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1 Introduction 
It was agreed in the last RAN1 meeting that the PMI feedback for LTE R10 is composed of two matrices where each of the two matrices may or may not change/vary over time and/or different subbands [3]. Though the exact formula for combining the two matrices into a single precoder needs further analysis, we believe that differential feedback, for example using hierarchical codebook levels, can give useful benefits for at least the short-term part of the precoder, and possibly also the long-term part.
Some preliminary system simulation results have been discussed in [1] which shows the effectiveness of hierarchical codebooks and feedback, exploiting time-correlation to improve feedback accuracy with limited overhead. In this contribution, we continue its analysis and performance evaluation based on 3GPP compliant simulation assumptions.
2 Implementation aspects of hierarchical feedback 
The principle of the hierarchical codebook and feedback has been described in detail in [1]. The intuition behind the hierarchical feedback approach is that if the channel is changing sufficiently slowly the mobile channel state information (CSI) feedback could be aggregated over multiple feedback intervals so that the aggregated bits index a larger codebook. In a basic feedback mode, i.e. current LTE PMI feedback, for a fixed feedback overhead of B_feedback bits (B_feedback equals to 4 in LTE R8), one reported PMI from the UE can only represent a code-word from a codebook of size 2^(B_feedback). On the other hand, a feedback message of B_feedback bits in a hierarchical codebook can index a code-word from a codebook of a maximum size 2^Bmax where Bmax is the number of levels in the hierarchical codebook tree. Such increased codebook size can effectively improve the performance of R10 MIMO, particularly MU-MIMO.
Hierarchical feedback can work well when channels change slowly, which is exactly the case for which LTE-A should be optimized. In cases where the mobility increases such that the one bit of feedback signaling that is reserved for indicating “up” or “down” in the hierarchy is not necessary, hierarchical feedback can if necessary be semi-statically switched to a single level without sacrificing any performance. 
In order to inherit the codebook properties of the R8 codebook, a hierarchical codebook can be designed in a two-phase way. For example, the first phase is to reuse the 4-bit R8 rank-1 4Tx codebook as the first-level codewords of the hierarchical codebook, which provides sub-optimal performance but backward compatibility, and the other levels of codewords are designed to provide improved performance through finer granularity of feedback. 
Simulation results for hierarchical feedback in section 3 are shown for two hierarchical codebooks: one which is optimized for the UMi channel (“Hierarchical 1”), and one which is built on the Rel-8 codebook (“Hierarchical 2”). The effectiveness of building a hierarchical codebook based on the Rel-8 codebook can clearly be seen: the first 16 code-words in Hierarchical 2 are the Rel-8 4 bits codebook organized in a tree structure. The remaining code-words of Hierarchical 2 are generated based on these 16 code-words according to the rule of hierarchical codebook generation [1].
3 Simulation results

The system simulations are performed over a 19 site / 57 pentagon shaped cells. Simulation parameters and modeling assumptions are provided in Appendix A. 
· Impact of hierarchical feedback on the performance 

In this section, the performance of hierarchical feedback is evaluated and compared with that of a basic feedback. Both codebooks Hierarchical 1 and 2 are trained using samples from the ITU UMi channel models. That is, the codebook is optimized for the channel we used in the simulation. 
	Feedback
	Tx antenna Spacing (lambda)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	0.5
	LTE Rel-8
	2.61 (100%)
	0.087 (100%)

	Hierarchical
	0.5
	Hierarchical 1
	3.16 (121%)
	0.095 (109%)

	Hierarchical
	0.5
	Hierarchical 2
	3.14 (120%)
	0.093 (107%)


· The codebook Hierarchical 1 has a gain of 21% for cell average SE and 9% for cell edge SE over the basic Rel-8 codebook. 
· Hierarchical 2 offers a gain of 20% for cell average SE and 7% for cell edge SE over the basic Rel-8 codebook. Although it is not optimized for the simulation scenario, we only observe a slight loss (about 1%) to the optimized Hierarchical 1. Its backward compatibility with Rel-8 lends itself to a good candidate for the practical hierarchical codebook. Especially when a semi-dynamic switching happens, the UE does not need to switch between codebooks. The UE can use the first 16 code-words in a basic feedback mode, and the whole Hierarchical 2 in the hierarchical feedback mode. 
· Impact of antenna spacing on hierarchical feedback
In the previous bullet, we show results when the antenna spacing at the transmitter is 0.5 wavelength. In this part we show results for 4 wavelength Tx antenna spacing. 

	Feedback
	Tx antenna Spacing (wavelength)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	4
	LTE Rel-8
	2.12 (100%)
	0.065 (100%)

	Hierarchical
	4
	Hierarchical 1
	2.66 (125%)
	0.082 (126%)

	Hierarchical
	4
	Hierarchical 2
	2.58 (122%)
	0.077 (118%)


· When the antenna spacing increases, the relative gain of hierarchical feedback over the basic feedback also increases. The codebook Hierarchical 1 can bring a gain of 25% and 26% for cell average and cell edge SE respectively. Meanwhile, the gains by implementing Hierarchical 2 are 22% for cell average SE and 18% for cell edge SE. This shows that the hierarchical feedback works better in less correlated scenarios. 
· Impact of Bmax
In the previous two bullets, we assume Bmax = 12, i.e. there are a 12 levels in the hierarchical codebook and hence the total number of the codebook is 2^13-2 = 8190. This might be impractical, so here we compare the performance when a different number of levels Bmax is used. 
	Feedback
	Tx antenna Spacing (wavelength)
	Bmax
	Cell Average SE (bps/Hz/cell)
(relative to basic feedback with the Rel-8 codebook)
	Cell-edge SE (bps/Hz)
(relative to basic feedback with the Rel-8 codebook)

	Hierarchical
	0.5
	6
	108%
	98%

	Hierarchical
	0.5
	8
	115%
	104%

	Hierarchical
	0.5
	10
	119%
	109%

	Hierarchical
	0.5
	12
	121%
	109%


· Simulation results show when Bmax =10, the loss to the Bmax = 12 case is only 2% for cell average SE and no loss for cell-edge SE. When Bmax =8, the losses are 5% for both cell average and cell edge SE. This makes smaller Bmax, i.e. 8,10 as an attractive tradeoff between complexity and performance. 
· Combination of hierarchical feedback and spatial correlation information 
We proposed in [4] to use the long term spatial correlation information to aid short term implicit feedback for MU-MIMO. Here we present the results when hierarchical feedback and spatial correlation information are combined. 
	Feedback
	Tx antenna Spacing (wavelength)
	Spatial correlation
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Hierarchical
	0.5
	N
	100%
	100%

	Hierarchical
	0.5
	Y
	104%
	99%

	Hierarchical
	4
	N
	100%
	100%

	Hierarchical
	4
	Y
	110%
	108%


· Simulation results show when Tx antenna spacing  = 0.5, the spatial correlation information can only bring an extra 4% on top of hierarchical feedback for cell average SE. However, when Tx antenna spacing increases, the gain also increases to 10% for cell average and 8% for cell edge respectively. 
4 Conclusion
In this contribution, we further discuss and evaluate the system level performance of differential feedback using a hierarchical codebook structure. 
In particular, we show that good performance can be obtained with a hierarchical codebook that is built on the Rel-8 codebook - i.e. the highest level of the hierarchical codebook is the Rel-8 codebook. 
Hierarchical feedback is shown to offer 22% gain for cell average SE and 18% for cell edge SE using a Rel-8 based codebook. 
The hierarchical feedback is not very sensitive reductions in the number of layers in the codebook. 

Further gain can be achieved when hierarchical feedback is combined with spatial correlation information via the long-term component of the feedback. 

Therefore, we suggest that hierarchical feedback is adopted as part of the LTE-A feedback to ensure that good performance is obtained when the channels are changing slowly – the case for which LTE-A optimization should primarily be targeted. 
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6 Appendix 
Appendix A: System-level simulation assumptions
	Parameter
	Value

	Channel Model
	ITU Urban Micro 

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda and 4 lambda 
2-Rx UE: ULA, 0.5 lambda

	Duplex method 
	FDD

	Scheduler
	Proportional fair and frequency selective scheduling;

Scheduling granularity of one subframe

	Link adaptation
	Non-ideal CQI (i.e. feedback CQI is quantized according to MCS levels)


	Channel estimation
	Ideal channel estimation 

	Feedback Impairments
	CQI/PMI reporting period: 5ms 

Tx correlation correlation reporting period: 60 ms 

CQI/PMI feedback: subband (5RB) 
Tx correlation correlation feedback: wideband 

Delay: 6ms 

	Downlink precoding scheme 
	Zero forcing 

	Rate Metric
	Constrained capacity based on the QPSK,16QAM,64QAM constellations

	Downlink HARQ
	Synchronous HARQ, CC, maximum four transmissions

	Control channel and reference signal overhead:
	Fixed 0.3063 (As agreed in ITU evaluation)

	Codebook 

	Rel -8 4 bits codebook for 4Tx, Hierarchical codebooks
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