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1.
Introduction
An essential part of UL single user MIMO is precoding. In respect of SU-MIMO precoding, significant progress has been made in previous 3GPP RAN1 meetings [1]-[4] and, in particular, on the 4 Tx codebooks. Joint assesment of CM property and performance was requested for rank 3 on RAN1 meeting #58. In this contribution, we consider the impact of CM property to rank 3 performance from several viewpoints. 
On previous RAN1 meetings, several codebook designs have been proposed for rank 3. CM preserving (CMP) codebooks were presented in [5], [7], and [11]. CM friendly (CMF) codebooks were considered e.g. in [6] and [7], both with layer scaling equalizing the transmitted power over layers. Hybrid of CMF and CMP codebooks was also considered in [9], [10]. However, it remained unclear how the CM advantage of  CMF/CMP hybrid codebooks can be actually realized in practice. Hence, we focus on comparing  CMP and CMF codebook properties in this contribution.   
2.
Performance comparison
The CM properties for rank 3 codebooks are discussed in Section 2.1. In Section 2.2, we consider the probability that UE with rank 3 configuration transmits at the maximum power. In other words, Section 2.2. discusses how frequently the CM properties actually matter. Finally, link level throughput results are presented in Section 2.3. 
In the following discussions we assume that at least one of UE’s PAs operates at the PA’s peak power limit when UE transmits at the maximum power. We see this as a reasonable assumption which is needed for motivating any CM oriented codebook designs.
2.1 Cubic metric properties

In this section, cubic metric properties for rank-3 codebook designs are studied. The considered codebooks are CMP, CMF w/ layer scaling, and  Rel’8 Householder codebooks. CM values are presented in Figure 1. It can be noted that CMP codebooks provide considerably lower CM than Rel’8 Householder codebook, also with higher modulation orders. Additionally, the CM improvement from limiting the number of mapped layers 2 (instead of 3) is rather modest, although further CM improvement is achieved for CMF codebook with  the layer scaling. Nevertheless, a clear CM difference remains between CMP and CMF codebook designs.

To obtain more tangible view on the meaning of CM difference, coverage area ratio between CMP and CMF codebooks was calculated. Coverage area was calculated for a certain SNR assuming that UE is transmitting at the maximum power by using the distance-dependent path loss model in [12].  The coverage area ratio is presented in Figure 2. It can be noted that the increased CM of CMF codebook corresponds to a considerable coverage area loss. 
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Figure 1. Cubic metric values for CMP, CMF, and Rel’8 codebooks.

[image: image2.emf]Coverage area loss w.r.t. CMP rank 3 codebook 

0

1

2

3

4

5

6

7

8

9

10

QPSK 16-QAM 64-QAM

Coverage area ratio [%]

CMF CB


Figure 2. Coverage area loss due to cubic metric difference between CMP and CMF codebooks.

2.2. On probability of  Tx power limited UL 
In this section, we discuss how likely an UE with rank 3 configuration transmits at the maximum power. In other words, this section considers how frequently the CM properties discussed in Section 2.1 actually matter. Rather high SINR is required for rank 3 to be selected in rank adaptation. Such SINR values can be frequently reached in situations of fractional load, but only seldomly in interference limited situations. Thus, rank 3 performance is expected to have its most significant contribution to system performance in the fractional load cases.  Case 1is a well defined and widely used simulation setup. It was also assumed  for the UE transmission power distribution presented in [13]. However, rank 3 is used seldomly and only for UEs close to the eNB due to the interference limited SINR distribution. In such situations, rank 3 performance has only a modest impact on the overall system performance. 
Isolated cell is also a simulation setup that is well defined and easily repeated, thus allowing for easy verification of results. It is also a rough yet reasonable approximate for a low fractional load case while keeping simple modelling and straightforward interpretation of results. Hence, isolated cell is assumed in this section together with simulation assumptions tabulated in Appendix Table 1.  
In isolated cell, full pathloss compensation with high P0 value maximises the cell throughput. Results for full pathloss compensation with a P0 corresponding to maximum SNR of 27 dB are presented in Figure 3 and Figure 4. In Figure 3, probability that rank 3 is selected for a UE is presented as a function of distance from eNB for a set of bandwidth allocations. Figure 3 shows that rank 3 is frequently used up to considerable distances
. Probability that a UE with rank 3 configuration is transmitting at the maximum power is presented in Figure 4. The probability of Tx power limited UL increases sharply after 100 m distance and is high in particular for wider bandwidth allocations.  
Corresponding results are presented for fractional pathloss compensation with α = 0.6 in Figure 5 and Figure 6. Two P0 values are considered; - 56 corresponding to maximum SNR of 27 dB, and -65 used in [13]. It can be noted that higher P0 value increases both rank 3 usage and probability of Tx power limited UL, as can be expected. Also the impact of allocation bandwith is clearly seen; probability of Tx power limited UL increases sharply after 100 m, 150 m, 200 m and 250 m distance for allocations of 50, 25, 8, and 4 PRBs, correspondingly for P0 of -56. As a special case, UL is not power limited with 4 PRB allocation and P0 of -65, as shown also in [13].
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Figure 3. Rank-3 propability against distance from eNB, P0 = -89, α = 1  
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Figure 4. Propability that UE is power limited during rank-3 transmission, P0 = -89, α = 1  
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Figure 5. Rank-3 propability against distance from eNB, α = 0.6
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Figure 6. Propability that UE is power limited during rank-3 transmission, α = 0.6 

2.3. Throughput performance 
In this section, we compare the link level performance of rank 3 codebooks in two cases: when UE transmits below the maximum power and, secondly, at the maximum power. During RAN1#57, basic setup for the codebook performance evaluation was agreed [2]:

· UE Tx antennas: two cross-polarized antennas separated by lambda/2  

· eNB Rx antennas: two cross-polarized antennas separated by lambda/2 or 4*lambda. In the following, separation of lambda/2 is used.
· Channel model: SCM defined for system level simulation. 
· MMSE receiver
In the following, performance results for this setup are presented. Link level simulations with SCM Urban Macro NLoS were carried out. Other simulation parameters are tabulated in Appendix Table 2. A number of CMP and CMF codebooks presented in previous meeting were simulated, in addition to the Rel’8 codebook: CMP – NSN [11], CMP – QC [5], CMP – TI and CMF-TI [7], and CMF – Huawei [6]. All codebooks have size of 16.
Simulations were carried out with dynamic rank adaptation over ranks 1 to 4. Codebooks presented in [14] were used for ranks 1 and 2. Impact of CM differences on throughput was explored by assuming UE to be power limited, and by reducing SNR value the amount corresponding to the CM increase over 1 dB for each modulation and rank separately. E.g., SNR was reduced 0.8 dB for 16-QAM modulations with CMP codebooks. Throughput comparisons are presented for UE transmitting below the maximum power and for UE using the maximum transmission power in Figure 7 and Figure 8, respectively. 
Throughput difference between codebooks can be noted to be rather small in both figures. Rel’8 codebook and best performing CMF and CMP codebooks provide essentially the same performance in Figure 7. The best considered CMF codebook provides less than 2% better throughput than the best CMP codebook.  In the UE power limited case, presented in Figure 8, the order of codebooks is changed and also the performance differences between the codebooks are increased. The best CMP codebook provides throughput gain over the best CMF codebook in order of 3% or less, depending on SNR.
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Figure 7. Throughput comparison with dynamic rank adaptation
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Figure 8. Throughput comparison with dynamic rank adaptation in UE power limited case
3.
Summary
In this contribution, CM properties of CM preserving and CM friendly UL 4 Tx rank 3 codebook designs were considered. 
Presented results indicate that rank 3 can frequently be used in fractional load situations. They also show that an UE with rank 3 configuration can frequently transmit at the maximum power, thus, making codebook CM minimization important also for rank 3. Results on CM properties show that there is a concrete CM difference between CM preserving and CM friendly codebooks on favor of CMP codebook. Results on link level throughput show that performance differences between codebook designs are small and the order of codebooks depends whether UL is power limited or not. When UE transmission power is below the maximum, CMF codebook marginally outperforms CMP codebook, and when UE transmits at the maximum power, CMP codebook more clearly outperforms CMF codebook.  
Based on presented discussion and results we see CM-preserving codebook as a more attractive option and propose that UL 4 Tx / rank 3 uses CM preserving codebook.
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Appendix 
Table 1 Simulation parameters for UL transmission power results.
[image: image9.emf]Description Settings

Simulation case Isolated macro-cell

Carrier center frequency 2.0 GHz

System bandwidth 10 MHz

Effective bandwidth 9 MHz (50 PRB)

User allocation 4 PRB, 8 PRB, 25 PRB, 50 PRB

Cyclic prefix Normal CP

Maximum UE power 24 dBm

Power control  Open loop 

Scheduler RR

Propagation loss  TR 25.814, Annex A

Antenna pattern TR 36.814, Annex A 

Noise Figure  5 dB

Velocity 3 km/h

Channel SCM Urban Macro NLoS channel 

Tx-Rx antenna configuration 4x4

Antenna arrangement

Cross-polarized antenna elements, antenna element seperation 

1/2 lambda both at UE and at eNB, ± 45 degrees

Receiver MMSE

Channel estimation Ideal

Modulation QPSK, 16-QAM, 64-QAM

Coding Rate

1/10 (QPSK), 1/6 (QPSK), 1/4 (QPSK), 1/3, 1/2, 2/3, 3/4, 5/6, 8/9 

(64 QAM)

HARQ transmission max 4 transmissions

link adaptation enabled

rank adaptation enabled


Table 2 Simulation parameters for link-level throughput results.

[image: image10.emf]Description Settings

Carrier center frequency 2.0 GHz

System bandwidth 10 MHz

Effective bandwidth 9 MHz (50 PRB)

User allocation 720 kHz (4 PRB)

Cyclic prefix Normal CP

Velocity 3 km/h

Channel SCM Urban Macro NLoS channel 

Tx-Rx antenna configuration 4x4

Antenna arrangement

Cross-polarized antenna elements, antenna element seperation 

1/2 lambda both at UE and at eNB, ± 45 degrees

Receiver MMSE

Channel estimation Ideal

Modulation QPSK, 16-QAM, 64-QAM

Coding Rate

1/10 (QPSK), 1/6 (QPSK), 1/4 (QPSK), 1/3, 1/2, 2/3, 3/4, 5/6, 8/9 

(64 QAM)

HARQ transmission max 4 transmissions

link adaptation fast

rank adaptation enabled































































































� Rank 3 portion decreases for small distances, especially with narrow bandwidth allocations. This is due to increasing rank 4 portion.





