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1. Introduction
Discussion continued at RAN1#60 on the finalization of the 4 Tx codebooks.  The following conclusions were reached: 
Agreement:
1. Keep the previous agreements (already captured in TR36.814) as is

a. Could consider rank-2 codebook in R1-101126 before next meeting, if significant performance benefit is observed 

i. Baseline assumption on UE antenna calibration: random long-term phase shift, varying from one channel drop to the next, should therefore be applied on each Tx antenna
ii. Continue email discussion about evaluation and simulation parameters, until March 20th.

iii. If consensus is reached in the next meeting, then the rank-2 codebook in R1-101126 is adopted. 

2. Rank-3 codebook as in R1-101641.

The agreed upon rank three codebook has 12 entries as opposed to the original specified size of 20, which gives a total 4 Tx codebook size of 53 (24+16+12+1) for all ranks.  This also leaves 64-53=11 codebook entries unused for a 6-bit codebook.  The final codebook decision to be made is the specification of the rank 2 codebook. 
The current rank 2 codebook in [1] was agreed upon at RAN1#58 as the baseline codebook subject to further results on performance under additional channel models and performance with antenna coupling.  Our previous contributions have shown that replacing or adding additional elements to the current Rank 2 codebook can improve performance compared to the current codebook in highly correlated (e.g., LOS) channels while at the same time maintaining or slightly improving performance in uncorrelated channels [3]

 REF _Ref258098078 \r \h 
[4]

 REF _Ref258098080 \r \h 
[5].  To make use of the currently unused codebook entries, in [6] a codebook was proposed that consists of the 16 elements of the current rank-2 codebook plus eight additional elements designed to improve LOS and correlated channel performance. Throughput gains of approximately 7% were observed with the UMa LOS channel. These results were obtained with the assumption of no phase differences between array elements, i.e. a calibrated array was assumed.  It was agreed in RAN1 #60 to discuss on the reflector simulation assumptions needed to compare codebook performance with uncalibrated arrays. 
This contribution reviews the codebook proposed in [6]  and reviews the considerations discussed on the reflector in terms of reasonable simulation assumptions for evaluating codebook performance in LOS channels.  The performance of the proposed and current codebooks is then compared according to these assumptions.
2. Increasing the Size of the 4 Tx Rank 2 Codebook
The current size 16 codebook along with the additional eight elements of the proposed codebook is shown in Table 1. The additional eight elements are chosen such that the codebook contains the precoders of the following structure: 
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

including row permutations of the second through fourth rows. The motivation for this construction is that the same precoding is often found to be optimal for the two subsets of co-polarized antennas. This is intuitively explained by the fact that the channels on the two polarization planes have the same AOA and AOD. 
To better illustrate the point mathematically, we look at the simple LOS propagation example, zero XPR between the vertical and horizontal polarization channels will result in a block diagonal channel matrix
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (2)

where 
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 are the symbols streams. In LOS conditions with angles of departure and angles of arrival 
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 respectively and assume the element spacing of 
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, the channel matrices will be of the same form for both  
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The precoding sub-matrices [1,x] and [1,y] in [5](1)

 should work well for both vertical and horizontal polarizations (2)

 therefore allow co-phasing between co-polarized elements with the four values of “x”  separated by 90 degrees.  Since the same AOA and AOD are in effect, the same intra-group precoding [1,x] as in  GOTOBUTTON ZEqnNum265927  \* MERGEFORMAT .
Including the row permutations of (1)

 in the codebook allows the properties above to be independent of how the antennas are indexed.  This is important since it may not be clear when the UE is designed which pair of elements will have the largest correlation in real world channel conditions. In addition, different hand grips and UE positions may cause different pairs of elements to have the largest correlation.

2.1. Transmit Phase Calibration Errors

The model in (2)

 assumes no phase calibration errors at the UE.  Extending the model to include phase calibration errors gives the model 
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The presence of transmit phase errors can be seen to have two effects.  First, the phase difference across co-polarized elements is no longer proportional to the “sin” of the arrival angle but instead has an additional offset.  Since the orientation of the UE is likely to be random, this phase difference would be uniformly distributed even without calibration errors and therefore adding an additional offset would be immaterial.  More important is the offset term 
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 which accounts for the difference in phase increments between the two copolarized components.  This term can degrade performance for precoding using the structure of 
(1)

 because different intra-group cophasing factors can be chosen for the two groups of co-polarized antennas. A phase calibration performed either in the UE or over the air to remove the phase offset term  GOTOBUTTON ZEqnNum570774  \* MERGEFORMAT is possible given it is static over a long period of time, and may be advantageous from a performance perspective.  The rest of the contribution evaluates the sensitivity of the current and proposed codebooks to this error.
Table 1: Current 4 Tx rank 2 codebook along with additional eight precoders added comprising the proposed codebook.
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	Index

8 to 15
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	Index

9 to 23
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3. Simulation Results
Before presenting the codebook performance comparison, several issues raised on the reflector with regard to evaluating codebook performance in LOS channels is given. 
3.1. Codebook Performance Evaluation in LOS Environments
Discussions on the reflector focused on two points:
· How should the correlation between SNR and K factor be taken into account? In system modeling, a link’s LOS probability depends on the distance from the cell. Once in a LOS condition, the associated K factor and the log-normal shadowing factor (which determines the mean SNR) are correlated .  
· The need for simulations to reflect channel dependent rank adaption.
3.1.1. SNR and K Factor Dependence

Considering the first point, one approach is to drop users in random positions throughout the cell and perform a link simulation with the SNR and K factor associated with the UE’s position.  Alternatively, the joint statistics of SNR and K factor can be evaluated to determine reasonable values of K factor to use at each SNR point and then link simulations similar to those used in previous codebook evaluations can be used.  The latter approach was adopted to evaluate the relative performance of the proposed and current codebooks.
Two distributions were computed based on uniform placement of mobiles in a three sector system with each link’s path loss, LOS probability, K factor distribution, and shadow fading distribution as specified for the ITU UMa and UMi channels.  Table 3 of the Appendix summarizes the assumptions used to derive these distributions.  The first distribution, plotted in Figure 1 is the distribution of the maximum attainable SNR, 
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SNR

, conditioned on a LOS channel conditions.  The term maximum attainable SNR here means the SNR that could be attained when the UE transmits at full power in the absence of impairments such as EVM and channel estimation.  The same information could be obtained from the distribution of the coupling loss.  It is observed that even at the 5th percentile the maximum attainable SNR is 35 dB which is well above the SNR ceilings associated with EVM and channel estimation.  Considering the transmit EVM of a UE, the maximum attainable SNR should be 20~30dB. With power control at UE, the UE does not need to transmit more power than what is needed to make the corresponding SNR level sufficient for the MCS and transmission rank.   
The second distribution, plotted in Figure 2, was the K factor conditioned on both maximum attainable SNR and LOS channel conditions.  The SNR range of 35 through 65 dB in the plot was chosen to correspond to 5th an 95th percentile in Figure 1.  Figure 2 does show some dependence of K factor on maximum attainable SNR.  However this dependence is small in all but the SNR = 35 dB case which only occurs for about 5% of the mobiles. To a close approximation K factors are seen to be distributed around 10 dB with 90% of occurring with +/- 6 dB independent of the maximum attainable SNR.
The distributions for the UMi channel are shown in Figure 3 and Figure 4 and are seen to be similar to those for the UMa channel. Similar distributions are seen for both SNR and K factor.
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Figure 1: Distribution of maximum attainable SNR conditioned on a LOS link in the UMa Channel.
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Figure 2: Distribution of K factor conditioned on a LOS link and maximum attainable SNR in the UMa channel.
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Figure 3: Distribution of maximum attainable SNR conditioned on a LOS link in the UMi Channel.
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Figure 4: Distribution of K factor conditioned on a LOS link and maximum attainable SNR in the UMi channel.
3.1.2. Rank Distribution in LOS Environments

The applicability of the rank 2 codebook to the LOS channels was evaluated by randomly dropping mobiles uniformly in a cell and determining the optimum number of layers with the current codebook based on ITU UMa channel model.  Other simulation assumptions are given in Table 4 in the Appendix.  The results are shown in Table 2.  Rank 2 transmission is seen to dominate at SNR values as high as 24 dB which corresponds to a relatively strict Tx EVM of 6%.  
Table 2: Distribution of Transmission Rank in ITU UMa Channel Model. 
	SNR (dB)
	Rank 2 (%)
	Rank 3 (%)

	24
	83
	17

	20
	98
	2

	16
	100
	0

	12
	100
	100


3.2. Codebook Performance Comparison
The impact of calibration errors in LOS channels on the performance of the current and proposed codebooks was compared by link simulation.  The simulation assumptions are given in Table 4 of the Appendix.  In Figure 5 through Figure 7, throughput is plotted vs. calibration phase error 
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 for both current and proposed codebooks and SNR of 6, 12, and 16 dB.  Based on the discussion above, a K factor of 10 dB was used as it represents a typical value encountered in LOS environments.  Also based on the result above a fixed rank of two was used.  Relative performance is shown in Figure 8 for all three value of SNR.  UE power control can set the uplink received SNR to be close to that required for the MCS level which corresponds to 12.8 Mbps in the simulations.  This occurs at about 16 dB when the phase calibration errors are between +/- 30 degrees.  In this range the proposed codebook has a gain of between 7% and 14%.  Overall the proposed codebook outperforms the current codebook over phase errors between -50 and 50 degrees.  
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Figure 5: Throughput vs. calibration phase error for current and proposed codebooks: SNR = 6 dB.
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Figure 6: Throughput vs. calibration phase error for current and proposed codebooks: SNR = 12 dB.
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Figure 7: Throughput vs. calibration phase error for current and proposed codebooks: SNR = 16 dB.
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Figure 8:  Throughput improvement relative to current codebook.
For the typical case where a LOS user is assigned the highest MCS level, corresponding to about 16 dB SNR, Figure 7 indicates the current codebook’s throughput is seen to drop by about 8% at no calibration error (i.e., 
[image: image48.wmf]e
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=0) compared to uncalibrated cases, while at the same time the proposed codebook’s performance improved by about 4%.  Therefore while the proposed codebook benefits some from calibration, it is the current codebook that is actually more sensitive to random phase errors.  Considering the relatively large gains observed and the fact that LOS channels are likely to occur in many deployment scenarios, the advantages of augmenting the rank 2 codebook seem to outweigh the need to reserve an additional number of codebook entries for an unspecified future use.
4. Conclusion
The performance of the current and a proposed codebook consisting of the current codebook plus eight additional elements was compared in LOS channels without the assumption of transmit phase calibration errors. The following conclusion can be made:

· For a range of +/- 50 of phase errors, the proposed codebook improves performance over the current proposal with a maximum throughput gain of 14%. 
· The proposed codebook performance is more robust to random phase calibration error than the current codebook.
Performance of the proposed codebook, being a superset of the current codebook, should be better than the current codebooks in uncorrelated channels. Given these considerations it is recommended that the 4 Tx rank 2 codebook be modified to include the eight elements specified in Table 1.

5. Appendix: Simulation Assumptions
Table 3 : Simulation Assumptions for SINR and K Factor Distributions

	Parameter
	Value

	System bandwidth
	10 MHz

	Channel Model
	ITU UMa

	Inter-site Distance
	500 m

	Channel model
	ITU UMa

	Carrier Frequency
	2 GHz

	UE Transmit Power
	23 dBm

	IoT
	5 dB

	eNB Antenna Gain
	0 dBi

	UE Antenna Gain
	0 dBi

	Penetration Loss
	0 dB


Table 4: Simulation assumptions for rank distribution and link level throughput simulations.
	Parameter
	Value

	System bandwidth
	10 MHz

	Data transmission BW
	8 RBs (96 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	ITU UMa

	Angle of Departure at UE
	0 degreers

	UE Antenna Imbalance
	0 dB

	Doppler Spread fD
	3 Hz

	Antenna configuration
	4x4 Cross Pol.

 eNB: +/- 45 deg, 0.5 λspacing

UE: 0/90 degrees, 0.5 λ spacing

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	Link Adaptation
	Outer Loop with 10% BLER at 1st subpacket
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�  A more typical configuration at the eNB is to have elements oriented at +/- 45 degrees with 0/90 degree orientation for UE in some simulation assumption. However the vector of received signals at the eNB can be  rotated by a 45 degree rotation matrix in the receiver to give the model above.
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