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Introduction
In RAN1#86, a WF on RS for CSI acquisition in NR [1] was agree that 
· At least one of following RS configurations for CSI measurement are supported in NR
· Aperiodic RS
· Semi-persistent RS
· Periodic RS
· Study RS pattern for CSI measurement in NR both for DL and UL
· Study the density of RS
· Study the position of RS in the [subframe]
· Study the mapping of RS in one or several symbols
In this contribution, we discuss some high-level design principles of reference signals for CSI acquisition in both UL and DL.
Discussion
We consider two types of reference signals for CSI acquisition, i.e. the CSI reference signal (CSI-RS) in DL, and the sounding reference signal (SRS) in UL.
DL CSI reference signal (CSI-RS)
Non-UE-specific RS and UE-specific RS
Non-UE-specific RS and UE-specific RS can be considered for CSI measurement.  The non-UE-specific RS can be either cell-specific or TRP-specific.  The non-UE-specific RS can be either non-beamformed or beamformed.  The non-beamformed RS is analogous to CLASS A CSI-RS in Rel-13.  For a cell/TRP, a UE can be configure with a single RS resource for CSI measurement.  There are could be two use cases for CSI measurement – implicit CSI measurement and explicit CSI measurement.  One potential issue with non-beamformed RS is its overhead, especially when the dimension of the array is getting large.  If non-beamformed RS is supported for implicit CSI measurement, the number of RS ports shall not be larger than that in Rel-14 eFD-MIMO, unless there are sufficient performance benefit justifying the support of a larger number of RS ports. 
Proposal 1: For implicit CSI measurement, the number of non-beamformed RSs shall be not larger than 32.
The beamformed RS is analogous to CLASS B CSI-RS with K ≥ 1 in Rel-13.  For a cell/TRP, a set of cell-/TRP-common RS resources can be defined and a UE can be configured with a subset of RS resources for CSI measurement.  The RS resources are shared by UEs for measuring the CSI from the cell/TRP.  For a RS resource, the RS beamforming weight may be dynamically changed over time to support CSI measurement on different beams in a TDM manner.  
Proposal 2: Non-UE-specific RS may be beamformed with multiple RS resources.  Dynamic beamformed RS is supported.  
The non-UE-specific beamformed RS may not be able to adapt to each UE’s channel due to its cell-/TRP-common nature. The beamforming resolution depends on the number of beams available for RS transmission.  To better adapt to each UE’s channel, UE-specific RS which is analogous to CLASS B CSI-RS with K = 1 in Rel-13 can be considered for CSI measurement.  The UE-specific RS overhead, however, might become an issue as the number of UEs increasing.  Aperiodic UE-specific RS transmission can be considered for RS overhead reduction.  RRC/L1 signaling can be introduced to indicate the aperiodic RS transmission to a UE.  A UE can be configured with one or multiple UE-specific RS resources semi-statically via RRC signaling.  The aperiodic RS transmission happens on one out of the configured resources, which can be dynamically indicated by a L1 signaling.
Proposal 3: Aperiodic UE-specific RS is supported for CSI measurement.  Each UE can be configured with one or more UE-specific RS resources by only one resource is dynamically indicated for aperiodic RS transmission. 
Aperiodic RS transmission increases dynamics of the resource utilization.  When the aperiodic RS is not transmitted, the REs associated with the RS shall be released for DL data transmission.  But the dynamic RS transmission makes the rate matching more complicated.  The signalling to indicate flexible rate matching for DL data transmission need to be studied.
Proposal 4: Rate matching for DL data transmission on unused RS resources shall be studied.
Pre-committed CSI-RS
NR may support up to 256 antennas even at sub-6GHz bands, which tends to be able to spatially multiplex more UEs on the same time-frequency resource.  In LTE, the CSI measurement based on either non-precoded CSI-RS or beamformed CSI-RS does not assume multi-user MIMO transmission.  Hence, the UE always report CQI assuming a SU-MIMO operation.  When multiple UEs are co-scheduled to share the same resource, the eNB needs to predict the achievable rate of each UE based on their reported SU CQI.  The link adaptation at the eNB may suffer from the difference between the interference in SU operation and that in MU operation.  The mismatch comes from the imperfect nulling of other UE’s interference by MU precoding due to inaccurate CSI and from the missing of knowledge about the interference rejection capability at the UE.  The former may be improved by providing more accurate CSI with advanced CSI feedback design, e.g., linear combination codebook or channel coefficient feedback.  The latter can be addressed by introducing an on-demand pre-committed CSI-RS, as shown in Figure 1.  
[image: ]
Figure 1  Illustration of link adaptation based on pre-committed CSI-RS.
The TRP first pre-schedules some UEs either based on the UL channel sounding or based on the CSI feedback using LTE-alike non-precoded- or beamformed CSI-RS.  Then, the TRP transmits a DMRS-like pre-committed CSI-RS to those pre-scheduled UEs before transmitting the data.  The UEs can thus observe the MU interference, i.e., the interference on layers other than its own layers, and measure the CQI based on its receiver capability.  On receiving the CQI reporting, the TRP can transmit the data using a proper MCS.  The UE may optionally feedback a refinement precoding matrix based on the pre-committed CSI-RS together with a rank indicator to provide a better link adaption.
For the pre-committed CSI-RS, it is expected to have similar design as DMRS to enable hardware reuse, i.e., use REs from two consecutive OFDM symbols with 2-layer Walsh covering.  To facilitate wideband channel estimation at the UE, uniform density in frequency is preferred.  To support self-contained CQI feedback, the pre-committed CSI-RS shall be transmitted earlier in the subframe to leave sufficient time for CQI processing.
Proposal 5:  Pre-committed CSI-RS with uniform frequency density shall be supported in NR.  Its design shall facilitate hardware reuse and self-contained CQI feedback.
UL sounding reference signal (SRS)
To exploit UL-DL reciprocity, RS for UL channel sounding is needed.  SRS is transmitted on the UL to allow the TRP to estimate the UL channel state.  In this section, we discuss some high-level design principles of SRS in NR, including sounding bandwidth, multiplexing, dynamic sounding management, precoded sounding, etc.
Sounding bandwidth
Wideband sounding allows the TRP to estimate the UL channel state on the whole system bandwidth, which provides the flexibility to do frequency domain scheduling.  But for cell-edge UEs, if the limited transmit power is split to all its transmit antennas to perform wideband sounding, the UL channel estimation quality may not be guaranteed.  One way to tackle this issue is to allocated all the available transmit power to a smaller bandwidth partition to sound all the transmit antennas.  To acquire channel state of the whole system bandwidth, frequency hopping can be introduced to sound each bandwidth partition in a TDM manner.  The frequency hopping can be performed in multiple subframe as in LTE, or in multiple symbols.  One potentially issue with subframe-level frequency hopping is that the channel state obtained in different subframes may suffer from phase rotation due to channel decorrelation between subframes.  The performance of symbol-level hopping is limited by tradeoff between the power-amplifier re-tune delay and backoff.  Besides, cell-edge UEs are unlikely to have high-rank MIMO transmission.  The accurate channel state on a fewer antennas could be more useful than inaccurate channel knowledge on all transmit antennas.  Hence, we may alternatively consider to use the limited transmit power to sound fewer antennas on a wider bandwidth.  This could allow the TRP to have a better channel estimation on a subset of transmit antennas.  Essentially, it’s about the tradeoff between the channel estimation quality and the spatial dimensionality.  
Proposal 6: Study various wideband and narrow band sounding approaches to understand their impact on channel estimation quality and spatial dimensionality.
SRS Multiplexing
Essentially, SRS can be multiplexed using TDM, FDM and CDM.  TDM-based multiplexing is useful when a power-amplifier need to be shared by multiple transmit.  In such case, concurrent sounding on all transmit antennas is impossible.  Different antennas have to be sounded in multiple subframes/symbols.  For CDM based approach, both orthogonal and non-orthogonal multiplexing can be considered.  The orthogonal multiplexing may be achieved by using different cyclic shift of a Zadoff-Chu sequence as the SRS sequence in frequency domain, while the pseudo noise sequences may be employed for non-orthogonal multiplexing of SRSs.  The capacity of orthogonal multiplexing is bounded by delay spread of the channel.  The capacity of non-orthogonal multiplexing is limited by cross-interference.  Due to low SNR operating point, non-orthogonal multiplexing can multiplex much more UEs than orthogonal multiplexing.  For FDM based approach, the whole system bandwidth can be partitioned into multiple “combs.”  SRSs are FDMed across combs and then CDMed within a comb.  Compared to full bandwidth spread (i.e., CDM only), such FDM/CDM based approach can provide the same multiplexing capacity and 3dB higher sounding SNR.  In a cell, there exists UEs operating at high SNR and UEs operating at low SNR.  A hybrid SRS multiplexing scheme can avoid that the high power UEs wipe out low power UEs.  For example, as shown in Figure 2, there are some cell center UEs need 64QAM PDSCH with SU/MU-MIMO, which requires high SRS SNR for channel estimation quality.  SRSs of those UEs with high SNR operating point can share one comb using orthogonal multiplexing, while non-orthogonal multiplexing is applied on another comb for those UEs with low SNR operating point. 
Proposal 7: Support hybrid SRS multiplexing using different sequences on different combs.
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Figure 2  Hybrid SRS multiplexing to deal with UE power imbalance.
Dynamic sounding management
Since LTE Rel-10, a UE may be configured to transmit SRS on multiple antenna ports of a serving cell.  The number of antenna ports may be configured by higher layer signaling.  A UE configured for SRS transmission on multiple antenna ports shall transmit SRS for all the configured antenna ports within one SC-FDMA symbol of the same subframe.  A real-world multi-antenna UE, however, may have dissimilar radiation patterns at different antenna ports due to mutual coupling.  Sounding imbalanced antennas may lead to inefficient power utilization.  As the MIMO channel between the imbalanced UE antennas and the eNB antennas could be rank-deficient, sounding all UE antennas can be a waste of power.  Especially for the cell-edge UEs, the limited transmit power should be allocated to some “good” antennas, instead of splitting the power on all UE antenna ports.  To tackle this issue, dynamic sounding port management can be considered.  A UE can be configured with a maximum number of antenna ports for UL sounding by higher layer.  A UE can dynamically manage a subset of UL antenna ports based on its own measurement or receives an indication of a subset of UL antenna ports for transmitting SRS.  For example, the UE may be configured with up to 8 antenna ports UL sounding, but the SRS is transmitted on only 4 antenna ports in some subframes, and on 6 antenna ports in some other subframes.  
Proposal 8: Dynamic management of antenna ports for UL sounding shall be considered.
Precoded/Pre-whitened SRS
In some scenarios, the UE may identify certain precoding to be applied to the SRS in order to improve the quality of the channel sounding.  The precoding to apply to the reference signal may be selected based on an indication by the TRP itself. Such a precoded uplink reference signal may be useful to improve the channel estimation quality.  The SRS precoding matrix may be obtained from DL channel estimation by exploiting channel reciprocity.  A UE may transmit multiple precoded SRS ports to indicate potential UL MIMO precoding candidates.  
Pre-whitened SRS can be though as another type of precoded SRS.  The UE may estimate the interference covariance matrix, , and use  as the SRS precoding matrix.  The TRP then can estimate the pre-whitened UL channel  from the precoded SRS, which reflects the interference structure observed at the UE.  This can be particularly useful in reciprocity based DL transmission, as the TRP may not only have the DL channel state information from the UL sounding, but also obtain the knowledge of the interference level at the UE side.  The TRP may perform more accurate link adaptation based on the pre-whitened channel estimation. 
Proposal 9: Study the effect of beam-formed uplink reference signals for NR MIMO.
Conclusions 
To summarize, we discussed some high-level views on RSs for CSI acquisition in both UL and DL.  For DL CSI-RS, we propose following:
Proposal 1: For implicit CSI measurement, the number of non-beamformed RSs shall be not larger than 32.
Proposal 2: Non-UE-specific RS may be beamformed with multiple RS resources.  Dynamic beamformed RS is supported.  
Proposal 3: Aperiodic UE-specific RS is supported for CSI measurement.  Each UE can be configured with one or more UE-specific RS resources by only one resource is dynamically indicated for aperiodic RS transmission. 
Proposal 4: Rate matching for DL data transmission on unused RS resources shall be studied.
Proposal 5:  Pre-committed CSI-RS with uniform frequency density shall be supported in NR.  Its design shall facilitate hardware reuse and self-contained CQI feedback.
For UL SRS, we propose:
Proposal 6: Study various wideband and narrow band sounding approaches to understand their impact on channel estimation quality and spatial dimensionality.
Proposal 7: Support hybrid SRS multiplexing using different sequences on different combs.
Proposal 8: Dynamic management of antenna ports for UL sounding shall be considered.
Proposal 9: Study the effect of beam-formed uplink reference signals for NR MIMO.
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