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1  Introduction
In 3GPP RAN1#57 meeting, the MIMO codebook design guidelines and evaluation setup for uplink with 4 TX antennas were agreed to be

· Overall design principle

· Independent design for different ranks

· Decide upon codebook independently for each rank

· Rank1:

· A few vectors for selected antenna(s) (PA(s)) “turn-off” 
· Targeted for power saving in case of, e.g. antenna gain imbalance
· Rank2:

· CM preserving for all the 4x2 precoding matrices
· Each matrix has one zero and one non-zero exp(j*θ) element in each of the 4 rows
· Rank3: FFS

· CM-preserving or CM-friendly or Rel-8 DL or mixture or … 

· Mixture of CM-preserving and other approach (across different rank cases in case of dynamic rank adaptation), e.g., CM-friendly or Rel-8 DL: yes or no FFS

· Rank4: identity matrix

· Configuration for performance evaluation of precoding proposals

· UE tx antennas

· Two cross-polarized antennas (X) separated by lambda/2 

· eNB rx antennas

· Two cross-polarized antennas (X) separated by lambda/2 or 4*lambda

· Channel model: SCM defined for system level simulation

· Link or system level simulation can be done 

· Receiver: MMSE 

In this contribution, we propose a CM-friendly rank 3 UL 4Tx MIMO codebook design.  To facilitate this, this contribution provides short review of general codebook design principle first. Performance comparison and analysis of various candidate UL 4Tx codebook designs are presented thereafter. 
2 Review of General Codebook Design Concerns
A precoding codebook for a given rank consists of a set of codebook matrices or vectors. Here six general concerns to design a codebook are listed:
1. Balanced Power Amplifiers (PA)


The PAs should be fully and equally utilized and to ensure this, the vector norm of each row of a precoding vector/matrix shall be the same.
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2. Equal Power per layer 
It is important that each layer is given an equal share of the transmit power in the codebook design. If power control per layer is desirable, it could be obtained by adapting the power of the PUSCH and uplink DMRS accordingly. Hence layer power control should be left outside the codebook design to better utilize the limited codebook size.  This implies that the column norm of each column of a precoding matrix should be the same. Moreover, “power control per layer” usually leads to performance degradation which can be verified in simulation.

[image: image2]
3. Good distance properties

The codebook should have good distance properties (e.g. measured by the chordal distance) to ensure good performances in low correlated scenario
4. Good match with transmit array response 
This is important to ensure good performance in the high correlated scenarios.
5. Nested Structure 
The nested structure of the codebook reduces the complexity of uplink SINR calculation per rank which is needed to decide on the uplink transmission MCS and rank. Moreover, the nested codebook structure saves memory requirement for UE and NodeB. However, the nested property seems not very important for uplink codebook design since SINR calculation is performed at NodeB. In 3GPP RAN1#57 meeting, “Decide upon codebook independently for each rank” was agreed.  We check the performance difference in simulations by comparing two codebooks with/without nested constraint.
6. Cubic Metric Friendly (CMF)
The cubic metric has been adopted by the 3GPP members as a method to determine 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 [1] thus cubic metric preserving is not critical for high rank codebook design.  Therefore, we propose to use “cubic metric friendly” instead of “cubic metric preserving” as a codebook design criterion. Cubic metric friendly (CMF) means the cubic metric constraint can be relax to some extend to get more freedom to optimize the codebook performance.  
It should be noted physical antenna selection is exempted from the concerns aforementioned. Physical antenna selection is one kind of very special codebook which is useful to save UE power in the scenario of Antenna Gain Imbalance. 

3 Review of UL 4Tx MIMO Codebook proposals
In [2], one Cubic Metric Preserving (CMP) codebook was proposed for UL 4Tx MIMO Rank 2, see Table 1.  This CMP codebook design meets concern (1) (2) (3) (6).
   Table 1: The precoding matrices of the Cubic Metric Preserving codebook for transmission rank 2 (from [2])
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In [3], one CMP codebook was proposed for UL 4Tx MIMO Rank 3, see Table 2. This CMP codebook meets (3) and (6). However, (1) and (2) can not be met simultaneously for CMP Rank 3 codebook. If norms of column vectors are fixed to be same, PAs lose the balance consequently. If norms of row vectors are set to be same, layer power imbalance issue rises. The power ratio of the 3 layers is 2:1:1 for CMP Rank 3 codebook. 
A direct consequence by imbalanced power allocation among layers is imbalanced channel estimation quality of precoded demodulation reference signals. The hurt of imbalanced power allocation across DMRS ports to the demodulation should be further studied. On the other hand, we believe codebook design should be separated from per layer power control issue. That is, we need to give the codebook with each column vector normalized. Moreover, simulation results in [1] and [3] reveal noticeable loss of CMP codebooks for high correlation on the transmitter side, which may be very common due to the limited physical size of handsets. The reason for the loss is that concern (4) is not covered by CMP codebooks. 
Table 2: Cubic Metric Preserving codebook for transmission rank 3 (from [3])
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LTE Householder (HH) codebook [4] was also considered to be re-used for LTE-A 4Tx UL MIMO Rank 1-3 transmission.  LTE HH codebook meets (1) (2) (3) (4) (5). However, LTE HH Rank 2 and Rank 3 codebook has higher CM.  
In [5], 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 codebook.
4 A Cubic Metric Friendly (CMF) Codebook proposal
A rank 3 codebook (we refer to CMF CB1) for UL MIMO with 4 Tx antenna is proposed here with further optimization in terms of codeword distance.  CMF CB1 has a better minimum chordal distance (0.866) than CMF CB2 (0.707).
In table 3 below, 
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is used to normalize the column vectors. The proposed CMF Codebook results low Cubic metric because the number of non-zero elements in each row is reduced by 1. 
Physical antenna selection (PAS) should be considered as well for UL SU MIMO codebook.  There are 14 possibilities for physical antenna selection:
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If codebook size for rank 1 to 3 is 16 without PAS, the total precoding possibilities are then 16*3+1+14=63. However, the PAS codewords number can be reduced to increase rank 1 and rank 2 codebook size for better precoding performance.  For example, 
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are retained for PAS representation , and the rank 2 codebook can be enlarged to be size 24 (considering the rank distribution for cross polarization antenna setup[7]) 
Table 3  Rank 3 Cubic Metric Friendly Codebook for UL 4Tx MIMO
	Rank-3 codebook

· Size = 16
· Minimum chordal distance = 0.866

	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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5 Cubic Metric Analysis of codebooks

Table 4 summarized cubic metric property of various codebooks for contiguous resource allocation mode. The FFT size was 512 (5 MHz bandwidth) and 300 active subcarriers was assumed. It is expected CM difference will decrease or diminish for non-contiguous resource allocation mode.
Table 4    Cubic Metric [dB]  of codebooks 
	Codebook
	QPSK
	16QAM

	CMP
	2.00
	2.90

	CMF
	3.20
	3.70

	HH
	3.80
	4.10


6 Summary of codebooks
In table 5 below, a brief summary of features related to the proposed codebooks are given. For CMP, we only compare with rank 3.
Table 5    Brief Summary of codebooks
	Codebook
	Equal Power per PA
	Equal Power per Layer
	Rank 1 distance
	Rank 2 distance
	Rank 3 distance
	Nested?
	CMF?

	CMF CB1
	Yes
	Yes
	N/A
	N/A
	0.866
	No
	Yes

	CMF CB2[5]
	Yes
	Yes
	0.707
	1
	0.707
	Semi
	Yes

	HH[4]
	Yes
	Yes
	0.707
	1 
	0.707
	Yes
	No

	CMP Rank3[3]
	Yes
	No
	N/A
	N/A
	0.707
	No
	Yes

	TI CB[6]
	Yes
	No
	N/A
	N/A
	1
	No
	Yes


7 Simulation Results

Link level simulations are performed to evaluate the codebooks proposals. The simulation parameters are given in the Appendix.  Fig.1 shows the codebooks performance in SCM channel (Two cross-polarized antennas separated by 0.5lamda at eNB) where the transmission rank was fixed to be 3. Fig.2 shows the codebooks performance in SCM channel ((Two cross-polarized antennas separated by 4lamda at eNB)) and the transmission rank is again fixed to be 3. 
In both figures we observe CMF codebook and LTE HH codebook share similar performance whereas 0.6 dB loss of CMP codebook in medium to high SNR region.  The observed performance loss of CMP codebook and TI codebook is partly due to power imbalance among layers.
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Fig.1 Link Performance of UL codebooks (rank =3)
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Fig.2 Link Performance of UL codebooks (rank =3)

8 Conclusion
This contribution summarizes general concerns for the design of the 4Tx UL SU-MIMO codebook. We suggest the following principles to progress the UL SU-MIMO Codebook further 
· Column normalization which means equal transmission at virtual antennas
· CM doesn't need to be preserved for all-ranks. CM constant property can be relaxed for  codebook performance optimization

· Enlarge the size of rank 2 codebook due to cross-polarized antenna setup
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Appendix
Table 6  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-C and ETU

	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
	LTE HH CB; CMP; CMF

	Layer blanking during re-transmission
	No

	Rank
	3
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