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1 Introduction
MU-MIMO with non-codebook based precoding and DM-RS is a key feature of LTE-Advanced to improve system capacity as observed during the self-evaluations for ITU submissions. It enables the use of more advanced transmit filtering at the eNB and more advanced feedback mechanisms at the UE side. It significantly departs from the Rel. 8 codebook based precoding approach using CRS. While the exact eNB transmit filter design may be an implementation issue, an appropriate feedback mechanism has to be specified in order to fully benefit from the use of non-codebook based precoding.

The following was observed in the chairman’s notes of Jeju (#59) meeting: 

“Techniques based on Rel-8 CQI/PMI feedback extension to focus on and try to narrow down:

· PMI extensions:

· Multiple PMIs, e.g. addition of best companion, worst companion

· Feedback to accompany PMI e.g. long-term tx covariance

· Codebook enhancements:

· Adaptive / downloadable, based on e.g. antenna configuration, propagation environment

· differential codebook structures

· SRS-based enhancements

· CQI: modified CQI definitions (as addition to Rel-8 definition)

“.
In Valencia (#60) meeting, it was concluded that “for feedback enhancements in support of enhanced downlink multi-antenna transmission:
· SU-MIMO is supported

· Release 8 type of feedback will be extended for 8 Tx antenna configurations
· CQI/RI are computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 

· Use of other types of feedback are not precluded

· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO.

· Enhanced MU-MIMO is supported
· The enhancements are in relation to feedback
· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation”
In chairman’s notes of Valencia (#60) meeting, it was proposed as the way forward to “converge on a method(s) to reduce impact of quantisation error in PMI-based feedback.”

In San Francisco (#60) meeting, some feedback framework relying on implicit feedback [1] was agreed for LTE-A. A precoder for a subband is composed of two matrices belonging to separate codebooks (that may or may not change over time and/or different subbands). One matrix targets wideband and/or long-term channel properties while the other matrix targets frequency-selective and/or short-term channel properties.

In this contribution, we discuss how to build a unified feedback framework for Rel. 10 based on PMI/RI/CQI feedback. Our major consideration is on the construction of the recommended precoder.
2 General Design Principles of the Recommended Precoder
It is well known that the benefits of MU-MIMO highly relies on an accurate channel knowledge at the transmitter. Contrary to SU-MIMO, limited feedback in MU-MIMO considerably limits the spatial multiplexing gain by inducing a ceiling effect due to the quantization error. In other words, as SNR increases, MU-MIMO becomes interference limited due to the intra cell interference induced by the quantization error. 


MU-MIMO is very sensitive to the quantization error and to the feedback design. Moreover an appropriate codebook design significantly depends on the channel statistics. This calls for the use of flexible and adaptable feedback schemes (that would change depending on the user spatial correlation, deployment scenarios, environments, etc) when MU-MIMO with limited feedback is performed. Up to now, Rel. 8 assumes that a single and fixed codebook is stored at the UE and the eNB.
The design of the feedback mechanism to support CL MU-MIMO and CL SU-MIMO in Rel. 10 should consider the following aspects:
· Feedback shouldn’t be optimized for a single and very specific scenario in mind but should be more universal and fits with various deployment scenarios:

· a large range of spatial deployments (ULA but also split antenna arrays and dual-polarized with small and large antenna spacings). MU-MIMO is known to perform the best in ULA small antenna spacing and small angle spread. However it is too restrictive to think that only such scenarios would be experienced in practice. MU-MIMO can also provide significant throughput enhancements in e.g. VV  VV scenarios. Some priorities on the spatial deployment scenarios may however be considered when designing the feedback mechanisms.
· a large range of frequency selectivities . 
· low velocity users. CL MIMO mainly target low velocity users (less than 10 km/h). In some specific scenarios e.g. ULA small antenna spacing and small angle spread, CL MU-MIMO could also work at high mobility.
· High feedback accuracies is mandatory to benefit from CL MU-MIMO. Such enhanced accuracy will provide significant gains for MU-MIMO but any enhancement of SU-MIMO performance is also very welcome. 
· Higher feedback accuracies are mainly beneficial for low RI feedback. A user reporting a large RI may be scheduled more easily in single-user MIMO than MU-MIMO.
· Keep low DL and UL overhead as much as possible
· Significant performance gains over Rel. 8 and Re. 9 should provided. A single fixed codebook as in Rel. 8 has been shown many times to be appropriate for SU-MIMO but to have poor performance in MU-MIMO.
· A unified design of SU and MU-MIMO feedback should be supported if possible.
· The testability issue of the feedback mechanism should be kept to a minimum, re-using as much as possible what has been proposed in RAN4. 
Given discussions provided in [1-12] and evaluations in [9-11], it can be concluded that 

· Both the time domain and frequency domain differential codebooks provide significant gains over LTE codebook

· The time domain and frequency domain differential codebooks provide respectively 10% and 18% gains (in terms of cell average spectral efficiency) over LTE codebook in correlated channels.

· The time domain and frequency domain differential codebooks provide respectively 16% and 9% gains in terms of cell average spectral efficiency and 13% and 1% gains in terms of cell edge spectral efficiency over LTE codebook in uncorrelated channels.

· The adaptive codebook 

· Significantly outperforms the Rel. 8 codebook in correlated scenarios. Gains (in terms of average spectral efficiency) over Rel. 8 of 21% in ULA and 30% in split antenna arrays have been observed.

· Doesn’t provide much gains over Rel. 8 codebook in uncorrelated channels with large feedback periodicity of the correlation matrix (e.g. 500 ms) but provides gains when operated with lower periodicity (e.g. 60 ms)

· In spatially ULA correlated channels, 

· the frequency domain differential codebook outperforms the time domain differential codebook.

· the adaptive codebook outperforms the time domain and frequency domain differential codebooks

· In spatially uncorrelated channels, 

· the time domain differential codebook outperforms the frequency domain differential codebook

· the time domain differential codebook outperforms the adaptive codebook with large and low feedback period of the correlation matrix

· the frequency domain differential codebook outperforms the adaptive codebook with large feedback period of the correlation matrix

· The differential codebooks incur less overhead than the adaptive codebook as they do not require the feedback of long term correlation matrix.

· The differential codebook can provide gains over Rel. 8 codebook for transmission ranks larger than 1 while the adaptive codebook mainly targets rank 1 feedback.

There is no clear scheme among the adaptive codebook, the time and frequency domains differential codebooks that provides a unique and best solution in all scenarios. Therefore a combination of several schemes under a unified framework is advisable and is discussed in next section.
3 Structure of the Recommended Precoder
The feedback mechanism is closely related with the channel model. In order to motivate some unified feedback structure, let us have a look at the following simplified though realistic single-polarized time and frequency channel model (assuming a single receive antennas)
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where 
· h(t,f) is the 1 x nt channel at time t and on frequency f
· hw (t,f) is the 1 x nt i.i.d. component of the channel at time t and on frequency f
· Rt refers to the long term correlation matrix that is invariant in time and frequency over the time and frequency observation window.
Given the model in (1), the optimal beamforming writes as
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The precoder first projects on the space spanned by the transmit correlation matrix Rt. The i.i.d. component hw (t,f)  can then evolve in time and frequency within the space delimited by Rt .

Such analysis suggests that an appropriate recommended precoder should be designed such that

· it first projects on the space spanned by the long term channel statistics (e.g. Rt), 
· a second part of the precoder should take into account the time and frequency varying part of the i.i.d. component of the channel. 
Hence we could assume a recommended precoder of the form
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where 

· 
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 is a recommended precoder built up based on the feedback of multiple indices i, j1, j2, …, jT, k. Those indices could be reported at the same time instant or different time instants as they refer to quantities varying differently with time and frequency.
· 
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 can be thought of as a quantized version of 
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· Matrix 
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 is computed based on codewords 
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originating from a single or multiple codebooks and accounts for time and frequency variation of the i.i.d. component of the channel, i.e. 
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 tracks hw (t,f). 
· 
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 accounts for multiple feedback indices that originates from one or multiple different codebooks and provides a higher accuracy of the time and frequency property of the channel
· 
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 refers to a codeword picked up in affixed and non-time or frequency varying codebook, e.g. Rel. 8 codebook or a 8Tx codebook, targeting a subband PMI or wideband PMI
· 
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 can refer to e.g. an entry in a differential codebook in a time or frequency domain
· 
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 provides a higher accuracy feedback than Rel. 8 codebook. 
4 Properties of the Recommended Precoder
LTE 4Tx codebook has been designed by taking into account the following constraints: 4bit per rank, unitary matrices, constrained alphabet (8PSK), constant modulus, nested property. The motivation was to have a codebook providing robust SU-MIMO performance in various scenarios while incurring very low complexity and enabling full use of the transmit power on each transmit antenna. Relying on section 3 notations, 
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 in Rel. 8.
We also propose to design a fixed (not time of frequency varying) 8Tx codebook following the same properties as for the 4Tx LTE codebook. The 8Tx codebook design is detailed in the companion paper [13]. Such codebook would provide good SU-MIMO performance in single polarized and dual-polarized channels with very low complexity and would enable to fully use the transmit power. In such scenario, the recommended precoder would also write as 
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However, a recommended precoder relying only on such codebook designs would incur some performance loss especially in MU-MIMO. To improve MU-MIMO performance, additional feedback enhancements targeting mainly rank 1 and rank 2 feedback should be specified. In such case, 
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would differ from a simple codeword
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. In scenarios where the eNB believes there is no need for feedback enhancement, the eNB would configure codebook subset restrictions (e.g. 
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 would boil down to 
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, i.e. a codeword in a fixed and non-time varying codebook. 
 The properties of the recommended precoder taking into account the feedback enhancements need to be studied in details as we believe that any constraint on the power utilization and constrained alphabet can have very detrimental impact on the performance of the feedback enhancement techniques.
In the following we evaluate the impact of the limited alphabet and the constraint on the full power utilization on the performance of MU-MIMO.

Impact of the constant modulus (CM) property on the performance of MU-MIMO

Given a nt x 1 channel h, the UE reports the recommended precoder 
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 in the case of perfect CSI without any CM constraint on the feedback. In the case CM constraint is added on the recommended precoder, the optimal precoder the UE can report is given by
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where nt refers to the number of transmit antennas, hk is the k-entry of vector h and phase(hk) refers to the phase of the entry hk. 

It is noted that in MU-MIMO, imposing a CM property on the recommended precoder as in (4) creates inter-user interference since the reported recommended CM precoder can be seen as a quantized version of the optimal (non-CM) recommended precoder. Hence, the CM property has a similar impact as the limited feedback on the performance of MU-MIMO.

Given that eNB may perform MU-MIMO based on DM-RS, there is no guarantee that the actual precoder will be PA friendly. Therefore it is important to consider the per antenna power constraint at the eNB while investigating the impact of the CM constraint of the recommended precoder. Given the feedback of a CM or non CM recommended precoder, the eNB may have to scale down the transmit power on each antenna in order to guarantee the per antenna peak power constraint as illustrated in Figure 1.
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Figure 1. Illustration of the total power and per antenna peak power constraints

The evaluation hereunder investigates the impact of the per antenna power constraint vs. no antenna power constraint (i.e. total per eNB power constraint only) along with the CM property of the recommended precoder.
We illustrate the impact of CM constraint on a 8x1 spatially correlated dual-polarized channels with closely spaced +/- 45 dual-polarized antennas, 0.5λ antenna spacing and 15º angle spread. ZFBF is performed at the eNB. 
	ZFBF MU-MIMO 8x1
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI without CM constraint and without a per antenna power constraint at the eNB
	3.5772
	0.094

	Perfect CSI with CM constraint and without a per antenna power constraint at the eNB
	2.739
	0.09

	Perfect CSI without CM constraint and with a per antenna power constraint at the eNB
	3.2334
	0.067

	Perfect CSI with CM constraint and with a per antenna power constraint at the eNB
	2.4513
	0.0659


Impact of the constrained alphabet on the performance of MU-MIMO

The impact of the constrained alphabet on the performance of MU-MIMO is well known. In spatially correlated ULA scenarios, a simple 4bit DFT codebook whose alphabet in not constrained to 8PSK has a significantly better performance than LTE codebook based on 8PSK alphabet.

As a conclusion, based on the previous observations and evaluations, we can conclude that the performance of any feedback enhancements enhancements targeting a feedback accuracy increase (relying on e.g. adaptive codebook, double precoder structure, hierarchical feedback, time or frequency differential codebooks) would incur significant performance loss if a CM property is imposed on the recommended precoder or if entries of the recommended precoder are constrained by some specific alphabet. 
5 Conclusions
In this contribution, the feedback framework for LTE-A is discussed. 
An appropriate recommended precoder F (at least for rank 1 feedback) should be designed such that
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· it first projects on the space spanned by the long term correlation matrix R thanks to the use of adaptive codebook, 

· a second part of the precoder 
[image: image29.wmf]W

 tracks the time and frequency varying part of the channel (using time/frequency domain differential codebooks) within the space delimited by the long term correlation matrix. 

Additionally, we recommend that
· A single 8Tx codebook is designed following LTE 4Tx approach, i.e. 4bit per rank, unitary matrices, constrained alphabet (8PSK), constant modulus, nested property.

· Such design would target mild performance in various scenarios, full use of the PA power and incurs low complexity
· The performance of the 4Tx and 8Tx only would be improved by using feedback enhancement techniques designed for rank 1 and rank 2 feedback only and such that the recommended precoder would not be constrained by a limited alphabet, a nested property and by a constraint on the power utilization. The unitary property can however be conserved.
· Such design would target significant performance enhancement (especially in MU-MIMO) and larger complexity. The full power utilization would be handled by the scheduler and the filter design and left as an implementation issue.
· Codebook subset restrictions would be configured by the eNB if the eNB decides that feedback enhancements are not necessary.
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