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Introduction 

Downlink multi-antenna transmission techniques including high order MIMO, precoding and coordinated multi-point (CoMP) have been identified as key enablers of high spectral efficiency in LTE-Advanced. One of the key air interface design aspects needed to support these advanced features is UE feedback required to provide information about single-cell and multi-cell spatial channel structure as well as channel quality information needed to facilitate scheduling and link adaptation by the network. Feedback design in support of SU-MIMO, MU-MIMO and CoMP has received a lot of attention recently and some common concepts and principles related to this issue have been addressed in the summary document [1]. Among the few common principles established in this document relevant for our discussion are:

A. The need for common feedback design to support SU/MU-MIMO and CoMP
B. Ability to dynamically switch between CoMP transmission modes as well as CoMP and non-CoMP
C.  Per-cell feedback considered as a baseline while multi-cell feedback needs more discussion
D. Explicit and implicit feedback types are not mutually exclusive
In [2], we provided a general framework for the types of feedback and levels of support for different features in LTE Rel-9 and LTE-A, in the context of FDD and TDD. A scalable approach to spatial single and multi-cell feedback consistent with the above principle (C) is described in [3]. An efficient feedback encoding scheme that allows for improved feedback/accuracy trade-off while preserving the self-contained feedback principle set forth in LTE Rel-8 has been also discussed in [4] and recent updates are available in [6].  Finally, [5] describes a generic approach to implicit feedback wherein low-overhead reference signals (RQI-RS) are precoded identically to the subsequent data transmission and are used to measure/report channel quality and potentially rank subject to the outcome of coordinated scheduling decisions. Potential benefits of such a design are illustrated in [10]. 
The goal of this contribution is to provide a high-level description of the overall feedback design in support of various advanced transmission techniques including MU-MIMO, SU-MIMO and CoMP. We build on the above referenced [3], [4], [5], [6] and [10] to illustrate how the proposed feedback design applies to various transmission techniques and scales from a single cell transmission to coordinated multi-cell transmission such as coordinated beamforming and further to joint transmission CoMP, for various rank values and time-frequency selective channels. 
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Explicit spatial feedback via hierarchical eigenfeedback
The general concept of hierarchical feedback approach, its rationale and outline of benefits has been discussed in [3]. In this section, we focus on a specific flavour of hierarchical feedback, namely hierarchical eigen-feedback, which we propose for consideration in LTE-A to enable advanced transmission techniques such as MU-MIMO and CoMP. For the sake of simplicity, we assume frequency-flat time-invariant channel in this section. Extension to the case of frequency selective channel is discussed later in the document.
Let us assume that UE needs to report channel corresponding to the measurement set of size K which is represented by channel matrix H = [H1, H2, …, HK] where Hk  represents Mu ( Mk  channel between Mu receive antennas of the UE and Mk  transmit antennas of the k-th cell. Without loss of generality, assume that H1 is the channel matrix of the strongest (serving) cell. The entire quantization process based on the hierarchical eigen-feedback principle is illustrated in Figure 1 and can be summarized in the following steps:

·    For every spatial (MIMO) stream 1 ( l ( L of the UE, determine the optimal receive vector (beam) relative to the strongest (serving) cell assuming optimal transmission from that cell and spatially white interference from the remaining cells. Here L stands for the maximum number of spatial streams (MIMO rank) for which spatial channel is reported. As illustrated in Figure 1, the optimal receive beams can be found via eigen-decomposition of the serving channel matrix H1. Obtain the equivalent vector channel hl = [hl,1, hl,2,…, hl,K] between all K cells and receiver output corresponding to the l-th spatial stream. 
·    Quantize the 1 ( Mk spatial channel hl,k between the k-th cell and receiver output of the l-th MIMO stream by using the appropriate unit norm codebook of dimension Mk see e.g. [6]. Note that codebook design for intra-cell as well as inter-cell codebooks is beyond the scope of this contribution. Denote by ŵl,k  the 1 ( Mk unit norm vector representing spatial direction corresponding to the l-th MIMO stream and the k-th cell.  
·    For each reported MIMO stream, find 1 ( K vector ĝl which provides the best match between the entire multi-cell channel hl per-cell spatial directions ŵl,k and long-term fades Cl of all the cells, 1 ( k ( K. Similar to intra-cell channel quantization, inter-cell component ĝl is quantized using an appropriate unit norm codebook of dimension K. Since transmit antennas of different cells are typically uncorrelated, due to large spacing and/or sectorization effects in the case of co-located sectorized cells, i.i.d. (Grassmanian) codebook or an approximation thereof is a good candidate for inter-cell codebook design.
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Figure 1: Flow chart of hierarchical eigen-feedback quantization process.
In the context of single-point coordinated transmission such as coordinated beamforming, eigenfeedback implies that a UE requests cooperation from non-serving cells which eliminates interference from these cells while UE still enjoys the best transmit precoding and corresponding receive processing relative to the serving cell. In the case of coherent joint transmission, the optimal receive beam depends on the actual set of transmission points which is unknown to the UE at the time of feedback calculation (as a matter of fact, the choice of transmission points at the network may depend on the feedback provided by the UE). Intuitively, matching the receive vector to the serving cell channel appears to be a good strategy since the optimal receive vector would be dominated by the channel of the serving cell.  In this contribution, performance of eigen-feedback is verified via system simulations in the context of coordinated beamforming.

Note that the described hierarchical eigenfeedback structure is scalable in terms of all the dimensions of interest, namely 

·   The number of spatial (MIMO) streams (L) to be reported by the UE.

·    The number of cells involved in coordination defined by the total number of intra-cell feedback elements. In the cases of single-point coordinated transmission such as coordinated silencing or coordinated beamforming, UE feedback is limited to a set of per-cell elements {ŵl,k } corresponding to different cells and MIMO streams. 

·    The number of cells involved in coherent multi-point transmission that determines the size of vectors {ĝl} corresponding to inter-cell feedback of different MIMO streams. Although the number of intra-cell reports and the dimension of inter-cell report is kept the same (K) in the above description, it should be appreciated that a UE can be configured to report inter-cell feedback over a sub-set of its measurement set. In the latter case, inter-cell feedback dimension may be less than measurement set size of the UE.     
As a final note, the above derivation holds in the case when the total non-cooperative interference represented by the sum of interference outside the UE measurement set and thermal noise is spatially white. In a more general setting, UE can estimate covariance matrix of the total (long-term) non-cooperative interference. In such a case, the above mentioned feedback procedure should be applied to a pre-whitened channel which is obtained via (left) multiplication of the actual channel by the inverse square root of the empirical interference covariance matrix. Additionally, UE reports a scalar channel quality metric that reflects carrier-to-interference ratio (C/I) corresponding to e.g. serving cell that accounts for the aforementioned interference pre-whitening.    
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Encoding of time-frequency selective feedback

The principle of efficient feedback encoding based on multiple-description coding (MDC) has been explained in [4] and recently studied in the context of time and frequency selective channels in [6]. One of key observations in the latter contribution is that spatial direction feedback (i.e. normalized spatial channel vector excluding the envelope amplitude and phase information) is advantageous compared to the full feedback (complex envelope information included) even in the context of frequency selective channels where channel direction corresponding to a particular resource element (block) needs to be reconstructed from the available feedback samples in the frequency domain. As shown in [6], the use of MDC encoding applied to a normalized spatial channel at different sub-bands with subsequent spatial direction reconstruction at eNodeB outperforms the full feedback with the optimal MMSE reconstruction of the spatial direction for reasonable feedback payload size. Such behaviour is due to the fact that the extra degrees of freedom needed to represent the nuisance envelope information dwarf performance loss associated with sub-optimal reconstruction of the spatial direction based on individual instances of spatial direction (i.e. normalized spatial channel). 

We can now describe the overall feedback procedure for time-frequency selective channels based on feedback quantization procedure for frequency-flat time-invariant channels described in section 2 (see also [3] for more discussion on hierarchical feedback principle), one hand and feedback encoding applicable to vector channels [6],[4]  on the other hand. The overall procedure can be described in the following steps:  

·    For every time-frequency reporting instance (subframe-subband pair), obtain an empirical channel across all the reported cells (i.e. UE measurement set) based on the appropriate instances of downlink reference signals (CSI-RS);

·    Apply hierarchical eigenfeedback encoding procedure outlined in section 2 to every spatial (MIMO) stream and every time-frequency instance reported by the UE as requested by the network. Quantization steps for both intra-cell and inter-cell feedback make use of time-frequency varying codebooks according to MDC principle. 

Spatial feedback reports corresponding to different time-frequency reporting instances can be combined at eNodeB to achieve better feedback accuracy and/or interpolate channel state of the time-frequency instances that are not reported by the UE. Note that hierarchical structure of the spatial feedback allows for different feedback rates of intra-cell and inter-cell feedback components both in frequency and in time. This feature allows us to exploit time and/or frequency correlation of the spatial channel corresponding to different cells (e.g. defined by antenna spacing and/or delay spread of different cells) in order to optimize the feedback overhead and accuracy. 
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Performance of encoded hierarchical eigenfeedback 

In this section, we present simulation results highlighting performance in the presence of feedback compression through hierarchical eigen-feedback as well as MDC feedback encoding. Our performance metric is UE spectral efficiency of a system with 10 UE/cell and 4TX and 2RX antennas. Both the non-CoMP and the CoMP schemes incorporate dynamic switching between rank-2 SU-MIMO, rank-2 MU-MIMO and rank-1 transmissions. The details of the simulation methodology appear in [7]. In this analysis, CoMP operation is based on coordinated beamforming with utility based multi-cell scheduling and beam optimization that targets system-wide proportional fairness as is described in [7]. We consider a scheduling delay of 4ms and feedback periodicity of 4ms. 

Figure 2 shows that using hierarchical feedback compression instead of full feedback results in a negligible loss in performance. The performance of the non-CoMP scheme with eigen-feedback is identical to that with full feedback. The CoMP scheme shows negligible degradation in performance.
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Figure 2: Comparison of full feedback and eigen-feedback with 4ms scheduling delay (a) 1 km/h (b) 3km/h.  
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Figure 3: Performance with feedback encoding, UE speed 3km/h, 2 tap MDC filter tuned to 3km/h,                        4ms scheduling delay, 4ms feedback period, 8-bit codebook (left) and 10-bit codebook (right).
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Figure 4: Performance with feedback encoding, UE speed 1km/h, 2 tap MDC filter tuned to 0km/h,                        4ms scheduling delay, 4ms feedback period, 8-bit codebook (left) and 10-bit codebook (right).
We now quantify the gains of MDC feedback encoding in the presence of hierarchical eigenfeedback compression. We use a 2-tap reconstruction filter and codebooks with 8-bit and 10-bit payloads respectively. Consider UE mobility of 3 km/h and 1 km/h. Figure 3 and Figure 4 show performance improvement in both the non-CoMP and CoMP schemes obtained by MDC encoding at 3 km/h and 1 km/h respectively.
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Implicit UE feedback based on precoded RS 

Based on discussion summary in [1], implicit UE feedback, in the form of channel quality and possibly rank value, is being considered as means to enable accurate scheduling (UE selection and resource assignment) and link adaptation in the presence of coordinated transmission. Among various approached discussed, the two main directions are:

·    UE evaluates and reports channel quality and possibly MIMO rank corresponding to different coordinated transmission scenarios, in terms of transmission techniques (such as coordinated beamforming, joint transmission), eventually a set of transmission points and the actual transmit parameters such as spatial beams, power allocation etc. The network makes use of such multiple reports to come up with coordinated scheduling decisions and link adaptation (rate prediction), see [9]. 
·   Cells broadcast low-overhead precoded reference signals associated with various data resources and preceding the actual data transmission, with the same transmission properties (e.g. spatial beam, power allocation, rank etc.) as the corresponding data transmission. UEs make use of these reference signals (RQI-RS) to measure the expected channel quality on the associated traffic resources and to report back in a form of resource specific quality indication (RQI) that may include rank indication. A more detailed description of this approach can be found in [5].
The key advantage of the latter approach is ability to measure and report channel quality that reflects the actual scheduling decisions by different cells. This feature is particularly valuable in heterogeneous deployment scenarios such as CSG HeNodeB deployments where timely coordination of scheduling decisions across HeNodeBs is practically precluded because of latencies seen over consumer backhaul. This scenario is particularly important as some UEs may experience high interference from closeby restricted HeNodeBs so that interference variations resulting from scheduling decisions of the interfering eNodeBs lead to substantial alterations in link quality. Another advantage of RQI-RS based implicit feedback is limited uplink overhead as UE feeds back channel quality corresponding to the actual scheduling decision as opposed to multiple versions corresponding to different scheduling / transmission hypotheses. 

The main shortcomings of the RQI-RS based implicit feedback are the extra latency associated with advance scheduling decisions and RQI-RS overhead. It is worth mentioning that latency can be mitigated by (a) limiting RQI-RS based reporting to a sub-set of the total system resources (subframes/subbands) so that latency sensitive traffic, such as VoIP, can be scheduled on the remaining portion of resources where less efficient (semi-)static interference management techniques (such as FFR) can be used. Also, an (H)eNodeB may be requested to follow the RQI reporting timeline (and hence transmit RQI-RS ahead of the actual data transmission) only if this (H)eNodeB is identified as a strong dominant interferer to some UEs. This way, the extra overhead and latency impact of RQI-RS based reporting may be completely avoided in scenarios with moderate interference variations (such as e.g. planned WWAN deployments) wherein such variations can be handled by link adaptation and H-ARQ.  
Performance gains due to RQI-RS are illustrated in a companion contribution [10] in the context of HeNodeB CSG deployments in the presence of mixed bursty and full buffer traffic. With appropriate choice of HeNodeB deployment parameters (50% HeNodeB penetration) according to the adopted evaluation methodology, we observe up to (70% reduction in 10% tail latency of bursty (QoS) traffic and a comparable increase in 10% spectral efficiency of the full buffer traffic in a system where 75% of the total load is generated by a bursty traffic. 
Note that the use of RQI-RS based link adaptation is crucial to achieve the quoted performance gains. Indeed, it allows us to predict channel quality reflecting the actual scheduling decisions in an environment where timely inter-cell (inter-HeNodeB) coordination is generally not possible due to excessive backhaul latency. On the contrary, the former approach based on multiple channel quality reports relies on the subsequent scheduling coordination between cells and therefore does not address the problem in hand. Finally, it is worth mentioning that UE-specific precoded demodulation reference signals (UE-RS) can be used to fulfil the role of RQI-RS, see e.g. [11]. An obvious drawback of using UE-RS is potential throughput loss associated with poor rate prediction for some data transmission instances when UE-RS based channel quality reports are not available. Performance of link adaptation based on demodulation UE-RS instead of RQI-RS and the associated performance loss in various traffic scenarios requires further study.        
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Conclusions

In this document, we provided a high-level design of UE feedback in support of various advanced antenna transmission techniques envisioned in LTE-A, namely single cell SU/MU-MIMO and CoMP. The overall design can be briefly summarized as follows:

Explicit feedback:

·    For every time-frequency instance and every spatial stream to be reported, UE computes and reports hierarchical eigen-feedback including intra-cell and potentially inter-cell (e.g. in the case of coherent joint transmission) components as described in section 2. Spatial channel should be pre-whitened by the (long-term) interference covariance matrix wherein interference represents the sum of interfering signals outside measurement set of the UE plus thermal noise. Additionally, a scalar channel quality metric can be reported to reflect the overall carrier-to-interference ratio (C/I). 

·    Make use of time-frequency varying codebooks to represent spatial feedback corresponding to different time-frequency instances of the feedback as described in section 3. These feedback instances can be subsequently combined at eNodeB to improve feedback accuracy.  
Implicit feedback:

·    Make use of precoded RS (RQI-RS) broadcast by eNodeBs to capture accurate short-term channel conditions resulting from the actual scheduling decisions at different eNodeBs.   
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