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1 Introduction

Transmit beamforming with limited feedback has been studied extensively and demonstrates significant performance gain over its open-loop alternatives. In general, a beamforming codebook needs to be designed and maintained at both transmitter/receiver to facilitate the operation, where the codebook is a collection of candidate beamforming vectors.

A single codebook is desired which performs well for different scenarios (e.g. fading profile, antenna spacing, antenna pattern and polarization profile). However, it is difficult to design such a codebook that is universally optimal. As a result, the current LTE Rel-8 codebook for four antenna ports is a compromise design and leaves room for improvement. In particular for MU-MIMO operation it has been shown that substantial performance improvement can be made with further codebook optimization. For this reason, a double codebook structure has been approved in 3GPP RAN 1 recently in [R1-101683] and can be described as 
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where 
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 targets wideband and/or long term channel properties and 
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targets short term and/or narrowband channel properties. This structure covers several proposed feedback enhancement schemes, such as adaptive codebook/feedback, differential codebook/feedback‎[8], and hierarchical codebook/feedback among many others. It is expected that the overall system performance (especially MU-MIMO performance) would benefit significantly from such a double codebook framework.

The purpose of this contribution is to investigate how the double codebook structure (1) could improve the performance of MU-MIMO also for 4 transmit antenna ports, where 
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 is selected to be the Rel.8 codebook and 
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 takes a 6-bit design as introduced in [6]. This approach is also known as adaptive codebook since the baseline codebook 
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 is adapted by the long term channel component
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2 Design of the 
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 codebook
Inspired by the adaptive codebook proposals, the codebook for 
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 should ideally reflect the spatial channel correlation matrix 
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 within a certain time/frequency window. The same principle applies in both time domain and frequency domain, i.e., the matrix 
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could be time domain correlation if time domain statistics is to be utilized, and could be frequency domain correlation if frequency domain statistics is to be taken advantage of.
The proposed codebook for 
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 consists of 64 square matrices where each of them has a Hermitian structure, i.e. 
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 and is power normalized, i.e. the diagonal entries of each codeword are constants “1”. The codebook is split into two parts, with 16 codewords being optimized for uniform linear arrays and the remaining 48 codewords for dual polarized antenna setups. Further details of the codebook can be found in Appendix 1.
3 Simulation results

A MU-MIMO system level simulator with 4 transmit and 2 receive antennas per UE is used to compare the system level performance between a single codebook approach (which is based on the Rel-8 codebook only) and a double codebook approach as described in the previous sections. Simulations with and without feedback errors are performed. A pool of 10 users per sector is assumed, while greedy user scheduling with proportional fairness is carried out. Up to 2 UEs are paired for MU-MIMO, with rank one transmission per UE. Zero forcing MU-MIMO beamforming [3] is used at the eNB side and MRC receivers are used at UE sides. Dedicated downlink DMRS are used for both non-adaptive codebook and adaptive codebook. 

The matrix 
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 from the long term codebook is updated once every 100ms. Both the feedback of 
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 are wideband. Other numerical simulation parameters and assumptions are listed in the appendix 2. The performance results are presented in Table 1, where the performance gains (in terms of the cell average/edge throughput over that achieved by Rel. 8 codebook) are shown, with and without feedback error (Pe= 0.01). 

Table 1 Performance gain of using double codebook relative to Rel. 8 single codebook (4 antenna port). 
	
	No feedback error
	With feedback error

	
	Cell average
	Cell edge 
	Cell average
	Cell edge

	ULA 0.5 
	15%
	-3%
	20%
	3%

	XPO 0.5
	15%
	16%
	18%
	12%


Clearly, there is a significant improvement in MU-MIMO throughput by using the double codebook structure for 4 antenna port eNBs. The additional feedback overhead is marginal (6 bits every 100 ms) due to the long feedback period associated with 
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. 

Note that Table 1 does not imply that AC gets better with feedback error; rather, as shown in the next section, it suffers less impact from feedback errors than rel-8 and therefore looks relatively better.

3.1 Impact of feedback errors
In the above simulations, we model the feedback error as follows. Let Pe be the block error rate associated with feedback of 
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 or 
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. Throughout this contribution, we use Pe = 0.01 and assume the error of 
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 and 
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are independent. Furthermore, when 
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/
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 feedback is in error, a uniformly random incorrect 
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 out of the corresponding 
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codebook would be picked.
We discuss in the following possible error events associated with single (i.e. only Rel.8 codebook) and double codebook cases. Event 0 is the only possible error event in case of single codebook, while events 1, 2 and 3 are the three possible error events in case of using the double codebook structure.
· Error event 0 (single feedback): 
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 feedback in error. 

· Error event 1 (double feedback): 
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feedback in error, 
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 feedback error-free.
· Error event 2 (double feedback): 
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feedback error-free, 
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 feedback in error.
· Error event 3 (double feedback): 
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feedback in error, 
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 feedback in error.
Error event 3 would occur with a very small probability of Pe * Pe and is thus negligible. For error events 1 and 2, with only one of the double feedback (
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 or 
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) in error, the impact to the overall feedback accuracy and hence the performance seems to be less significant comparing to that in the case of single codebook. Table 2 below illustrates the performance loss due to feedback error for the single and double codebook cases. It is seen that 4% to 5% performance loss is felt for the single codebook case while around 1% performance loss is felt for the double codebook case. For this reason, the relative gain from adaptive codebook becomes higher in the feedback error case than the error-free case.
Table  2 Performance loss due to feedback errors
	
	Performance loss due to feedback error for single codebook case
	Performance loss due to feedback error for double codebook case

	
	Cell average
	Cell edge
	Cell average
	Cell edge

	ULA 0.5 
	-5%
	-5%
	-1%
	0%

	XPO 0.5 
	-4%
	-1%
	-1%
	-4%


Note that similar gains have been shown with the W2.W1 structure based on the differential codebook in [8], where W1 reuses the Rel-8 codebook. It is thus expected that considerable performance improvements of the Rel-8 4Tx feedback can be achieved by reusing the Rel-8 codebook for either W1 or W2. 
4 Conclusion
This contribution evaluates the use of double codebook structure for 4 antenna ports eNB and the results show an around 20% cell average throughput gain compared to using the single codebook (i.e. keeping the Rel.8 feedback as it is). The gain is obtained by an infrequent feedback of 
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 within the double codebook structure.
We therefore propose that
· Proposal 1: Feedback enhancements for the 4Tx codebook should be introduced in Rel-10
· Proposal 2: The codebook for W1 or the codebook for W2 should be the Rel-8 codebook
In addition, for Rel-10 4Tx feedback we propose to adopt at least:
· Proposal 3: The double codebook structure 
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· A codebook of Hermitian matrices is used for 
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· The Rel.-8 4-antenna-codebook is reused for 
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Appendix 1 Codebook for 
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The proposed codebook for 
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 consists of 64 codewords. Among them, 16 codewords take the form of 
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where 
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Such a form (1a) (1b) is motivated from well-known literature such as [4] for ULA transmit antennas. With 16 codewords taking the form of (1a), the parameter 
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 is taken from the list of [-56.25, -48.75, -41.25, -33.75, -26.25, -18.75, -11.25, -3.75, 3.75, 11.25, 18.75, 26.25, 33.75, 41.25, 48.75, 56.25] degrees, spanning the desired range uniformly. 

The other 48 codewords take the form of 
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where 
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It is noted that in (2a), the 1st and 2nd antennas fall into the same polarization while the 3rd and 4th antennas fall into the other polarization.

Such a model is motivated from numerical study of channel characteristics of dual polarized (XPO) transmit antennas, following the same methodology of establishing (1a) and (1b). With 48 codewords taking the form of (2a), the parameter of 
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is taken from the list of [-82.5, -67.5, -52.5, -37.5, -22.5, -7.5, 7.5, 22.5, 37.5, 52.5, 67.5, 82.5] degrees spanning the desired range uniformly, and the parameter of 
[image: image51.wmf]2

q

 is taken from the list of [-135, -45, 45, 135] degrees spanning the desired range uniformly. 
Appendix 2 System level simulation assumption parameters

	Parameter
	Assumption

	Carrier frequency
	2GHz

	ISD
	500 meters

	UE speed
	3 km/hr

	Bandwidth
	10 MHz (50RB)

	Traffic Model
	Full Buffer

	Channel model
	SCM

	Number of UEs per sector
	10

	Polarization
	ULA and XPO (cross-polarized)

	Layer number per UE
	1
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 feedback type
	wideband 
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 feedback

	Max. paired # of UEs
	2

	Scheduler
	Proportional fairness

	Receiver algorithm
	MRC

	HARQ mechanism
	HARQ-CC, Maximum 3 transmission times

	Antenna configuration
	3D antennas

	Number of antennas
	4x2

	Antenna spacing
	0.5 lambda @ eNB and 0.5 lambda @ UE; ULA

0.5 lambda @ eNB and 0.5 lambda @ UE; XPO


Appendix 3 A Theoretical Explanation
In the previous section, we investigated the impact of feedback error via numerical results. We provide here a theoretical insight to understand the above results. 
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Figure 1 Illustration of the achievable throughput vs. the effective number of feedback bits.

Figure 1 illustrates the achievable throughput versus the effective number of feedback bits for a generic MIMO system [7]. Not surprisingly, the more feedback bits, the better the achievable throughput. On the other hand, it is seen that the achievable throughput saturates beyond a certain point, with diminishing additional gain with each additional feedback bit. As a result, increasing the effective number of feedback bits by the same amount leads to different gains from throughput perspective. For example, adding the effective number of feedback bits by b would lead to a throughput gain of 2 when the starting point is A. On the other hand, adding the effective number of feedback bits by the same amount of b would lead to a throughput gain of only 1 when the starting point is C. 

Overall, the worse the starting point, the higher the relative gain achievable by increasing the effective number of feedback bits.  

Here the effective number of feedback bits is used to take feedback error into account. In the perfect channel estimation case without feedback error, the effective number of feedback bits is tantamount to the actual number of feedback bits. When feedback error is taken into account, it would reduce the effective number of feedback bits. Suppose point C in Fig. 1 corresponds to the single codebook performance without feedback error and D in Fig. 1 corresponds to the double codebook performance without feedback error. By introducing the feedback error, the single codebook performance might degrade to, say, point A while the double performance might degrade to, say, point B. As we can see, the relative gain out of double codebook actually increases when the feedback error is introduced. Simulation results shown in table 1 and 2 corroborate the results herein.

It is noted that Fig. 1 mainly serves as an illustration here with T (A) < T (B) < T(C) < T (D), where T (A) is the achievable throughput at point A, and so on. In reality, it is very possible that T (A) <  T(C) < T (B) < T (D). However, the overall trend that  2 T (B)  T (A) 1 = T (D) – T(C) would not change.
It is finally noted that the argument above lends itself to performance characterization in the presence of feedback delay and/or channel estimation noise, which would drive down the effective number of feedback bits as well. For this reason, it is expected that the performance enhancement due to adaptive codebook would be even higher in the imperfect channel estimation case. More simulations however is needed to conclude on the impact of those imperfections might have.
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