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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 
In this contribution we discuss design principles and QCL assumptions for NR reference signal. 

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Functionalities and QCL Assumptions of NR Downlink RS 
In LTE the set of DL reference signals: 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 [2]. To combat the significantly higher 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 facilitate the analog beam acquisition, tracking and feedback. 
Observation: NR reference signal design should target the distribution of CRS functionalities and additional functionalities to support high frequency.
In the following sections, we discuss the detailed NR RS design options and considerations.
LTE RS functionalities and QCL assumptions
RS signal set in LTE carry a variety of functionalities which are essential to the normal operation of the mobile wireless communication system. Some of the functionalities are shared among more than one type of RS. Figure 1 shows the overview of LTE functionalities and their RS carrier. 
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Figure 1 LTE reference signal set and functionalities
As shown in the figure, UE acquires coarse time/frequency synchronization and cell identification through the detection of PSS/SSS signal. Cell identification is also partially carried out through CRS by PBCH demodulation reference signal. CRS also carries the functionalities of digital AGC, fine time/frequency synchronization and RRM measurement. CRS provides data demodulation reference signal for transmission modes 1-6 and control demodulation reference signal for all of the transmission modes(except for EPDCCH demodulation). In CSI measurement, CRS is used for deriving the signal part for transmission mode 1-8 and the interference part for transmission mode 1-9. CSI-RS is utilized in transmission modes 9 and 10 for measuring signal quality. DMRS is the data demodulation reference signal for transmission mode 7-10 and EPDCCH control channel demodulation reference signal. DRS consists of SS, the windowed CRS, and optionally CSI-RS and carries the functionalities of cell discovery and RRM measurement.
In LTE, QCL is defined with respect to delay spread, Doppler spread, Doppler shift, average gain and average delay. LTE defines several QCL assumptions among reference signals:
· CRS ports of serving cell are assumed to quasi co-located with respect to delay spread, Doppler spread, Doppler shift, average gain and average delay
· CSI-RS, DMRS ports and their tied CRS ports are assumed to quasi co-located with respect to Doppler spread, Doppler shift, delay spread and average delay
· SS port and CRS ports are assumed to quasi co-located with respect to Doppler shift and average gain
The long term channel characteristics derived from CRS can be utilized to facilitate the reception of the target reference signals when they can be assumed to be quasi co-located.

NR RS design options
With the minimization/removal of CRS in NR RS design, all of the functionalities and QCL assumptions carried by CRS in LTE should be transferred to other reference signals or newly designed NR reference signals. In the following, we discuss several of the design options.
Option 1: QCL with enhanced SS
In this option, SS is enhanced with enough time/frequency density to carry additional functionalities: RRM measurement, fine time/frequency synchronization and PBCH demodulation in cell discovery. DMRS could be enhanced for digital AGC where DMRS may be put in the very early part of transmission interval CSI-RS may also be enhanced to support better MU-MIMO performance. CSI-RS, DMRS ports and SS port are assumed to quasi co-located with respect to delay spread, Doppler spread, Doppler shift and average delay. 
To support mobility, SS signal needs to be transmitted with certain periodicity. SS enhancement with increased densities in time/frequency may result in large overhead which should be considered in NR RS design decisions.
In addition, to support flexible multi-point coordination, especially in a more dense deployment scenario, not all TRP may need to transmit SS signal. Therefore, relying on SS signal for QCL assumptions with other reference signals may not be feasible and hence is not preferred.
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Figure 2 NR RS design option 1

Option 2: QCL with enhanced DRS
In option 2, DRS could be enhanced with enough time/frequency density to carry additional RRM measurement and fine time/frequency synchronization functionalities. SS may also be enhanced to facilitate PBCH demodulation. The same as with option 1, DMRS could be enhanced or added for digital AGC. CSI-RS, DMRS ports and DRS port are assumed to quasi co-located with respect to delay spread, Doppler spread, Doppler shift and average delay. In this option, SS is transmitted with shorter periodicity to support mobility and DRS is transmitted with longer periodicity to reduce overhead. However, with long periodicity of DRS, it may not be a good choice for fine time/frequency synchronization and as a basic signal for QCL assumptions with other reference signals. Therefore, it is not preferred either.
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Figure 3 NR RS design option 2

Option 3: Self-contained with enhanced DMRS 
Rough time/frequency synchronization are provided through SS signal and DMRS could be enhanced to gain further fine time/frequency synchronization for demodulation. Delay spread, Doppler spread, Doppler shift, average delay and average gain are derived from enhanced DMRS. The transmission is then almost self-contained with only some weaker QCL assumption (e.g., rough timing) with SS or DRS.  Figure 4 shows the detailed functionality and RS mapping. Self-contained transmission may be ideal for multi-points transmission at the cost of increased overhead. Overhead reduction designs, e.g. enhanced DMRS transmission only for the initial portion of continuous multiple transmissions, could be considered and evaluated. In addition, to facilitate better channel estimation of signal such as enhanced CSI-RS from multiple TRPs, QCL assumptions with the corresponding DRS may be introduced as well. Overall, option 3 is a feasible and preferred solution.
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Figure 4 NR RS design option 3
Proposal 1: Different design of SS, DRS and DMRS enhancement to carry CRS functionalities and QCL assumptions should be evaluated in terms of performance and overhead

NR RS design high frequency related considerations
To support carrier frequency up to 100GHz, hybrid antenna structure with large number of antenna elements is considered to strike a good balance between complexity and performance. The analog beamforming provided by analog antenna array could effectively compensate the significant signal path loss at these high frequency bands. Analog beam management, e.g. beam acquisition and beam tracking, is calling for new RS signal design or modifying existing RS design to support this feature. Another issue for communication system in the high carrier frequency band is the phase noise. Compared to low frequency band, the phase noise is considerably larger in the high frequency band. Performance degradation caused by phase noise could be mitigated by increasing the subcarrier spacing to some extent. However, larger subcarrier spacing means shorter symbol length and larger CP length overhead. Thus with the possible maximum subcarrier spacing limitation, we need to find another method to combat the phase noise and support high order modulation striving for high spectrum efficiency, especially for higher modulation level. We may consider to introducing a specific RS to fulfill this purpose [3].
Proposal 2: RS for Beam management, either a new RS design or a shared RS design for CSI acquisition, should be considered in NR RS design
Proposal 3: RS design to facilitate phase noise compensation should be considered in NR RS design, especially for high frequency bands   

QCL Consideration for multi-point transmission
[bookmark: _GoBack]The antenna ports from different TRPs experience different large-scale properties and thus are non-QCL. If single QCL assumption is made for these antenna ports, UE cannot estimate the large scale parameters (e.g., timing offset/frequency offset) correctly. On the other hand, single QCL may not be feasible even for antenna ports virtualized from different antenna panels at a single TRP when they are beamformed with different steering directions. Moreover, different panels may have independent oscillators, resulting frequency errors between the panels. Thus, multi-QCL based MIMO transmission mechanisms should be designed, such as non-coherent multi-point transmission where independent data streams coming from parts of the antenna ports (e.g., from different TRPs/antenna panels). For these transmission mechanisms, antenna ports from different panels or TRPs should have different QCL assumptions.
To support multi-QCL assumption in multi-point transmission cases, explicit or implicit QCL indication for antenna ports should be supported. 
Proposal 4: Multi-QCL assumptions at least for multi-point transmission if supported should be considered in NR

[bookmark: _Ref129681832]Conclusion
In this contribution we discussed the design principles for 5G NR RS. Striving for minimizing the always-on signal and support the usage of QCL assumption, we discussed several design options. We also discuss the additional design consideration for supporting high frequency band. In summary we have the following observations and proposals:
Observation: NR reference signal design should target the distribution of CRS functionalities and additional functionalities to support high frequency 
Proposal 1: Different design of SS, DRS and DMRS enhancement to carry CRS functionalities and QCL assumptions should be evaluated in terms of performance and overhead
Proposal 2: RS for beam management, either a new RS design or a shared RS design for CSI acquisition, should be considered in NR RS design
Proposal 3: RS design to facilitate phase noise compensation if needed should be considered in NR RS design, especially for high frequency bands
Proposal 4: Multi-QCL assumptions at least for multi-point transmission if supported should be considered in NR
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