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1. Introduction
It was agreed in RAN1#60 that implicit type of feedback will be used for Rel. 10 [1]. This agreement was based on the common realization that it is usually more efficient for the UE to measure its CSI and recommend the transmission details rather than transmit the detailed CSI to the NB. The obvious downside of this approach is that the UE cannot know the CSI of other UE’s and hence cannot predict the optimal transmission in the case of MU spatial multiplexing, whether intra-cell or inter-cell. 
It is also well known that MU-MIMO is more sensitive to the CSI accuracy than SU-MIMO. The reason is that the ability to suppress the interference – which is critical for achieving good performance in the MU case – is generally more sensitive to the CSI accuracy than beam-forming or full-rank transmission.
Both of the above reasons drove RAN1 to consider a more accurate feedback for LTEA. The overhead of this additional accuracy should be carefully weighted, particularly in view of the seeming advantage of dynamic SU-MU switching, implying that any MU-targeting additional overhead would burden the uplink also in the SU mode of operation.
We discuss here four ideas that have been proposed in RAN1 to improve the CSI accuracy while sticking to the implicit feedback framework and complying with the feedback overhead constraints. Common to these ideas is that while their primary goal is to enhance the performance of MU-MIMO, they are beneficial also for SU-MIMO. 

The first idea is to adapt the codebook such that it better represents the long-term channel statistics (e.g. [2]). Second is the idea to exploit time or frequency channel correlation by either differential feedback (e.g. [3-4]), multiple description coding [5] or hierarchical feedback [7]. The third concept is that of multiple-granularity feedback [7-9]. It has been captured in the above-mentioned RAN1#60 agreement [1], stating that the PMI feedback structure will consist of two components, the first targeting the wideband/long term properties of the channel while the other capturing its frequency selective/short term properties. The fourth idea is reciprocity-based precoding [10].
We start by discussing the reasoning and inter-relation between codebook adaptation and differential feedback. We then point out that there is an attractive way to capture both ideas in a unified framework which we have termed “successive codebook refinement” (SCR). Then, we discuss and show the relation between multiple-granularity, codebook adaptation and reciprocity-based precoding. Finally, we discuss several other methods and draw our conclusions.
2. Codebook Adaptation and Differential Feedback
Often, in the cellular environment, short-term channel variations are caused by fading while long-term variations are caused by a change in the location of the UE relative to the base-station and/or to the dominant reflecting objects. This distinction is very clearly captured in the spatial-channel models considered by RAN1 for system level evaluations: Long-term channel properties correspond to the average properties of a single drop, whereas short-term properties correspond to specific fading instances within a drop. 

Another property of the cellular environment, well captured by the channel model, is related to channel correlation. If the dominant reflecting objects are located within a limited range of the AOD (angle of departure), then all co-polarized antennas are correlated, and the amount of correlation is inversely proportional to the AOD spread. The correlation is a drop-specific, long-term property.

Regardless of the AOD spread (and corresponding correlation), if the MIMO feedback is periodic and the fading is slow compared to the feedback-rate, then there is a redundancy to be exploited. This redundancy would be more efficiently exploited by quantizing and transmitting the difference from one feedback instance to the next rather than by slowing down the feedback rate. MDC [5] and hierarchical feedback [6] would be other ways to exploit this redundancy.

If the AOD spread is significantly small within a given time-interval (equivalent to a “drop” in the channel model), it is beneficial to re-design the precoding codebook to describe only the relevant subspace during this time-interval. This is the codebook-adaptation idea. We note that codebook-adaptation may be also regarded as differential-quantization, where the difference to be quantized is between the instantaneous and long-term channels.

The above discussion suggests that the optimal channel-difference to be quantized depends on the scenario. Highly correlated channels with relatively fast fading would benefit mostly from long-term codebook-adaptation, while less correlated channels with relatively slow fading would benefit mostly from (instance-to-instance) differential quantization. 

Codebook-adaptation as typically defined requires feeding back both the long-term part (the covariance “R”) and the instantaneous PMI (which can be regarded as the differential). However, with periodic feedback this should not necessarily be the case: one can collect the long-term statistics from the past feedback, alleviating the need to explicitly feeding back the long-term covariance. Then, in addition to saving feedback, a connection can be made to differential quantization: The time-duration over which the past feedback is integrated can be scaled to best fit the scenario: If this time-duration is long, it takes the form of a long-term based codebook adaptation. If it is short, it looks more like a differential feedback. One advantage over other differential schemes and MDC is that there is no need to define differential or multiple codebooks. This idea is explored in two accompanying contributions [11-12] on SCR. 

With a-periodic feedback one can neither rely on past feedback nor on any long-term statistics. However, in this case codebook adaptation can be used as a differential quantization scheme in the frequency domain to reduce the overhead of sub-band PMI. The wideband covariance (which adapts the codebook) is fed-back together with the adapted-PMI and CQI. It has been shown in [13-14] that the wideband covariance can be efficiently quantized in less than 8 bits and its overhead on top of sub-band PMI would be very small.
3. Multiple-Granularity, XPOL, and Codebook Adaptation
The idea of multiple-granularity feedback for XPOL antennas has been explored by several companies [7-9]. If one channel component changes fast while another changes slowly (where fast and slow may refer to either the time or frequency domains), then it is useful to use different feedback rates for the two components. With XPOL antennas the two distinct components are the intra-polarization and inter-polarization channel statistics.

In addition, the multiple-granularity concept can also describe the method of codebook-adaptation, regardless of the antenna type: The adapting covariance is the slow feedback component while the PMI, which represents the instantaneous residual, is the fast component.
Applying codebook adaptation to XPOL antennas marries the above two cases of multiple-granularity. The covariance is modelled as a (possibly Kronecker) product of intra and inter polarization components (nicknamed ULA and POL, correspondingly), where the POL part may be modelled by an identity matrix if (as is the case in the channel model) the cross-polarization correlation is negligible. Then, the slow-rate feedback component is the long-term ULA covariance and the fast-rate component comprises of both the residual instantaneous ULA part and the full inter-polarization part. If no bits are allocated to a residual ULA component, then codebook adaptation for XPOL becomes equivalent to split-granularity for the ULA and POL channel components, where the long-term ULA covariance is by itself the ULA component. The full precoder is then naturally modelled by a Kronecker product of the slowly varying ULA part and the fast varying POL part.
4. Reciprocity-based Precoding
The long-term, wideband channel covariance matrix (i.e., when averaged over many fading instances) is generally believed to be reciprocal between the uplink and downlink. Therefore, if the variation of the instantaneous channel covariance around this long-term average is small (i.e. the channel is highly correlated) then it has been argued [10] that there is no need for PMI feedback. 

There are two issues with the above argument. First, with no PMI feedback the UE would not report an optimal CQI for the precoded transmission. This disadvantage can be partly solved by the NB constraining the UE to report PMI, but where the codebook is constrained to the single codeword which is closest to the reciprocally-measured channel. However, with non-adapted codebook this single codeword may still be far from the reciprocally-measured channel.
Second, reciprocity would work in principle only for closely spaced antennas, whereas the most practical 8TX antenna structure is XPOL. However, if, as suggested by the channel model, the channel covariance can be modelled by a product of a slowly varying ULA part and a fast varying POL part, the ULA part can be estimated from the reciprocal channel while the POL part can be fed-back by the UE. To implement such a partial-PMI feedback the PMI codebook needs to be defined as a Kronecker product codebook of ULA and POL sub-codebooks. This would also enable the NB to constrain the UE to a single ULA “sub” codeword for the purpose of computing the CQI.

5. Other Techniques for Extending Rel.8 Feedback

There are several proposed techniques which specifically address MU-MIMO, such as feeding-back a best-companion PMI [15] or a multiple-rank PMI [16-17]. We find these techniques less attractive than the ones described above since they incur a non-negligible overhead on the dynamic SU-MU transmission mode while providing no gain to the SU sub-mode.
6. Conclusions

We find the concepts of codebook adaptation, differential feedback, multiple-granularity-feedback and reciprocity very attractive methods for enhancing Rel. 8 feedback. Moreover, if implemented properly they can be inter-related and complementary to each other. A very promising combination of codebook adaptation and differential feedback is by SCR [12-13].
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