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1. Introduction
The support of codebook-based pre-coding and multi-codeword MIMO were agreed in RAN1#46. As a follow up to the agreement, it was requested that the necessity of layer permutation scheme be studied in terms of its potential to reduce the CQI feedback overhead while maintaining the same throughput performance. Layer permutation was proposed as the S-VAP (selective virtual antenna permutation), which essentially performs spatial spreading to each codeword across transmit antennas [1, 2, 3]. With linear MIMO receiver (e.g. LMMSE), layer permutation equalizes the SINR across codewords. Hence, when SIC-type receiver is used, the SINR is guaranteed to increase upon SIC iteration. This allows the reduction in the dynamic range of the differential CQI and hence the required number of CQI bits. For 4x4 configurations, it is suggested to use a maximum of 4 codewords with 1 full, 1 delta CQI, and an affine linear CQI definition (CQIn = CQI1 + (n-1)). Observe that this CQI definition is tied with the use of 4-iteration SIC receiver. While S-VAP offers some benefit in terms of CQI feedback reduction across (virtual) antennas, some other alternatives for CQI reduction that give comparable benefit exist. For example, a delta CQI and 1-bit indicator are used without layer permutation in [4]. This scheme can be used in conjunction with the 4-antenna  PGRC [5] to provide a rank-4 2-codeword solution with comparable CQI overhead. 

In [1, 2], it is demonstrated that S-VAP performs very closely to S-PARC in various scenarios with SIC receiver. In [3], the gain of codebook-based pre-coding was investigated for S-VAP as well as the single-codeword VAS. It was demonstrated that codebook-based pre-coding (with size-16 codebook) does not offer significant gain for 4x4 S-VAP. While this may be true for S-VAP, it is informative to find out if this also holds for other multi-codeword scheme(s). 
In this contribution, we compare the link-level performance of S-VAP with PARC and PGRC when codebook-based pre-coding is used. Both 2x2 and 4x4 configurations are simulated with SIC-type receiver. It is demonstrated that layer permutation decreases the potential gain of codebook-based pre-coding relative to the gain observed with PARC and PGRC. This can be attributed from the “open-loop” spatial spreading from layer permutation that equalizes the SINR variation across virtual antennas.
2. Codebook Description for Pre-coding
Two different codebooks are simulated: basic (mainly involves virtual antenna selection or grouping) and enhanced (larger size codebook). The codebook for 2x2 and 4x4 are given in the tables below. For each antenna configuration, the same codebook is applied to all the schemes under comparison. Hence, the feedback requirement associated with rank adaptation and pre-coding is identical.
Table 1. 2x2 codebook
	Rank
	Basic codebook
	Enhanced codebook

	
	Description
	Size
	Description
	Size

	1
	Antenna selection
	2
	TxAA: 1-bit magnitude, 2-bit phase [6, 7]
	8

	2
	Identity matrix
	1
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Table 2. 4x4 codebook

	Rank
	Basic codebook
	Enhanced codebook

	
	Description
	Size
	Description
	Size

	1
	Antenna selection: 1 out of 4
	4
	4-bit Grassmanian rank 1 [8]
	16

	2
	Antenna selection: 2 out of 4
	6
	4-bit Householder rank 2 [9] 
	16

	3
	Antenna selection: 3 out of 4 [5]
	4
	4-bit Householder rank 3 [9]
	16

	4
	Antenna grouping [5]: 
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	3
	Grouping of 4 virtual antennas based on 3 unitary matrices:
1. 4x4 identity

2. 4x4 DFT matrix
3. 4x4 Walsh-Hadamard matrix
	9


The pre-coder is chosen to maximize the sum throughput across virtual antennas within the frequency granularity of pre-coder selection. In this contribution, we assume the granularity of 2 resource blocks (RBs) per pre-coder. 
2.1. Impact of layer permutation on pre-coding
When chosen to maximize the sum throughput across virtual antennas, the pre-coder adjusts the SINR across codewords to maximize the single-user capacity. In this case, it is generally beneficial to exploit the variation of SINR across codewords/layers to achieve maximum throughput. This is analogous to the water-filling solution with multi-codeword system although performed with a coarse MCS granularity. 
Layer permutation, on the other hand, averages out the SINR variation across layers and equalizes the SINR across codewords for linear receiver. Even when SIC receiver is used, the SINR variation across codewords is expected to be reduced. Hence, the “open-loop” spatial spreading introduced by later permutation may result in a reduced potential gain from pre-coding, which was in line with the results presented in [3].  
Similar intuition should hold for SVD-based pre-coding selection (see, e.g. [10, 11, 12]). In this case, the resulting eigenvalue spread of the spatial channel is reduced by the open-loop spatial spreading introduced by layer permutation.

In the following section, we investigate the pre-coding gain for S-VAP and the two other multi-codeword schemes, namely PARC and PGRC.
3. Simulation Assumptions and Results
The simulation assumptions are given in Table 3 and follow the numerology in [13]. The average single-user throughput versus geometry is used to compare different setups. Regarding the MCS selection, two MCS selection strategies are considered:
· Common MCS across all the 25 RBs (in 5 MHz): It was agreed upon that all the RBs assigned to each UE are assigned a common MCS. However, due to frequency scheduling, one UE may not be assigned all the RBs within the system bandwidth. 

· Per RB MCS selection: Although this is not agreed upon, it represents the other extreme in the MCS selection when each UE is assigned one or a small number of RBs.
	Parameter
	Assumption

	Bandwidth
	5 MHz

	TTI size
	1.0 ms

	Resource block size
	180 kHz

	Channel model
	SCME-B, C, and D 

	UE speed
	3 kmph

	MCS 
	QPSK r = 1/4, ½, ¾ ; 16QAM r = ½, 5/8, ¾ ; 64QAM r = 5/8, ¾   
3GPP Turbo code

	MCS selection in frequency domain
	- Common across all RBs

- Per RB

	CQI feedback delay
	2 TTIs

	CQI quantization
	None

	MIMO configuration
	2x2: PARC and S-VAP

4x4: PGRC and S-VAP

	Rank adaptation 
	2x2: {1, 2}
4x4: {1, 2, 4} and {1, 2, 3, 4} 
Rank is chosen at the same frequency granularity as MCS

	MIMO receiver
	SIC for SVAP and PARC

GSIC (2-iteration SIC) for PGRC

	Maximum number of transmissions
	4 (including the first transmission) with Chase combining


Table 3. Simulation Assumptions
3.1. 2x2 configuration
Figure 1 depicts the throughput comparison between PARC and S-VAP with basic and enhanced pre-coding schemes using a common MCS across RBs. Observe that layer permutation reduces the potential gain of enhanced pre-coding by approximately half. For example, at 10dB geometry with SCME-B, the 10% gain of enhanced pre-coding over basic pre-coding is reduced to 5%. Similar trend is observed when the MCS is chosen per RB.

3.2. 4x4 configuration

Figures 2 and 3 depict the comparison between PGRC and S-VAP with a common MCS across RBs (with and without rank 3 transmission, respectively). Notice that the pre-coding gain with the enhanced codebook is marginal for S-VAP but significant for PGRC. In fact, PGRC with slightly outperforms S-VAP with basic pre-coding. The gain of PGRC over S-VAP becomes significant with the enhanced pre-coding. The difference in performance is more visible when rank 3 transmission is not used. Similar trend occurs when the MCS is selected per RB as shown in Figures 4 and 5. 
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Figure 1. Throughput comparison for 2x2 common MCS across RBs: SCME-B and SCME-D
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Figure 2.Throughput comparison for 4x4 common MCS across RBs, no rank 3: SCME-C and SCME-D
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Figure 3. Throughput comparison for 4x4 common MCS across RBs, with rank 3: SCME-C and SCME-D
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Figure 4. Throughput comparison for 4x4 MCS per RB, no rank 3: SCME-C and SCME-D
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Figure 5. Throughput comparison for 4x4 MCS per RB, with rank 3: SCME-C and SCME-D

4. Conclusions
As the support of codebook-based pre-coding was agreed upon in RAN1#46, it is expected to prefer a scheme that works synergistically with codebook-based pre-coding. In this contribution, we study the impact of layer permutation on the potential gain of codebook-based pre-coding. It is demonstrated that the introduction of layer permutation in multi-codeword MIMO (in the form of S-VAP) reduces the potential gain of codebook-based pre-coding. In particular, it is demonstrated that S-VAP reduces the gain of an enhanced codebook over the basic selection-based codebook compared to PARC and PGRC. This can be attributed from the “open-loop” spatial spreading from layer permutation that equalizes the SINR variation across virtual antennas.

This fact should be taken into account when deciding whether layer permutation should be supported for the MIMO E-UTRA.
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