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1 Introduction 

In this contribution, we first formulate various formats that can be used for frequency-selective CQI reports on the PUCCH that are in line with the agreed way forward. These formats were formulated using both a 5 bit and a 4 bit CQI table. Then we evaluate by system simulation the relative performance of the two competing CQI schemes, viz., Best-M average and subband CQI. 

2 Summary of Recent Agreements
At RAN WG1 Meeting #51 in Jeju the following was agreed as the way forward for CQI reports on the PUCCH:

· One PUCCH subframe should be self decodable and useful to the eNodeB

· The reporting of CQI on PUCCH can be higher-layer configured by the eNodeB 

· The eNodeB can, using higher-layer signaling, configure the UE to report several different CQI report types with different periodicity parameters. This includes

· Wideband CQI on the set of subbands S,

· Frequency-selective CQI type

· Other reporting types are for further study.

Each periodic PUCCH report of a series of N_b reports (which constitute a burst) contains CQI information for a sample of the subbands which compromise the operational bandwidth. The eNodeB can, using higher-layer signaling, configure the UE to report several different CQI report types with different periodicity parameters. This includes

· Wideband CQI on set S
· Frequency-selective CQI type

· Supported subband size(s) as a function of system bandwidths include those given in Tables 1 and 2.

Table 1. Supported parameters for UE-selected subbands feedback (other values not precluded).

	System bandwidth [RBs]
	Group size [RBs]
	Subband size k [RBs]
	M

	6 – 7
	1
	-

(wideband CQI only)
	-

(wideband CQI only)

	8 – 10
	1
	2
	1

	11 – 26
	2
	2
	3

	27 – 64
	3
	3
	5

	65 – 110
	4
	4
	6


Table 2. Supported parameters for NodeB configured subbands (other values not precluded).

	System bandwidth [RBs]
	Group size [RBs]
	Subband size k [RBs]

	6 – 7
	1
	-

(wideband CQI only)

	8 – 10
	1
	4

	11 – 26
	2
	4

	27 – 64
	3
	6

	65 – 110
	4
	4, 8


For the frequency-selective CQI, a CQI report in a certain subframe describes the channel quality in a particular part or in particular parts of the bandwidth (a part is frequency-consecutive and an integer multiple of the subband size)

· Which bandwidth part(s) to use varies deterministically from one CQI report subframe to another covering the entire set S, the subbands a UE should use in CQI reporting, after a finite period

· The CQI in the current bandwidth part corresponds to either of two schemes 

· Scheme 1: Best-M average

· The best M subbands are selected in the current bandwidth part
· The CQI over the selected M subbands is obtained
· The locations of the selected subbands are indicated by a label to a table that contains all possible combinations of M subbands.

· Scheme 2: CQI for each subband 

· Bandwidth part corresponds to one subband

· Inclusion of a wideband CQI as reference in differential encoding within CQI report sent in the same subframe is for further study.

The channel format of the PUCCH allows approximately 10 bits per report. This limits how much CQI information can be sent and as a result how frequently the information can be refreshed. Therefore, methods to efficiently encode the CQI information into CQI reports need to be defined.

3 Formats for frequency-selective CQI reports on the PUCCH
Two possible methods were agreed upon for evaluation: 

· Best-M average reports

· CQI of each subband within the set S.

3.1 Method 1- Best-M average

When Best-M average CQI reporting method is used, the UE reports the CQI value averaged over a subset of M subbands, those corresponding to the largest CQI values. An indication of which subbands are in the subset M out of the N possible subbands is also required. In addition, the average CQI over all N subbands is also reported to aid the eNodeB scheduler in selecting which subbands should be assigned to each UE.

The CQI values for the best M and all subbands require 4 or 5 bits, where 5 bits provides better performance but with higher feedback overhead than 4 bits. The number of bits needed to label the locations of the M best subbands out of N subbands requires
B = 
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Table 3 shows possible values of B for several system bandwidths (in MHz), values of N and M. In this table the value of N is obtained by dividing the maximum number of resource blocks (RBs) for each bandwidth by the subband size k [RBs] and rounding down, i.e. the subbands at the edges of the band may have k+1 RBs in them.

Table 3. Possible number of label bits

	Bandwidth (MHz)
	RBs
	Subband size [RBs]
	Frequency Groups
	N
	M
	Label bits

	5
	25
	2
	1
	12
	3
	8

	10
	50
	3
	1
	16
	5
	13

	20
	100
	4
	1
	25
	6
	18

	5
	25
	2
	2
	6
	2
	4

	10
	50
	3
	2
	8
	2
	5

	10
	50
	3
	2
	8
	3
	6

	20
	100
	4
	2
	12
	3
	8

	20
	100
	4
	3
	8
	2
	5


The first three rows in the table correspond to the case when all N subbands are reported in one group and correspond to the entries in Table 1. Since only ~10 bits are contained in a PUCCH CQI report and the labels require greater than 8, more than one group is needed. The 4th – 7th rows correspond to the case where the reporting bandwidth is divided into two groups. These groups could be lower and upper band halves, or even and odd subbands. The ratio of M/N is maintained around 25% - 35% which has been determined to be a good value for Best-M average reports. By dividing into two groups the number of labeling bits becomes 4 to 6 which is acceptable for 5 and 10 MHz bandwidths. For 20 MHz bandwidth three groups of subbands need to be reported, resulting in 5 labeling bits.

3.1.1 5 MHz bandwidth 

First consider the case of using 5 bits for CQI and 4 bits for differential CQI. Three reports are needed for this bandwidth, one for each group and one containing the average CQI for each group. Each group might comprise half the assigned set of subbands and be partitioned into lower and upper band halves. Alternatively, each group might consist of the odd or even subbands. Below are possible formats that use a total of 9 bits for each report:

· Format 1: Best M (M=2) label [4 b] & Best M average CQI [5 b] for each group.

· Format 2: The average CQI of all subbands in the first group [5 b] & the average CQI of all subbands in the second group [4 b differential]

Note that differential CQI is used for the second group average to keep the same number of 9 bits in each report. The total number of bits for one CQI report burst of three reports is 27.

Next consider the case of using 4 bits for CQI and 2 bits for differential CQI. Now only two reports are needed for this bandwidth, one for each group. Below is a possible format that uses a total of 10 bits for each report:

· Format 3: Best M (M=2) label [4 b] & average CQI [4 b] & Best M average CQI [2 b differential] for each group.

The total number of bits for one CQI report burst consisting of two reports is 20 bits.

3.1.2 10 MHz bandwidth 

First consider the case of using 5 bits for CQI. Three reports are needed for this bandwidth, one for each group and one containing the average CQI for each group. Below are possible formats that use a total of 10 bits for each report:

· Format 4: Best M (M=2) label [5 b] & Best M average CQI [5 b] for each group

· Format 5: The average CQI of group 1 [5 b] & average CQI of group 2  [5 b]

The total number of bits for one burst is 30. 
Another variant of Format 4 would use M = 3, requiring 6 label bits and 5 CQI bits for an 11 bit total:
· Format 4A: Best M (M=3) label [6 b] & Best M average CQI [5 b] for each group

Next consider the case of using 4 bits for CQI and 2 bits for differential CQI. Another 10 bit option for format 1 would be the following for M = 3 with 4 bit CQI value

· Format 6: Best M (M=3) label [6 b] & Best M average CQI [4 b] for each group

This format would require three reports, two of Format 6 and one of Format 5, for a total of 30 bits.

Another format requiring only two reports can be used. The format is as follows:

· Format 7: Best M (M=2) label [5 b] & average CQI [4 b] & Best M average CQI [2 b differential] for each group.

Each report requires 11 bits for a total of 22 bits per burst.

3.1.3 20 MHz bandwidth 

First consider the case of using 5 bits for CQI and 3 bits differential CQI. Four reports are needed for this bandwidth, one for each of three groups containing 8 subbands, and one containing the average CQI for each group. For convenience the groups are referred to as lower, middle and upper frequency regions, although other groupings are possible, e.g. frequency-interlaced groups. 

Below are possible formats that use a total of 10 bits for each report:

· Format 8: Best M (M=2) label [5 b] & Best M average CQI [5 b] for each group

· Format 9: The average CQI of the rest of lower band [3 b differential], middle band [4 b]  & upper band  [3 b differential]

The total number of bits for one burst of four reports is 40.

Note that a coarser quantization is used for the CQIs and differential CQI is used for the lower and upper band averages to keep the same number of 10 bits in each report. Other possible CQI quantization providing improved performance can be used if more bits are acceptable for format 2 reports. For example, another possible format having 11 bits is given below:

· Format 10: Lower band average CQI [3 b differential], middle band average CQI [5 b]  & upper band average CQI [3 b differential]

Next consider the case of using 4 bits for CQI and 2 bits for differential CQI. A format requiring only three reports can be used. The format is as follows:

· Format 11: Best M (M=2) label [5 b] & average CQI [4 b] & Best M average CQI [2 b differential] for each group.

(Note that Format 10 is identical to Format 7.) Each report requires 11 bits for a total of 33 bits per burst.

3.2 Method 2 - CQI for each subband

In this method each UE report provides the CQI values for a subset of preconfigured subbands. 

First consider the case of using 5 bits for CQI and 3 bits differential CQI. Due to the limitation of ~10 bits per report, at most three subbands’ CQI values can be conveyed in each report. Each report can use this 11 bit format:

· Format 12: Lower band average CQI (3 b differential), middle band average CQI (5 b)  & upper band average CQI (3 b differential)

(Note that Format 12 is identical to Format 10.) 

Table 4 shows the number of reports and total number of bits needed with this format as a function of the system bandwidth. The size of some of the subbands was increased to keep reduce the number of reports per burst.

Table 4. Number of reports needed for subband reporting using three subbands per report

	Bandwidth
	RBs
	Subband  size (RBs)
	Subbands (N)
	CQIs/report (R)
	N/R
	Reports
	Bits/report
	Total bits

	5
	24
	4
	6
	3
	2
	2
	11
	22

	10
	48
	6
	8
	3
	2.7
	3
	11
	33

	20
	96
	4
	24
	3
	8
	8
	11
	88

	20
	96
	8
	12
	3
	4
	4
	11
	44


Another possible approach is two report full precision CQI values for only two subbands in each report, using a 10 bit format shown below:

· Format 13: Lower subband average CQI (5 b) & upper subband average CQI (5 b differential)

Table 5 shows the number of reports and total number of bits needed with this format as a function of the system bandwidth. 

Table 5. Number of reports needed for subband reporting using two subbands per report
	Bandwidth
	RBs
	Subband  size (RBs)
	Subbands (N)
	CQIs/report (R)
	N/R
	Reports
	Bits/report
	Total bits

	5
	24
	4
	6
	2
	3
	3
	10
	30

	10
	48
	6
	8
	2
	4
	4
	10
	40

	20
	96
	4
	24
	2
	12
	12
	10
	120

	20
	96
	8
	12
	2
	6
	6
	10
	60


Next consider the case of using 4 bits for CQI and 2 bits for differential CQI. Two formats can be used, Format 14 for 5 MHz and Format 15 for 10 and 20 MHz cases. 

For the 5 MHz case there are 6 subbands, requiring two reports with this 8-bit format:

· Format 14: The average CQI of the lower band [2 b differential], middle band [4 b]  & upper band  [2 b differential]

For the 10 MHz case there are 8 subbands, requiring two reports with this 10-bit format:

· Format 15: The average CQI of subband 1 [2 b differential], subband 2 [2 b differential], subband 3 [4 b]  & subband 4 [2 b differential]

For the 20 MHz case there are two possible subband sizes, 4 or 8 subbands, which result in 24 or 12 subbands, respectively. Format 15 can be used, requiring 6 or 3 reports, respectively, with this 10-bit format.

Table 6 shows the number of reports and total number of bits needed with these formats as a function of the system bandwidth.

Table 6. Number of reports needed for subband reporting using three subbands per report

	Bandwidth
	RBs
	Subband  size (RBs)
	Subbands (N)
	CQIs/report (R)
	N/R
	Reports
	Bits/report
	Total bits

	5
	24
	4
	6
	3
	2
	2
	8
	16

	10
	48
	6
	8
	4
	2
	2
	10
	20

	20
	96
	4
	24
	4
	6
	6
	10
	60

	20
	96
	8
	12
	4
	3
	3
	10
	30


4 Performance Evaluation
In this section, a general description of the simulated system along with analysis and discussion of the simulation results are provided. 

4.1 System Definition
A system-level simulation using a proportional fair scheduler was performed to evaluate the aforementioned CQI reporting schemes in a 10 MHz system. In the downlink transmission RB grouping is assumed, where the eNB schedules subbands with the size of 2 RBs/subband to UEs. According to the current working assumption, in Best-M average scheme, one CQI subband contains 3 RBs and in CQI for each subband, one CQI subband contains 6 RBs. In the case where the reported subband size is an odd number of RBs, the CQI for the 2 RB subband used by the eNodeB scheduler is based on the average of the reconstructed SINRs of two adjacent CQI values from the UE report. 

Without loss of generality, the simulation assumes that the whole bandwidth consists of 48 RBs in total. Therefore, the number of CQI subbands in Best-M average schemes and CQI for each subband are 16 and 8 respectively. In the simulation a CQI granularity of 20 MCS levels is used. The impact of CQI measurement delay and errors are considered as suggested in [6]-[7]. The simulation parameters are listed in Table 7.

4.2 Simulation Results

We attempted to balance the number of bits used in the reports for each scheme. For the Best-M average scheme we used two 11 bit reports of Format 4A and one 10 bit report using Format 5, for a total of 32 bits per burst.  

For the subband CQI scheme we considered two subband sizes, 3 subbands with full 5 bit CQI, and 6 subbands using differential CQI. The former case, which requires a total of 80 bits per report burst, was included for reference purposes only, since it is not a viable format. For the latter case we used three 11 bit Format 10 (or 12) reports, for a total of 33 bits per burst.  

The quantization table used for the differential CQI value is [-6 -3 -2 -1 1 2 3 6] dB. First the difference between the SINR of the lower (or higher) band and the middle band is calculated. Then it is quantized to the value shown in the table which is closest to the actual one. The UE report contains two 3-bit indices corresponding to the quantized differential values in the table for the lower and higher bands, along with 5 bits for index of the middle band CQI. The eNB uses the quantized differential values and the middle band CQI to de-code the SINR information for the lower/higher band.

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance (ISD)
	500m

	Number of transmit antennas at Node B
	1

	Number of receive antennas 
	2

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers

I=128.1 – 2GHz

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 

	Shadowing standard deviation
	8 dB

	Penetration Loss  
	20dB

	Channel model
	Typical Urban (TU)

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	BS Antenna Gain plus cable loss
	15 dBi

	Carrier Frequency
	2.0 GHz 

	System Bandwidth
	10 MHz

	RB bandwidth
	180 KHz

	Number of UEs per Sector
	10 

	UE speeds of interest
	3 km/h, 15 km/h 

	Maximum Node B transmission power 
	35 dBm

	UE Traffic Model
	Full Buffer

	Noise Figure
	9dB

	Thermal noise density
	-174 dBm

	Scheduler
	Proportional Fair

	HARQ
	Asynchronous (Chase combining)

	CQI measurement error
	Gaussian zero-mean error model

	CQI averaging window
	4 TTIs

	CQI feedback delay
	2 TTIs

	Target BLER 
	10%


Table 7 – Simulation parameters

Figure 1 shows the simulated average sector throughputs for the two frequency-selective CQI schemes. Due to time limitations the results shown are limited to the 5 bit CQI table for 10 MHz bandwidth. Three reporting intervals are considered, 3, 6 and 10 TTIs. Speeds of both 3 and 15 km/hr are simulated. 
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Figure 1 - Average sector throughput of different frequency-selective CQI schemes 
These observations can be made:

· Comparing with the full CQI report, 3 RB Best-M average provides a performance loss ranging from 7.7% to 13.7%, with 60% signaling overhead saving. 
· Comparing with the full CQI report, 6 RB subband CQI provides a performance loss ranging from -4.3% to 6.9%, with 60% signaling overhead saving.

· Comparing Best-M average and CQI for each subband, Best-M average provides a performance loss ranging from 4.6% to 11.5%, while both schemes require almost the same number of signaling overhead.

Our simulation results show that the subband CQI reporting scheme consistently outperformed the Best-M average scheme for all reporting intervals and speeds. This is perhaps not surprising since our previous simulation results showed that Best-M average was inferior to Best-M individual with the same overhead using Haar compression [4].

Also, the penalty for using a rather coarse subband size of 6 RBs for 10 MHz bandwidth and differential CQI coding is small, particularly at higher speeds. 

Since the last meeting an agreement was reached to use a 4 bit CQI table. While these results are for a 5 bit CQI table, we do not see any reason to expect different relative results using 4 bit CQI.

5 Conclusions and discussions

In this contribution we first presented various PUCCH report formats that could be used for Best-M average and subband CQI reports for both 5 and 4 bit CQI tables. Then we simulated both schemes for the case of 5 bit CQI, 10 MHz system bandwidth, reporting intervals of 3, 6 and 10 TTIs, TU6 channel, and speeds of 3 and 15 km/hr.
Our simulation results show that the subband CQI reporting scheme consistently outperformed the Best-M average scheme for all reporting intervals and speeds. Also, the penalty for using a rather coarse subband size of 6 RBs for 10 MHz bandwidth and differential CQI coding is small, particularly at higher speeds. While these results are for a 5 bit CQI table, we do not see any reason to expect different relative results using 4 bit CQI.

Assuming a 4 bit CQI table we recommend using the following formats:
· For the 5 MHz case there are 6 subbands, requiring two reports with this 8-bit format:

· Format A: The average CQI of the lower band [2 b differential], middle band [4 b]  & upper band  [2 b differential]

· For the 10 MHz case there are 8 subbands, requiring two reports with this 10-bit format:

· Format B: The average CQI of subband 1 [2 b differential], subband 2 [2 b differential], subband 3 [4 b]  & subband 4 [2 b differential]

· For the 20 MHz case there are two possible subband sizes, 4 or 8 subbands, which result in 24 or 12 subbands, respectively. Format B can be used, requiring 6 or 3 reports, respectively.

Table 8 shows the number of reports and total number of bits needed with these formats as a function of the system bandwidth.

Table 8. Number of reports needed for subband reporting using three subbands per report

	Bandwidth
	RBs
	Subband  size (RBs)
	Subbands (N)
	CQIs/report (R)
	Reports
	Bits/report
	Total bits

	5
	24
	4
	6
	3
	2
	8
	16

	10
	48
	6
	8
	4
	2
	10
	20

	20
	96
	4
	24
	4
	6
	10
	60

	20
	96
	8
	12
	4
	3
	10
	30
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