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1. Introduction

This contribution discusses feedback in support of SU-MIMO and MU-MIMO. In RAN1 #61, further progress on the long-standing feedback issue was made and it is now clear that RAN1’s efforts should spend some focus on DFT based precoding as evident from the agreed way forward in [11] :
· A precoder W for a subband is obtained as a matrix multiplication of the two matrices (Wk , k = 1, 2) 

· Note that two codebooks need to be designed

· Note that a kronecker structure is a special case

· Note that the matrices can have block structure (e.g. block diagonal)

· Some codebook proposals may require explicit normalization
· For 8 Tx, the precoder W can take on the form of

· For rank 1, at least 16 different beams (grid of beams) for co-polarized ULA

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain

· Example: DFT based precoder vectors

· For rank 1 and rank 2, at least 8 different beams (grid of beams) for each group of 4 co-polarized antennas in the closely spaced cross-polarized setup

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain

· Example: DFT based precoder vectors

· Additional precoders are not precluded

· At least for a (configurable) subset of the precoders W obeys the following properties

· Full PA utilization property, i.e.,
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· Orthogonal columns with same norm (unitary precoding)

Inspired by the agreed way forward, this contribution describes an implicit feedback concept that encompasses SU-MIMO as well as MU-MIMO operation and at the same time manages to limit the feedback overhead. Although the proposed feedback schemes easily generalize to an arbitrary number of Tx antennas, the focus is on the 8 Tx case since that is the scenario for which specifications are completely lacking.
2. Multi-Granular Product Precoder Codebook Design
The way forward on feedback refinements in [11] roughly have three main points:

· A precoder is constructed as a matrix multiplication of two precoders

· Full PA utilization property for at least a subset of the precoders

· Grid of beams with at least a beam oversampling factor of 2

This section discusses these points and attempts to design codebooks in line with the assumptions.

2.1. Matrix Product Precoder Structure

A simple structure for the mapping function 
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 is to construct the overall precoder as a product of the constituent matrices. This is reminiscent of the proposals concerning adaptive codebook [3] as well as similar to the product precoder proposal in [8] . In fact, many companies’ proposals fall under this framework. The overall precoder is thus formed as
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and it is now easy to see from
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how the first, inner, 
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, serves to created a new effective and improved 
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 to work on. Often, the number of virtual antennas
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 is much smaller than the number of antenna ports 
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, offering a considerable dimension reduction and thus requiring a smaller codebook for the outer precoder.

Proposal
· The inner precoder 
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 (i.e., closest to the channel) should typically be a tall matrix so that dimension reduction is offered.
This structure is well-suited for efficiently supporting common antenna setups such as closely spaced cross-poles or closely spaced ULA. To see how correlations properties are exploited and dimension reduction achieved, consider the common case of an array of closely spaced cross-poles. The antennas can then be divided into two groups based on polarization and the corresponding channels are denoted 
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 and 
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, respectively. Assuming for example that the inner precoder 
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The product of the MIMO channel and the overall precoder can then be written as
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As seen, 
[image: image19.wmf])
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separately precodes each group of co-polarized and closely spaced antennas forming a smaller and improved effective channel 
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. If 
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corresponds to a beamforming vector, the effective channel would reduce to having only two virtual antennas, which reduces the needed size of the codebook used for the outer precoder 
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when tracking the instantaneous channel properties. In this case, instantaneous channel properties are to a large extent dependent upon the relative phase relation between the two orthogonal polarizations.

2.2. Simultaneous Support of ULA and Cross-Pole
The type of antenna setup affects the channel properties, which in turn affects the design of the codebooks. As indicated by the way forward, two antenna setups appear to be more important than others – the closely spaced cross-pole and the co-polarized uniform linear array (ULA). Both theses types should be efficiently supported by the same codebook design.
2.2.1 Closely Spaced Cross-Pole
The closely spaced cross-pole is a common antenna array setup, both for 4 Tx as well as for 8 Tx. As indicated in (1), the antennas can then be divided into two separate groups depending on the polarization direction of the antenna. The correlation is high among the channels within an antenna group while channels from different antenna groups fade in an independent manner, and to some extent with reduced cross-talk due to the use of orthogonal polarizations. Such an antenna setup thus creates quite pronounced channel properties, which are well-matched to a block diagonal design along the lines of

[image: image23.wmf])

2

(

)

1

(

)

1

(

~

~

W

W

0

0

W

W

ú

ú

û

ù

ê

ê

ë

é

=


The precoder on the diagonal, 
[image: image24.wmf])

1

(

~

W

, is targeting a co-polarized antenna group. Since the correlation is high within the antenna group, it makes sense to use a grid of beam codebook implemented from DFT based precoder vectors. This is in line with the way forward which mentions that at least eight beams should be used. Eight beams corresponds to a beam oversampling factor of two which is the standard rule of thumb in beam design to ensure that the array gain is uniformly maintained over the sector. The outer precoder, 
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, adjusts the relative phase shift between polarizations, at least for rank 1 and 2 where the 2 Tx Rel-8 codebook could be re-used. For rank 1, the precoder could for example be formed as
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where the antenna group beam 
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with 
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representing the set of all k-column columns subsets of the DFT based generator matrix 
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where (for notational brevity, column and row indices here start from zero)
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(5) 
The rank 2 case would follow similarly as
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(6)
2.2.2 Co-polarized Closely Spaced ULA

The rank 1 case in (2) can also be made to suit the closely spaced co-polarized ULA. Also in this case should grid of beams using DFT based precoders be supported for coping efficiently with the high correlation caused by closely spaced antennas. Again using the rule of thumb of an oversampling factor of two, sixteen beams are needed for the 8 Tx overall precoder 
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. As we will see, this however does not imply that we need 16 new inner precoders 
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 in addition to the 8 precoders in support of cross-polarized setups to support both the cross-pole and the ULA with the same design. 
Since a DFT precoder of size
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can be formed using two DFTs of size 
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combined with a size-2 butterfly, it can be shown that
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is enough to also create sixteen different DFT based size 
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 precoders. Thus, if the beam 
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is chosen from sixteen DFT size 
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/2 based beams, then that, in combination with the outer precoder 
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 is enough to also create sixteen different DFT based size 
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beams. Hence, some of the precoders for the cross-pole case are re-used for the co-pole. Although the oversampling factor is now Q = 4 for the antenna group precoder, this increase compared to the rule of thumb for beam oversampling provides an improvement of the spatial resolution that is beneficial for MU-MIMO but also for SU-MIMO and are thus not wasted.  Rank 2 is similar to (6) except that also here sixteen different DFT size 
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/2 based beams are used, i.e.,
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The codebook design in (7) and (8) is referred to as a grid of beam (GoB) design and incurs a very limited overhead yet provides excellent performance for cross-pole as well as co-pole, as the simulation results will show. Therefore, the same design is suitable for both antenna configurations and the precoders for one configuration are re-used in the other so as to avoid an unnecessary signaling overhead increase. The number of precoders for rank 1 and 2 are given in Table 1. 
Observation

· Same design of the two codebooks is suitable for ULA as well as cross-pole.
Table 1: Codebook size per rank for each of the two precoders for the GoB design example.
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	Rank=1
	16
	4

	Rank=2
	16
	2


In line with the agreed way forward and based on the above described findings for cross-pole and co-pole, as well as simulation results, a simple block diagonal design simultaneously suitable for both cross-pole and co-pole is proposed.
Proposal (GoB 1 design)
· For 8 Tx rank 1 and 2, introduce support for GoB design as in (7) and (8)

· Inline with agreed way forward on feedback refinement and supports 16 beams for ULA and 16 beams for cross-pole

· Four bits for 
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 taken from 16 (consecutive) DFT generated beams (beam oversampling factor of 4)
· 
[image: image51.wmf])

2

(

W

 chosen from 2 Tx codebook as baseline
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· 4 bits for wideband 
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and 2 and 1 bits per subband for
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 for rank 1 and 2, respectively
Variants of the proposed design are possible. For example, if it is deemed acceptable to spend more bits on 
[image: image55.wmf])

2

(

W

, increased resolution for co-phasing between polarizations in rank 1 and orthogonalization in rank 2 can be investigated. Another alternative is to further increase the spatial resolution of
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. Since
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 is wideband, increasing the resolution does not cost much in terms of signaling overhead. A doubling of the resolution to 32 beams for the 8 Tx co-pole case can easily be done by multiplying with a diagonal matrix containing linearly increasing phases according to
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The diagonal matrix is of wideband (possibly long-term) nature and can thus be absorbed into
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 with just one extra bit of overhead for the whole report. This leads to a second proposal on codebooks for rank 1 and 2.
Proposal (GoB 2 design)
· For 8 Tx rank 1 and 2
· Five bits for
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 taken from 16 (consecutive) DFT generated beams (beam oversampling factor 4) and 
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· 5 bits for wideband 
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and 2 and 1 bits per subband for
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 for rank 1 and 2, respectively
2.2.3 Beam Centering
Note that the DFT based precoders give rise to beams which do not lie symmetrically around the broad size of the antenna array. However, for optimal performance the beams should be centered by multiplying the DFT vectors with the diagonal beam rotation matrix
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where N is the size of the DFT and 
[image: image69.wmf]Q

 is the beam oversampling factor used for the non-centered codebook. For the cross-pole case, N = NT/2 and for the co-pole case N = NT. The rotation is easily implemented in a standard transparent manner by letting the eNodeB perform the beam centering for both the PDSCH and the CSI RS signals. Since the rotation is dependent on the particular antenna array setup, it is preferable to not make it part of the codebook. 

When comparing different codebook proposals it is important to be fair in terms of beam centering. Some codebooks include centering components while others do not. For example, the codebook in [] explicitly includes beam centering while the GoB codebook described herein does not and should hence be rotated with the appropriate rotation for optimal performance relative codebooks with explicit inclusion of beam rotation. 

Observation

· Standard transparent beam centering as in (10) should be performed when comparing GoB codebook with other proposals

3. GoB Codebook for SU-MIMO for Ranks Higher than Two
The previously described GoB concept for rank 1 and 2 is easily extended to higher ranks as well. Columns then need to be added to the inner precoder 
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 so that the rank of the overall precoder may increase. It is reasonable to assume that the first two layers are being separated by means of polarization but any additional layers necessarily need to be separated by means of different spatial signatures also within a polarization. The block diagonal structure of 
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 is thus maintained and additional DFT based vectors are appended to respective block according to


[image: image72.wmf]ú

û

ù

ê

ë

é

=

ú

ú

û

ù

ê

ê

ë

é

=

L

L

L

L

2

1

2

1

)

1

(

)

1

(

)

1

(

~

~

0

0

0

0

~

~

~

~

w

w

w

w

W

0

0

W

W


(11)
where
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where 
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 denotes the k:th column of the unitary DFT based generator matrix 
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. Similarly, 4-bit codebooks for rank 5 and 6 may be obtained as
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while for rank 7 and 8 
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is limited to 2 bits obtained via
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More columns also need to be added to the outer precoder 
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where 
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, one vector out of each block. Phase adjustment between the blocks is accomplished via 
[image: image94.wmf]k

j

e

j

 corresponding to a PSK alphabet. 
The bits for signaling 
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 can obviously be spent in different ways when forming the codebook, both with respect to how to quantize the phases
[image: image96.wmf]k

j

 and the choice of column subsets. In this contribution we consider a very simple choice where the codebook for 
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 except possibly the last column. For rank 3 we take the first three columns and form the 1-bit codebook 
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while for rank 4 the codebook only contains a single element
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Since precoding gains decrease with increasing rank, it is reasonable to keep 
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fixed to 
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for all ranks above 4.
To summarize, the GoB design easily generalizes to higher ranks. One possible option is to design the higher ranks as outlined in the equations above leading to signaling overhead as given in Table 2.

Table 2: Signaling overhead for proposed extension of GoB 1 to higher ranks.

	
	Bits per PMI


	Reporting type
	Precoder report size in bits

for 20 MHz (9 subbands)
(rank1, rank2)
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	GoB 1 for rank 3
	4
	1
	wideband
	subband
	17

	GoB 1 for rank 4
	4
	0
	wideband
	subband
	4

	GoB 1 for rank 5
	4
	0
	wideband
	subband
	4

	GoB 1 for rank 6
	4
	0
	wideband
	subband
	4

	GoB 1 for rank 7
	2
	0
	wideband
	Subband
	2

	GoB 1 for rank 8
	2
	0
	wideband
	subband
	2


4. Simulation Results
To assess the performance of the GoB designs, system level simulations for an urban macro environment have been conducted for both SU-MIMO and MU-MIMO. The simulations assumptions are listed in Table 9. Four different designs where evaluated; the GoB 1 and 2 design, Samsung codebook (3) in Table 3 in [14] , Samsung codebook (4) in Table 3 in [14] . In all cases, a CSI feedback report contains both 
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, where the latter is reported per subband. The underlying assumption is that aperiodic CSI on PUSCH is being used to simultaneously transmit all the precoders. An overview of the reporting mechanism and associated overhead for the four schemes is given in Table 3 where it is seen that the GoB 1 design has the lowest overhead of all schemes. Both high and lower angular spread scenarios have been considered.
Precoder selection is a complex task where the UE for Rel-8 evaluates many different hypotheses, one for each possible precoder. Going to 8 Tx presents some challenges in this respect since there are twice as many channel dimensions and the number of overall precoders obtained as the combination of 
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is larger than 16, which is the number of hypotheses per rank for the 4 Tx case in Rel-8. The structure of the product precoder however allows the complexity to be kept at manageable levels by avoiding an expensive joint search over 
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for each rank and only thereafter seek an appropriate rank and 
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 per subband. In the simulations,  
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 for a given rank r is therefore determined by matching it to the wideband channel correlation prior to performing subband based determination of 
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Table 3: Comparison of report sizes for one aperiodic report on PUSCH.
	
	Bits per PMI

(rank1, rank 2)
	Reporting type
	Precoder report size in bits

for 20 MHz (13 subbands)
(rank1, rank2)
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	GoB 1
	4, 4
	2, 1
	wideband
	subband
	30, 17

	GoB 2
	5, 5
	2, 1
	wideband
	subband
	31, 18

	Samsung (3), Table 3 in [14] 
	4, 4
	3, 3
	wideband
	subband
	43, 43

	Samsung (4), Table 3 in [14] 
	4, 4
	2, 2
	wideband
	subband
	30, 30


4.1. SU-MIMO Rank 1 — 2
The SU-MIMO results when the rank is capped at two are found in Table 4 and Table 5. It is seen that the performance of the GoB design is very competitive even though signaling overhead is small while Samsung-4 exhibits a loss on the cell edge. 
Table 4: Results for SU-MIMO closely spaced cross-pole.

	
	SU-MIMO: Cross-pole (Alt 1), 15° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	GoB 1
	2.72 (0%)
	0.0822 (0%)

	GoB 2
	2.72 (0.1%)
	0.083 (0.5%)

	Samsung (3) , Table 3 in  [14] 
	2.74 (0.7%)
	0.0811 (-1.3%)

	Samsung (4) , Table 3 in  [14] 
	2.72 (0.0%)
	0.0779 (-5.2%)


Table 5: Results for SU-MIMO closely spaced co-pole.

	
	SU-MIMO: Co-pole (Alt 2), 8° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	GoB 1
	2.60 (0%)
	0.091 (0.0%)

	GoB 2
	2.62 (0.5%)
	0.092 (1.2%)

	Samsung (3) , Table 3 in  [14] 
	2.63 (1.3%)
	0.091 (0.2%)

	Samsung (4) , Table 3 in  [14] 
	2.55 (-1.9%)
	0.086 (-5.5%)


4.2. MU-MIMO

MU-MIMO was also evaluated. The results are found in Table 6 and Table 7. For cross-pole, the results are again rather similar except Samsung-4 which shows loss on cell throughput as well as cell edge. For the co-pole case, GoB 2 outperforms the others and Samsung-3 shows similar performance. The Samsung-3 design however results in 39% higher signaling overhead than GoB 2. Thus, the GoB design principle again gives competitive performance with very little signaling overhead. 
Table 6: Results for MU-MIMO closely spaced cross-pole.

	
	MU-MIMO: Cross-pole (Alt 1), 15° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	GoB 1
	2.69 (0%)
	0.100 (0%)

	GoB 2
	2.71 (0.9%)
	0.102 (1.3%)

	Samsung (3) , Table 3 in  [14] 
	2.70 (0.4%)
	0.100 (0.0%)

	Samsung (4) , Table 3 in  [14] 
	2.58 (-4.2%)
	0.095 (-5.7%)


Table 7: Results for MU-MIMO closely spaced co-pole.
	
	MU-MIMO: Co-pole (Alt 2), 8° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	GoB 1
	3.23 (0%)
	0.111 (0%)

	GoB 2
	3.40 (5.1%)
	0.115 (3.2%)

	Samsung (3) , Table 3 in  [14] 
	3.37 (4.3%)
	0.114 (2.7%)

	Samsung (4) , Table 3 in  [14] 
	2.85 (-11.9%)
	0.097 (-12.9%)


5. SU-MIMO Simulation Results for Rank 1 – 4 
For future reference, we also evaluated the GoB based proposal up to rank 4, although this time we did not find a suitable candidate to compare with. The results are found in Table 8 assuming. Here, the load is assumed to be only 0.2 UEs per cell on average so that higher ranks beomce more common.
Table 8: Results for SU-MIMO closely spaced cross-pole.

	
	SU-MIMO: Cross-pole (Alt 1), 15° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	GoB 1
	1.12 (0%)
	2.21 (0%)


6. Conclusions
Based on the discussion and simulation results above about precoder design for the product precoder structure for SU-MIMO and MU-MIMO we propose the following:

· The inner precoder 
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 (i.e., closest to the channel) should typically be a tall matrix so that dimension reduction is offered.
· For 8 Tx rank 1 and 2, introduce support for either GoB 1 or GoB 2 designs as described above
· Inline with way forward on feedback refinement and supports at least 16 beams for ULA and 16 beams for cross-pole

· GoB 1: 4 bits for wideband 
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and 2 and 1 bits per subband for
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 for rank 1 and 2, respectively
· GoB 2: 5 bits for wideband 
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and 2 and 1 bits per subband for
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 for rank 1 and 2, respectively
· For 8 Tx rank 3 – 8

· GoB 1 design extended as described in Section 3 with signaling overhead figures given by Table 2.
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8. Appendix
Table 9: System level simulation assumptions.

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Inter site distance
	500 m

	Average number of UEs per cell
	10 (0.2 only for SU-MIMO rank 1-4)

	Traffic model
	Full buffer

	UE speeds of interest
	3 km/h

	Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Control OFDM symbols per RB pair
	3

	Max number of HARQ retransmissions
	5

	Channel model
	SCME Urban Macro

	Pathloss model
	128,1 + 37,6 log10(R) dB, (R in km)

	Transmit power
	40 W

	BS antenna configuration
	8 Tx using two different alternatives: 

Alt 1. Four closely spaced ±45° cross-poles with 0.5 λ separation

Alt 2. ULA with 0.5 λ separation and vertical polarization

	UE antenna configuration
	2 Rx: cross-polarized 0°/90°, 0.5 λ separation
4 Rx: two pairs of 0°/90°cross-polarized separated 0.5 λ

	Receiver 
	MMSE with no inter-cell interference suppression

	Scheduler
	Proportional fair in time and frequency

	ACK/NACK based outer loop link adaptation adjustment 
	Yes: target BLER=10%

	Number of RBs per subband
	6

	Feedback CQI delay
	6 ms

	CQI reporting periodicity
	5 ms
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