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1. Introduction

A lot of progress in CQI feedback has been made in the last meeting in Jeju, Korea. It was agreed that CQI is defined in terms of modulation and coding scheme (QPSK, 16QAM, 64QAM) where a single CQI index corresponds to an index pointing to a value in the CQI table [1]. For single transmit antenna and transmit diversity with one spatial layer, CQI signaling on PUCCH has been agreed to follow three formats [1]:
· Wideband feedback: one wideband CQI is reported

· Frequency-selective CQI feedback:

· One PUCCH sub-frame should be self-decodable, hence, CQI report in a certain sub-frame does not exploit time or frequency correlations with respect to previous CQI reports.
· Report of CQI on PUCCH can be higher layer configured by eNB using the periodicity parameters
· 
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 : Periodicity for the sub-frame pattern allocated for the CQI report (in terms of number of sub-frames)

· Minimum reporting interval is either x = 1 or 2 sub-frames, x value FFS.
· 
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 : Sub-frame offset 

· If x = 1, the CQI reporting burst is constructed using the parameter 
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· If x = 1, 
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 is the number of consecutive sub-frames in the CQI reporting burst.  
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Figure 1: Periodicity parameters. Illustration shows reporting mechanism if  x = 1 is possible.

· For frequency-selective CQI, a CQI report in a certain sub-frame describes the channel quality in a particular part or in particular parts of the bandwidth corresponding to 
· Scheme 1: Best-M average

· Scheme 2: CQI for each sub-band 

In this contribution, system level simulation is performed to compare the performance of scheme 1 and 2. It is demonstrated that scheme 2 suffers significant performance loss when the UE speed becomes high. As a result, scheme 1 is recommended for frequency-selective CQI feedback on PUCCH. 

2. CQI Feedback

A 5-MHz system bandwidth is assumed for illustrative purpose. In this contribution, the sub-band size n=2 and n=4 are both studied, hence the system bandwidth is divided into 12 sub-bands (n=2) or 6 sub-bands (n=4). Our study is focused on single-antenna transmission.
2.1. Best-M Average
The following quantities are reported to eNB in best-M average CQI feedback

· A single average CQI for the best M sub-bands is reported. M = 3 is chosen in accordance to the working assumption (R1-075069).
· A wideband CQI is transmitted as well
· An indicator of the positions of the selected M sub-bands using compressed labeling 

If the wideband CQI and best-M average CQI are reported in the same sub-frame, frequency differential quantization could be used to report the difference (e.g., 3-bits) between the best-M average and wideband CQI. The feedback overhead is a function of the sub-band size and the number of sub-bands
· Sub-band size n = 2: 
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  bits required to report the entire system bandwidth, which amounts to 12, 15 and 16 bits for M=1, 2, and 3.
· Sub-band size n = 4: 
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 bits needed to report the entire system bandwidth, amounts to 11, 12 and 13 bits, for M = 1, 2, and 3.
Obviously this is beyond the CQI feedback capacity (10-bits) on PUCCH. One means to solve this problem is to apply a number of concatenated PUCCH sub-frames for one CQI report. For example, 
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PUCCH sub-frames are concatenated, where the first sub-frame reports the 5-bit wideband CQI, and the remaining 
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-1 sub-frame reports the best-M average CQI (5-bits) and the compressed label. Because the wideband CQI and the best-M CQI are reported in different sub-frames, frequency differential quantization is not allowed to preserve the self-decocodability. 
· n=2: 
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 = 3 sub-frames are concatenated. The system bandwidth is divided into two segements where each seg-ment consists of 6 sub-bands. In PUCCH sub-frame 1, the wideband CQI is reported. In PUCCH sub-frame 2, best-M is performed over the first 6 sub-bands, with overhead 
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bits. In PUCCH sub-frame 3, best-M is performed over the last last 6 sub-bands, with 
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· n=4: 
[image: image17.wmf]b

N

= 2 sub-frames are concatenated. The first sub-frame reports the wideband CQI. The second sub-frame reports the best-M average CQI and the labeling with 
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2.2. CQI for each sub-band

At each feedback, one PUCCH sub-frame reports CQI of two sub-bands (10-bits). For example, consider a sub-band size of n=4. CQI feedback could be performed as 
· Sub-frame 1: CQI of sub-bands 1, 2 are fed back

· Sub-frame 2: CQI of sub-bands 3, 4 are fed back

· Sub-frame 3: CQI of sub-bands 5, 6 are fed back.

A total of 
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 PUCCH sub-frames are required to report CQI of the entire bandwidth. As easily seen, the feedback period of a particular sub-band is 
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 ms. A smaller sub-band size (n) results in less frequent CQI feedback for a particular sub-band, which could be problematic in high Doppler environment. 

3. Simulation Results

In this section, we present system level simulation results to evaluate the CQI feedback mechanisms of Section 2. The algorithms are evaluated by simulations of a 5 MHz system bandwidth with 2-RB (12 CQIs) and 4-RB sub-band sizes (6 CQIs). Other simulation assumptions are listed in Table A-1 in the Appendix. Simulation results are presented for two channel profiles: Pedestrian-A with low frequency selectivity, and TU with high frequency selectivity for the UE speed of 3kmph, 15kmph, and 30kmph.
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Figures 1 to 4 depict the average sector and 5% throughputs of (1) best-M average and (2) per sub-band feedback, in the Pedestrian A and TU channels. The results are plotted against the number of CQI bits per sub-frame. From the simulation results, we find that:

· In terms of cell-edge and average sector throughput, best-M average and per sub-band CQI feedback schemes achieve similar at low UE mobility environment (e.g., 3kph). However, as UE mobility increases (e.g., 15kph and 30kph), per sub-band feedback starts to show severe performance degradation due to the longer period required to report the entire bandwidth CQI, while best-M average demonstrates better robustness. For UE speed of 30kph, best-M average achieves approximately 15% gain (n=2) to 25% (n=4) gain in average throughput compared to per sub-band CQI feedback.
· As of the feedback overhead, best-M average achieves significantly lower overhead (e.g., 20%-30% reduction) compared to the per sub-band CQI feedback. This allows for possible design of more efficient and robust CQI coding on PUCCH to improve the uplink control coverage, particularly for cell-edge UEs.
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FIGURE 1: Sector Throughput and 5 % Throughput for Ped-A Channel
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FIGURE 2: Sector Throughput and 5 % Throughput for TU Channel (3kmph)
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FIGURE 3: Sector Throughput and 5 % Throughput for TU Channel (15kmph)
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FIGURE 4: Sector Throughput and 5 % Throughput for TU Channel (30kmph)

4. Conclusions

In this contribution, best-M average and per sub-band CQI feedback for PUCCH is studied. It is demonstrated that the best-M average feedback with sub-frame concatenation shows better robustness against channel variation at higher Doppler than per sub-band feedback. In addition, best-M average scheme achieves ~30% more reduction in feedback overhead compared to the per sub-band feedback. Therefore, best-M average is therefore recommended for CQI feedback over PUCCH.
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Appendix A

Table A-1 gives the system level simulation assumptions.

TABLE A-1: System Level Simulation Assumptions

	PARAMETER
	VALUES

	Channel profile
	Ped-A (3 kph), TU (3, 15, 30 kph)

	Number of sectors per cell
	3 sectors, with either two or four 120-degree antennas per sector

	Number of UEs per cell
	10 UEs

	Traffic Model
	Full-buffer

	Scheduler
	Proportional Fair

	Number of eNB antennas
	1

	Number of UE antennas
	2

	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
	Modeled from link level simulation

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

	Max Number of HARQ Retransmissions
	3

	Scheduling Details
	MCS fixed across the scheduling bandwidth
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