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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. 

[image: ]
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 a large transmission, 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].
In high frequency implementation, more than one antenna element panel may be implemented at the transmitter and receiver side. Generally speaking, even between a single pair of TRP and UE, reference signal transmitted from different beams and different antenna element array travel through different effective channels. Without further assumption, beam management of each antenna array has to be performance independently. However, if the antenna element arrays are closely located, with same spatial orientation, and calibrated, beam acquisition time can be greatly reduced by simultaneously transmit different beam directions from different antenna element arrays under the assumption that beams with the same precoding (or spatial direction) from these different arrays have the same long term channel properties, which is called here as beam direction uniformity. Thus beam direction uniformity across antenna element array should be defined as one of the aspect of QCL assumptions. On the other hand, different beam directions in high frequency may experience very different channel conditions when beamforming is applied, e.g. delay spread, average gain and average delay, though these channel properties may be the same before the beamforming is applied. Therefore, beam antenna ports are quasi co-located with respect to beam direction uniformity, Doppler shift, and Doppler spread, and possibly delay spread, average gain, and delay.
Proposal 2: Beam management RS and phase noise RS should be considered in NR RS design.
Proposal 3: Beam antenna ports quasi co-location should be defined for high frequency with respect to beam direction uniformity, Doppler shift, and Doppler spread, and possibly delay spread, average gain, and delay.   
Design Principles of NR RS 
CSI measurement RS
CSI measurement RS will play an important role in NR. All of periodic, dynamic and semi-persistent configurations of CSI measurement RS needs to be studied in NR. Some design principles of CSI measurement RS are discussed as follows.
· Support of analog/digital/hybrid beamforming
To support analog/hybrid beamforming as well as digital beamforming, distributed mapping of RS resources for CSI measurement in LTE/LTE-A may bring negative influence of analog beam sweeping on data transmission. Therefore, the CSI measurement RS should be concentrated within one or several consecutive symbols to avoid the influence of analog beam switching/sweeping on data transmission. In addition, to enable fast CSI measurement and feedback for CSI acquisition, mapping of the CSI measurement RS in early part of a time interval is preferred. 
· Multiplexing of ports
To adapt to the concentrated mapping of CSI measurement RS, the multiplexing modes of the RS configurations and RS ports should be adjusted accordingly. In NR, FDM/TDM/CDM port multiplexing should be considered. Some examples of CSI measurement RS ports multiplexing are illustrated in the following figure.

Figure 5. Multiplexing of CSI measurement RS ports
· Density 
Higher number of ports of CSI measurement RS is expected in NR for accurate channel estimation due to the increase of antenna elements. To control RS overhead, reduced port density could be considered. But to keep high CSI resolution, more mapping resources are required. Hence, the RS pattern design for higher port number should take into consideration the tradeoff between overhead and CSI estimation accuracy.  
To achieve various requirements on CSI acquisition accuracy, configurable density needs to be supported in NR. For example, for the two-stage precoding scheme based on DSDR [4][5], a lower density of RS is sufficient for the first-level CSI measurement on wideband/long-term channel statistics information, while the second-level measurement on subband/short-term instantaneous channel requires more accurate CSI therefore higher density of RS needs to be guaranteed.
Proposal 4: Following design principles of CSI measurement RS should be considered in NR
· CSI measurement RS should be mapped on one or few consecutive symbols to allow analog beam switching/sweeping.
· CSI measurement RS can be configured in the earlier part of a time interval for fast CSI measurement and reporting.
· Configurable density of CSI measurement RS should be supported.
Enhanced DMRS
The design of DMRS associated with DL data transmission may consider the following: 
· [bookmark: OLE_LINK23][bookmark: OLE_LINK24]The use of cell-specific reference signal for data demodulation should be avoided
· Strive to reduce inter-cell interference and improve spectrum efficiency; 
· Strive to lower network energy consumption and improve energy efficiency. 
· Enhanced DMRS design should consider NR frame structure 
· The pattern design of enhanced DM-RS, such as mapping position, multiplexing scheme should suit the new frame structure in NR. 
· In the view of low latency, enhanced DM-RS should be concentrated in one or more consecutive symbols at earlier part of a time interval.
· Configurable density should be supported
· The density of enhanced DM-RS can be configured dynamically according to different channel characteristics, such as Doppler frequency shifts and frequency selectivity; 
· Different density can be configured for different port number.
In NR, MU interference has larger impact on the performance of downlink transmissions with more users co-scheduled and spatially multiplexed. Enhanced DMRS can also be employed to measure interference resulting from co-scheduled users. The advantages of the aforementioned interference measurement scheme include:
· Data demodulation will be more reliable based on the interference channel measurement and interference suppression.
· Link adaption may also be enhanced with MU-CQI measurement and reporting based on the interference measurement mentioned above.
Proposal 5: Following design principles of enhanced DMRS should be considered in NR
· Enhanced DMRS is concentrated in one or more consecutive symbols at earlier part of a time interval.
· Density of per port enhanced DMRS can be configured dynamically.
· Enhanced DMRS may be studied for interference measurement in NR to enhance data demodulation and support MU-CQI feedback.
Enhanced SRS
[bookmark: OLE_LINK250][bookmark: OLE_LINK251]Narrowband SRS transmission is preferred to guarantee the high power spectrum density for sufficient channel estimation accuracy. To capture the instantaneous channel effectively on the entire bandwidth, frequency hopping of narrowband SRS should be supported on multiple symbols within a time interval. As an example in Figure 6, the OFDM symbol and hopping bandwidth for SRS within one subframe can be configured flexibly.
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Figure 6.Flexible configuration for fast SRS 
For situations, where the link budget is limited (i.e. > 6 GHz), the SRS will also need to be beam-formed.
This beam-formed SRS signal may be RF (analog), hybrid or digitally beam-formed from the UE perspective.  The beam-formed SRS from the different UEs (and their respective RF chains) will need to be multiplexed in time, frequency and code space and the resources should be assigned by the network via the SRS configuration.
The transmission of beam-formed SRS to the receiving TRP(s) may involve beam-sweeping at the UE (with fixed TRP beams) or TRP receiver beam-sweeping (with fixed UE beams) or combinations thereof.
Due to the increased overhead required for beam-forming the SRS, schemes for reducing this overhead and in particular schemes to reduce the number of SRS transmission beam-directions from each UE and the corresponding receiver beam directions at the TRP should be further studied. The transmission of beam-formed SRS for each UE may be individually configured by the network.
[bookmark: OLE_LINK252][bookmark: OLE_LINK253]Proposal 6: Following design principles of uplink SRS should be considered inNR:
· Multiple symbols can be configured in one time interval for enhanced SRS transmission in NR, OFDM symbol and hopping bandwidth for SRS within one subframe can be configured flexibly.
· For link budget limited scenarios, beam-formed SRS should be introduced and schemes to reduce the overhead of beam-formed SRS need to be further studied.

Beam management RS
Beam management RS are preferred to be UE-specific or UE group specific to save overhead, and could be configured as periodic or aperiodic. DL beam management can be based on the RS for CSI measurement (i.e. CSI-RS), or a new RS similar to CSI-RS. The RS needs to be concentrated within one or several consecutive symbols to avoid as much as possible the influence of analog beam switching on data transmission. In addition, DL enhanced DMRS can be considered for beam management as well, since it could be helpful to measure the quality of current serving beams. 
For UL beam management, enhanced SRS, UL enhanced DMRS and a new UL tracking signal can be used. To achieve fast beam tracking/refinement with the support of analog beam sweeping, enhanced SRS can be configured on multiple symbols within one time interval, each corresponding to a specific analog beam. UL DMRS is also beneficial to efficient beam tracking as in DL beam management.  
Proposal 7: Following design principles of RS for beam management should be considered inNR:
· DL beam management in NR can be based on CSI measurement RS (or a new RS similar as CSI measurement RS) and DL enhanced DMRS.
· Proposal 8: UL beam management in NR can be based on enhanced SRS, UL enhanced DMRS and a new UL tracking signal.
[bookmark: _Ref129681832]Conclusion
In this contribution we discussed the design principles for 5G NR RS. Striving for minimizing the always-on signal and maintain the 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: Beam management RS and phase noise RS should be considered in NR RS design.
Proposal 3: Beam antenna ports quasi co-location should be defined for high frequency with respect to beam direction uniformity, Doppler shift, and Doppler spread, and possibly delay spread, average gain, and delay.   
Proposal 4: Following design principles of CSI measurement RS should be considered in NR.
· CSI measurement RS should be mapped on one or few consecutive symbols to allow analog beam switching/sweeping.
·  CSI measurement RS can be configured in the earlier part of a time interval for self-contained CSI measurement and reporting.
· Configurable density of CSI measurement RS should be supported.
Proposal 5: Following design principles of enhanced DMRS should be considered in NR.
· Enhanced DMRS is concentrated in one or more consecutive symbols at earlier part of a time interval.
· Density of per port enhanced DMRS can be configured dynamically.
· Enhanced DMRS needs to be studied for interference measurement in NR to enhance data demodulation and support MU-CQI feedback.
Proposal 6: Following design principles of uplink SRS should be considered inNR:
· Multiple symbols can be configured in one time interval for enhanced SRS transmission in NR, OFDM symbol and hopping bandwidth for SRS within one subframe can be configured flexibly.
· For link budget limited scenarios, beam-formed SRS should be introduced and schemes to reduce the overhead of beam-formed SRS need to be further studied.
Proposal 7: Following design principles of RS for beam management should be considered inNR:
· DL beam management in NR can be based on CSI measurement RS (or a new RS similar as CSI measurement RS) and DL enhanced DMRS.
· Proposal 8: UL beam management in NR can be based on enhanced SRS, UL enhanced DMRS and a new UL tracking signal.
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