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In this contribution we discuss our view on the CSI measurement feedback framework for NR. We observe that channel knowledge at the transmitter generally enhances MIMO performance when the number of TXRUs is large.  Hence, ways to acquire channel knowledge at the transmitter should be investigated. In TDD, channel reciprocity can sometimes be utilized (see Section 3), and for FDD, high resolution spatial channel feedback can be used (see Section 6). 
The possible number of TXRUs used at the transmitter will vary widely in NR, one reason is the large carrier frequency range NR should cover. Hence, there will be a need for traditional, LTE like MIMO solutions as well, and we suggest evaluating if it is possible to bring in parts of LTE CSI measurement designs but by unifying the existing LTE measurement classes (see Section 4). 
Moreover, the NR design should be lean and transmissions self contained for future compatibility and for several other reasons [2]. This also leads to a CSI-RS transmission framework that relies on scheduled CSI measurement signals, to avoid always on signals. This is elaborated a bit in Section 5. 
Channel knowledge at the transmitter
Better forward channel knowledge at the transmitter side leads in general to better MIMO performance, in particular for multi-user MIMO but as is shown below, also for SU-MIMO.  Forward channel knowledge is beneficial when the channel has rich scattering, i.e. having large angular spread compared to the aperture, as when there are a massive number of steerable antennas at the transmitter. 
Channel knowledge at the transmitter side can be based on either high resolution CSI feedback or based on uplink measurements exploiting reciprocity. Using reciprocity may lead to smaller uplink overhead (needs to be studied) and it may also reduce the latency in scheduling. Hence, reciprocity assisted SU-MIMO and SRS design to provide high quality estimates are well-worth investigating for NR in addition to the baseline of well-known closed-loop CSI feedback schemes using implicit CSI derivation. 
Table 1 below shows the performance gain of SU-MIMO using transmitter channel knowledge compared to classical coarsely quantized LTE based closed loop codebook feedback for a large number of TXRUs. There is a clear benefit of having channel knowledge but it requires enhancements in channel sounding to benefit also the cell edge users.
Table 1 Performance gain over codebook based CSI feedback for reciprocity based SU-MIMO 
	3D UMa modified with high AS, 2 GHz, Mode 3-2
	Cell edge UTP Gain over LTE codebook
	Mean UTP Gain over LTE codebook

	1x16 (32 TXRU)
	Reciprocity based CSI, with SRS impairments
	-19%
	10 %

	
	Ideal reciprocity, no SRS impairments
	92%
	21%



For MU-MIMO scheduling shown in Table 2, we show the corresponding gain of codebook based MU-MIMO over codebook based SU-MIMO and also when using reciprocity assisted MU-MIMO operation, where SRS impairments has been included.
Table 2 Performance gain over codebook based SU-MIMO for codebook based MU-MIMO and reciprocity based MU-MIMO 
	With impairments, 3D UMi, 2 GHz, Mode 3-2
	Cell edge UTP Gain over SU-MIMO
	Mean UTP Gain over SU-MIMO

	8x4 (32 TXRU)
	LTE FD-MIMO codebook based CSI and MU-MIMO
	34%
	10 %

	
	Reciprocity based CSI and MU-MIMO
23 dBm UE TX
	64%
	17%



We thus make the following observation:
Observation: Having detailed channel knowledge at the transmitter shows promising MIMO performance for a large number of TXRUs 
Hence, as a massive number of TXRUs is target for higher frequencies NR, one of the objectives of the SI should be how to provide channel knowledge to the transmitter. 
Hence, one focus of NR multi-antenna operation should be reciprocity based operation, including design of channel sounding reference signals providing adequate channel estimate qualities. How to perform rank and CQI estimation and possibly also discussions on whether specified calibration assistance by the UEs is required for reciprocity operation. Reciprocity based operation is further discussed in [1]
The use of reciprocity is not always guaranteed and particularly not for FDD. Hence, NR needs also to have support for alternative, non-reciprocity based ways for the transmitter to have detailed forward channel knowledge. 
Moreover, closed loop CSI feedback operation with implicit CSI feedback, as is used in LTE will be the cornerstone in NR MIMO operation to be able to cover the wide range of sizes of antenna arrays and carrier frequencies. 
Observation: NR should support closed loop implicit CSI based operation for NR MIMO operation when the number of transmit antennas are not massively large and when reciprocity cannot be used 
On the utilization of channel reciprocity
Under some conditions, channel reciprocity can be utilized to make the instantaneous channel available to the transmitter in an efficient manner. These conditions are that
1. The MIMO channel for the forward an reverse link are reciprocal (necessity: TDD)
2. The RX-TX chains are calibrated at the BS
3. The number of RX and TX ports and the antennas are the same at the UE 
4. The UE supports sounding the channel in the UL of frequencies corresponding to the entire DL system bandwidth
5. There is sufficiently good SINR  of the channel sounding signal (i.e., there needs to be coverage for SRS) and short latency compared to channel coherence time 
Condition 3 is challenging, and will likely not be fulfilled in general, especially if the UE has a large number of RX antennas it will be difficult to match this with the same number of TX chains. Implementation complexity and RF losses in the switch may make it more challenging to achieve 3. Similarly, condition 4 may not be fulfilled in carrier aggregation scenarios where some carriers have a single transmission direction and for terminals where sounding reference signal switching is not supported.  Moreover, in FDD systems the carrier is not bi-directional. In addition, the uplink may be carried on a lower frequency band and in unlicensed operation a similar situation occurs. Hence, in-complete reciprocity needs to be handled by the NR.
Condition 5 is challenging in coverage limited scenarios. Hence, reciprocity based MIMO operations will at higher carrier frequencies have a maximum useful range and the closed loop CSI feedback is needed to extend coverage of MIMO for terminals. Higher carrier frequencies are likely TDD bands where reciprocity can be used and reciprocity can be used for those terminals close to the node (cell center MSs) that can provide sufficient channel sounding quality and which are uplink capable on that carrier. The use of closed-loop on the cell-edge also make sense from the perspective that cell-edge UEs are more geared towards SU-MIMO operation, which even classical closed-loop CSI feedback handles in a competitive manner.
To conclude, reciprocity cannot always be utilized, even in TDD systems and the likely use of MIMO in NR involves simultaneous use of reciprocity and feedback based CSI methods. 
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Figure 1 Joint use of reciprocity and CSI feedback from the same node

Hence, we can conclude with this summarizing observations:
Observations: 
· Reciprocity based operation is a promising approach in some cases
· Closed loop feedback is a promising approach in other cases
· The two approaches are complementary, even in the same node
A unified CSI measurement framework
For closed loop CSI measurements and feedback, a unified CSI framework is needed for NR. Reflecting on the LTE specifications, feedback classes as well as subclasses exist and there are overlapping functionality by different configurations, which makes the specification unnecessary complicated and hard to understand.
Observation: CSI measurements and feedback in LTE is unnecessarily complicated and contains overlapping functionality. A strive for a unified and simpler CSI framework is desirable for NR  
In NR, the use of reciprocity will be more prevalent and this will thus add another dimension to CSI feedback. Hence, to simplify the discussion and also specifications, we propose in NR to design a single, easy to understand core closed loop CSI feedback framework that with a few different parameter settings can achieve the desired CSI feedback functionality for most scenarios, particularly at lower frequencies and for smaller antenna arrays. 
If methods are enabled that allows the transmitter to have forward channel knowledge (reciprocity or high resolution feedback), then it is desirable if they also could make use of the same unified framework. 
Some desired requirements on such framework is that it
· handles, 
· “classical” codebook based closed-loop precoding (non-precoded CSI-RS), 
· beamformed CSI-RS 
· operation when channel reciprocity (see [1]) is utilized 
· operation when high resolution CSI feedback (see 4.2) is utilized
· has efficient support for all beamforming implementation architectures: digital, analog, hybrid
· provides low latency in realistic situations
How to meet these requirements needs further studies and discussions, nut this should be the mind set in our view. 
It is noted that classical codebook based precoding feedback (Class A) can in LTE be seen as a special case of the beamformed CSI-RS feedback approach (Class B). Hybrid approaches are currently discussed in LTE Rel-14, which can be a combination of Class A+B or Class B+B feedback, in a single CSI process. We believe that all these can be described in a single, unified CSI measurement framework where the number of ports, and which ports, the UE shall measure on is more generally described, together with the associated measurement restrictions.  
Another reflection is that the availability of channel reciprocity by uplink measurements can be combined with beamformed CSI-RS operation, to ensure robust link adaptation (although whether CSI-RS antenna ports are beamformed or not is transparent to the UE in an unified CSI feedback framework). Using reciprocity together with beamformed CSI-RS operation suits better for large packet transmissions, as there is some latency associated with a closed loop CSI feedback. 
For low latency use cases, it may be better to directly use the reciprocity information provided that the network can derive the interference at the UE from a CQI report. 
A lean and adaptive CSI measurement design 
A key principle of NR is lean design [2] and the consequences of this are reflected here in the CSI design. Hence, our approach is that the CSI-RS design should avoid transmitting always on, periodic, CSI-RS and SRS signals as in LTE. There are several reasons to this, firstly, pooling of CSI-RS/SRS resources keeps the CSI-RS/SRS overhead down, which is important, especially when the number of simultaneously served UEs is large. Another reason for a dynamic/scheduled CSI-RS/SRS resource is to meet the energy efficiency requirement of the new RAT. Furthermore, avoiding static reference signal configurations eases the introduction of new services in the same band. Hence, scheduling of CSI or SRS measurements with a single/multi-shot/semi-persistent CSI-RS/SRS transmission should be further investigated. 
Observation: Layer 1 measurement signals (e.g. CSI-RS and SRS) in NR should be possibly to dynamically schedule, to avoid and minimize “always on” signals in line with the key NR design principles 
Normal and high spatial resolution channel feedback
As discussed above, reciprocity cannot always be utilized and in these cases, and in particular for FDD, a high spatial resolution (HR) channel feedback must also be specified in parallel or as an “add-on” to the normal closed loop CSI measurement feedback. The grid of beam codebook based on spatially oversampled DFT beams is in this context seen as a “normal” spatial resolution feedback. 
A high resolution CSI feedback is important to approach the upper ranges of MIMO performances so that these large spectral efficiencies can be achieved in all scenarios, duplex modes and deployments. 
Observation: In addition to the normal spatial resolution feedback provided by a spatially oversampled GoB codebook, there is also a need for an enhanced closed loop CSI feedback resolution to approach that attainable by the use of channel reciprocity, so that MU-MIMO benefits can be obtained also in all the cases when reciprocity cannot be utilized 
A HR channel feedback can for example be obtained by using a HR codebook based on DFT beams but where multiple beams are selected, corresponding to the channel multipaths. Each beam is associated with an amplitude and a phase which is determined per subband.  
Conclusion
Coming back to the initial aim of providing a unification of the CSI and link adaptation, we believe that NR should support the following CSI feedback components and SI studies can be also categorized into these areas:
1. Implicit CSI feedback 
· [bookmark: _GoBack]including configuration of measurement restriction
· preferably a single framework  without classes and sub-classes as in LTE
· providing normal spatial resolution feedback (spatially oversampled GoB)
2. High resolution closed loop feedback (may be categorized under the implicit feedback)
3. Reciprocity-based CSI acquisition
· Channel acquisition and means to infer interference plus noise on network side
For all these components, the impact of dynamic scheduling of CSI reference signals should be taken into account, to avoid “always on” signals and to allow CSI resource pooling. This will cater for high energy efficiency at the network side and allow for forward compatibility that ease introduction of new features in NR. 
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