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1. Introduction

In this contribution, we introduce a time differential CQI design in order to reduce the number of bits used for CQI. We also discuss a spatial differential CQI approach. These CQI designs can be used with the RI/PCI design discussed in [3].
2. Discussion
2.1 Time differential CQI

2.1.1  How to report and obtain CQI
Reporting CQI at UE
From the type A CQI definition, with minor change we derive the CQI definition as in (1), assuming that the size of CQI table in TS25.214 would not be modified. The term “transport block” in the CQI definition in TS25.214 is replaced by “codeword”.
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(1)
However, the range of CQI values is [0, 255], and it requires 8 bits. In order to reduce the number of bits for CQI, without changing the range of CQIs, CQI1 and CQI2, some other mechanism for CQI report can be introduced. 
One way to reduce the number of bits for CQI is to introduce a base CQI, base_cqi, and a differential CQI, diff_cqi. The base_cqi can be sent periodically at predefined TTIs, and diff_cqi values can be sent in the TTIs between two base_cqi values. An example of the transmission pattern is the following: 
base_cqi, diff_cqi, diff_cqi,…,diff_cqi, base_cqi, diff_cqi, diff_cqi,…,diff_cqi, base_cqi, diff_cqi, …
The base_cqi carries an index that can be mapped to a CQI value of a CW for any rank. And the index can be obtained by evaluating the channel over a predefined time interval. In other words, it can be based on statistical information of CQI for a certain rank-n. We need a table such as Table 1 to specify the relation between base_cqi and effective CQI for each rank. The effective CQI is the CQI that is effectively used at the NodeB. The parameter N is a design parameter, and an example is given in Appendix A. For base_cqi, 5 or 6 bits can be used.
Table 1 Relation of base_cqi and effective CQI
	　
	CQI values for each rank

	Base_cqi value
	Rank=1
	Rank=2
	Rank=3
	Rank=4

	k ( 0<=k<N)
	f1(k)
	f2(k)
	f3(k)
	f4(k)


The diff_cqi (denoted as CQI*) carries ΔCQIs, or, ΔCQI1 and ΔCQI2; where 
· ΔCQIs=CQIs- f1(base_cqi), is the differential CQI value of the CW of rank-1; 
· ΔCQI1=CQI1- fn(base_cqi), and ΔCQI2=CQI2- fn(base_cqi), are the differential CQI values of CW1 and CW2 for rank-n, where n is the rank value and is larger than 1. 
In order to restrict the number of bits for diff_cqi, the range of ΔCQIs, ΔCQI1 and ΔCQI2 should not be so large. For example, if we set the range of ΔCQIs as [-7, 7] and the range of ΔCQI1 and ΔCQI2 as [-3, 3], then 6 bits can be used.
The diff_cqi (CQI*) can be calculated in a similar way as the legacy type A as follows.
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(2)
We note that the quantity ΔCQI x = CQIx - fn(base_cqi) , where x is {s, 1, 2}, may exceed the predefined range. In that case, ΔCQIx can be set to the nearest boundary value:
ΔCQIS=min{max{CQIS- f1(base_cqi),-7},7}
ΔCQI1=min{max{CQI1- fn(base_cqi),-3},3};  ΔCQI2=min{max{CQI2- fn(base_cqi),-3},3}
Differential CQI with joint coding, CQI/PCI/RI
According to the discussion in [3], RI is implicitly indicated by both CQI and PCI values. To apply the differential CQI design outlined in this contribution, the CQI value needs to be replaced by base_cqi or CQI*. The CQI/RI/PCI table presented in [3] is replaced by the Table 2 below.
Table 2 Relation of RI, CQI*(or base_cqi) and PCI
	RI(implicit)
	1
	2
	3
	4

	CQI* (5 or 6 bits)
	[0, M1)
	[M1, M2)

	PCI (5bits)
	[0, 15]
	[0, N1)
	[N1, N2)
	[N2, N3)


The main advantage of using the differential CQI design is that the total number of bits for CQI/RI/PCI can be reduced to ≤ 11bits. Furthermore, using 5bits for CQI* or base_cqi, the total number of bits for CQI/RI/PCI can be 10, and the existing block coding in TS25.212 can be reused.
Obtaining the effective CQI at NodeB
When NodeB receives base_cqi and diff_cqi (ΔCQIs, or ΔCQI1 and ΔCQI2), the effective CQI for rank n applied at NodeB is decided by the following formulation,
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In the TTIs when NodeB receives base_cqi but not diff_cqi, NodeB can assume each differential CQI value as zero; or it can hold the latest valid CQI for the current rank.
2.1.2  Advantages and disadvantages
By using time differential CQI, it is possible to save 2 or 3 bits for reporting CQI. The performance may only be slightly impacted as we assume that the channel will not change dramatically in a short time window. One of the disadvantages of this method is that it may cause error propagation in the time period equal to the base_cqi period. If the base_cqi is decoded in error by NodeB, the CQI values calculated in the TTIs between two consecutive base_cqi values will all be affected since they are derived from the same base_cqi. It is noted that the probability of error for CQI decoding is usually small. Also filtering of the CQI at the NodeB may help to reduce the impact of the erroneous CQI values.
2.2 Spatial differential CQI
Another way to reduce the number of CQI information bits is to use the possible correlation between CQI1 and CQI2 for ranks higher than 1. According to the spatial differential CQI technique used in LTE [36.213], CQI1 remains the same as before (4 bits), but instead of sending CQI2, the UE transmits a differential CQI (i.e.,(=CQI1-CQI2). In LTE, ( is represented by 3 bits and is limited to -4 ≤(≤-3 (the out of range values of ( are mapped to the borders) [Table 7.2-2, 36.213]. 
The NodeB upon reception of CQI1 and ( can deduce CQI2. Representing ( with 3 bits incurs some performance degradation. To reduce the quantization error, we can enable NodeB to choose a different quantizer for (. The NodeB may consider parameters affecting the probability distribution function of ( such as antenna spacing in its selection. The UEs have to be informed about the NodeB quantizer choice; however, the selection can be valid for a long time. An example set of quantizers is shown in the following table. Each row of the table indicates quantization levels of one quantizer.
Table 2 Example of quantizer Levels
	Quantizer
	Quantizer Levels

	Q1
	-4
	-3
	-2
	-1
	0
	1
	2
	3

	Q2
	-7
	-4
	-2
	-1
	0
	1
	2
	4

	Q3
	-8
	-6
	-4
	-2
	0
	2
	4
	6

	Q4
	-9
	-6
	-3
	-1
	0
	1
	3
	6


The first quantizer (Q1) is the LTE quantizer. Q2-Q4 values cover a wider range of differential values with possibly non-uniform steps. 
3. Conclusion
We presented CQI designs for 4-branch MIMO with a reduced number of bits. Based on the discussion above, the techniques look promising. Evaluation of these techniques is FFS.
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Appendix A 
The relation between SNR (in dB) and CQI value can be approximated as 
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. Assuming that the average SNR for rank-n and rank-m based on the same channel can be represented as 
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, it is possible to use base_cqi to signal the effective CQI for rank-n at UE, and deduce the effective CQI for rank-m from base_cqi. Below is diagram of the relations of SNRs and CQI values for different ranks.
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Figure 1: Illustration of the relation of base_cqi, SNRk and CQIk 
In Figure 1, UE can use the SNR statistics of any specified rank to determine the base_cqi value, and NodeB gets CQI for rank-n from base_cqi value based on the mapping between them.
Below are examples of how to map base_cqi value to effective CQI value for a specific rank.
Table 3 Relation of base_cqi and effective CQI, example with 6bits.
	
	CQI values for each rank

	Base_cqi value
	Rank=1
	Rank=2
	Rank=3
	Rank=4

	0
	0
	0
	0
	0

	1
	1
	0
	0
	0

	2
	2
	0
	0
	0

	3
	3
	0
	0
	0

	4
	4
	0
	0
	0

	5
	5
	0
	0
	0

	6
	6
	0
	0
	0

	7
	7
	0
	0
	0

	8
	8
	0
	0
	0

	9
	9
	0
	0
	0

	10
	10
	0
	0
	0

	11
	11
	0
	0
	0

	12
	12
	0
	0
	0

	13
	13
	0
	0
	0

	14
	14
	0
	0
	0

	15
	15
	0
	0
	0

	16
	16
	0
	0
	0

	17
	17
	0
	0
	0

	18
	18
	1
	0
	0

	19
	19
	1
	0
	0

	20
	20
	2
	0
	0

	21
	21
	2
	0
	0

	22
	22
	3
	0
	0

	23
	23
	3
	1
	0

	24
	24
	4
	2
	0

	25
	25
	5
	3
	0

	26
	26
	6
	4
	1

	27
	27
	7
	5
	2

	28
	28
	8
	6
	3

	29
	29
	9
	7
	4

	30
	30
	10
	8
	5

	31
	30
	11
	9
	6

	32
	30
	12
	10
	7

	33
	30
	13
	11
	8

	34
	30
	14
	12
	9

	35
	30
	14
	13
	10

	36
	30
	14
	14
	11

	37
	30
	14
	14
	12

	38
	30
	14
	14
	13

	39
	30
	14
	14
	14


Table 4 Relation of base_cqi and effective CQI, example with 5 bits
	
	CQI values for each rank

	Base_cqi value
	Rank=1
	Rank=2
	Rank=3
	Rank=4

	0
	0
	0
	0
	0

	1
	1
	0
	0
	0

	2
	3
	0
	0
	0

	3
	5
	0
	0
	0

	4
	7
	0
	0
	0

	5
	9
	0
	0
	0

	6
	11
	0
	0
	0

	7
	13
	0
	0
	0

	8
	15
	0
	0
	0

	9
	17
	0
	0
	0

	10
	18
	1
	0
	0

	11
	19
	1
	0
	0

	12
	20
	2
	0
	0

	13
	21
	2
	0
	0

	14
	22
	3
	0
	0

	15
	23
	3
	1
	0

	16
	24
	4
	2
	0

	17
	25
	5
	3
	0

	18
	26
	6
	4
	1

	19
	27
	7
	5
	2

	20
	28
	8
	6
	3

	21
	29
	9
	7
	4

	22
	30
	10
	8
	5

	23
	30
	11
	9
	6

	24
	30
	12
	10
	7

	25
	30
	13
	11
	8

	26
	30
	14
	12
	9

	27
	30
	14
	13
	10

	28
	30
	14
	14
	11

	29
	30
	14
	14
	12

	30
	30
	14
	14
	13

	31
	30
	14
	14
	14
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