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1  Introduction
In 3GPP RAN1#57bis meeting, the MIMO codebook for uplink with 4 TX antennas was further progressed. The conclusion is as follows
Rank-1

· Decision: 

· Size-24: 16 constant modulus + 8 antenna-pair turn-off vectors 

· QPSK alphabet for rank-1 precoding proposals other than the rank-1 precoding specified in LTE Rel-8

· For further discussion: Rank-1 codebook in 2940 as baseline pending confirmation on the performance

· Final conclusion to be captured into the TR will be made in the next meeting

· Discuss further the relationship between the precoding and the power control

Rank-2

· Decision: 

· Size-16: CM-preserving matrices

· QPSK alphabet

· For further discussion: Rank-2 codebook in 2940 as baseline pending confirmation on the performance

· Final conclusion to be captured into the TR will be made in the next meeting

Rank-3

· Continue discussion taking into account 

· the impact on RS and related channel estimation/compensation performance

· impact on CM

· throughput

· coverage

· etc. 

In this contribution, the performance comparison of size-24 rank 1 [1] way forward codebook and LTE HH Codebook is firstly presented. Secondly, we evaluate the performance of CMF codebook with imbalanced power allocation and CMP codebooks for rank 3 transmission. 
2 Size-24 rank 1 way forward codebook 
A size-24 rank 1 way forward codebook for UL 4Tx was proposed in RAN1#57bis meeting. This codebook consists of 16 constant modulus with QPSK alphabet + 8 antenna-pair turn-off vectors.  
3 Review of UL 4Tx MIMO Rank 3 Codebook proposals
In [2], one CMP codebook (8QPSK+8BPSK) was proposed for UL 4Tx MIMO Rank 3, see Table 1. However, simulation results [3-8] from many companies reveal noticeable loss of CMP codebook. 
Table 1: Cubic Metric Preserving codebook for transmission rank 3 (from [2])
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In [6], one CMP codebook with symbol balancing was introduced, see Table 2 (QPSK alphabet). However, there are 2 problems in this codebook design. Firstly, swapping of 2 columns (layer) with same power is redundant; Secondly, mapping 2 layers with different average power into one codeword is shown by simulation results in section 7 to be inferior to the CMP codebook shown in table 1. 

Both CMP codebooks listed in table 1 and 2 show obvious performance loss [6] comparing with CMF codebook with balancing.
Table 2 Size-16 QPSK based CMP codebook w/ symbol energy balancing
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In [4], we proposed a cubic metric friendly UL 4Tx Codebook with semi-nested property (Rank 1 and rank 2 codebooks are subset of rank 3 codebook). However, this semi-nested codebook (we refer to this codebook as CMF CB2 in this paper) is not optimized in terms of codeword distance. When we loose the nested constraint, we can further optimize the rank 3 CMF codebook [5]. The CMF codebook with power balancing in [5] is as follows
Table 3 Size-16 CMF codebook w/ symbol energy balancing
	Rank-3 codebook

· Size = 16
· Minimum chordal distance = 0.2887

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
	
[image: image15.wmf]110

110

01

10

j

j

éù

êú

-

êú

L

êú

êú

--

ëû


	
[image: image16.wmf]110

110

01

10

j

j

éù

êú

-

êú

L

êú

-

êú

-

ëû


	
[image: image17.wmf]110

110

101

0

jj

éù

êú

-

êú

L

êú

êú

-

ëû


	
[image: image18.wmf]110

110

101

0

jj

éù

êú

-

êú

L

êú

-

êú

ëû



	Index 12 to 15
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where 
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is used to normalize the column vectors thus power ratio among 3 layers is fixed to be 1:1:1. The CMF codebook in Table 3 shows quite noticeable gain over CMP codebook [3-8]. However, Cubic Metric of PUSCH with CMF codebook is increased. A higher cubic metric value means a higher PA power de-rating. A low CM (CM-preserving) is a reasonable criterion for the codebook design in the power limited scenario. However, high rank (rank 3 and 4) transmissions are typically not power-limited thus cubic metric preserving is not critical for high rank codebook design. Contribution [9] evaluates the power distribution of rank 3 transmission and verifies this empirical declaration. On the other hand, we do respect the importance of CM and try to balance between performance and CM.  A CMF codebook with imbalanced power across layer is thus proposed:
Table 4 Size-16 CMF codebook w/o symbol energy balancing
	Rank-3 codebook

· Size = 16
· Minimum chordal distance = 0.3317

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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The CM of CMF codebook with imbalanced power (1:2:2) is slightly reduced. 
Two CMP codebooks （size 12 BPSK  and size 16 QPSK+BPSK）are proposed here to improve the distance among codewords.

Table 5 Size-12 BPSK CMP codebook 
	Rank-3 codebook

· Size = 16
· Minimum chordal distance = 0.2887

	Index 0 to 1
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	Index 2 to 3
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	Index 4 to 7
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	Index 8 to 11
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Table 6 Size-16 (12BPSK+4QPSK) CMP codebook
	Rank-3 codebook

· Size = 16
· Minimum chordal distance =  0.2357
· Average chordal distance=0.2971

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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4 Cubic Metric Analysis of codebooks

Table 7 and Table 8 summarized cubic metric property of various codebooks for contiguous resource allocation mode and non-contiguous resource allocation respectively. The FFT size was 512 (5 MHz bandwidth) and 300 active subcarriers was assumed. The CM difference between CMF codebook and CMP codebook is only 0.2dB for non-contiguous resource allocation mode.
Table 7    PUSCH Cubic Metric [dB]  of codebooks  （Contiguous Resource Allocation）
	Codebook
	QPSK
	16QAM

	CMP
	2.0
	2.9

	CMF w / balancing
	3.2
	3.7

	CMF w/o balancing
	2.9
	3.5

	HH
	3.8
	4.1


Table 8   PUSCH Cubic Metric [dB]  of codebooks  （Non-Contiguous Resource Allocation）
	Codebook
	QPSK
	16QAM

	CMP
	3.6
	4.0

	CMF w / balancing
	4.1
	4.3

	CMF w/o balancing
	4.0
	4.2


Table 9 summarized DMRS cubic metric property of various codebooks with Rel’ 8 3PRB DM RS sequences considered.
Table 9    DMRS Cubic Metric [dB] of codebooks 

	Codebook
	QPSK
16QAM

	CMP
	0.6

	CMF w / balancing
	2.3

	CMF w/o balancing
	1.9


Note in Table 9, CMF w/o balancing shows much lower CM value (1.9dB) of DMRS than PUSCH (3.5dB). This means the PA de-rating should be determined by the CM value of PUSCH only. Even the increase of CM in DMRS (0.6->1.9dB) is much higher than the increase of CM in PUSCH (2.9dB->3.5dB), the PA de-rating is determined by CM of PUSCH since the power of PUSCH and DMRS are commonly agreed to be same.
5 Simulation Results

Link level simulations are performed to evaluate the codebooks proposals. The simulation parameters are given in the Appendix.  Fig.1 shows the rank 1 codebooks performance in SCM channel (Two cross-polarized antennas separated by 0.5lamda at eNB) where the transmission rank was fixed to be 1. Fig.2 shows the codebooks performance in SCM channel ((Two cross-polarized antennas separated by 0.5lamda at eNB)) and the transmission rank is fixed to be 3. 
In figure 1, we observe way forward codebook and LTE HH codebook shares same performance. In figure 2 we observe CMF codebook with imbalanced power outperforms CMP codebooks around 0.5dB in medium to high SNR region.  Meanwhile, the CMP codebook (12BPSK+4QPSK) is slightly better than CMP codebook (8BPSK+8QPSK).
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Fig.1 Link Performance of UL codebook (rank =1)
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Fig.2 Link Performance of UL codebooks (rank =3)

6 Conclusion
This contribution summarizes codebook designs for 4Tx UL SU-MIMO. We suggest 3GPP LTE-A to accept either
· CMF codebook with balanced power as shown in table 3
or
· CMF codebook with imbalanced power as shown in table 4
as uplink rank 3 codebook.
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Appendix
Table 9  Link simulation parameters

	Parameter
	Value

	Carrier frequency
	2.0 GHz

	System bandwidth
	5MHz

	Data transmission BW
	4 RBs (48 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	SCM (0.5lamda at UE and eNB)

	Fading speed
	3km/h

	Antenna configuration
	4x4

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Ideal

	BLER target
	10% at 1st subpacket

	CQI feedback delay
	4ms

	Precoding codebook
	CMP; CMF

	Layer blanking during re-transmission
	No

	Rank
	3
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