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1 Introduction 
The principle of a hierarchical form of differential feedback was discussed in [1]. It is aligned with the agreed two-stage feedback way forward in [2], where it can give useful benefits for at least the narrowband/short-term part of the precoder, and possibly also the wideband/long-term part. Its performance evaluation in realistic scenarios was provided in [3], where it has shown significant gain over the Rel-8 feedback scheme. Its gain can be improved further when combined with feedback corresponding to the matrix W1 in [2] which gives the eNB some knowledge of the spatial correlation properties of the channel.

In this contribution, we continue the analysis and performance evaluation of a hierarchical form of differential feedback in very low mobility or stationary environments to observe its gain in favorable scenarios. Moreover, its extension from 4Tx to 8Tx is straightforward, and thus we also evaluate the performance of hierarchical feedback and its combination with W1 feedback in the context of 8Tx antenna ports. Robustness of hierarchical feedback to the feedback channel error is also evaluated.
2 Impact of mobility 

As stated in [1], the intuition behind the hierarchical feedback approach is that if the channel is changing sufficiently slowly the mobile Channel Direction Indication (CDI) feedback could be aggregated over multiple feedback intervals so that the aggregated bits index a larger codebook. 
Let Bmax denote the number of levels of tree in the hierarchical codebook. If the channel changes fairly slowly, after a few feedback reports the aggregated feedback bits will collectively indicate an entry in level Bmax. In this way, with only 4 bits of PMI feedback as in Rel-8, the actual PMI is from a much larger codebook with much finer quantization. For example, in our simulation we test cases with Bmax = 8 and 12. This could significantly improve the feedback accuracy and consequently reduce the potential MU interference resulting from the multiuser transmission. This is particularly true when the channel stays unchanged, i.e. velocity of the UE is 0 km/h. In the next section, we show that hierarchical feedback can offer very substantial gain over the Rel-8 feedback in such scenarios. 
3 Simulation results

The simulation parameters and modeling assumptions are provided in Appendix A. 

3.1 Impact of mobility  

In this section, the impact of different UE mobility on hierarchical feedback is evaluated and compared with that of a basic feedback. The basic feedback means to use Rel-8 codebook without refinement, while hierarchical feedback uses the backward-compatible hierarchical codebook introduced in [2] (where the top level of the codebook is the same as the Rel-8 codebook).

In Tables 1 and 2, results are shown for a single Rx antenna at the UE. 

Table 1 No. of Rx = 1, Tx antenna spacing = 0.5 wavelength

	Feedback
	Mobility (km/h)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	0
	LTE Rel-8
	1.83 (100%)
	0.050 (100%)

	Hierarchical
	0
	Hierarchical
	2.37 (130%)
	0.055 (110%)

	Hierarchical
	3
	LTE Rel-8
	1.87 (100%)
	0.052 (100%)

	Hierarchical
	3
	Hierarchical
	2.21 (118%)
	0.054 (104%)


Table 2 No. of Rx = 1, Tx antenna spacing = 4 wavelength 

	Feedback
	Mobility (km/h)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	0
	LTE Rel-8
	1.50 (100%)
	0.043 (100%)

	Hierarchical
	0
	Hierarchical
	2.05 (137%)
	0.051 (119%)

	Basic
	3
	LTE Rel-8
	1.56 (100%)
	0.045 (100%)

	Hierarchical
	3
	Hierarchical
	1.84 (118%)
	0.047 (104%)


Observations: In a static scenario, basic (non-refined) feedback suffers from some performance loss compared to the mobile scenario of 3km/h, which mainly results from reduced diversity gain. Comparatively, hierarchical feedback benefits from more performance gain because the performance improvement from refined channel feedback outperforms the performance loss from reduced diversity. In terms of relative gain, cell average SE of hierarchical feedback outperforms basic feedback mode by 30% for 0.5 wavelength antenna spacing and 37% for 4 wavelength antenna spacing at 0km/h.

In Tables 3 and 4, results are shown for a two Rx antennas at the UE. 
Table 3 No. of Rx = 2, Tx antenna spacing = 0.5 wavelength

	Feedback
	Mobility (km/h)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	0
	LTE Rel-8
	2.53 (100%) 
	0.083 (100%) 

	Hierarchical
	0
	Hierarchical
	3.20 (126%)
	0.095 (114%) 

	Basic
	3
	LTE Rel-8
	2.61 (100%)
	0.087 (100%)

	Hierarchical
	3
	Hierarchical
	3.16 (121%)
	0.095 (109%)


Table 4 No. of Rx = 2, Tx antenna spacing = 4 wavelength

	Feedback
	Mobility (km/h)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	0
	LTE Rel-8
	2.02 (100%) 
	0.070 (100%) 

	Hierarchical
	0
	Hierarchical
	2.74 (136%) 
	0.084 (120%) 

	Basic
	3
	LTE Rel-8
	2.12 (100%) 
	0.065 (100%) 

	Hierarchical
	3
	Hierarchical
	2.66 (125%) 
	0.082 (126%) 


Observations: Similar to 1 Rx, in a static scenario with 2Rx, basic feedback also suffers from some performance loss. Comparatively, hierarchical feedback benefits from more performance gain. In terms of cell average SE at 0km/h, hierarchical feedback outperforms basic feedback by 26% for 0.5 wavelength antenna spacing and 25% for 4 wavelength antenna spacing.

3.2 Extension to 8Tx 
Our previous simulation results in [1, 2] focused on 4Tx. In this section, we extend hierarchical feedback and its combination with W1 feedback to give information about the spatial correlation properties of the channel to 8Tx in a straightforward way. ULA is assumed in this simulation.

Table 5 Impact of antenna element spacing
	Feedback
	Bmax
	Antenna Spacing (wavelength)
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	8
	0.5
	LTE Rel-8
	3.13 (100%)
	0.094 (100%)

	Hierarchical
	8
	0.5
	Hierarchical
	3.93 (126%)
	0.110 (117%)

	Basic
	8
	4
	LTE Rel-8
	2.49 (100%) 
	0.073 (100%) 

	Hierarchical
	8
	4
	Hierarchical
	2.78 (112%)  
	0.078 (107%) 


Observations: In the 8 Tx configuration, the gain of hierarchical feedback remains high for 0.5 wavelength antenna spacing, whereas the gain for 4 wavelength antenna spacing decreases from 25% as in 4Tx to 12%.
Table 6 Combination of hierarchical feedback with W1 feedback to give information about the spatial correlation properties of the channel
	Feedback
	Antenna spacing (wavelength)
	Bmax
	R
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Hierarchical
	0.5
	8
	N
	3.93 (100%)
	0.110 (100%)

	Hierarchical
	0.5
	8
	Y
	4.26 (108%)
	0.132 (120%)

	Hierarchical
	4
	8
	N
	2.49 (100%) 
	0.073 (100%) 

	Hierarchical
	4
	8
	Y
	2.80 (112%)
	0.079 (108%)


Observations: With the addition of spatial correlation information from W1, hierarchical feedback provides an extra 10% ~20% gain for cell average SE and cell edge SE.
3.3 Impact of feedback error

We simulate the feedback in the channel error by generating a random variable e from a uniform distribution on the interval (0.0, 1.0), i.e. e=rand. For each bit in the feedback, we generate a value of e and if e <= Pe, we assume that the transmitter receives an erroneous version of that bit. In our simulation, we use Pe=0.001. By resetting the hierarchical feedback every 4 feedback intervals (i.e. 20ms), the negative impact of the error propagation could be reduced.
Table 7 Impact of Feedback channel error
	Feedback
	Feedback error
	Bmax
	Codebook
	Cell Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz)

	Basic
	Y
	N/A
	LTE Rel-8
	2.59 (100%)
	0.084 (100%)

	Hierarchical
	Y
	12
	Hierarchical
	2.95 (114%)
	0.090 (107%)


Observations: Considering the model of feedback error, hierarchical feedback improves 14% and 7% of the cell average spectral efficiency and the cell-edge spectral efficiency respectively. 
4 Conclusion
In this contribution, we further discuss and evaluate the system level performance of hierarchical feedback and its combination with W1 feedback to give information about the long-term/wideband spatial correlation properties of the channel. 
In very low mobility or stationary environments, hierarchical feedback offers 30% ~ 40% gain for cell average SE and 10% ~19% gain for cell edge SE over the Rel-8 based feedback.

Extension of hierarchical feedback to 8Tx is straightforward, and still retains its gain over the Rel-8 feedback. Its combination with long-term/wideband feedback giving information about the spatial correlation properties of the channel, hierarchical feedback provides an additional 10~20% gain for cell-average and cell edge SE.
Impact of feedback channel error is analyzed and results show hierarchical feedback still presents attractive gain by resetting the hierarchical feedback every 20ms.
Therefore, we suggest that hierarchical feedback should be defined in the Rel-10 feedback framework together with feedback that enables the eNB to acquire knowledge of the long-term/wideband spatial correlation properties of the channel, to ensure good performance in slow fading channel and adaptability in various spatial correlated channels.
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6 Appendix 
Appendix A: System-level simulation assumptions
	Parameter
	Value

	Channel Model
	ITU Urban Micro 

	Antenna Configuration
	4-Tx and 8-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 

W1 reporting period: 60 ms 

CQI/PMI feedback: subband (5RB) 
W1 feedback granularity: 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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