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1 Introduction

In RAN1 #62bis in Xi’an, Oct. 2010, Best Companion PMI (BCI) and delta CQI are first time proposed in a WF (R1-105801). A method of calculating MU CQI is also proposed in the WF. In this document, we give a more extensive discussion on possible methods of MU CQI calculation and show preliminary numerical results of different methods. 
2 Background
BCI has been proposed in RAN1 for a long time. In case of BCI reporting, in addition to PMI/CQI reporting, the UE (intended UE) additionally report another PMI that is most preferred to be used by another paired UE (a UE that share the same time/frequency resource with the UE itself). Moreover, since such UE pairing would cause SINR reduction of the intended UE, it is also helpful to report another delta CQI to indicate the eNB how much the CQI is reduced from original CQI, i.e., delta CQI is reported. In general delta CQI is negative value because CQI is degraded. The BCI/delta CQI reporting can potentially help the scheduling (pairing and CQI calculation) at eNB side, as shown in Fig.1. Throughout this contribution 4Tx is assumed at eNB side.
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Fig. 1 BCI reporting
A natural enhancement to the mechanism in Fig.1 is to report multiple BCI (and multiple respectively associated delta CQI). This can greatly increase the scheduling flexibility at eNB side and henceforth further increases MU-MIMO performance, as shown in Fig. 2. The methods of reporting multiple BCI is discussed in section 3.
[image: image2.emf]eNB 

PMI

(UE)

BCI  1

(Possibly Co-

scheduled UE1)

BCI  2

(Possibly Co-

scheduled UE2)

BCI  3

(Possibly Co-

scheduled UE3)


Fig. 2 Multiple BCI reporting
However, sometimes the overhead of reporting multiple delta CQI is concerned. For example, in PUSCH reporting mode 3-1, the CQI reporting is per subband. If each delta CQI is 3 bit, the increased overhead assuming 20 MHz system bandwidth would be (3+3+3)*13 = 117 which is larger than the sum of all other CSI (PMI/CQI/BCI/RI). Therefore, sometimes the overhead of multiple delta CQI needs to be reduced, and the signalling may be as following (Fig. 3):
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Fig. 3 MU CQI overhead reduction.

The signalling in Fig.3 implies that we have to calculate a single delta CQI with respect to multiple BCI. The details on how to calculate a single delta CQI w.r.t. multiple BCI is discussed in section 4.
3 Multiple BCI Reporting

3.1 Possible BCI Reporting Methods

The most natural way to report multiple BCI is to report three wideband BCIs, each BCI is a 4bit signalling. However some companies concern the overhead of multiple BCI. It is believed that in general the BCIs are orthogonal to PMI. Therefore a predefined table can be exploited to reduce the overhead of BCI reporting, i.e., the multiple BCIs are assumed to be the three orthogonal vector of PMI, as shown in Table 1.
Table 1: Predefined BCI w.r.t. PMI
	PMI
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	BCI
	1
2
3
	0
2
3
	0
1
3
	0
1
2
	5
6
7
	4
6
7
	4
5
7
	4
5
6
	9
10
11
	8
10
11
	8
9
11
	8
9
10
	13
14
15
	12
14
15
	12
13
15
	12
13
14


However, such BCI overhead reduction is achieved definitely with the price of throughput performance degradation. The first most obvious problem is the degradation of MU CQI, i.e., increased inter-UE-interference due to the limited choices of BCI directions. The second less obvious problem occurs when we report a single delta CQI w.r.t. multiple BCIs. With predefined BCI, the variation between multiple delta CQI increases. In such case it is more difficult to combine the multiple delta CQI to a single one, and hence the reporting accuracy is decreased. Therefore the BCI reporting methods are also related to delta CQI calculation problem. For convenience we call the BCI reporting methods as BCI method 1 and BCI method 2:

· BCI method1: Report multiple BCIs explicitly

· BCI method2: BCIs are assumed implicitly by the value of PMI according to table 1.
One possible difference between BCI method 1 and method 2 is the requirement on UE receiver complexity. BCI method 2 enforces orthogonality at Tx side (eNB), but the orthogonality is possibly not maintained very well at Rx side (UE) after being multiplied by channel matrix H. On the other hand, BCI method1 causes higher MU CQI, which means that Rx side orthogonality is better kept. Therefore, advanced UE receivers is less needed for BCI method 1.
Moreover, to have a better understanding on the impact of BCI method 2, we did UE side CSI feedback  simulation, as shown in Annex I. Based on those results, currently our view is that the performance degradation due to BCI method 2 is not so negligible, therefore we further propose:

· If multiple BCI is to be supported, explicitly signaling multiple BCI (BCI method1) seems beneficial if BCI overhead is not severely concerned.

3.2 Testing of BCI
The testing of BCI can be similar to PMI testing in Rel-8. PMI testing is defined by throughput gain, i.e., the ratio between the throughput of adopting reported PMI and the throughput of adopting a random PMI in the codebook should be larger than a certain threshold. Here we notice that BCI indicate a direction that cause smaller interference to the UE than other direction does, therefore BCI may be tested using throughput gain as well. In other words, with respect to the reported PMI, the ratio between the throughput of adopting the suggested BCI and the throughput of adopting a BCI randomly selected from the codebook should be larger than a threshold. Mathematically, a BCI should satisfy:
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 indicates the throughput of adopting the suggested BCI, 
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 is a threshold to be selected by RAN4.
4 MU CQI Calculation Assumptions
4.1 Possible MU CQI Calculation Assumptions
The first thinking to report a single delta CQI is to average among multiple delta CQIs which are calculated based on different BCI assumptions respectively. However, although reasonable, simply averaging is not testable. In other words, the BLER can not be guaranteed to be smaller than 10% if the eNB adopt the reported delta CQI (with respect to different BCI assumptions). We can show the details of CQI averaging method just for the purpose of completeness: multiple CQI -> multiple SINR -> multiple BLER -> average -> single BLER -> single SINR -> single CQI. The procedure is similar to EESM mapping.
Table2: ΔCQI Calculation Assumption I
	PMI
	BCI1
	BCI2
	BCI3
	ΔCQI

	P/2
	P/2
	0
	0
	ΔCQI_1

	P/2
	0
	P/2
	0
	ΔCQI_2

	P/2
	0
	0
	P/2
	ΔCQI_3


A testable method is to report the most conservative delta CQI among the multiple delta CQIs, as shown in Table 2. In this case, the BLER is smaller than 10% if eNB adopts the reported delta CQI no matter which BCI assumption is used. However, the MU performance may be degraded because the delta CQI is very conservative. The significance of the degradation would depend on the variation among multiple delta CQIs. If the variation is large, the degradation would be significant, and vice versa. We will see some numerical results on this point in Annex II.
Another possible MU CQI calculation method is described in R1-105801. This method assumes the eNB transmits interfering signals in the multiple BCI directions simultaneously and the power is equally split between layers. For example, if 3BCIs are reported, then each layer has power P/4, as shown in Table 3.
	Table 3: ΔCQI Calculation Assumption II
PMI
	BCI1
	BCI2
	BCI3
	ΔCQI

	P/4
	P/4
	P/4
	P/4
	singleΔCQI (4 layers)


In Table 3, there are three interferers with the same power as PMI, but for assumption I, there are only one interferer with the same power as PMI. There it is not difficult to observe that assumption II is even more conservative than assumption I. To compensate this, it is possible to scale the delta CQI back at eNB side. The most straightforward way is to increase 3dB at eNB side. However, usually the eNB side processing is less accurate than UE side processing due to limited feedback and less knowledge of UE side processing method. Moreover, sometimes the delta CQI is so conservative that sometimes it is lower than the lowest possible delta CQI (e.g., -7/-3 if delta CQI is 3/2bit signalling, respectively). In such case, the eNB is not possible to scale the power back correctly.

The third possible MU CQI calculation assumption is to approximate the actual power assignment between PMI and BCI. The actual DL power assignment between PMI and BCI is equal split (one layer per UE). In turn, although there are multiple BCIs, the total power associated with them can be equal to the power associated with PMI. Moreover the BCI power can be equally split among multiple BCIs. The power assignment is shown in Table 4. In such case, theΔCQI represents spatially averaged interference while the eNB side power scaling is not needed. 
Table 4: ΔCQI Calculation Assumption III
	PMI
	BCI1
	BCI2
	BCI3
	ΔCQI

	P/2
	P/6
	P/6
	P/6
	singleΔCQI (4 layers)


4.2 Testing of MU CQI(s)
The testing of MU CQI has been roughly discussed in section 4.1. In general the testing of delta CQI can be similar to CQI testing in Rel-8, i.e., testing on BLER requirement. For example, in case that assumption III is adopted, the eNB may transmit three interferers simultaneously with signals. The directions and powers of the three interferers follow the reported BCI and assumed power allocation in assumption III. The directions and MCS of signaling follow the reported PMI and CQI (in conjunction with delta CQI). In such testing environment the resulted BLER at UE side should satisfy the 10% BLER requirement.
5 Conclusions

Overall we are neutral on if to support BCI in Rel-10. It is also FFS if multiple BCI can be supported in Rel-10. 

However, if multiple BCI is supported, based on the analysis in this document, we slightly prefer to signal multiple BCI explicitly (BCI method1) in conjunction with MU CQI calculation assumption I. On the other hand, if multiple BCI is reported implicitly (BCI method 2) is to be supported, MU CQI calculation assumption III is slightly preferred.
Annex I: Numerical Analysis of BCI Reporting Methods
As we discussed in section 3.1, BCI method 2 may cause delta CQI degradation and increase delta CQI variation.(in case of multiple BCI reporting). In this annex we do some numerical analysis on the two factors.

Table 5. ΔCQI Reduction due to BCI method 2 (compared with method 1)

	
	ΔCQI reduction

	
	Third highest
	Second highest
	Highest

	UE SNR
	3 dB
	0.50
	0.25
	0.17

	
	8 dB
	1.32
	0.56
	0.17

	
	13 dB
	1.77
	0.58
	0.17


Table 6. Variation between multiple delta CQIs
	
	ΔCQI variance

	
	Method 1
	Method 2

	UE SNR
	3 dB
	0.2582
	0.4318

	
	8 dB
	0.3923
	1.1378

	
	13 dB
	0.3513
	1.9495


Based on the results in Table 5 and 6, it seems that BCI method 2 introduces lowerΔCQI and introduces more variation between multiple delta CQIs. To see the variation more intuitively, we show the distribution of ΔCQI at SNR = 13 dB in Fig. 4. 
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Figure 4. Distribution ofΔCQI variation (difference between highestΔCQI  and lowestΔCQI ) for BCI method 1 and method 2, respectively (SNR = 13 dB, 100 samples)

Based on the results in Figure 4, it can be seen that BCI method 2 causes much larger variation than method 2 (sometimes up to 6). Large variation may cause difficulty to report a single delta CQI w.r.t. multiple BCIs, as we will see in section 4.2 (delta CQI calculation simulations).

Based on the above observations, we see that constraint multiple BCI to be orthogonal to PMI is not optimal. It should be clarified that in other companies’ document, it is claimed that in general the BCI associated with highest delta CQI is in the orthogonal subset of PMI. However, we here note that, after being multiplied by channel matrix H, there is always a direction, although it is orthogonal to PMI, can still cause severe interference to PMI. Now if we constraint the BCI to be the three direction that are orthogonal to PMI (and also mutual orthogonal), quite often one of the three BCI would be close the particular direction that cause severe interference. Therefore one delta CQI would be reduced greatly for one BCI.

We can further check the probability that optimal selection of BCI coincides with orthogonal subset. Intuitively if we just need one BCI, frequently it is in the orthogonal subset. But if we need two BCIs, the probability that both of them are in orthogonal subset is low. Further if three BCIs are needed, the probability that all of them are in orthogonal subset is lower. The exact probability is shown in Table 7. 

Table 7. Probability that Best BCIs in orthogonal subset
	
	Probability that the BCI associated with highest delta CQI is in orthogonal subset
	Probability that the two BCIs associated with the two highest delta CQI is in orthogonal subset
	Probability that the three BCIs associated with the three highest delta CQI is in orthogonal subset

	SNR = 3dB
	49.9%
	17.0%
	1.3%

	SNR = 8dB
	50.3%
	14.3%
	1.3%

	SNR = 13 dB
	51.1%
	14.1%
	0.8%


From the above simulations, we see that orthogonal subset constraint does cause some performance degradation and the degradation seems not so negligible. 
Annex II: Numerical Analysis of MU CQI Calculations

The three MU CQI calculation assumptions have been listed in section 4. In this annex compare the three assumptions. We first assume BCI method 1(explicit BCI reporting) and then compare the three MU CQI assumptions. First principle is that the result should approximate average delta CQI for a better performance. The deviations from average delta CQI are listed respectively for the three methods in Table 8.
Table 8. Comparison of three MU CQI Calculation Assumptions (assuming multiple BCI explicitly signaled)

	
	Deviation from average delta CQI

	
	Assumption I
	Assumption II
	Assumption III

	SNR = 3dB
	-0.15
	-1.64
	-0.14

	SNR = 8dB
	-0.25
	-2.40
	-0.51

	SNR = 13 dB
	-0.32
	-3.60
	-1.49


According to table 8, in case of BCI reporting method 1, CQI assumption I is slightly lower than average delta CQI. However, because the variation between multiple delta CQI is small, taking the most conservative delta CQI does impact performance greatly. Assumption II, as expected, severely overestimates spatial interference. Moreover, such overestimation can not be compensated by a constant value at eNB as we can see that the deviation is different for different SNRs. For assumption III, the deviation from average delta CQI is actually more than assumption I. This may be counter-intuitive because assumption III was thought as spatial average of multiple interferences. The reason is that the assumed antenna configuration, 4x2, is friendly to remove one interference but difficult to handle multiple interferences. Therefore for assumptions III it is more difficult to null all interferences at receiver side. This phenomenon is more visible at interference-limited environment (high geometry region).

Table 9. Comparison of three MU CQI Calculation Assumptions (assuming multiple BCI in orthogonal subset)

	
	Deviation from average delta CQI

	
	Assumption I
	Assumption II
	Assumption III

	SNR = 3dB
	-0.44
	-1.90
	-0.25

	SNR = 8dB
	-0.87
	-2.72
	-0.78

	SNR = 13 dB
	-1.23
	-4.14
	-1.90


Similarly we compare the three MU CQI calculation assumptions with BCI method 2 (3 BCI in orthogonal subset) in table 9. Now in relatively low SNR regime (3 and 8 dB), assumption III shows smaller deviation than assumption I. The reason is that the variation between multiple delta CQI is large, therefore assumption I turns out to be very conservative. Similarly assumption II seems too conservative.

Observing table 8 and 9, we slightly prefer to adopt assumption I in case of BCI method 1, and use assumption III in case of BCI method 2

Annex III: Evaluation Assumptions
	Parameter
	Assumption

	eNB antenna configuration
	Widely spaced 4Tx

	UE antenna configuration
	2Rx dual polarized antenna

	CSI-RS/DMRS Channel estimation
	Ideal

	Receiver
	MMSE

	Channel modelling
	3GPP Case 1 pathloss model with flat fading, i.i.d. for spatial channel
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