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In RAN1#86bis, a few WFs on CSI-RS [1-3] were discussed.  Some agreements are as follows [4].
CSI-RS pattern and configuration
· Support NR CSI-RS pattern with at least the following properties: 
· CSI-RS mapped in one or multiple [consecutive] symbols
· [bookmark: _GoBack]FFS: At least CSI-RS located at the earlier part of a slot in some cases
· FFS: before or after the DM-RS agreed to study in RAN1#85
· FFS: CSI-RS located at other part of a slot
· Working assumption: Configurable density of CSI-RS in frequency and/or time domain by UE-specific manner
· Working assumption: CSI-RS for NR should support up to 32 ports 
· FFS: whether or not to have 32 ports codebook
· Support at least following configurations of NR CSI-RS
· UE-specific configuration to support
· Wideband CSI-RS, i.e. from UE perspective, the full bandwidth the UE is configured to operate with 
· Partial-band CSI-RS, i.e. from UE perspective, part of the bandwidth the UE is configured to operate with
· FFS: Different patterns may be used for wideband and subband CSI-RSs
Interference measurement resource
· For DL data transmission, study following interference measurement options for CSI acquisition.
· Dynamically assigned (e.g., pre-committed/pre-scheduled) interference measurement resource
· In-scheduled interference measurement resource
· NZP CSI-RS based interference measurement
· DM-RS based interference measurement
· Combination of above options
· Other options are not precluded
· Above study should assume non-full buffer traffic model assumption
In this contribution, we discuss some high-level design principles of CSI-RS and CSI interference measurement resource (CSI-IMR).
Discussion
RS for channel measurement
In this section, we discuss some open issues related to CSI-RS, including resource location, frequency density, and partial band transmission.
Resource location
The location of CSI-RS has some impact on the CSI processing timeline.  As shown in Figure 1, the location of CSI-RS depends on many factors, including
· DL propagation delay 
· Time for DL control channel decoding
· Time for CSI measurement
· UL timing advancing
· Timing relationship between CSI-RS transmission and CSI reporting
[image: ]
Figure 1.  Timeline of CSI processing (tpd is the DL propagation delay, tTA is the UL timing advancing, tRS is the time available for decoding CSI triggering, tCSI is the time available for CSI measurement)
On one hand, CSI-RS in early part of a time interval allows more time for CSI measurement.  On the other hand it puts a more stringent latency requirement for control decoding, so that the UE can be aware of the existence of a CSI-RS transmission in forthcoming symbols with minimum buffering.  
Observation 1: The location of CSI-RS depends on the CSI processing timeline.
Both CSI-RS and DMRS may be transmitted in the same subframe, e.g., in the DL subframe for FDD or in the DL-centric subframe for TDD.  In such cases, the CSI-RS can be located either before or after the DMRS.  In RAN1#85, it was already agreed that the DMRS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated DMRS is physically mapped [5].  So, at least the CSI-RS should be located after the front-loaded DMRS if transmission of both RSs happens in the same subframe.  
Proposal 1: NR supports CSI-RS located after the front-loaded DMRS if both RSs are transmitted in the same subframe.
The CSI-RS may also be transmitted in a subframe without DMRS, e.g., in the UL-centric subframe for TDD.  In such case, front loaded CSI-RS can leave more time for CSI computation which may allow self-contained CSI feedback as shown in Figure 2.  It’s worth noting that the content of a self-contained CSI feedback largely depends on the CSI processing time.  Self-contained full CSI feedback including PMI/RI and CQI can be challenging due to the heavy computational complexity.  In the companion contribution [7], we discuss more details regarding self-contained feedback.
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Figure 2.  CSI-RS in a UL-centric subframe.
Proposal 2: NR supports CSI-RS located at the early part of a UL-centric subframe.
Frequency density
UE-specifically configurable CSI-RS density in frequency domain may allow a better tradeoff between the CSI channel estimation quality and the DL RS overhead.  In LTE, the CSI-RS density in frequency is fixed as 1 RE/RB/port, regardless of the frequency selectivity of the channel.  It is well known that the beamformed channel is expected to be less frequency selective than non-precoded channel.  It can be foreseen that the beamformed CSI-RS ports may have much narrower beam patterns due to the large number of antennas, which suggests that the channel “seen” from beamformed CSI-RS is less frequency selective.  In such case, the CSI-RS density may be reduced.  Another motivation for CSI-RS density reduction is to have more beamformed CSI-RS resources to support more UEs to perform CSI measurement in the same time interval while not to increase the number of REs reserved for CSI-RS.  
Observation 2: Configurable CSI-RS density in frequency domain can be used to reduce CSI-RS overhead.
Reducing the N-port CSI-RS density to 1/M RE/RB/port means that the CSI-RS is transmitted in a manner such that on average each CSI-RS port occupies a single RE every M RBs.  To achieve this, two options can be considered:
· Option-1 CSI-RSs are transmitted on RB combs.  It means that in every M RBs, there is only one RB used for CSI-RS transmission.  In that RB, the CSI-RS density is 1 RE/port. 
· Option-2 CSI-RSs are transmitted on every RB.  N CSI-RS ports are divided into M groups, each group contains N/M CSI-RS ports.   If a CSI-RS port is transmitted in a RB, then density of the port in that RB is 1 RE.
Both options result in a density of 1/M RE/RB/port on average.  With Option-1, a UE need to handle two rate-matching pattern for data channel, one for RBs with CSI-RS and the other for RBs without CSI-RS.  With Option-2, there is only one rate-matching pattern need to be implemented, as the CSI-RS are split onto each RB.
Proposal 3: The configurable CSI-RS pattern design shall consider the implementation complexity for data channel rate-matching.
Partial-band CSI-RS
From the UE’s perspective, the CSI-RS is always transmitted over the full bandwidth on which the UE is configured to operate.  The full band CSI-RS transmission allows the UE to do low complexity wideband channel estimation which can provide better performance.  Partial-band CSI-RS transmission was proposed for CSI-RS overhead reduction, when resource scheduling for certain UE is restricted to some subbands [6].  It is true that partial-band CSI-RS transmission can lead to a lower CSI-RS overhead.  But the channel measurement quality based on partial-band CSI-RS is unclear.  For example, if the partial-band CSI-RS density in frequency domain is as same as full-band CSI-RS, we will have a smaller number of CSI-RS observations due to the partial-band transmission.  Channel estimation performance may degrade if the channel is frequency selective.  For another example, if the partial-band consists of non-contiguous subbands, then wideband channel estimation cannot be performed.  The channel estimation has to be done on each subband.  Given the sparse density in frequency domain, the channel estimation performance may be even worse.  
Observation 3: Channel estimation performance may suffer from non-contiguous partial-band CSI-RS transmission.
Proposal 4: Study the impact of partial-band CSI-RS on channel estimation performance.
RS for interference measurement
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. Figure 3 shows how this can be done, in two ways.  
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Figure 3. Two possible designs 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 for channel estimation algorithm commonality, 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.
Figure 4 below shows the impact of using DMRS-like pre-committed CSI-RS.  For the solid curve, CSI is measured at the UE as follows. The inter-cell interference, Rnn, is measured using the other-cell interference measured on ZP-CS-IRS tones and the NZP-CSI-RS from the serving cell. The NZP-CSIRS from the serving cell is also used for channel estimation from the serving cell. Together, these quantities are used for measuring the CSI from the serving cell.
For the pre-committed-CSI-RS (dashed curve), CSI is measured entirely from the DMRS-like pre-committed-CSI-RS.  Due to inaccurate Rnn measurement on the CSI-RS scheduled to the UE, the MCS reported for the solid curve is lower than that reported for the pre-committed CSI-RS. This affects served throughputs, and also the proportional fair metrics, and potential future scheduling decisions at the TRP. 
[image: X:\pensim_090716_copy_on_101816_Rnn_Csirs_study\pensim\tests_performance_csirs_errors\new_tput_cdf_comparison_4_32.jpg]
[bookmark: _Ref465715517]Figure 4: Impact of Using ZP-CSI-RS tones for inter-cell part of Rnn for CQI computation (SU-MIMO)
As shown in the figures, the impact of imperfect Rnn measurement for CSI measurement affects DL throughput. As the number of BS antennas increases (or in the case of JT-CoMP), the beams get narrower and the impact of imperfect Rnn estimation will be even more significant than what is shown above.
Measuring inter-cell interference accurately using ZP-CSI-RS tones would require additional resources within the subframe that carries CSI-RS tones. In the case of MU-MIMO, if UE 1 and UE 2 were scheduled together, then we would need 2 sets of IMR tones (one where transmission to UE 1 is silenced and another where that of UE 2 is silenced) along with NZP-CSIRS tones. This would result in an increase of overhead. In addition, use of LTE-style NZP-CSIRS would require power adjustment in the CQI computation equations. For these reasons, we propose that the Pre-committed CSI-RS shall be supported in NR.
Proposal 5: Pre-committed CSI-RS with uniform frequency density shall be supported in NR.  Its design shall consider channel estimation algorithm commonality.
Conclusions 
To summarize, we discussed some high-level views on RSs for CSI acquisition.  We have following observations:
Observation 1: The location of CSI-RS depends on the CSI processing timeline.
Observation 2: Configurable CSI-RS density in frequency domain can be used to reduce CSI-RS overhead.
Observation 3: Channel estimation performance may suffer from non-contiguous partial-band CSI-RS transmission.
We propose following:
Proposal 1: NR supports CSI-RS located after the front-loaded DMRS if both RSs are transmitted in the same subframe.
Proposal 2: NR supports CSI-RS located at the early part of a UL-centric subframe.
Proposal 3: The configurable CSI-RS pattern design shall consider the implementation complexity for data channel rate-matching.
Proposal 4: Study the impact of partial-band CSI-RS on channel estimation performance.
Proposal 5: Pre-committed CSI-RS with uniform frequency density shall be supported in NR.  Its design shall consider channel estimation algorithm commonality.
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