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1. Introduction 
In RAN1#62, a number of key decisions on DL MIMO enhancement for Rel.10 were made [1-3] including the reuse of the Rel.8 codebook for Rel.10, the exact design of the 8Tx codebook with double-codebook structure, as well as the PUSCH-based CSI reporting modes. In addition to agreeing on the extensions of the existing PUSCH-based reporting modes for double-codebook structure (modes 1-2, 2-2, and 3-1), the possibility of adding mode 3-2 was also captured in [3]. Furthermore, the following was also captured in the meeting report [4]:
· If mode 3-2 is agreed, consider refinements that reduce the overhead, taking the performance/overhead trade-off into account.
It is noted that the above refinement (in terms of overhead reduction) is only considered for mode 3-2. That is, the overhead reduction is not considered for modes 1-2 and 2-2. While the same or similar scheme can be considered for modes 1-2 and 2-2, the motivation is much less compelling. For mode 1-2, the resulting overhead is almost the same as that for Rel.8/9 since the only extra overhead over Rel.8/9 is associated with W1. Mode 2-2 only reports 2 sub-band W2 matrices which makes typical W2 overhead reduction scheme meaningless. Mode 3-2, on the other hand, contains both sub-band CQI and sub-band W2 which incurs significantly large overhead. Hence, considering feedback overhead reduction is quite reasonable. 
As outlined in [5, 6], we see the benefit of reintroducing mode 3-2 especially for enhancing MU-MIMO support in Rel.10. This is applicable for 2, 4, and 8Tx. The same proposal was also made, e.g. in [7, 8]. This contribution attempts to address the details of mode 3-2. While re-introducing mode 3-2 as described for Rel.8 is quite straightforward by itself for 2/4Tx (and hence requires no further discussion), we investigate different possible overhead reduction schemes for the 8Tx double-codebook precoding via codebook sub-sampling. Codebook sub-sampling is applied to PUCCH-based reporting modes as agreed in [9]. Hence, it is natural to consider its use for PUSCH mode 3-2 as well. For PUSCH mode 3-2, however, only W2 codebook sub-sampling needs to be used since reducing the payload of W1 reporting yields no significant reduction in the total overhead. To accurately gauge the performance-overhead trade-off, the performance under different scenarios is simulated for different levels (amount of feedback reduction) of codebook sub-sampling. 
Throughput this contribution, W1/W2 is used interchangeably with i1/i2 (index of W1/W2 in [10]). 

2. Codebook Sub-sampling for PUSCH mode 3-2
The agreed upon 8Tx codebook in [2] (now captured in the specification [10]) has the following rank-dependent codebook sizes:
· W1 codebook (enumerated as i1 in [4]): 16/16/4/4/4/4/4/1 for rank 1/2/3/4/5/6/7/8
· W2 codebook (enumerated as i2 in [4]): 16/16/16/8/1/1/1/1 for rank 1/2/3/4/5/6/7/8
As mentioned in Section 1, codebook sub-sampling is only performed on the W2 codebook. The payload associated with W2 (per sub-band) is then 4/4/4/3/0/0/0/0 bits for rank 1/2/3/4/5/6/7/8. Hence, W2 codebook sub-sampling is only applicable for ranks 1 to 4. Different W2 codebook sub-sampling schemes are given in Table 1 based on the resulting payload per sub-band. The following principles are used to select the codebook sub-sampling schemes:
· To reduce overhead, the reduction in terms of spatial beam resolution (measured with the angle between two 4Tx beams in the block diagonal term X [2]) is first applied before reducing the number of possible co-phasing coefficients across the two block diagonal terms. 
· A codebook sub-sampling scheme with n-bit payload is a subset of the codebook sub-sampling with (n+1)-bit payload. 
Table 1 Different W2 codebook sub-sampling schemes for PUSCH (ref. [2] and [10])
	W2 sub-sampling size
	W2 sub-sampled codebook 

	
	Rank 1 
	Rank 2
	Rank 3
	Rank 4

	1-bit
	Y=e1 with only 2 out of 4 possible co-phasing (e.g. BPSK only +/−1)

(Note this corresponds to i2 = 0, 2)
	(Y1,Y2)=(e1,e1) with all 2 co-phasing
(Note this corresponds to i2 = 0, 1)
	Choose only 2 out of 16 possible (Y1,Y2): (e1,[e1 e5]) or([e1 e5],e5) 
(Note this corresponds to i2 = 0, 3)
	Y=[e1 e5] with all 2 co-phasing

(Note this corresponds to i2 = 0, 1)

	2-bit
	Y=e1 with all 4 co-phasing
(Note this corresponds to i2 = 0, 1, 2, 3)
	(Y1,Y2)=(e1,e1] or (e3,e3] with all 2 co-phasing
(Note this corresponds to i2 = 0, 1, 4, 5)
	Choose only 4 out of 16 possible (Y1,Y2): (e1,[e1 e5]), (e3,[e3 e7]), ([e1 e5],e5), or ([e3 e7],e7)

(Note this corresponds to i2 = 0, 3, 8, 11)
	Y=[e1 e5] or [e3 e7] with all 2 co-phasing

(Note this corresponds to i2 = 0, 1, 4, 5)

	3-bit
	Y=e1 or e3 with all 4 co-phasing
(Note this corresponds to i2 = 0-3 and 8-11)
	(Y1,Y2)=[e1e1], or [e3e3], or [e1e2], or [e1e4] with all 2 co-phasing

(Note this corresponds to i2 = 0-1, 4-5, 8-9, 12-13)
	Choose only 8 out of 16 possible (Y1,Y2): the even indexed entries in R1-105011
(Note this corresponds to i2 = 0-3, 8-11)
	No sub-sampling (full set)

	4-bit
	No sub-sampling (full set)
	No sub-sampling (full set)
	No sub-sampling (full set)
	n/a


The resulting payload size (in bits) as a function of rank R  for one component carrier can be calculated from the following equation:
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Here, 
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 is the payload size associated with W1 which is 4/4/2/2/2/2/2/0 bits for rank 1/2/3/4/5/6/7/8. 
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 is the payload size associated with W2 per sub-band which depends on the codebook sub-sampling scheme in Table 1. 
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 denotes the number of sub-bands. To illustrate the amount of overhead saving, equation (1) is depicted in Figures 1 and 2 for rank R=1 and 2, respectively. The following can be observed:
· As expected, more overhead reduction is observed for rank-1 over rank-2 since rank-2 requires two sets of CQI (one per codeword). 
· Large overhead saving can be obtained if the W2 codebook is sub-sampled from 4 bits to 1 bit. However, it is expected that this aggressive sub-sampling comes at the expense of performance – which is the main reason for introducing mode 3-2. That is, the sub-sampling should be performed in such a way that PUSCH mode 3-2 still offers significant performance gain over, e.g. PUSCH mode 3-1. 
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Figure 1 Payload size of mode 3-2 PUSCH for one component carrier as a function of the number of subbands and W2 codebook size: rank R=1 (a) Overhead (bits) (b) Overhead reduction (%) over full-size W2 codebook
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Figure 2 Payload size of mode 3-2 PUSCH for one component carrier as a function of the number of subbands and W2 codebook size: rank R=2 (a) Overhead (bits) (b) Overhead reduction (%) over full-size W2 codebook

3. Performance 
In this section, the codebook sub-sampling schemes given in Section 2 are simulated. Link-level performance results of SU-MIMO and MU-MIMO are provided in different antenna setup (ULA and XPD, 0.5L and 4L) to reveal the performance in various correlation scenarios.  The simulation setup are in line with the agreements in [13] and provided in the Appendix,

For 8x2 SU-MIMO, the following observations are made from the results in Figs. 1-3. 

· ULA 0.5L (correlated channel)

· 3-bit sub-sampling has almost the same performance as no sub-sampling. This makes sense due to the overlapping structure of adjacent W1 codewords and the 4x over-sampling ratio in W1. As a consequence, 3-bit sub-sampling in W2 does not result in significant quantization loss in the final codebook W = W1 * W2. 

· 1-2 bit sub-sampling results in some noticeable performance degradation compared to 3-bit sampling. 

· XPD 0.5L and 4L (uncorrelated channels)

· 3-bit sub-sampling has very close performance to that without sub-sampling, similar to ULA 0.5L.

· 1-2 bit sub-sampling in W2 leads to noticeable throughput loss, particular in the higher rank range (rank-2). This is expected as the channel is more suitable for frequency-selective precoding which is more sensitive to the codebook size (sampling)
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Fig. 1: 8x2 SU-MIMO in ULA 0.5L 
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Fig. 2: 8x2 SU-MIMO in XPD 0.5L 
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Fig. 3: 8x2 SU-MIMO in XPD 4L 

For 8x4 SU-MIMO, similar conclusions can be drawn from the results in Figs. 4-6. In all the three cases, it is observed that the performance of 3-bit sub-sampling is close to that of no sub-sampling, whereas 1 or 2-bits sampling results in visible performance loss. Compared to 2Rx, the relative difference between various sampling rates becomes smaller, which can be partly attributed to the fact that the increased Rx diversity offsets the frequency-selective precoding loss due to heavy sub-sampling.
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Fig. 4: 8x4 SU-MIMO in ULA 0.5L 
[image: image13.emf]0 5 10 15 20 25 30

0

2

4

6

8

10

12

geometry (dB)

average user throughput (bps/Hz

8x4, XPD 0.5L, SCM UMa 15

o

 

 

No sampling

3-bits

2-bits

1-bit


Fig. 5: 8x4 SU-MIMO in XPD 0.5L 
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Fig. 6: 8x4 SU-MIMO in XPD 4L 
For 8x2 MU-MIMO, performance in ULA 0.5L and XPD 0.5L channels are shown Figs. 7-8 assuming two UEs with 1-layer each. Zero-forcing beamforming with rank-1 PMI report is used while downlink rate adaptation is performed with out-loop link adaptation. Since only rank-1 precoding is relevant, the performance difference is smaller than higher ranks (rank 2, 3, 4), which is aligned with the observation in SU-MIMO (Figs. 1-6). Even though only rank-1 is considered, noticeable performance degradation can be still seen with 1-bit sub-sampling (particularly in the correlated channels). 
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Fig. 7: MU-MIMO with 2 UE pairing, rank-1 BF, ULA 0.5L                         Fig. 8: MU-MIMO with 2 UE pairing, rank-1 BF, XPD 0.5L

4. Conclusions
In this contribution, W2 sub-sampling in the 8Tx double-codebook structure is studied, as a feedback overhead reduction scheme for PUSCH feedback Mode 3-2 (if agreed). DL throughput performance as well as the feedback overhead for various sampling rates (1-bit, 2-bits, 3-bits) are compared in both SU-MIMO/MU-MIMO. Based on the simulation results, our observations are 

· 3-bit sub-sampling in W2 has either the same performance or very marginal loss compared to no sub-sampling. 

· 1-2 bit sub-sampling in W2 results in some noticeable performance degradation compared to 3-bit sampling. 

· No sub-sampling is needed for wideband W1. 

Given that the introduction of Mode 3-2 is mainly for feedback accuracy and performance enhancements over the existing PUSCH modes (1-2 and 3-1), sub-sampling of W2 (in Mode 3-2) should be very carefully considered toward a reasonable tradeoff between the feedback overhead and the achievable performance gain. In our view, priority should be given to the potential feedback accuracy / performance enhancement. 
Proposal 

· For PUSCH Mode 3-2 for 8Tx double codebook structure, no sub-sampling or at most 3-bit sub-sampling of W2 is considered. 
· No sub-sampling in W1. 
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Appendix
Table 2: Simulation Assumption for SU-MIMO

	Parameter
	Assumption

	Bandwidth
	10 MHz

	UE Speed
	3 kph

	Channel model
	3GPP Case1 with SCM system-level model, urban macro high spread

	CQI/PMI periodicity
	5 ms

	RI reporting periodicity
	M = 5 times that of CQI/PMI reporting periodicity (25ms)

	PMI granularity 
	wideband

	Rank adaptation
	Enabled

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	HARQ
	Chase combining, maximum 3 retransmissions

	Scheduling delay
	6 ms

	UE receiver
	Linear MMSE


Table 3: Simulation Assumption for MU-MIMO

	Parameter
	Assumption

	Channel Model
	3GPP SCM urban macro with high-spread 

	CSI report
	Rank-1 CQI/PMI 

	CQI/PMI periodicity
	5 ms

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Scheduling delay
	6 ms

	UE receiver
	Linear MMSE 

	Number of UEs
	2

	Number of layer per UE
	1
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