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1
Introduction

In RAN1#61bis, the discussion on the Rel.10 feedback continued intensively and especially the attention was drawn from 8-Tx case on the potential feedback enhancements for 4-Tx. So far all companies have not been able to agree either on whether the gains are significant enough to actually introduce any enhancements, or on what exactly the potential enhancements could be even though several proposals have been presented. The conclusions from RAN1#61bis were as follows:
· It is noted that the cosigning companies of R1-104169 have agreed that there are significant gains for enhanced feedback schemes that are based on the cited WFs.
· It is noted that the cited WFs are already agreed including the case of 4Tx and the focus will be on making the way forward more concrete for 4Tx. 

· It is also noted that 4Tx is the priority.

In this contribution we present our simulation results on the feedback enhancements for 4-Tx and evaluate also qualitatively some of the existing codebook proposals. In this evaluation we also include one new concrete codebook proposal, which is basically a downscaled version of the 8-Tx codebook proposal in [1] cosigned by 11 companies. Based on this evaluation, we provide our views on the 4-Tx feedback enhancements.
2
Codebooks for 4-Tx
Given the time schedule of the DL MIMO WID and the fact that codebook design is already very late and compromising the timely completion of the Work Item, the focus in codebook design should be put on exact and concrete codebook proposals rather than design guidelines and principles that still leave too much design freedom. In this section we present one full codebook proposal which is basically a downscaled version of the block-diagonal grid-of-beams (GoB) design presented for 8-Tx in [1][2]. Additionally we discuss briefly other codebook proposals that have been presented throughout other companies’ contributions.
2.1
Block-diagonal GoB for 4-Tx
In the way forward [1] co-signed by 11 companies for 8-Tx, a block-diagonal GoB design was presented. The main idea in the 8-Tx design was to allow subband level beam selection to provide improved support for scenarios with higher azimuth spread, and also allow co-phasing of the two 4-Tx DFT –based vectors/matrices at subband level. Matrix W1 is block-diagonal, matching with the spatial covariance of cross-polarized antenna setup. For cross-polarized antennas, W2 acts as a beam selection term and co-phasing term for the two polarization branches. For uniform linear arrays, W2 acts as a beam selection and co-phasing term forming the 8-Tx DFT vectors out of the two 4-Tx DFT blocks as needed to properly support 8-Tx ULA. The main ideas behind the codebook in [1] are described also in [2][3]. In the following we show how this 8-Tx proposal can be easily translated or “downscaled” into a 4-Tx double codebook design. 
W1 design for 4-Tx

As mentioned, W1 is block diagonal taking the form of
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where X is now in 4-Tx case a 2xNb matrix consisting of Nb 2-Tx DFT vectors. In this contribution we have chosen Nb=4 with four adjacent overlapping beam groups, i.e. direct downscaling of the proposal in [1]. In this case one group of beams (one X) covers half of the sector, see Design 1 in Appendix 1. Other possibility would be to have a higher oversampling factor for the DFT vectors and define the X matrices with Nb=4 with adjacent non-overlapping beam groups, see Design 2 in Appendix 1. In this case one group of beams would cover one quarter of the sector but with increased spatial resolution.
W2 design for 4-Tx
Since also here Nb=4, and again we use QPSK-based co-phasing terms, the design of W2 may in fact be exactly the same as for 8-Tx case in [1]

 REF _Ref269369080 \r \h 
[2], e.g. of the following format for rank 1:
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Exact W1 and W2 codebooks for ranks 1 and 2 are listed in Appendix 1, where Design 1 is basically direct downscaling from [1]
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[2] even though we have added some ULA codewords for rank 2 compared to [1]. Design 2 is based on a higher DFT oversampling factor and non-overlapping beam groups as mentioned also above. For ranks 3 and 4, one may either set W1 as identity matrix and reuse the Rel’8 codebook for W2, or alternatively again downscale the solution in [1] to 4-Tx.
This W1 and W2 structure preserves several desired properties of the codebooks: There is one codebook covering all scenarios, hence avoiding the need to specify multiple codebooks for different scenarios and the related RRC signalling on which codebook the UE should use. The codewords have constant modulus using PSK-based alphabet to allow more efficient power utilization at the eNB and to avoid additional CQI mismatches due to the required normalizations done at the eNB side. The codebook preserves the nested property to some extent in order to aid the UE in rank computations. Signaling overhead is kept at Release 8 level (i.e. 4 bits per subband) and is hence well-known and proven to be low enough. Further reduction in W2 size should be avoided as it effectively precludes true frequency selective precoding and naturally leads to performance degradations in scenarios with lower spatial correlation. The fact that exactly the same W2 design can be used for both 4-Tx and 8-Tx simplifies implementations and speeds up the standardization process in case codebook enhancements are endorsed for 4-Tx.
2.2
Other codebook proposals

Here we briefly look at some other proposals previously presented. We emphasize that at this stage one should discuss full concrete and complete codebook proposals rather than keep on dwelling on design principles and guidelines. In the following we discuss briefly three full codebook proposals presented so far, even though it is not made clear whether the proposals are covering all transmission ranks up to 4.
· Samsung codebook from [5] builds on W=W2W1 structure, where W1 is based on the Rel-8 codebook and W2 is a refinement which is primarily defined with ULA type of antenna arrays in mind. While the performance of the codebook in ULA case is obviously good, this comes with the cost of worse performance in cross-polarized case. Since cross-polarized arrays were prioritized first [8], it seems very strange to optimize the codebook for ULA primarily. Additionally, as has been mentioned also earlier, the structure W=W2W1 is not desirable from UE complexity point of view since in W2 search, to avoid too complex PMI selection it is desirable to form the equivalent channel HW1 and compute W2 conditioned on the latter using procedures similar to (or same as) Rel-8 implementation.This also reduces the number of multiplications needed.
· Alcatel-Lucent codebook from [7] can be categorized as an adaptive codebook where W1 takes the form of a spatial covariance matrix. The covariance matrix is based on a parametric model of the anticipated covariance matrix format for a given type of antenna array, and the parameters are quantized into a codebook. The parameterization depends on the array type, i.e. multiple codebooks are needed. W2 is based on Rel-8 codebook or a subset of it, or possibly a different format for cross-polarized antennas. Some of the codewords of the resulting precoder W have non-constant modulus and they are non-unitary, which means that an additional normalization is required at the eNB side for efficient power utilization. This degrades performance due to worse matching codewords, but also due to additional CQI mismatch between UE and eNB (unless the normalization is actually standardized which is very unlikely to happen). Furthermore, specifying a codebook is known to take tremendous efforts and a lot of time in standardization, hence specifying multiple codebooks should definitely be avoided.
· Huawei codebook from [6] is quite similar to [7] in the sense that W1 takes the form of a spatial covariance matrix. However, here one codebook is used to support all types of antenna arrays. W2 is based on Rel-8 codebook. Again, some of the resulting codewords will have non-constant modulus and/or non-unitary property resulting in challenges with the required normalizations at the eNB side.
2.3
Performance
Link-level simulations

Link simulations were conducted for all above-mentioned feedback schemes both for SU-MIMO and MU-MIMO. It has been agreed that dynamic switching between SU-MIMO and MU-MIMO should be possible; hence the feedback should support both SU-MIMO and MU-MIMO well enough and the chosen codebook should be balanced enough to cover both schemes with good enough performance. Our simulation assumptions are listed in Appendix 2 and the results are shown below. Out of the block-diagonal GoB designs, we simulated both Design 1 and Design 2 as listed in Appendix 1.
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Figure 1. Performance of the codebooks in SCM UMa 8o in case of XP with λ/2 spacing. 
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Figure 2. Performance of the codebooks in SCM UMa 8o in case of ULA with λ/2 spacing.
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Figure 3. Performance of the codebooks in SCM UMa 15o in case of XP with λ/2 spacing.
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Figure 4. Performance of the codebooks in SCM UMa 15o in case of ULA with λ/2 spacing.
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Figure 5. Performance of the codebooks in SCM UMa 8o in case of XP with 4λ spacing.
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Figure 6. Performance of the codebooks in SCM UMa 15o in case of XP with 4λ spacing.

Conclusions on the link-level simulations:
· Performance of the non-constant modulus codebooks completely collapses in some scenarios and in general is the worst for SU-MIMO. Samsung design performs fairly well in ULA scenarios though the performance difference to NNSN design 2 is negligible. However, in XP case, the block-diagonal GoB design, i.e. downscaled proposal from [1], performs best out of the constant modulus designs.
· Design 1 and Design 2 perform similarly for XP while Design 2 slightly outperforms Design 1 in ULA cases.

· Even though the block-diagonal GoB design provides minor gains, Rel-8 codebook performs extremely well and the gap to enhanced 4 Tx codebooks is fairly small. Especially in the 4λ-spaced cross-polarized case, Rel-8 codebook provides very good performance which is expected since the scenario is almost uncorrelated in which case the Rel-8 codebook is known to perform well. Also in ULA setup the gap between the Rel-8 codebook and enhanced codebooks is not that large since the Rel-8 codebook already comprises of 2x oversampled DFT vectors for ULA purpose, which is exactly the current agreement on the 8-Tx codebook. Most gains of up to 2 dB are obtained in XP case in high SNR region (also in ULA case in high SNR with Design 2).
System-level simulations
We further conducted system-level simulations on the Rel-8 codebook, the Samsung codebook [5], and the block-diagonal GoB Design 1. The non-constant modulus / non-unitary designs were not further evaluated due to normalization issues. Our simulation assumptions are listed in Appendix 3, and the results are shown below.
Table 1. System-level performance of the codebooks with SU-MIMO in low angular spread case.
	SU-MIMO
Low angular spread 8 deg.
	4-Tx setup
	Rel-8 codebook
	Samsung
	[1] downscaled, design 1

	Average SE (bps/Hz)
	ULA – λ/2
	2.186
	2.235
	2.204

	
	XP – λ/2  
	2.335
	2.366
	2.361

	
	XP – 4λ
	2.168
	2.149
	2.190

	Cell edge SE (bps/Hz)
	ULA – λ/2
	0.087
	0.090
	0.085

	
	XP – λ/2  
	0.074
	0.077
	0.078

	
	XP – 4λ
	0.056
	0.059
	0.059


Table 2. System-level performance of the codebooks with MU-MIMO in low angular spread case.

	MU-MIMO
Low angular spread 8 deg.
	4-Tx setup
	Rel-8 codebook
	Samsung
	[1] downscaled, design 1

	Average SE (bps/Hz)
	ULA – λ/2
	2.659
	2.858
	2.694

	
	XP – λ/2  
	2.356
	2.482
	2.551

	
	XP – 4λ
	2.042
	2.083
	2.154

	Cell edge SE (bps/Hz)
	ULA – λ/2
	0.092
	0.105
	0.098

	
	XP – λ/2  
	0.076
	0.083
	0.085

	
	XP – 4λ
	0.057
	0.061
	0.064


Table 3. System-level performance of the codebooks with SU-MIMO in high angular spread case.

	SU-MIMO
High angular spread 15 deg.
	4-Tx setup
	Rel-8 codebook
	Samsung
	[1] downscaled, design 1

	Average SE (bps/Hz)
	ULA – λ/2
	2.029
	2.060
	2.063

	
	XP – λ/2  
	2.076
	2.104
	2.106

	
	XP – 4λ
	1.928
	1.925
	1.955

	Cell edge SE (bps/Hz)
	ULA – λ/2
	0.069
	0.075
	0.070

	
	XP – λ/2  
	0.066
	0.066
	0.064


	
	XP – 4λ
	0.051
	0.051
	0.050


Table 4. System-level performance of the codebooks with MU-MIMO in high angular spread case.

	MU-MIMO
High angular spread 15 deg.
	4-Tx setup
	Rel-8 codebook
	Samsung
	[1] downscaled, design 1

	Average SE (bps/Hz)
	ULA – λ/2
	2.234
	2.387
	2.278

	
	XP – λ/2  
	2.091
	2.208
	2.243

	
	XP – 4λ
	1.864
	1.907
	1.960

	Cell edge SE (bps/Hz)
	ULA – λ/2
	0.068
	0.070
	0.077

	
	XP – λ/2  
	0.062
	0.070
	0.068

	
	XP – 4λ
	0.050
	0.054
	0.054


Conclusions on the system-level simulations:
· For the first prioritized scenario of λ/2-spaced XP arrays, the block-diagonalized GoB design downscaled to 4-Tx performs best. Since the Samsung design is especially optimized for ULA, it performs slightly better in ULA case, but again with the cost of worse performance in XP case. In SU-MIMO the differences are negligible.
· Still, in SU-MIMO, the enhancements provide even in the best case only 2% gain in average spectral efficiency. 
· In MU-MIMO, gains are in the order of 5-8% for λ/2-spaced XP and clearly less for other antenna configurations. Again in 4λ-spaced XP and ULA cases the Rel-8 codebook is extremely competitive, also in case of MU-MIMO.
3
Discussion
From our link and system-level evaluations it is clearly visible that Rel-8 codebook performs in fact extremely well, especially in case of ULA and 4λ-spaced XP arrays which is expected given the structure of the Rel-8 codebook. Slight gains over Rel-8 codebook are available for λ/2-spaced XP arrays. Out of the enhanced codebooks based on the double codebook framework, considering that λ/2-spaced XP arrays are to be prioritized first, the block-diagonal GoB design down-scaled from [1] performs best. Given its desirable properties such as constant modulus, nested property and low overhead, this design would be the best candidate for 4-Tx codebook enhancements.
Still, as we have shown, the gains over Rel-8 codebook are fairly minor, though in case of λ/2-spaced XP there is up to 8% gain available – in other cases the gains are smaller as was expected. Whether these gains are significant enough to duplicate functionality in the specifications can be heavily questioned: codebook design was one of the most time-consuming parts of Release 8 design, and the resulting performance was, as seen from our investigations, extremely good. By now, this codebook has required not only tremendous efforts in specifying it, but also in  implementing it. Still actual first 4-Tx deployments are yet to be seen. Hence it is very questionable whether the existing well-performing and robust codebook should at this phase be replaced by a completely new one. On the other hand, as pointed out also earlier, most gains of MU-MIMO are provided already by improved precoding and more flexible scheduling enabled by DM-RS introduction. At this stage it seems that further codebook enhancements may only endanger the timely completion of the whole Work Item with very little potential benefits.
4
Conclusions
We have presented our views on the 4-Tx codebook enhancement and shown one additional possibility for 4-Tx codebook based on the double codebook framework. Based on the simulations and discussion in this contribution, we conclude that

· The codebook design downscaled from the joint 8-Tx proposal in [1] provides best overall performance of the considered double codebook based –proposals for 4-Tx codebook enhancements. Also the codebook has all the desirable properties from UE implementation point of view. We noted that non-constant modulus designs need to be avoided due to the normalization and related CQI mismatch issues.
· Still the gains of double codebook –based enhancements over Release 8 are fairly minor, up to 2% for SU-MIMO, up to 8% for MU-MIMO in case of λ/2-spaced XP arrays and less in other cases.
· Considering especially the timeline of the Work Item and all the implementation aspects, it is very questionable if these gains can justify duplicating functionality in the specifications.
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Appendix 1 – Codebooks

As in [2], we denote the N DFT-M vectors as
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to denote a Mx1 column vector having one at the m:th element and zeros otherwise. Then, the two designs discussed for 4-Tx in this contribution are listed below.
Design 1:
· W1, ranks 1-2 (size 4):
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· W2, rank 1 (size 16):

[image: image18.png]w0 L[]
W == [Ei]
e == [Ei]
wz(m)(12) = ‘/% :::;]

1
(R1)
w, 1) =—
2 Zlie
1
“/'2('“)(5) -
2
1
M/'z(m)(‘)) -
2
M/'z(m)(13) -

1) 1fes
WZ(R)(Z):T[ (‘)]’

o®
(4)] ’

|

M/'z(m)(ﬁ) -
Wz(m)(lo) —

"/2(‘“)(14) -

Al
al

al

(4)
(4)
(4)
(4)

|

(R1) (‘)
w(3) = (.)]
(4)

(4)]
(4)
(4)]

(4)
(4)]

al

(R1)
w0 (7) = I[

(R1)

(R1)
s = f[




· W2, rank 2 (size 12):
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Design 2:
· W1, ranks 1-2 (size 4):
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· W2, rank 1 (size 12):
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· W2, rank 2 (size 8):
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Appendix 2 – Link-level simulation assumptions

	Parameters
	Values

	Channel model
	SCM Urban Macro

	BS antenna configuration
	XP: 2 cross-polarized antennas (4 elements), half or four wavelength spacing
ULA: 4 co-polarized antennas, half wavelength spacing

	UE antenna configuration
	XP: 1 cross-polarized antenna (2 elements)
ULA: 2 co-polarized antennas, half wavelength spacing

	Number of UEs
	SU-MIMO: 1, MU-MIMO: 2

	UE pairing
	90° separation for adjacent users, inter-user spatial correlation less than 0.4.

	UE velocity
	3km/h

	Number of layers per UE
	SU-MIMO: up to 2, MU-MIMO: 1

	System bandwidth
	10 MHz

	Allocated PRBs
	6

	Number of PDCCH symbols per TTI
	2

	DRS
	CDM, 12REs per TTI

	Rank adaptation
	Yes

	Link adaptation
	Yes

	Precoding granularity
	6 PRB

	CSI/CQI feedback scheme
	SVD for upper bound

Rel’8 codebook

Samsung (R1-103664)

Huawei (R1-103447)
Alcatel-Lucent (R1-104088)

NNSN Design 1 and Design 2

	Feedback delay
	6ms

	Feedback periodicity
	10ms

	Feedback granularity
	W1 – Long-term: 50PRB, W2 – Short-term: 6PRB.

	Channel estimation
	Realistic for CRS/CSI-RS based channel estimation;
Realistic for DMRS based channel estimation.

	Receiver scheme
	MMSE

	Channel code
	Turbo code (8 iterations)

	Number of HARQ re-transmissions
	3 (total 4)


Appendix 3 – System simulation assumptions

	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site, center cell simulated

	Users per sector
	10

	Traffic model
	Full buffer

	Receiver tupe
	LMMSE with IRC

	Channel model
	SCM urban macro high/low spread for 3GPP case 1, 3km/h

	Interference type
	Random rank, random PMI transmission from interfering cells

	BS Antenna configuration
	1) 4 Tx cross-poles 0.5 λ spacing [0o, 90 o]

2) 4 Tx co-poles 0.5 λ spacing [45 o]

	UE antenna configuration
	1) 2 Rx cross-poles 0.5 λ spacing [-45 o, 45 o]

	Downlink transmission schemes
	1) 4x2 MU-MIMO ZFBF with 1 layer per UE

4x2 SU-MIMO with rank adaptation

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain. 

	Downlink link adaptation
	Feedback granularity:
W1: 50 PRB
W2: 6 PRB
CQI 6 PRB
PMI: 6 PRB

CQI/PMI feedback period: 10ms
CQI/PMI feedback delay: 6ms



	Allocation
	Localized

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, asynchronous.

	
	No error on ACK/NACK

	
	6 ms delay between re-transmissions

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

Average RS overhead [TR 36.211]
UE specific RS enabled
1 CSI-RS RE per port
2 CRS antenna ports

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg
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