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1 Introduction
Best-M based CQI reporting scheme, which only reports the CQI information of the top M strongest sub-bands, is a pending solution for the E-UTRA [1]. It was displayed that the Best-M Individual scheme (see Section 2) provides larger sector throughput than the Best-M Average (see Section 2), hierarchical-based and DCT-based CQI compression schemes [2]. Meanwhile, many contributions have shown that differential modulation (DM) is an important means of information compression for CQI reporting. 

By analysing the statistics of CQI levels, we find a feasible way of introducing differential modulation into the Best-M Individual scheme in order to further reduce the reporting overhead.
2 Best-M based CQI reporting

There are two Best-M based CQI reporting methods being discussed [2], namely the Best-M Average and the Best-M Individual.
In the Best-M Average scheme, UE feeds back:
a) An averaged CQI value of M strongest sub-bands;
b) A label indicating the location of the M sub-bands;

c) An averaged CQI value of the remained sub-bands in the transmission bandwidth.

In the Best-M Individual scheme, UE feeds back:

a) M individual CQI values of  M strongest sub-bands;
b) A label indicating the location of the M sub-bands;

c) An averaged CQI value of the remained sub-bands in the transmission bandwidth.

3 CQI statistics

3.1 CQI statistics with AWGN only
We first performed link simulations to study the statistical distribution of CQI variation across different reporting sub-bands in the same CQI reporting interval.
Averaged SNR of each sub-band was used as the channel quality metric for simplicity, i.e. 
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  where H(f) is the frequency response on each sub-carrier,  σ2 is the normalised AWGN power density per 15kHz, N is the number of sub-carriers used for CQI calculation in each sub-band.

A fine CQI granularity of 1dB was assumed and the dynamic range was set to from below -6dB (CQI/MCS0) to above 24dB (CQI/MCS31) with equal spacing as proposed in [3]. Moreover, to study CQI variation among different sub-bands, the highest CQI level within the bandwidth was selected as a reference and the CQI differences between the reference and all reporting sub-bands were calculated in each CQI reporting cycle. Simulation parameters are listed in Table 1.

	Parameters
	Values

	Channel model
	Typical Urban, 30km/h

	Channel estimation
	Ideal

	Transmission BW
	10MHz

	Sub-band size
	N=24 (2 RBs)

	Number of CQI sub-bands
	Nsb=25

	CQI/MCS dynamic range
	-6dB to 24dB*

	CQI granularity
	1dB

	Number of reported sub-bands
	M=5, 6, 7, 8, 9, 10

	Reporting cycle
	1 TTI (1ms)

	AWGN power density
	σ2= -10dB/15kHz**


*One RB consists of 12 sub-carriers based on the updated numerology;
**Normalised noise power density was set to -10dB/15kHz i.e. 10dB SNR without fast fading, in order to give the largest dynamic range of CQI.
Table 1 Link simulation parameters
Table 2 demonstrates the simulation results of the distribution of CQI difference levels summed from all CQI reporting intervals. 
	M 
	Probability of CQI difference levels

	
	0
	1
	2
	3
	4
	5
	6
	7 and above

	5
	35.8%
	36.6%
	22.3%
	5.0%
	0.3%
	0
	0
	0

	6
	30.0%
	33.9%
	26.6%
	8.6%
	0.9%
	0
	0
	0

	7
	25.8%
	30.6%
	28.8%
	12.6%
	1.97%
	0.23%
	≈0
	0

	8
	22.6%
	27.7%
	29.2%
	16.4%
	3.77%
	0.33%
	≈0
	0

	9
	19.9%
	24.8%
	28.6%
	19.6%
	6.35%
	0.69%
	0.06%
	≈0

	10
	17.9%
	22.5%
	27.2%
	21.5%
	9.17%
	1.54%
	0.19%
	≈0


Table 2 Simulation results: distributions of CQI difference levels in the M sub-bands
It can be observed from the results that when the number of reported CQI sub-bands is less than a third of the total number of sub-bands (i.e. 5, 6, 7 and 8) more than 95.9% of CQI differences are confined in three with only a tiny amount falling out.
3.2 CQI statistics with realistic interference and noise
Further, we performed system simulations to study the statistics of CQI variation with realistic interference and noise assumption. The system model was built based on the baseline macro-cell scenario of [1]. Important simulation parameters are listed in Table 3.
	Parameters
	Values

	Transmission BW
	10MHz

	Sub-frame duration
	0.5 ms (7 OFDM symbols)

	Number of occupied sub-carriers
	600

	Sub-carrier spacing
	15kHz

	CQI reporting granularity
	375kHz

	CQI metric 
	Channel capacity based convex method

	Channel environment
	Typical Urban, 30km/h

	Antenna configuration
	1 Tx antenna, 2 Rx antenna (MRC)

	Cell layout
	Hexagonal grid, 19 cell sites, 3 sectors per cell

	Simulation scenario
	Case 2

	BS transmit power
	46dBm

	UE Noise Figure
	9dB

	UE numbers
	60 per sector


Table 3 System simulation parameters
We investigated the CDF of the largest SINR differences within M strongest sub-bands for a certain UE in a certain sector. Interference from all other sectors was taken into account when calculating the effective SINR of each CQI sub-band. The CDF curves are shown in Figure 1. From the figure it can be found that when M is less than eight more than 92.4% of SINR differences are less than 3dB, which is in line with the conclusion we made from the link simulation results.
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Figure 1 CDF curves of max SINR differences within M strongest CQI sub-bands
4 DM & Best-M Individual combined CQI reporting
Based on the observations in Section 3, we propose a differential modulation and Best-M combined CQI reporting scheme, which may be termed as Best-M Differential Modulation (Best-M DM). In the Best-M DM scheme, UE feeds back:
a) The CQI value of the strongest sub-band(s) as a reference;
b) Differential CQI values of M strongest sub-bands based on the reference;

c) A label indicating the location of the M sub-bands;

d) An averaged CQI value of the remained sub-bands in the transmission bandwidth.
By assuming less than a third of all the sub-bands are reported, we introduce a simply differential modulation mapping scheme, which is demonstrated in Table 4.
	Quantised differential CQI
	00
	01
	10
	11

	CQI difference level
	0
	1
	2
	3 or more


Table 4 Non-uniform quantised differential modulation mapping scheme
As shown in the table, 2-bit quantisation is deployed for the differential CQI (D-CQI) information. It is worthy noting that the last state of D-CQI i.e. “11” covers more than one CQI difference level. By taking this form of non-uniform quantisation a larger dynamic range of DM can be obtained. The order of the reported sub-bands in the label corresponds with the order of the reported D-CQIs of these sub-bands, which provides a natural means of decoding the differential information. To illustrate the benefit of the non-uniform quantised DM we investigate the following two illustrative CQI reporting examples.
Example 1:

We assume M(=5) strongest sub-bands are reported. The CQI differences and the corresponding D-CQIs are:
	SB #
	SB #1
	SB #2
	SB #3
	SB #4
	SB #5

	CQI difference level
	0
	0
	1
	2
	3

	Quantised D-CQI
	00
	00
	01
	10
	11


Table 5 CQI differences and quantised differential CQI within five strongest sub-bands – Example 1
In this example CQIs of the five sub-bands are able to be reported without any inaccuracy and the reporting cost is reduced compared with feeding back full CQI for each sub-band.
Example 2:

However it should be noted that there is still a small probability that the CQI difference will be more than three in the reported sub-bands. In this case, non-uniform quantisation will take effect:
	SB # (M=5)
	SB #1
	SB #2
	SB #3
	SB #4
	SB #5

	CQI difference level
	0
	2
	3
	3
	4

	Quantised D-CQI
	00
	10
	11
	11
	11


Table 6 CQI differences and quantised differential CQI within five strongest sub-bands – Example 2
If only the CQI difference level of three is quantised into D-CQI “11”, then in this case the CQI of SB #5 cannot be reported normally. Therefore this kind of uniform quantised DM will cause uncertainty in the number of sub-bands enable to be reported and introduce extra complexity to the decoding process. By taking non-uniform quantisation the CQIs of all five sub-bands are able to be reported with only a slight over estimation of SB #5.
After showing the benefits of the non-uniform quantisation, we compare the reporting cost of the existing Best-M schemes and the newly introduced Best-M DM scheme.
	Schemes
	Signalling Cost (bits)
	10MHz BW
(M=5, Nsb=25*)
	20MHz BW 
(M=5, Nsb=50)

	Full Feedback
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	125 bits
	250 bits

	Best-M Average
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	26 bits
	31 bits

	Best-M Individual
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	46 bits
	51 bits

	Best-M DM
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	36 bits
	41 bits


* The assumption that 24 sub-carriers (2 RBs) are contained in one CQI reporting sub-band is made.
Table 7 Overhead comparison of Best-M individual and Best-M DM schemes
It is demonstrated in Table 7 that by taking DM compression the Best-M DM method reduces the overhead of the Best-M Individual method by 21.7% at 10MHz BW or 19.6% at 20MHz BW assuming M equals to five. In addition, it is not difficult to find that the overhead reduction effect of the Best-M DM scheme will be reinforced with the increase of M.
5 Conclusions
In this contribution, we studied the statistical distribution of CQI difference level among CQI reporting sub-bands. Based on the simulation results we found that it is feasible to introduce differential modulation into the existing Best-M Individual solution, in particular, in the form of non-uniform quantisation. By deploying non-uniform quantised DM, the reporting overhead of the Best-M Individual scheme can be reduced in the meantime the inaccuracy/uncertainty of CQI information due to DM compression can be kept at a very low level.
Therefore we propose to further study the non-uniform quantised DM and Best-M combined UL CQI reporting scheme as a feasible solution for the E-UTRA DL.
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