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1 Introduction
In RAN1 #58 meeting, rank-1 and rank-2 codebook for UL 4 Tx SU-MIMO was agreed and the discussion on rank-3 codebook is still open. So far, lots of proposals on rank-3 codebook design for UL 4 Tx SU-MIMO have been presented, e.g.
· In [1] ~ [3], CMP codebook with layer power balance (LPB) is presented, which mainly aims at keeping SC property since there only one layer is transmitted in one antenna port.
· In [3] and [4], CMF codebook with LPB is given, which has a higher CM value than CMP codebook since it relaxes CM constraint and allows a mixture of 2 layer’s data in one antenna port. Moreover, In order to further reduce the CM value of CMF codebook (but still higher than that of CMP codebook), a layer power unbalance (LPU) CMF codebook is also suggested in [4].
· In [6] and [7], the mixture of CMP and CMF codebook is discussed. The motivation of this design is to utilize different kind of codebook in different situation since CMF codebook has better performance but higher CM value compared CMP codebook. For example, we can use CMP codebook in power limited situation and both in power non-limited situation.
· In [8], the mixture of CMP codebook with LPB and LPU is suggested in order to provide better protection in power limited situations since CMP with LPU can make full use of PA’s power.
Additionally some conclusions on rank-3 codebook were also made in RAN1 #58 meeting, i.e.
· Non-zero elements from BPSK/QPSK alphabet
· Codebook size: 20
· Try to jointly assess CM property and performance. 

· Power constraint per antenna pending RAN4 response
· Provide CDF of transmit power as e.g. done in R1-093056

· Motorola to draft an LS to RAN4 asking the question below (agreed in 3735)
· What is the implication of CM difference (e.g. 1dB CM difference) on the actual transmitting power / PA efficiency when 1) PA is operating at peak power; 2) PA is operating below peak power limit? 
In this contribution we will further discuss rank-3 codebook design for UL 4 Tx SU-MIMO in power limited and power non-limited situation respectively.
2 Discussions
In [10], simulation results are offered to illustrate that rank-3 transmission is typically used in power non-limited situation. This judgement is based on the CDF curves of transmitting power of the UEs with rank-3 transmission, which show that most of UEs with rank-3 transmission work with the transmitting power less than 15dBm. But this simulation is performed under the scenario case 1 which is a power non-limited scenario. That is to say most of UEs in this scenario will work with low transmitting power for the relative low IoT and it can be seen in the CDF curves of all UEs’ transmitting power in [10] that almost 95% UEs’ transmitting power is less than 20 dBm. So the judgement in [10] may be not very reasonable. Furthermore, new features in LTE-A may also give rise to power limited situation, e.g. simultaneous transmission of PUCCH (maybe NxPUCCH) and PUSCH, hence we suggest that the consideration about power limited situation should not be excluded while designing rank-3 codebook.
Additionally, the LS from RAN4 [9] about PA configuration for multiple transmit antennas in LTE-A has confirmed the following three PA configurations, i.e.
· Conf 1: 17dBm + 17dBm + 17dBm + 17dBm

· Conf 2: 23dBm + 23dBm + 23dBm + 23dBm and

· Conf 3: 23dBm + x + x  + x  where x ≤ 23dBm

Furthermore, the definition of UE’s maximum transmitting power is also confirmed by RAN4, i.e.

RAN4 has considered the issue and concludes that Pmax should be defined based on the total transmit power, and that its definition should be decoupled from the number of antennas used, and should be defined as 23dBm regardless of the number of antennas, PAs and precoding used
Then for Conf 1, both power limited and non-limited situation maybe happen depending on the working mode and transmitting power of UEs. For conf 2, there would be no power limited situation since the maximum required power for each antenna is only 17dBm to obtain UE’s maximum transmitting power, i.e. 23dBm and the PA is far to touch its upper limit of transmitting power. For the Conf 3, there is still the possibility that power limited situation occurs depending on the value of x.
According to above analysis, we propose to discuss rank-3 codebook design in power limited and power non-limited situation respectively, which will simplify the design process. For power non-limited situation, precoding performance should be the only criteria for comparison of different codebooks. For power limited situation, the performance considering the impact of power de-rating should be applied to decide which kind of codebook is selected.
2.1 Power Non-limited Situation
LPB Vs LPU

As discussed in [6] ~ [8] unbalanced layer power allocation which is not based on eigenvalue of the channel will degrade the performance of SU-MIMO system and this is further verified by our simulation result in Fig 1. Note that here we only take CMP codebook (LPB Vs LPU) in [3] and CMF (LPB Vs LPU) in [4] as an example and this is without loss of generality.
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Fig 1 Performance Comparison LPB Vs LPU
It is shown in Fig 1 that the performance of LPB is better than LPU for both CMF and CMP codebook especially in the area of low SNR. For CMP, the throughput gain of LPB over LPU is about 6.5% and 2.5% in the area of low and high SNR respectively. For CMF, the throughput gain of LPB over LPU is about 4.2% and 2% in the area of low and high SNR respectively. Therefore for power non-limited situation, only LPB is considered for comparison of various schemes.
Scheme Comparison
The main candidate schemes for rank-3 codebook are CMP, CMF and HH. As it has been agreed that the non-zero elements are selected only from BPSK or QPSK alphabet, so the QPSK subset of R8 DL HH is also chosen for performance comparison, whose size is 12 and all elements belong to QPSK alphabet as shown in Table 1. 
Table 1 QPSK Alphabet Subset of R8 DL HH Codebook (HH12)
	Index 1 to 4
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	Index 5 to 8
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	Index 9 to 12
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Here we use CMP codebook in [3] as the representative of CMP, CMF codebook in [3] and [4] as the representative of CMF for the performance comparison. The simulation result is shown in Fig 2.
[image: image15.emf]5 10 15 20

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

SNR [dB]

Throughput [Mbps]

 

 

DL R8 HH

HH 12

TI CMP LPB

HW CMF LPB

TI CMF LPB

 [image: image16.emf]5 10 15 20

-6

-5

-4

-3

-2

-1

0

1

SNR [dB]

Throughput Gain Over R8 DL HH [%]

 

 

DL R8 HH

HH 12

TI CMP LPB

HW CMF LPB

TI CMF LPB


Fig 2 Performance Comparison of Different Codebook Design Schemes
According to the simulation result in Fig 2, it can be seen that
· HH (R8 DL) has the best performance and CMP has worst performance, the throughput gain of HH over CMP is 1~2% in most area and for SNR = 15dB, the gain is even more than 5%. 
· As expected, the performance of CMF is moderate compared with CMP and CMF, i.e. better than CMP but worse than HH, which is in accordance with its original design goal, i.e. achieve compromise between CM preserving and performance.
· Furthermore, it is noted that for QPSK alphabet, the QPSK subset of R8 DL HH, i.e. HH12 still has the best performance although the gain is reduced. This result also illustrates that rank3 codebook is not sensitive to the codebook size very much and of course the portion of the rank-3 codebook for power limited situation can also be used in power non-limited situation, which will further compensate the loss of the gain due to the reduced codebook size of HH12.
According to above analysis, QPSK subset of R8 DL HH is suggested as a portion of rank-3 codebook due to its best performance, which can be used in power non-limited situation.
2.2 Power limited Situation
As analysed, performance comparison in power limited situation should consider the impact of power de-rating. The CM values of different codebook scheme is calculated and summarized in Table 2 and Fig 3. If we consider CM value of CMP codebook with QPSK modulation, i.e. 1.22 dB as the reference point, then the amount of power de-rating of other cases can be calculated as
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is the CM value. Transmitting power de-rating is equivalent to SNR de-rating, and then the impact of PA de-rating can be involved into the performance comparison of different codebook schemes. Note that for simplicity of simulation, we only use QPSK CM values of various codebook schemes for power de-rating calculation. Therefore the power de-rating is 0, 1.21, 0.92, 1.83 dB for CMP LPB, CMF LPB, CMF LPU and HH. Although CMP LPU has the same CM value with CMP LPB, it can not make full use of PA’s power and the power ratio of different antennas is 1:1:2:2, then the total transmitting power will decrease 1.25 dB, which can also be regarded as a kind of power de-rating.
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Fig 4 Performance Comparison of Different Codebook Design Schemes
The simulation results are shown in Fig 4. It can be seen that 

· After considering the impact of power de-rating, CMP with LPU has the best performance and the gain over HH can reach 12%. The throughput gain of CMP with LPU over CMF (LPB or LPU) is about 4% in many SNR areas.

· For CMF codebook, the CM reduction of LPU relative to LPB does work in power limited situation. The gain of LPB over LPU in power non-limited situation as shown in Fig 1 is eliminated in power limited situation due to the reduced CM value of LPU.
· CMP with LPB has the worst performance because it can not make full use of PA’s power.
Here it should be noted that the CM gaps among different codebook schemes for QPSK modulation are larger than that for other modulations, so the real gain of CMP with LPU over other codebook schemes will be reduced. Therefore we propose to further research the performance of different codebook schemes in power limited situation comprehensively and select the one with the best performance as another portion of rank-3 codebook, which can be used both in power limited situation and of course in power non-limited situation in company with the HH codebook in Table 1.
3 Conclusion
In this contribution, we discussed the rank-3 codebook design for UL 4 Tx SU-MIMO and we suggested that
· both power limited situation and power non-limited situation should be considered for rank-3 codebook design;
· a mixture codebook is suggested

· for power non-limited situation, only precoding performance is used as the criterion of codebook selection, then

· HH codebook in Table 1 is included in rank-3 codebook;
· for power limited situation, performance considering the impact of power de-rating is used as the criterion of codebook selection
· further research is needed to select the one with the best performance to form rank-3 codebook in company with the HH codebook in Table 1.
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Appendix A: Simulation Assumptions

	Parameters
	Values

	Carrier frequency
	2.0 GHz

	System bandwidth
	5MHz

	Data transmission BW
	4 RBs

	PUSCH Hopping
	no

	CP type
	Normal CP

	Channel model
	SCM-C, xPol

	UE speed
	3km/h

	Antenna configuration
	4x4

	Channel coding
	Turbo code

	Modulation
	16-level MCS used for CQI feedback

	Receiver
	Linear MMSE

	Channel estimation
	Ideal

	Target BLER
	10% for the 1st transmission

	CQI feedback delay
	4ms

	Max number of transmissions
	4

	HARQ Operation
	Chase combine

	Number of HARQ processes
	8

	Rank
	3

	Num of Codeword
	2 with 2 MCS, A/N non-bundling
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        Fig � SEQ Fig \* ARABIC �3� CM [dB] for Rank 3 Codebook











Table � SEQ Table \* ARABIC �2� CM [dB] for Various Rank 3 Codebook Schemes


Codebook


Schemes�
QPSK�
16QAM�
64QAM�
�
CMP�
1.22�
2.14�
2.33�
�
CMF�
LPB


(1:1:1)�
2.43�
2.96�
3.07�
�
�
LPU


(1:2:2)�
2.14�
2.76�
2.88�
�
HH�
3.05�
3.37�
3.43�
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