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1. Introduction

LTE-Advanced targets an improvement in spectral efficiencies over LTE Release-8. MU-MIMO has been identified as a key technique for achieving such spectral efficiency improvements. 

In the agreed MIMO feedback way forward [1], a 2-stage codebook was identified for extending the Release-8 feedback. In [16] an overview is given of the different aspects of the feedback framework that need to be developed.
Section 2 recapitulates one of the example realizations of such a 2-stage codebook which is described in detail in [17].
Section 3 recapitulates the best companion feedback concept in conjunction with system level simulation results and shows options how the MU-MIMO-related feedback rate can be further reduced using implicit codebook subsets. Criteria for the choice of good subsets are shown, based on PMI and best companion statistics from system level simulations.
Section 4 shows how the aspects from section 2 and 3 can be combined, thus using a two-stage codebook with additional companion information in order to improve the performance of MU-MIMO.
2. Discussion of 2-stage codebooks
2.1. Realizations for 2-stage codebooks

The way forward [1] describes the structure of the precoder feedback. Its actual realization is still open. As described in detail in [17][18], one example realization for the dual x-pol configuration could be designed according to the principles below:
The overall precoder 
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 is formed by some matrix mapping function 
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suited to the channel correlation properties (thus long-term and/or wideband) and a second matrix 
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 for taking care of the instantaneous channel properties (thus frequency selective and/or short-term).
According to [17][18] a long-term precoder 
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 from the first codebook 
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 forms long-term beams, and a second codebook 
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consisting of unitary matrices 
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is used for adapting to the uncorrelated fast fading conditions based on principal axis transformations. For example, for a rank-2 transmission in the SU-MIMO case, with the data symbols
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, the transmitted symbols can be written like that:

[image: image10.wmf]÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

=

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

2

1

22

21

12

11

4

3

2

1

0

1

0

0

0

1

s

s

u

u

u

u

e

e

x

x

x

x

j

j

j

j


For high velocities it may be useful to report only the slow varying components with 
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while skipping the 
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reporting. 

3. Additional companion PMI- and/or CQI based information for MU-MIMO
Feedback of multiple PMIs/CQIs for MU-MIMO means not just a finer granularity for the signal space as mentioned in [14] but, beyond that, additional null space information. It is obvious that the practical codebook resolution is limited, due to UE channel estimation errors and feedback delay in conjunction with RF impairments.
3.1. Companion reporting

As stated in the agreed MIMO feedback way forward [1], CQI is “computed based on the assumption that eNodeB uses a specific precoder (or precoders). Thus multiple precoders may be taken into account in computing the CQI. 
The best companion approach [6]

 REF _Ref257027604 \r \h 
[7] for single-cell proposes to use, beyond the existing SU-MIMO feedback, an additional PMI-based information of one or more preferred pairing partner weights, causing only a small amount of intra-cell interference. This is referred to as the “best companion index” (BCI). An associated delta-CQI supports the link adaptation in the MU-MIMO case, by indicating the reduction in CQI that would occur if the BCI were used; this should correspond to the smallest possible reduction in CQI from multi-user scheduling.

This scheme is a simple and straightforward extension to the release 8 feedback and has low complexity for the UE. Depending on receiver type, the best companion index calculation can even be a by-product of the PMI-calculation, requiring no additional calculations.
In the feedback discussion within RAN1 (e.g. [13]) it was suggested that the ratio of number of active users over codebook size should not be small if full performance potential of best companion reporting is to be exploited. 
3.1.1. System level simulation results

System simulations are performed using a hexagonal 7·3 cell layout, with 10 users per cell on average. 4Tx antennas (closely-spaced) and 2Rx antennas are used with 3-D antenna models and the urban macro scenario. Scheduling is proportional fair in frequency and time.

The baseline system uses release 8 closed-loop single user MIMO with rank adaptation (with 1 or 2 layers) and per-subband CQI/PMI reporting.

This is compared to MU-MIMO based on best companion feedback, using either 1, 2 or 3 BCIs and corresponding delta-CQIs. CQI information was given per subband, PMI and BCI information was wideband. Codebook-based closed-loop precoding is done either using the LTE 4Tx codebook [10]  (with a subset of 7 indexes suitable for beamforming) or a 3-bit tapered codebook (described in [7]). 
Tables 1 and 2 show that the gains depend on the amount of feedback (number of BCIs reported - one, two or three per user). Compared to Rel-8 single user MIMO the spectral efficiency can be increased by 26-52%, while the cell edge spectral efficiency can be increased by 37-47%.

	 

 
	SU-R8
	MU-MIMO Best companion using Rel-8 codebook 

	
	baseline
	1 BCI
	Gain %
	2 BCI
	Gain %
	3 BCI
	Gain %

	bit/s/Hz
	1.50
	1.94
	+29.33
	2.05
	+36.67
	2.12
	+41.33

	5%-tile kbit/s
	426.12
	614.48
	+44.20
	580.88
	+36.32
	586.14
	+37.55


Table 1 - Spectral efficiency and cell edge rate for MU-MIMO best companion with Rel-8 codebook subset vs. SU-MIMO

	 

 
	SU-R8
	MU-MIMO Best companion using tapered codebook

	
	baseline
	1 BCI
	Gain %
	2 BCI
	Gain %
	3 BCI
	Gain %

	bit/s/Hz
	1.50
	1.89
	+26.00
	2.17
	+44.67
	2.28
	+52.00

	5%-tile kbit/s
	426.12
	583.54
	+36.94
	626.03
	+46.91
	624.80
	+46.63


Table 2 - Spectral efficiency and cell edge rate for MU-MIMO best companion with 3-bit tapered codebook vs. SU-MIMO
The simulation assumptions are shown in the appendix.

Note that:

· There is still additional performance potential for MU-MIMO using best companion PMI reporting beyond that shown here, by means of using an IRC receiver at the UE instead of MRC, and a more optimised scheduler. 

· The results in this section do not yet take into account additional possibilities from a 2-stage codebook reporting (as described in section 4).

3.2. Set of fixed companion delta-CQIs
3.2.1. Statistical analysis of preferred pairing combinations as seen by the UE

System level simulations using ITU-R UMa and UMi channels have been carried out for different antenna configurations using the Rel-8 codebook. From the UE feedback (PMI and a BCI) the probabilities for different best companion indices (and PMIs as well) are given as a function of each PMI. Those results are depicted in appendix B.
Appendix B shows that, independent of antenna configuration and propagation environment, the orthogonal precoders are clearly occurring as most frequent best companions.
This prior knowledge can be exploited in order to further optimize the feedback design (as described below in section 3.2.2).
3.2.2. Conclusion for forming predefined companion subsets

The feedback overhead of best companion reporting can be further reduced by reporting simply the delta-CQIs for a limited set of pre-configured companion PMIs, i.e. avoiding signalling the PMI indices themselves for the best companions. The delta-CQI indicates the change versus SU-MIMO CQI in desired transport format in case the UE is co-scheduled with a potential pairing partner, which uses the corresponding companion index for transmission, while taking into account the receiver capabilities of the particular UE.

The preconfigured subsets are the indices offering the most attractive pairing combinations, as a function of the primary PMI. (Note that a similar approach was proposed in [15]).
In principle the delta-CQI could be reported for all potential pairing entries of a codebook. However, in order to arrive at a realistic feedback rate, the subset of companion PMIs for which delta-CQI is reported for each PMI should be kept small – i.e. just the indices which offer the highest probability to provide a good pairing combination.
From section 3.2.1 we have seen that a good choice for the selection of the set of fixed companions per PMI is based on the orthogonality of the underlying precoders.
The advantage of this approach compared to classical best companion reporting (as in section 3.1) is the larger number of potential pairing combinations while the pairing indices do not have to be signalled (they are known implicitly from a table). The multiple delta-CQIs provide valuable information for frequency selective scheduling and link adaptation.
4. Combination of 2-stage codebooks with additional companion information for MU-MIMO
The following section describes how the best/worst companion feedback concept (as described in section 3) can nicely be integrated into the two-stage framework (see section 2).

The best companion feedback would naturally consist of two indices, indexing the long-term and the short-term codebooks. Given the slow change of the long-term component it suffices for the UE to feed back this long-term codebook index or a range of  indices with a low rate. For the delta-CQI we see two options for the detailed operation:

Option A: The set of fixed companion delta-CQIs is derived for the long-term codebook for 
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 is selected so that interference is avoided, the particular selection of  
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 is less significant.As the long-term codebook feedback is signalled with a low rate, it could be done for all possible codebook entries for 
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 : Thus for each potential weight of a co-scheduled pairing partner (assuming equal power split), a change in long-term and/or wide-band desired transport format is signalled. (E.g. for a codebook size of 3 bits for
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, 7 long-term delta-CQIs, named
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, could be signaled with 2-3 bits each.) This 
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 can be e.g. calculated by averaging over the whole set of 
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 since here no assumption on the short-term precoding can be made.
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Figure 1: Antenna patterns with beams based on 2/4 closely spaced elements (left/right)

The benefit of this long-term pairing information depends on the resulting beam cross-talk. Beampatterns of 4 closely-spaced elements (see figure 1, right) show side lobe levels more than 12 dB below main lobes.  The worst case intra-cell interference coming from the worst short-term weight 
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(for the given codebook structure from section 2 for x-pol antennas) is already attenuated by this value of long-term isolation. The impact from changing the short term weight is therefore for certain scenarios significantly smaller. In the worst case the interfering signal from the pairing partner adds up coherently from both polarizations, but the long term isolation still remains and determines the total influence. 
This means pairing based on long-term information is expected to work quite well in this case, which thus requires either a 4-element uniform linear array with vertically polarized elements, or 8 antennas in a closely-spaced x-pol configuration.
In case of 2 correlated elements we see that the isolation offered by the beam patterns is remarkably lower, but might be still useful under certain conditions. Example antenna configurations in this case are 4-element dual x-pol antennas.

Option B: For further characterization of a pairing partner’s weight matrix, the short-term delta-CQIs named 
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for characterizing the selection of 
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can also be used on top of the long-term 
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 . This can be done in conjunction with the best resulting known 
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 from the signaling of option A. That is the following would be reported:
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(E.g., with a codebook size of 2 bit for
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 , all 3 short-term delta-CQIs  
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 could be signaled). 
In case of a larger codebook
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, again a useful reporting subset of 
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 is also only reported for this subset, as described in Section 3.2. As we have seen from section 3.2.1, the choice of this subset can be well based on orthogonality of underlying weight vectors. 
The advantage, when combining option A with option B, is that a large number of potential pairing combinations are offered in conjunction with accurate MU-MIMO channel quality feedback.

5. Conclusion
This contribution has discussed the release-10 feedback extension in the light of 2 stage codebooks with additional MU-MIMO companion feedback. System level simulations (section 3.1.1) show significant gains over Rel. 8 SU-MIMO.
This document has referenced (in section 2) a realization example of a two stage precoder feedback, tailored to dual x-pol antennas [17][18]. It was shown that the envisaged 2-stage codebook reporting can be combined well with MU-MIMO PMI and/or delta-CQI best companion information (section 4). 
The following advantages are foreseen:

· The separation into long-term and short-term components allows the additional MU-MIMO companion feedback to be designed in a well-tunable trade-off between additional feedback overhead and performance.
· Best/worst companion reporting directly takes into account receiver capabilities and creates information which is lacking when only a single user CQI is available
· offering reliable link adaptation for MU-MIMO 
· and accurate pairing and scheduling information

· Delta-CQI reporting for companion PMI can provide additional null-space information that cannot be provided simply by increasing the accuracy of the PMI.
· Companion subsets can be formed, based on orthogonality of precoding vectors, avoiding the need to feed back the explicit index of the preferred pairing partner, instead using the available feedback bits for a set of delta-CQIs, implicitly linked to the most probable pairing indices.

· The feedback calculations for best companion (depending on receiver type) can be obtained as a byproduct of the classical SU-MIMO PMI/CQI calculation, thus

· Offering low complexity feedback computation

So in the light of these advantages, it is proposed to include the MU-MIMO companion information into the release-10 feedback extension.
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Appendix A
Simulation results
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Figure 1 - Spectral Efficiency vs. Cell Border Throughput
Simulation assumptions

	Parameter
	Assumption

	Service type
	Full buffer

	Cell deployment
	7 sites, 3 cells per site, hexagon shape

	User dropping
	1dB HO margin, average 10 users dropped in each cell and then association

	Simulation scenario
	ITU UMa (ISD 500m, min. distance 25m, speed 30km/h)

	Antenna configuration
	mode c: correlated co-polarized (illustration for 4 Tx: |||| )

	Number of antennas (Tx, Rx)
	(4, 2)

	Shadow correlation
	Inter-site correlation 0, intra-site correlation 1

	Scheduler
	SU: PF in time and frequency
MU: Greedy, using the SU scheduler

pair if estimated MU rate for selected user is more than ½ of the SU rate AND estimated MU sum rate is higher than SU rate

	Downlink receiver type
	SU-MIMO:MRC/MMSE
MU-MIMO: MRC

	Downlink HARQ
	Asynchronous adaptive HARQ, CC, maximum five transmissions

	Link to system interface
	MIESM

	System bandwidth
	10MHz

	Antenna pattern
	According to TR36.814

	Antenna tilt
	3D

	Channel estimation
	Error modeled with SINR-dependent SINR loss

	Feedback impairments
	CQI/PMI reporting period: 5ms (delay 6ms)
CQI feedback granularity: subband (2 RB)
PMI feedback granularity: subband for SU-MIMO; wideband for MU-MIMO

	Control channel and reference signal overhead
	First 3 OFDM symbols for control information 
+ actual Rel-8 4Tx cell-specific RS pattern

	Codebook
	SU-MIMO: Rel-8 4 bit codebook for 4Tx
MU-MIMO: Either Rel-8 with subset of 7 entries for beamforming 
OR Rel-10, 3-bit codebook with tapering


Appendix B

PMI/BCI statistics based on system level simulation results

For reminder, Figure 2 shows the scalar products within the existing Rel-8 4-Tx rank-1 codebook. (Zeros mean orthogonal weights.) The codebook matrix V shall be defined by taking as columns all rank-1 precoding vectors. Figure 2 shows 
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Figure 2 - Scalar product matrix 
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Statistics are based on UE feedback of a 21-cell system simulation with 10 UEs per cell on average, based on TR36.814 assumptions. Figures 3, 6, 8 show the basic probabilities for each reported PMI. Figures 4,5,7,9 show for each given PMI the probability for each index to be the best companion (i.e. resulting in least intra-cell interference caused).
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Figure 3 - PMI usage probability for Closely-spaced dual x-pol antennas in ITU-R UMa (UMi looks rather similar)
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Figure 4 - Closely-spaced dual x-pol antennas with ITU-R UMa channel: Probability of best companion indices per PMI. BCIs which are orthogonal to respective PMI are plotted in red.
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Figure 5 - Closely-spaced dual x-pol antennas with ITU-R UMi channel: Probability of best companion indices per PMI. BCIs which are orthogonal to respective PMI are plotted in red.
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Figure 6 - PMI usage probability for closely-spaced uniform linear array with vertical polarization in ITU-R UMa: 97% concentrates on 7 PMIs
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Figure 7 - Closely-spaced uniform linear array V-pol antennas with ITU-R UMa channel: Probability of best companion indices per PMI (for 7 most frequent PMIs). BCIs which are orthogonal to respective PMI are plotted in red.
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Figure 8 - PMI usage probability for 4(-spaced uniform linear array with vertical polarization in ITU-R UMa: 83% concentrates on 8 PMIs
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Figure 9 - 4(-spaced uniform linear array V-pol antennas with ITU-R UMa channel: Probability of best companion indices per PMI (for 8 most frequent PMIs). BCIs which are orthogonal to respective PMI are plotted in red.

For further illustration, Figure 10 below shows the distributions of delta-CQIs for a particular example PMI (PMI=1). We see that most delta CQIs are in the order of (minus) 3-4dB.
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Figure 10 - Closely-spaced dual x-pol antennas with ITU-R UMi channel: Frequency of reporting a range of delta-CQIs related to particular best companion indices for PMI#1.
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