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1. Introduction
In this contribution we address 2D codebook design for Rel-13. We discuss the specifics of the codebook structure, the general design methodology and then provide some observations as to payload sizes, oversampling factors and the exent of overlap between different precoders.
2. Basic principles

At a high level the 2D codebook design problem could be approached in two different ways – (a) with the intention of jointly specifying a codebook for azimuth and elevation dimensions or (b) with the intention of specifying a separate codebook for azimuth and elevation dimesions. In paper, equivalence could be drawn between the approaches but they are quite different in practice. The main advantage of the second approach is to levegrage the existing codebooks. However, even in the first approach most of the design principles from the existing codebooks can be utilized to reduce the standardization burden. Additionally, the first approach of defining an integrated codebook for both azimuth and elevation dimensions can allow for more flexible configurability (tradeoff between the dimensions if allowed) and can result in a cleaner specification as well.

Proposal-1: Consider specifying integrated codebooks that address both the elevation and the azimuth dimensions in combination
The WID provides some basic guidance to the scope of the 2D codebook design effort in RAN1. However, in order to streamline the decision making process in RAN1, some prioritization of use cases could be benefitial. Technically the most challenging configuration from a codebook design, CSI computation and reporting perspective is the 16 TXRU case and we believe this should be the focus of optimization for the codebook design process. Within the scope of 16 TXRUs, the two TXRU configurations that are most challenging and relevant are (MTXRU, N, P) = (2, 4, 2) and (4, 2, 2). Particularly from determing payload sizes for W1 and W2, we believe focusing on the 16 TXRU case is beneficial.
Proposal-2: Consider the case of 16 TXRUs as the focus of optimization for 2D codebook design -  specifically for TXRU configuration given by (MTXRU, N, P) = (2, 4, 2) and (4, 2, 2) 
3. Codebook structure
The general structure of the 2D codebook investigated for rank-1 and rank-2 can by expressed by the following equations:
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Where we assume the TXRU configuration expressed as (MTXRU, N, P) and
X(m) is of dimensions (MTXRU*N*P/2) x (N_Az*N_El), j=1, 2, …, N_W1
Azk is the k-th DFT beam from a DFT matrix of size N x (Q_Az*N) where Q_Az is the oversampling factor for azimuth and it is set to Q_Az = 8 for all the cases studied

Elk is the k-th DFT beam from a DFT matrix of size MTXRU x (Q_El*MTXRU) where Q_El is the oversampling factor for azimuth and it is set to Q_El = 2, 4, 8 in the different cases studied

ek is the selection vector with 1 in the k-th position and 0 in all other positions.
In addition, we make the following design assumptions as indicated in Table 1 by borrowing the azimuth domain parameter values from the Rel-10 8Tx codebook design. There is, in fact, no strong motivation to change the azimuth properties of the codebook significantly from the Rel-10 design, therefore it is preferable to retain the already optimized parameters from Rel-10. The ranges of parameter values for the elevation dimension as indicated in Table 1 are used for the investigation of  codebook properties in this paper.
Proposal-3: Consider borrowing the azimuth domain codebook properties from the Rel-10 design, including oversampling factor (8x in Rel-10), the number of azimuth beams in a W1 precoder (4 in Rel-10) and overlap factor (0.5 in Rel-10). 
Table 1: Parameter ranges assumed for investigation of new codebook, some parameters are fixed based on Rel-10
	Symbols
	Description
	Values

	N
	The number of XP columns in the antenna array
	4, 2 (prioritized)

	MTXRU
	The number of rows
	MTXRU = 2, 4

	Q_Az
	Oversampling factor in azimuth
	8 (as in Rel-10)

	Q_El
	Oversampling factor in elevation
	2, 4, 8

	N_Az
	The number of beams in azimuth in X(m)
	4 (as in Rel-10)

	N_El
	The number of beams in elevation in X(m)
	1, 2, 4

	P_Az
	Overlap factor in azimuth - The number of overlapping azimuth beams between X(m) and X(m+1) normalized by N_Az  
	0.5 (as in Rel-10)

	P_El
	Overlap factor in elevation - The number of overlapping elevation beams between X(m) and X(m+1) normalized by N_El
	0, 0.5


As a result of the codebook structure described above and the assumptions made in Table 1 the following parameters including the W1 and W2 sizes can be obtained-
Table 2: Codebook size and other resulting parameters

	Description
	Values

	Total number of azimuth DFT beams
	N*Q_Az

	Total number of elevation DFT beams
	MTXRU *Q_El

	Size of W1 codebook
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	Size of W2 codebook (rank-1, rank-2)
	4*N_Az*N_El


4. Payload size, oversampling, overlap factors for 16 Tx codebook
Design methodology: Considering the W1*W2 product structure and the existing CSI reporting methodology it is clear that the W2 payload sizes are the governing constraints in the codebook design. This is because the CSI feedback overhead and the UE complexity is primarily governed by the W2 payload size. The standardization effort, particularly for periodic feedback, is also heavily dependent on the W2 payload size.
Observation-1: W2 payload size is the governing constraint in the codebook design – determining or narrowing down the choices for W2 payload will significantly help in other design aspects as well as in progressing the design for CSI reporting methods
Inline with above observation, we structure the study by constraining the W2 payload sizes to 3 different choices – 4 bits, 5 bits and 6 bits. The W1 payload sizes considered with these choices are 6 bits and 7 bits.
Considering the same payload sizes for W1 and W2 the different design choices involve a tradeoff between the oversampling factor (Q_El) and the overlap factor (P_El) in the elevation domain.
Simulation assumptions: The codebook structure adopted for investigation in this section is described in the previous section. The parameter ranges assumed are according to Table 1 and Table 2. Accordingly the TXRU configurations studied are (2, 4, 2) and (4, 2, 2). Three macro scenarios are used for the studies – 3D-UMa 500m ISD, 3D-UMa 200m ISD and 3D-UMi 200m ISD all at 2 GHz. Results for transmission schemes involving SU-MIMO and MU-MIMO are reported separately.
Payload size: low resolution and high resolution CSI feedback:
In the case of aperiodic feedback a larger payload size is easier to handle from a standardization perspective. The need for spectral efficiency is also critical for aperiodic feedback because aperiodic feedback is most useful when large amount of user data is already queued at the eNB side. On the other hand, in the case of periodic feedback retaining the existing payload size of 4 bits for W2 enables us to reuse report Type 2b and Type 1a significantly reducing standardization effort. There is a penalty in system performance as shown below but considering that periodic feedback is most useful from the eNB perspective for monitoring purposes or when small bursty user data packets needs to the transmitted, the degradation would be more manageable.  
Proposal-4: Consider a high resolution feedback with larger W2 payload size  (6 bits) for aperiodic feedback mode and a low resolution feedback with a smaller W2 payload size (4 bits) for periodic feedback mode.
In the following we show the performance difference between the following codebooks -

Option A (high resolution feedback): 6 bits W1, 6 bits W2 (oversampling Q_El = 8, overlap P_El = 0, N_El = 4)
Option B (low resolution feedback): 7 bits W1, 4 bits W2 (oversampling Q_El = 4, overlap P_El = 0, N_El = 1)
Figure 1 and Figure 2 shows the performance difference between Option A and Option B in the cases of TXRU configurations of (4, 2, 2) and (2, 4, 2) respectively. A significant performance improvement can be achieved by increasing the payload size of W2 from 4 bits to 6 bits.
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Figure 1: % gains in mean and edge UE throughput of a high resolution feedback scheme (option A) compared to a low resolution feedback scheme (option B) assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 2: % gains in mean and edge UE throughput of a high resolution feedback scheme (option A) compared to a low resolution feedback scheme (option B) assuming TXRU (2, 4, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.

Observation-2: System performance gain can be achieved by increasing W2 payload size from 4 bits to 6 bits. Gains up to 10% in mean and up to 15% in cell-edge throughout is observed. 
Codebook gains over Rel-12 with high resolution CSI feedback:

Figure 3 and Figure 4 shows the system performance gain achieved with Option A (high resolution feedback) over a Rel-12 baseline transmission scheme in the cases of TXRU configurations of (4, 2, 2) and (2, 4, 2) respectively.
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Figure 3: % gains in mean and edge UE throughput of high resolution feedback scheme (option A) compared to a Rel-12 baseline assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 4: % gains in mean and edge UE throughput of high resolution feedback scheme (option A) compared to a Rel-12 baseline assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

W1 payload size with W2 payload fixed at 6 bits:

Figure 5 and Figure 6 tries to resolve the appropriate W1 payload size if W2 payload is fixed at 6 bits. We study the following codebooks:

Option A (high resolution feedback) as before with 6 bits W1 and 6 bits W2 (oversampling Q_El = 8, overlap P_El = 0, N_El = 4)
CB2:  7 bits W1 and 6 bits W2 (oversampling Q_El = 8, overlap P_El = 0.5, N_El = 4)
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Figure 5: % gains in mean and edge UE throughput of Option A compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 6: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.
Observation (high resolution feedback)-3: 6 bits W1 (with 8x oversampling and no overlap) is sufficient with 6 bits W2 feedback – 6 bits of W1 and 6 bits of W2 can form a high resolution feedback scheme 
Best option with 6 bits W1 and 6 bits W2:

Figure 7 and Figure 8 shows the tradeoff between oversampling and overlap factors. It shows the performance difference between the multiple choices of codebooks, each with 6 bits W1 and 6 bits W2 payload sizes. We compare the following codebooks:
Option A (high resolution feedback) as before with 6 bits W1 and 6 bits W2 (oversampling Q_El = 8, overlap P_El = 0, N_El = 4)
CB2: 6 bits W1 and 6 bits W2 (oversampling Q_El = 4, overlap P_El = 0.5, N_El = 4)
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Figure 7: % gains in mean and edge UE throughput of Option A compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 8: % gains in mean and edge UE throughput of Option A compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

From Figure 7 and Figure 8 we observe that under the same payload constraint, higher oversampling slightly helps the cell-edge performance. Consequently for high resolution feedback a codebook with 8x oversampling and no overlap was chosen.

W1 payload size with W2 payload fixed at 4 bits:

Figure 9 and Figure 10 studies the options for the payload size of W1 assuming W2 is constrained to 4 bits. The following codebooks are compared -
Option B (low resolution feedback) as before with 7 bits W1 and 4 bits W2 (oversampling Q_El = 4, overlap P_El = 0, N_El = 1)
CB2: 6 bits W1 and 4 bits W2 (oversampling Q_El = 2, overlap P_El = 0, N_El = 1)
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Figure 9: % gains in mean and edge UE throughput of Option B compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 10: % gains in mean and edge UE throughput of Option B compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

Figure 9 and Figure 10 show that if W2 is constained to 4 bits, some throughput gains can be achieved by increasing W1 from 6 bits to 7 bits. An oversampling factor of 2x is not enough for harvesting the gains from elevation BF/FD-MIMO.
Observation (low resolution feedback)-4: 7 bits W1 (with 4x oversampling and no overlap) is appropriate with 4 bits W2 feedback – 7 bits of W1 and 4 bits of W2 can form a low resolution feedback scheme 

Further simulation results and observations with W2 payload constrained to 5 bits are provided in Appendix 2.
5. Conclusions
Proposal-1: Consider specifying integrated codebooks that address both the elevation and the azimuth dimensions in combination
Proposal-2: Consider the case of 16 TXRUs as the focus of optimization for 2D codebook design -  specifically for TXRU configuration given by (MTXRU, N, P) = (2, 4, 2) and (4, 2, 2) 
Proposal-3: Consider borrowing the azimuth domain codebook properties from the Rel-10 design, including oversampling factor (8x in Rel-10), the number of azimuth beams in a W1 precoder (4 in Rel-10) and overlap factor (0.5 in Rel-10). 
Observation-1: W2 payload size is the governing constraint in the codebook design – determining or narrowing down the choices for W2 payload will significantly help in other design aspects as well as in progressing the design for CSI reporting methods
Proposal-4: Consider a high resolution feedback with larger W2 payload size  (6 bits) for aperiodic feedback mode and a low resolution feedback with a smaller W2 payload size (4 bits) for periodic feedback mode.
Observation-2: System performance gain can be achieved by increasing W2 payload size from 4 bits to 6 bits. Gains up to 10% in mean and up to 15% in cell-edge throughout is observed. 

Observation (high resolution feedback)-3: 6 bits W1 (with 8x oversampling and no overlap) is sufficient with 6 bits W2 feedback – 6 bits of W1 and 6 bits of W2 can form a high resolution feedback scheme 
Observation (low resolution feedback)-4: 7 bits W1 (with 4x oversampling and no overlap) is appropriate with 4 bits W2 feedback – 7 bits of W1 and 4 bits of W2 can form a low resolution feedback scheme 
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 Appendix 1
Table 3: Simulation assumptions

	Parameters
	Values

	Tx power
	46dBm for 3D-UMa 500m, 41dBm for 3D-UMa 200m, 3D-UMi 200m

	Polarized antenna modeling
	Model -2 from 36.873 [1]

	Traffic model 
	FTP Model 1 with packet size 0.5 Mbytes 

	Wrapping method
	Geographical distance based

	Metrics
	Mean, 5% UPT

	System bandwidth
	10MHz (50 PRBs)

	UE attachment 
	Based on RSRP (formula) from CRS port 0

	Network synchronization 
	Synchronized

	UE Speed 
	3km/h

	UE distribution 
	according to 36.873 [3]

	UE array orientation
	ΩUT,a uniformly distributed on [0,360] degree, ΩUT,b = 90 degree, ΩUT,g = 0 degree

	UE antenna pattern
	Isotropic antenna gain pattern A’(θ’,ф’) = 1

	Receiver 
	Non-ideal channel estimation and interference modeling, detailed guidelines according to Rel-12 [71-12] assumptions

	
	LMMSE-IRC receiver, detailed guidelines according to Rel-12 [71-12] assumptions

	UE Rx antenna configuration
	2 Rx cross-polarized (0/+90)

	Feedback 
	PUSCH 3-2

	
	CQI, PMI and RI reporting triggered per 5ms 

	
	Feedback delay is 5 ms 

	Transmission scheme
	TM10, single CSI process, SU or MU-MIMO with rank adaptation

	Overhead 
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB

	Scheduler 
	Frequency selective scheduling (multiple UEs per TTI allowed)


Appendix 2
Here we present the results comparing different codebook options with 5 bits W2.

W1 payload size with W2 payload fixed at 5 bits:

Figure 11 and Figure 12 studies the options for the payload size of W1 assuming W2 is constrained to 5 bits. The following codebooks are compared -

CB1: 7 bits W1 and 5 bits W2 (oversampling Q_El = 8, overlap P_El = 0)

CB2: 6 bits W1 and 5 bits W2 (oversampling Q_El = 4, overlap P_El = 0)

[image: image14.emf]-5 0 5

-5

-4

-3

-2

-1

0

1

2

3

4

5

% Gain in edge

% Gain in mean

Gain CB1/CB2,CB1:7b-W1,5b-W2,CB2:6b-W1,5b-W2,TXRU:(2,2,2),



=3.0,3.5

 

 

SU,3D-UMi

MU,3D-UMi

SU,3D-UMa-200m

MU,3D-UMa-200m

SU,3D-UMa-500m

MU,3D-UMa-500m


Figure 11: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 12: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

Observation: 7 bits W1 performs slightly better (cell-edge) than 6 bits W1 with 5 bits W2 constraint in some cases
Best option with 7 bits W1 and 5 bits W2:

Figure 13 and Figure 14 studies the oversampling and overlap options with a payload size of 7 bits for W1 and 5 bits for W2. The following codebooks are compared –

CB1: 7 bits W1 and 5 bits W2 (oversampling Q_El = 8, overlap P_El = 0.5)

CB2: 7 bits W1 and 5 bits W2 (oversampling Q_El = 4, overlap P_El = 0.5)
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Figure 13: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 14: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

Observation: Under the same payload constraint oversampling higher than 4x compared to higher overlap does not matter significantly
Best option with 6 bits W1 and 5 bits W2:

Figure 15 and Figure 16 study the oversampling and overlap options with a payload size of 6 bits for W1 and 5 bits for W2. The following codebooks are compared –

CB1: 6 bits W1 and 5 bits W2 (oversampling Q_El = 4, overlap P_El = 0)

CB2: 6 bits W1 and 5 bits W2 (oversampling Q_El = 2, overlap P_El = 0.5)
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Figure 15: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (4, 2, 2) at arrival rates of 3, 3.5. Larger marker size corresponds to larger arrival rates.
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Figure 16: % gains in mean and edge UE throughput of CB1 compared to CB2 assuming TXRU (2, 4, 2) at arrival rates of 3.5, 4.0. Larger marker size corresponds to larger arrival rates.

Observation: Under the same payload constraint 4x oversampling is better than 2x oversampling




























