mainly used for PDSCH demod, then they could be channelized only in the broadcast control region to ensure no pilot pollution to data. And CRS pilots are used mainly for control decoding as well as loops and measurement. CRS density could be reduced significantly both in time and frequency domain. An example of RS for control and tracking (a.k.a control RS or new CRS) in NR is illustrated in Figure 1. Also, note that the appearance of CRS may not just be useful for control channel demod. Frequency and timing loops are typically driven by staggered CRS symbol pairs.
It was noted that current LTE CRS has to be on regardless the presence of active UEs in the cell. In NR, this should be optimized. CRS could be off for more power saving when no active UE is in the cell. A minimum amount of CRS could be used for mobility purpose associated with SYNC/MSIB channel.
Observation 1: LTE CRS is critical to robust UE performance. However, always-on signaling creates pilot pollution and burns unnecessary eNB power.
Proposal 1: NR CRS (RS for control and tracking) should be kept to a small footprint, but still ensure robust UE performance. 
Proposal 2: NR CRS (RS for control and tracking) could mostly be muted in the absence of active UEs in the cell with a small NB amount active along with SYNC/MSIB channels for mobility purpose. 
Consideration of QCL
In LTE, the concept of quasi-co-location (QCL) with respect to antenna ports was introduced in Rel-11 to support multi-point transmission.  It is defined in LTE that two antenna ports are said to be quasi co-located if the large-scale properties of the channel over which a symbol on one antenna port is conveyed can be inferred from the channel over which a symbol on the other antenna port is conveyed. The large-scale properties include one or more of delay spread, Doppler spread, Doppler shift, average gain, and average delay.  If a UE determines those large-scale properties based on one antenna port and uses the estimates to tune the channel estimator of a non quasi co-located antenna ports, then large performance loss may be experienced.  Several possible solutions have been discussed, which include
Alt-1.	Force DM-RS based long term parameter estimation
Alt-2.	Use a separate reference signal for each non-collocated signal
Alt-3.	Indicate to UE to use “relaxed” assumptions (e.g. even if the signal looks AWGN, assume a minimum delay spread of 3us)
For Alt-1, there is an issue with persistency since the DMRS is not an always-on signal.  If there is no transmission from a TP for a long time, the UE may have no signal to estimate those parameters.  For Alt-2, a UE needs to be indicated which antenna ports can be assumed to be co-located.  A UE may also need to maintain multiple time/frequency tracking loops.  Alt-3 doesn’t need any co-location indication, but there might be some performance degradation due to the relaxation.
Although none of these solutions is perfect, Alt-2 is eventually adopted in LTE that a UE can be configured with antenna port QCL assumptions via higher-layer signaling.  The assumption indicates that if the radio channels corresponding to two different antenna ports can be assumed to have similar large-scale properties, which can be used by the UE receiver, for example, in tuning parameters for channel estimation.  
If the antenna port quasi co-location definition in LTE can be reused, as a starting point, we may assume current QCL design in LTE, i.e., Alt-2 as the baseline.  The control RS discussed in Section 2 can be served as the reference for QCL.
Proposal 3: Take Alt-2 as the baseline and use control RS as the reference for QCL.
In NR MIMO, up to 256 antennas may be supported.  Using beamformed antenna ports can significantly reduce the RS overhead and UE measurement overhead.  An antenna port may thus be formed by a large number of antenna elements and results in a much narrower beam than the DMRS ports in LTE.  It is well know that beamforming will change some large-scale properties of the channel, e.g., the delay spread and even the Doppler spread, etc.  This raises a questions that whether the antenna ports associated with different beamformed RS from the same TRP can still be assumed co-located?  The answer to this question is apparently no, at least for the aforementioned parameters.    In order to capture the impact of beamformed antenna ports on QCL, the large-scale properties of the channel may further include angular domain parameters.  Essentially, the channels on antenna ports associated with different beams tend to have their own mean azimuth of departure (AoD), mean zenith of departure (ZoD), azimuth spread of depature (ASD), and zenith spread of depature (ZSD),  as beamforming directions are related to different clusters.  It is reasonable to include mean AoD/ZoD and/or ASD/ZSD as large-scale properties of the channel on QCLed antenna ports.  In another word, the UE shall assume that if two set of antenna ports are QCLed, then the mean AoD/ZoD and/or ASD/ZSD estimated from one set of antenna ports can imply those of the other set of antenna ports.
Proposal 4: For antenna ports associated with different beamformed RS,the large-scale parameters of the channel on QCLed antenna ports shall include angular domain parameters at the depature, e.g., mean AoD/ZoD and/or ASD/ZSD.
For higher frequency, beamforming may also be applied at the receiver side.  Hence, if two antenna ports are QCLed, they shall not only assume the QCL of TX port, but also need to assume the QCL of RX ports.  As scatters at both the transmitter and the receiver sides jointly contribute to the channel properties.  As shown in Figure 1, the TX antenna ports in TX beams #1 and #2 can be assumed QCLed as they are illuminating the same TX side cluster.  However, the UE may use RX beam #1 for transmission using TX beam #1 while switch to RX beam #2 if TX beam #2 is selected at the TRP.  Then, the channel between the 1st pair of TX-RX beams may have different properties than that between the 2nd pair of TX/RX beams.  The TRP may have no knowledge of which RX beam will be used at the UE.  Then, assuming QCL of antenna ports purely from the TRP’s point-of-view may be insufficient. 
[bookmark: _GoBack]Observation 2: The definition of QCL shall consider the impact of receive beamforming.
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Figure 1  QCLed TX-RX ports.
One way to tackle this issue is allow the UE to indicate if antenna ports associated with two TX beams can be assumed to be QCLed from the receiver’s perspective.  For example, the same RX beam is selected for two TX beams, then the UE may indicate the TRP that this two TX beams can be assumed to be QCLed.
Proposal 5: Support signaling from UE to TRP to indicate that if two antenna ports can be assumed to be QCLed. 
Conclusions 
To summarize, we discussed some high-level views on RSs for control and tracking.  We have following observation:
Observation 1: LTE CRS is critical to robust UE performance. However, always-on signaling creates pilot pollution and burns unnecessary eNB power.
Observation 2: The definition of QCL shall consider the impact of receive beamforming.
We propose:
Proposal 1: NR CRS (RS for control and tracking) should be kept to a small footprint, but still ensure robust UE performance. 
Proposal 2: NR CRS (RS for control and tracking) could mostly be muted in the absence of active UEs in the cell with a small NB amount active along with SYNC/MSIB channels for mobility purpose. 
 Proposal 3: Take Alt-2 as the baseline and use control RS as the reference for QCL.
Proposal 4: For antenna ports associated with different beamformed RS,the large-scale parameters of the channel on QCLed antenna ports shall include angular domain parameters at the depature, e.g., mean AoD/ZoD and/or ASD/ZSD.
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