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1. Introduction
After RAN1#49, five 4-Tx codebook proposals were submitted on the email reflector [1-5]. The joint proposal in [1] is the constant modulus Householder (CMHH) approach, which is a revised version of the joint proposal in [6] to reflect the agreement on the PA balance constraint.  
In this document, we provide the comparison of most of the five proposals in terms of various aspects including the link-level performance. System-level evaluation is given in the companion contribution [7]. It is demonstrated that the joint CMHH proposal in [1] offers the best overall performance in various channel scenarios.  Hence, we propose that the 4-TX Householder-based codebook design given in the way forward document [1] be adopted as the 4-TX codebook for SU-MIMO.
2. Constant Modulus Householder-based (CMHH) Codebook Design 
The features of the proposed constant modulus Householder-based design can be summarized as follows:
1. For a given rank, a pre-coder matrix V of size 4(R in the codebook is parameterized by a generating vector u and the column subset of the Householder matrix H(u) = (I − 2uuH/uHu). 
2. The elements of the each generating vector u is taken from a finite-alphabet constant modulus set such as QPSK {(1, (j} or 8PSK {(1, (j, ((1 (j)  ∕ √2 }. It can be shown that the resulting Householder matrix H(u) also retains the same alphabet set and hence the element-wise constant modulus property.
3. The nested property across ranks is beneficial to accommodate rank override: for each pre-coder matrix in a certain rank (2, 3, or 4), there exists at least one corresponding column subset in all the codebooks of the lower ranks. This conforms with the working assumption [8]. 

4. All the features in points 1, 2, and 3 can be exploited to reduce the UE computational complexity. 
5. For each rank, the codebook size is 16, which amounts to a 4-bit pre-coding feedback.
The proposed codebook is reproduced in Appendix 1 for convenience.
3. Comparison
In this section, we compare various aspects of the different 4-Tx codebook designs. 
3.1. Nested Property and Chordal Distance
As mentioned above, the nested property ensures a proper rank override operation as a lower bound for CQI is always guaranteed upon rank override (e.g. from rank 3 to 2) if the resulting lower rank pre-coder is a sub-matrix of the UE-reported pre-coder. As rank override is expected to occur frequently in practice, this property is essential to enforce although it amounts to further restriction in the codebook design. As shown in Table 1, the joint CMHH codebook, Samsung codebooks, and Ericsson codebooks fulfill the nested property. The ZTE codebook fails to fulfill the nested property for elements 9, 15, and 16 in the rank-3 codebook. 
The minimum chordal distance can be used to measure the codebook robustness in low spatial correlations scenario (i.e. when the MIMO channel is “good”). This measure, however, is less instrumental in highly correlated channels or the dual-polarized scenarios. As seen in Table 1, both the joint CMHH and Samsung SP (single-polarized) codebooks achieve the highest minimum chordal distance. The single-polarized codebook from ZTE does not possess a good distance property. Also notice that the dual-polarized codebooks do not achieve the highest minimum chordal distance, partly due to the imposed block diagonal structure. 

Table 1: Comparison of nested property and minimum chordal distance
	Codebook
	Nested
	Minimum chordal distance

	
	
	Rank-1
	Rank-2
	Rank-3

	Joint CMHH [1]
	Yes
	0.7071
	1.0
	0.7071

	Samsung SP [2]
	Yes
	0.7071
	1.0
	0.7071

	Samsung DP [2]
	Yes
	0.7071
	0.7071
	0

	Ericsson DP-1 (4x2) [3]
	Yes
	0.7071
	0.5412
	n/a

	Ericsson DP-2 (4x4) [3]
	Yes
	0.7071
	0.7071
	0

	ZTE [4]
	No
	0.3827
	0.5412
	0.3827


3.2. Array Gain
This measure was used in [9] and can serve as a good measure of the codebook robustness in highly correlated scenario especially the small spacing ULA setup. Although this scenario is not a part of the 4-Tx codebook evaluation, it is shown here for informative purposes. The (ULA) array gain is defined as [9]:
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 is the ULA array response. Note that both Ericsson’s dual-polarized codebooks share the same rank-1 codebook.
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FIGURE 1. Array response
As observed from Figure 1, all the codebooks candidates possess the same array response except for the Samsung DP codebook where 0.6dB ripple is found in some locations where the other codebooks give more uniform gain across the AoD. Nevertheless, the maximum ripple for all the codebook candidates is less than 1-dB. 
3.3. Link Level Simulation
Due to time and resource limitation, only the following codebooks are simulated:
1. Joint CMHH

2. Samsung SP

3. Samsung DP

4. Ericsson DP-2

All the codebooks have the maximum size of 16 per rank. Virtual antenna selection is used as a reference. The system-level SCM channel model [9] is used in the link-level simulation (average throughput vs. geometry). The channel energy is normalized according to the simulation geometry. As agreed by different companies, we present simulation results with seven channel scenarios:

1. Case 1A: Uniform Linear Array (ULA) with 4 separation antenna separation, Urban Micro
2. Case 1B: ULA with 10 separation, Urban Macro

3. Case 2: ULA pair with 10 between pairs and 0.5 separation within a pair, Urban Macro
4. Case 3 (0.90): Cross-polarized pair with 0.5 separation with VH orientation, Urban Macro
5. Case 3 (+45,-45): Cross-polarized pair with 0.5 separation with ±45-deg orientation, Urban Macro
6. Case 4 (0.90): Cross-polarized pair with 10 separation with VH orientation, Urban Macro
7. Case 4 (+45,-45): Cross-polarized pair with 10 separation, with ±45-deg orientation Urban Macro
Other simulation assumptions are presented in Appendix 2. 
Figure 2 depicts the percentage throughput gains versus geometry when compared to the reference case as well as the absolute throughput numbers for the 4x2 setup. As evident from the results:

· The joint CMHH codebook achieves the best overall performance. 
· Samsung DP codebook marginally outperforms the joint CMHH codebook at lower geometry for Case 2 and 3. Note that both Samsung SP and DP exhibit visible performance loss at higher geometry for Case 3 (relative to the joint CMHH codebook). 
Figure 3 presents simulation results with the 4x4 setup. Observe that:
· The joint CMHH codebook achieves the best overall performance.
· Samsung SP and DP codebooks exhibit visible performance loss for case 3 (VH and ±45-deg polarizations) relative to the joint CMHH codebook.
Hence, it can be concluded that the joint CMHH codebook offers the best overall performance. 
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FIGURE 2. Throughput – gain over reference case and absolute: 4x2
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FIGURE 3. Throughput –gain over reference case and absolute: 4x4
3.4. Complexity 
Other than the finite alphabet property, the design proposed in [1] offers some additional complexity saving mainly due to the Householder structure. First, it can be observed that (column subset) vectors in the higher rank codebooks are included in the lower rank codebooks. This avoids the need for computing the additional inner product terms to generate the CQI for higher ranks. 
Moreover, when the additional inner product terms need to be computed, the constant modulus Householder structure can be exploited for further complexity reduction. The details are given in [11]. 
The above properties result in further complexity reduction on top of the saving due to the finite alphabet property. All the single-polarized proposals include some Householder elements and hence take advantage of this feature to a certain extent. The joint CMHH proposal in [1], however, fully utilizes this feature as all the elements are constructed using the Householder approach.
4. Conclusions
Several 4-Tx codebook proposals were compared based on different criteria including the link level performance. It is demonstrated that the joint CMHH proposal has the overall best performance in vast variety of scenarios. Based on the simulation results and other clear advantages, we recommend that the joint CMHH proposal given in [1] be adopted as the 4-antenna codebook for the SU-MIMO E-UTRA. The inclusion of additional codebooks (e.g. for dual-polarized scenario or larger codebook) is FFS as pointed out in the joint way forward document [1].
Appendix 1: Joint CMHH in [1] 
Tables A1-1 and A1-2 give the Householder generating vectors and the column subsets for codebook generation. 
Table A1-1: Generating vectors

	Vector Index
	First element
	Second element
	Third element
	Fourth Element
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Table A1-2: Codebook

	Codebook index
	Rank 1
	Rank 2
	Rank 3
	Rank 4
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Appendix 2: Simulation Assumptions

Table A2-1 gives the link level simulation assumptions.

TABLE A2-1: Link Level Simulation Assumptions
	PARAMETER
	VALUES

	UE Speed
	3 kmph

	Number of Node-B antennas
	4

	Number of UE antennas
	2 or 4

	System Bandwidth
	5 MHz

	Resource Block Bandwidth
	180 kHz 

	Modulation Schemes
	QPSK r = 1/5, 1/4, 1/3, 2/5, ½, 3/5, 2/3, ¾ 

16QAM r = 2/5, 9/20, ½, 11/20, 3/5, 2/3, ¾, 4/5, 5/6 

64QAM r = 3/5, 5/8, 2/3, 17/24, ¾, 4/5, 5/6   

	TTI duration
	1.0 ms (14 OFDM symbols)

	CQI feedback delay
	4 TTIs

	CQI Feedback Error
	Error-free CQI feedback assumed

	HARQ Feedback Delay
	8 TTIs. Error-free ACK/NACK assumed

	Max Number of HARQ Retransmissions
	3

	Precoding
	Precoder index fed back for each cluster of 5 RBs from a 4-bit codebook

	MIMO Decoder
	LMMSE 

	Scheduling Details
	MCS fixed across the transmission band. 
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