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1. Introduction
The design of 4Tx rank-3 codebook was discussed at length in RAN1#58bis [1]. Other than the obvious relation among cell size (the extent of link budget limitation), traffic load, and UE transmit power, the next step of deciding the codebook design concept was identified. In particular, the choice between mixed and non-mixed codebook structure needs to be made. At present, there are various alternatives for each category:
· Non-mixed: CM-preserving (CMP), CM-friendly (CMF), 4Tx rank-3 Householder

· Mixed: CMP+CMF, CMP+scaled CMP, HH+??
There may be several reasons for choosing a mixed design over the non-mixed counterparts:

· Venue for compromise between different non-mixed designs, e.g. CMP and CMF: While this motivation is progress-oriented, other aspects – especially the technical ones – should outweigh this consideration.
· Good performance under power-limited and non-power-limited scenarios: This assumes that the eNB is capable of knowing if a UE is in power-limited or not.
To decide between non-mixed and mixed designs, the following factors can be considered:
1. Performance
2. Variation in CM across possible precoding matrices at its impacts
To facilitate such decision, we discuss the above factors in our contribution. 
2. Discussion
We discuss the above two factors in this section. 

2.1. Performance
Various contributions have shown the comparison of different codebook structures. For instance, the comparison between CMP and CMF was given in [2]. Based on a number of contributions, the following can be observed when comparing the throughput performance without taking into account the CM difference:
· CMF performs better than CMP by <2.5% in terms of throughput: see Appendix where the results in [2] are captured for convenience.

· The performance of CMP+CMF mixture (also CMP+scaled CMP mixture) is between CMP and CMF.

The above holds when the UE is not power-limited. When the effect of CM difference is taken into account, CMP tends to better than CMF when the UE is power-limited, e.g. for low network loading, larger cells. On average, it could be fairly stated that different codebook designs of the same size perform quite closely once the CM difference is taken into account. Hence, performance may not be the strongest factor to determine whether mixture or non-mixture should be selected.   
2.2. Variation in CM
As far as precoding operation is concerned, variation in CM across different precoding matrices may affect different aspects of the system operation. Some examples include: 

· UE impact: PA back-off when a UE is transmitting in a power-limited scenario.

· eNB impact: link adaptation and scheduler operation. Since the variation in CM leads to the variation in the UE transmit power, this factor needs to be taken into account in link adaptation and scheduling. Whether this can be done accurately will be discussed subsequently. 
Therefore, apart from the performance impact (discussed in Section 2.1), some variation in CM affects the eNB operation for UL scheduling and link adaptation. To better appreciate this issue, we note that different UL modulation schemes impose different CM values. At the same time, each UE sends a power headroom (PH) report to the eNB which is defined in TS36.133 “Requirements for support of radio resource management” as follows:
The power headroom (PH), expressed in dB, is defined as the difference between the nominal UE maximum transmit power and the estimated power for PUSCH transmission according to section 5.1.1.1 in TS 36.213.

It is understood that: 
· “Nominal UE maximum transmit power” refers to 
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used in the power control procedure of section 5.1.1.1 in TS 36.213. It is also the configured UE transmitted power defined in TS 36.101 “User Equipment (UE) radio transmission and reception”. Here, is defined as the minimum of the maximum transmit power of the UE class (23 dBm) and a RRC-configured maximum transmit power. 
· In addition, TS 36.101 also specifies the range of the “Maximum Power Reduction” (MPR) that UE may apply to[image: image2.png]Pz



. MPR is essentially the CM-dependent power back-off. 
For UE Power Class 3, the allowed Maximum Power Reduction (MPR) for the maximum output power in Table 6.2.2-1 due to higher order modulation and transmit bandwidth configuration (resource blocks) is specified in Table 6.2.3-1.
Table 6.2.3-1:  Maximum Power Reduction (MPR) for Power Class 3

	Modulation
	Channel bandwidth / Transmission bandwidth configuration (RB)
	MPR (dB)

	
	1.4

MHz
	3.0

MHz
	5

MHz
	10

MHz
	15

MHz
	20

MHz
	

	QPSK
	> 5 
	> 4 
	> 8 
	> 12
	> 16
	> 18
	≤ 1

	16 QAM
	≤ 5 
	≤ 4
	≤ 8
	≤ 12
	≤ 16
	≤ 18
	≤ 1

	16 QAM
	> 5 
	> 4
	> 8
	> 12
	> 16
	> 18
	≤ 2


· Notice that rather than an exact number, a range of MPR is specified. This allows different UEs to implement different proprietary CM-dependent back-off techniques. Hence, the exact PA back-off for each UE is unknown at the eNB.
· The nominal UE maximum transmit power used in the power headroom definition does not include the MPR. Hence, the eNB needs to use the MPR range to account the CM variation together with the PH report. Together with the PH report, the MPR range only allows the eNB to compute a range of values corresponding to the UE transmit power. This range, therefore, represents an uncertainty which translates to a potential source of inaccuracy in the UL link adaptation. 
Understanding the impact of the CM variation for different modulation schemes on the eNB link adaptation allows us to assess the impact of CM variation across precoding matrix candidates. From the previous agreement on codebook design [5], rank-1, rank-2, and rank-4 codebooks are CM-preserving. This implies the following:
· Selecting a non-CM-preserving codebook for rank-3 introduces CM variation across different ranks. This implies that the eNB needs to take this into account for link adaptation. Depending on the power limitation, the eNB needs to account for the difference in PA back-off at the UE side (for a given MCS). This applies if CMF or Householder codebook is selected for the rank-3 design.
· Mixed designs will result in CM variation across different rank-3 precoding matrices. The same implication holds as that for non-CMP designs. The 4Tx codebooks from different ranks form a composite 4Tx codebook. Hence, CM variation across ranks amounts to CM variation across candidate precoding matrices. It should be noted, however, that rank tends to vary significantly slower in time compared to the precoding matrix selection for a given rank.      
Analogous to the CM variation for different modulation schemes, the CM variation across different precoding matrix candidates would be handled in the same manner. That is, the MPR table will be expanded to include cases with different precoding matrices or ranks when CM variation occurs across precoding matrices. This results in at least the following:

· Increased complexity in the rank/precoding selection at the eNB. This is because of the additional coupling between UL power control and rank/precoding selection. Here, the MPR needs to be accounted on top of the PH report in the selection process. Such increase in complexity is undesirable since the eNB is required to perform precoding adaptation for a large number of UEs. 

· Inaccuracy in the UL link/precoding/rank adaptation as the exact PA back-off for each UE is unknown at the eNB. Such inaccuracy may either offset the gain of non-CMP design over the CMP design or necessitates the eNB to perform more sophisticated outer-loop link adaptation. 
· This issue can be alleviated if the UE signals more accurate MPR information to the eNB, e.g. via higher-layer signalling. This solution may be sound since the UL power control is done primarily to compensate for the slow fading. If this solution is to be used, the performance benefit needs to be significant since it requires an additional UL higher-layer (RRC) signalling. 
· If the above signalling solution is possible, a mixed design may be feasible. 

3. Possible Way Forward
As evident from numerous simulation results, different rank-3 codebook structures perform quite closely on average when designed sufficiently well.  This is true when the impact of CM difference is taken into account in the throughput performance. Other than performance, factors such as eNB complexity and potential inaccuracy in link/precoding adaptation seem to be quite relevant.
To proceed further on this issue, we suggest the following: 
· Assess/verify the impact of CM variation across precoding matrix candidates within the composite 4Tx codebook.

· Regarding whether mixed vs. non-mixed structure should be selected, discuss whether it is at least possible to agree that some CMP matrices are needed in the codebook. While this seems to favour the CMP design, this gives the best performance if the eNB is able to attain more accurate PA back-off information at each UE. 
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Appendix: Simulation Results from [2]
Table 1. Simulation assumptions

	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of SC-FDMA symbols per TTI
	12

	UE speed and fading model
	3 Kmph

	Antennas Configurations
	4x4 

	Channel models and antenna configurations
	1) TU-6 delay profile + spatially uncorrelated channel; 

2) System-level SCM Urban Macro:
· Tx (UE): 2 pairs of XP antennas separated by /2

· Rx (eNB): 2 pairs of XP antennas separated by 4

	Center frequency
	2GHz

	BLER target for 1st transmission
	10%

	MCS Set
	28-level MCS with QPSK, 16QAM, and 64QAM

	Allocated RBs
	4

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3 (total of 4 transmissions)

	Number of HARQ processes
	8

	Processing delay 
	4 ms

	Receiver
	MMSE


The performance comparison between the codebook design in [2] (Table 1) and the 4Tx Rel-8 DL Householder codebook is depicted in Figures 2 to 5. The performance of size-16 CMP codebook in [3] is also given for reference. For the results with rank adaptation, we use the rank-1 and rank-2 designs given in [4]. 

· We observe the following:

· Overall, the proposed size-20 UL SU-MIMO codebooks perform similarly to the 4Tx Rel-8 Householder codebook.

· For 4x4 scenario, notice that CMF codebook results in 1-2.5% better performance than CMP within the region of interest. It should be noted that this performance does not reflect the effect of PA back-off due to the higher CM from the CMF codebook.

While there are other size-20 CMP and CMF proposals from other companies, we expect that the performance as well as the relative performance difference do not change significantly. 
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Figure 3.Throughput comparison with rank adaptation: relative performance over HH
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Figure 5.Throughput comparison with rank-3: relative performance over HH
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