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1. Introduction
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No conclusion regarding the RI verification metric could be reached in the RAN4#60 meeting [1]. To facilitate the metric selection in RAN4#61bis, a set of simulations were agreed in [2], based on the test setup provided in [3].
In the present contribution we compare the candidate metrics, continuing the discussion from [4] and [5].

An Excel sheet summarizing the simulation results can be found embedded in the document.

2. Simulation assumptions
The following relative metrics are evaluated:
· 
Metric 1: TRA / TR1 ≥ 1
· 
Metric 2: TRA / TR2 ≥ 2
· 
Metric 3: TRA / min( TR1,TR2 ) ≥ 
· 
Metric 4: TRA / min( TR1,TR2 )  ≥ 1 + β|TR2-TR1|/min(TR2,TR1)

· 
Metric 5: # reported R2/# reported R1 ≥ 
The simulations are carried out per following receivers:
· 
Receiver 1: A realistic advanced receiver with improved rank-2 performance compared to the baseline.
· 
Receiver 2: Receiver-1 with a low quality RI estimator achieving a 30 % of the difference between the rank-1 and rank-2 throughputs, compared to min( TR1,TR2 ).
· 
Receiver 3: 3GPP baseline receiver (to be provided later)

Both low and high antenna correlations are evaluated in order to address the three basic test configurations specified in Rel-8:

· 
Test 1: Low antenna correlation and low SNR
· 
Test 2: Low antenna correlation and high SNR

· 
Test 3: High antenna correlation and high SNR

The simulations are set up according to the configurations provided in [2] and [3].
3. Simulation results

3.1 Normalized throughput

The normalized throughput quantities are shown in Figures 1 - 5 for the low antenna correlation and in Figures 6 - 10 for the high correlation. The beta for Metric 4 goes from 0.0 to 1.0 with steps of 0.1.
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Figure 1 – Metric 1, low antenna correlation
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Figure 2 – Metric 2, low antenna correlation
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Figure 3 – Metric 3, low antenna correlation
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Figure 4 – Metric 4, low antenna correlation
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Figure 5 – Metric 5, low antenna correlation
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Figure 6 – Metric 1, high antenna correlation
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Figure 7 – Metric 2, high antenna correlation
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Figure 8 – Metric 3, high antenna correlation
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Figure 9 – Metric 4, high antenna correlation
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Figure 10 – Metric 5, high antenna correlation


3.2 Impact on cell throughput

The impact of the rank estimation accuracy on cell throughput is assessed by mapping the follow-rank throughput to the SNR distribution obtained from a system level simulator. The network configurations are 3GPP Macro 1 and 3, with probability densities as shown below:
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Figure 12 – PDF, 3GPP Macro 1
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Figure 13 – PDF, 3GPP Macro 3


The resulting losses in average cell throughput due to bad RI estimator are summarized in Table 1 below:
Table 1 – Loss in average cell throughput due to bad RI estimator
	Scenario
	Loss due to bad RI estimator

	
	

	3GPP Macro 1
	7.7 %

	3GPP Macro 3
	7.6 %


4. Observations from the simulation results
On the basis of the results shown in Section 3, we observe the following, focusing on the feasibility of the test metric at the low SNR and low antenna correlation:
· 
Metric 1 (TRA / TR1 ≥ 1) provides in principle a stable basis for settings the requirement, as can be seen from Figure 1. This metric is however not agnostic to the receiver implementation as possible advances in the rank-1 performance would render the test more difficult to pass. The requirement would be also easier to pass with receivers satisfying TR2 > TR1 at the test point.
· 
Metric 2 (TRA / TR2 ≥ 2) does not provide a stable basis for setting the requirement at low SNR and low correlation due to the variability of the test metric. As can be seen from Figure 2, the relative throughput varies between 1.0 and 1.2, in practice implying that a Gamma close or equal to one needs to be adopted (remembering that Gamma = 1 was adopted in Rel-8). Consequently a receiver with a poor rank estimation can pass the test.

· 
Metric 3 (TRA / min( TR1,TR2 ) ≥ has the same problems as metric 2, given TR1 > TR2 at the test point. Compared to metrics 1 and 2, this metric is more agnostic to the location of the rank1/2 switching point due to the min( TR1,TR2 ) term in the denominator part of the gamma.
· 
Metric 5 (#R2/#R1 ≥ ) does not provide a stable basis for the RI requirement either, as typically 100 % of the reports are RI=1 assuming low SNR and low correlation, as can be seen from Figure 5.
To summarize, one or many of the following problems apply to metrics 1, 2, 3, and 5:

· 
The given metric is not stable as a function of SNR, implying that the requirement needs to be chosen according to worst case (Gamma = close to one). As a result, a receiver with a bad rank estimator can pass the test, hence compromising the purpose of the rank verification. In the given example, a receiver achieving only 30% gain over min( TR1,TR2 ) will satisfy the test metrics 1,2, and 4 at a suitable SNR value, as can be seen from Figures 1 - 3. Such receiver will induce a considerable loss in the cell throughput, around 7 % in the given example.
· 
The given metric is not agnostic to the location of the rank1/2 switching point.
· 
The given metric favors receivers having an improved rank-1 or rank-2 performance compared to the baseline. 
These problems are solved by Metric 4 (TRA ≥ min(TR2,TR1) + β|TR2-TR1|) as described in the following: 
· 
The stability problem is alleviated 4 by the introduction of β|TR2-TR1| term, which approximates the gain that can be achieved by a proper rank selection. 
· 
As another benefit, the test becomes more agnostic to improved rank-1 or rank-2 performance, as these improvements are reflected in the beta term. 
· 
Lastly, the rank switching problem related to the rank switching point is solved by the introduction of the min(TR2,TR1)  term, similar to Metric 3.
The favorable properties of Metric 4 are illustrated in Figure 4. As can be seen, the beta curves are well inline with the behaviour of a realistic rank estimator, hence making the metric applicable to a wide range of SNR values. The same metric can be utilized at high antenna correlation, as can be seen from Figure 9. It should be also noted that the Metric 4 yields a sensible requirement at the rank1/2 switch point, although it would be preferable (for all metrics) if the test point was not very close to the switching point as to avoid the lower follow-RI gain.
It is emphasized that the actual requirements (beta values) would be determined based on the simulation results from interested companies, and they would be specific to a test case (test 1, 2 or, 3). 

One of the worries expressed by other companies in RAN4#60 meeting was the beta going to infinity. This is probably based on a misunderstanding, as the beta as an requirement cannot be infinite, but is selected based on companies proposals. It is true that, mathematically, beta would “go infinity” at the rank switching point, but this is not relevant as long as the beta is not chosen at SNR where TR1 = TR2. As can be seen from Figure 4, the relative throughput  min( TR1,TR2 ) + β|TR2-TR1| itself does not go to the infinity at the rank1/2 switching point.
In addition to the above mentioned benefits, Metric 4 can be easily generalized to higher ranks, as discussed in [5]. The generalized version can be expressed as
· 
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, where N denotes the highest possible rank.
5. Conclusions

In this contribution we compare the candidate metrics for the rank accuracy test in TM9. On the basis of the simulation results and discussion, we conclude the following:

· 
Metrics 1, 2, 3 imply a Gamma requirement close to unity. Consequently the RI test can be passed with a a poor rank selection algorithm.
· 
A poor rank estimator reduces the cell throughput by 7 % in the evaluated 3GPP Macro network.

· 
Metric 5 does not result in a realizable requirement in low SNR due to the fact that typically most (if not all) of the reports are RI=1.
· 
Metric 4 results in a requirement that is receiver agnostic, by large avoids the problems with rank1/2 switching point, and is extendable to future releases.
· 
Metric 4 does not inherently mean a loose or a strict requirement, but rather gives freedom for setting the requirement based on companies results. The other metrics are essentially constrained to a very low Gamma value, hence implying that the rank adaptation feature cannot be verified in a proper manner.
Proposal:

Based on the above considerations, we propose that the rank selection accuracy in TM9 is verified by 
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covering the following three test cases:

· Test 1: low SNR, low antenna correlation

· Test 2: high SNR, low antenna correlation

· Test 3: high SNR, high antenna correlation

The detailed test configurations (channel model, SNR point, CSI reporting details, etc) and the actual beta values are FFS.
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		Advanced receiver

		SNR		TRA/TR1		TRA/TR2		TRA/
min(TR1,TR2)		1+β*abs(TR2-TR1)/min(TR1,TR2)																						#R2/#R1

										β=0.0		β=0.1		β=0.2		β=0.3		β=0.4		β=0.5		β=0.6		β=0.7		β=0.8		β=0.9		β=1.0

		-4		1.07		0.99		1.07		1.00		1.01		1.02		1.02		1.03		1.04		1.05		1.05		1.06		1.07		1.08		0.00

		-2		1.04		1.01		1.04		1.00		1.00		1.01		1.01		1.01		1.02		1.02		1.02		1.03		1.03		1.03		0.00

		0		1.04		1.11		1.11		1.00		1.01		1.01		1.02		1.02		1.03		1.04		1.04		1.05		1.06		1.06		0.00

		2		1.04		1.20		1.20		1.00		1.02		1.03		1.05		1.06		1.08		1.09		1.11		1.12		1.14		1.15		0.00

		4		1.02		1.15		1.15		1.00		1.01		1.03		1.04		1.05		1.06		1.08		1.09		1.10		1.11		1.13		0.00

		6		1.02		1.07		1.07		1.00		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.04		1.05		0.00

		8		1.03		1.06		1.06		1.00		1.00		1.01		1.01		1.01		1.02		1.02		1.02		1.03		1.03		1.03		0.06

		10		1.04		1.10		1.10		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.04		1.05		1.05		0.25

		12		1.06		1.07		1.07		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.01		1.01		1.01		0.76

		14		1.05		1.04		1.05		1.00		1.00		1.00		1.00		1.00		1.01		1.01		1.01		1.01		1.01		1.01		2.01

		16		1.04		1.01		1.04		1.00		1.00		1.00		1.01		1.01		1.01		1.01		1.02		1.02		1.02		1.02		6.02

		18		1.06		1.00		1.06		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.05		1.05		1.06		19.83

		20		1.14		1.00		1.14		1.00		1.01		1.03		1.04		1.06		1.07		1.08		1.10		1.11		1.13		1.14		116.65

		22		1.22		1.00		1.22		1.00		1.02		1.04		1.07		1.09		1.11		1.13		1.15		1.17		1.20		1.22		399.00

		24		1.31		1.00		1.31		1.00		1.03		1.06		1.09		1.12		1.15		1.18		1.21		1.25		1.28		1.31

		Bad receiver

		SNR		TRA/TR1		TRA/TR2		TRA/
min(TR1,TR2)		1+β*abs(TR2-TR1)/min(TR1,TR2)

										β=0.0		β=0.1		β=0.2		β=0.3		β=0.4		β=0.5		β=0.6		β=0.7		β=0.8		β=0.9		β=1.0

		-4		1.02		0.95		1.02		1.00		1.01		1.02		1.02		1.03		1.04		1.05		1.05		1.06		1.07		1.08

		-2		1.01		0.98		1.01		1.00		1.00		1.01		1.01		1.01		1.02		1.02		1.02		1.03		1.03		1.03

		0		0.96		1.02		1.02		1.00		1.01		1.01		1.02		1.02		1.03		1.04		1.04		1.05		1.06		1.06

		2		0.91		1.05		1.05		1.00		1.02		1.03		1.05		1.06		1.08		1.09		1.11		1.12		1.14		1.15

		4		0.92		1.04		1.04		1.00		1.01		1.03		1.04		1.05		1.06		1.08		1.09		1.10		1.11		1.13

		6		0.97		1.01		1.01		1.00		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.04		1.05

		8		0.98		1.01		1.01		1.00		1.00		1.01		1.01		1.01		1.02		1.02		1.02		1.03		1.03		1.03

		10		0.97		1.02		1.02		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.04		1.05		1.05

		12		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.00		1.01		1.01		1.01

		14		1.00		0.99		1.00		1.00		1.00		1.00		1.00		1.00		1.01		1.01		1.01		1.01		1.01		1.01

		16		1.01		0.98		1.01		1.00		1.00		1.00		1.01		1.01		1.01		1.01		1.02		1.02		1.02		1.02

		18		1.02		0.96		1.02		1.00		1.01		1.01		1.02		1.02		1.03		1.03		1.04		1.05		1.05		1.06

		20		1.04		0.91		1.04		1.00		1.01		1.03		1.04		1.06		1.07		1.08		1.10		1.11		1.13		1.14

		22		1.07		0.87		1.07		1.00		1.02		1.04		1.07		1.09		1.11		1.13		1.15		1.17		1.20		1.22

		24		1.09		0.84		1.09		1.00		1.03		1.06		1.09		1.12		1.15		1.18		1.21		1.25		1.28		1.31





high antenna correlation

		

		Advanced receiver

		SNR		TRA/TR1		TRA/TR2		TRA/
min(TR1,TR2)		1+β*abs(TR2-TR1)/min(TR1,TR2)																						#R2/#R1

										β=0.0		β=0.1		β=0.2		β=0.3		β=0.4		β=0.5		β=0.6		β=0.7		β=0.8		β=0.9		β=1.0

		-4		1.05		1.81		1.81		1.00		1.07		1.15		1.22		1.29		1.37		1.44		1.51		1.59		1.66		1.73		0.00

		-2		1.03		2.19		2.19		1.00		1.11		1.23		1.34		1.45		1.57		1.68		1.79		1.91		2.02		2.13		0.00

		0		1.02		2.81		2.81		1.00		1.17		1.35		1.52		1.70		1.87		2.05		2.22		2.40		2.57		2.75		0.00

		2		1.02		3.16		3.16		1.00		1.21		1.42		1.63		1.83		2.04		2.25		2.46		2.67		2.88		3.09		0.00

		4		1.02		3.16		3.16		1.00		1.21		1.42		1.63		1.84		2.05		2.27		2.48		2.69		2.90		3.11		0.00

		6		1.01		2.96		2.96		1.00		1.19		1.38		1.58		1.77		1.96		2.15		2.34		2.54		2.73		2.92		0.00

		8		1.01		2.75		2.75		1.00		1.17		1.34		1.51		1.69		1.86		2.03		2.20		2.37		2.54		2.72		0.00

		10		1.01		2.50		2.50		1.00		1.15		1.30		1.45		1.59		1.74		1.89		2.04		2.19		2.34		2.48		0.00

		12		1.00		2.29		2.29		1.00		1.13		1.26		1.38		1.51		1.64		1.77		1.89		2.02		2.15		2.28		0.00

		14		1.01		2.21		2.21		1.00		1.12		1.24		1.36		1.48		1.60		1.71		1.83		1.95		2.07		2.19		0.00

		16		1.01		2.06		2.06		1.00		1.10		1.21		1.31		1.42		1.52		1.63		1.73		1.84		1.94		2.04		0.00

		18		1.01		1.89		1.89		1.00		1.09		1.17		1.26		1.35		1.44		1.52		1.61		1.70		1.78		1.87		0.00

		20		1.01		1.77		1.77		1.00		1.08		1.15		1.23		1.30		1.38		1.46		1.53		1.61		1.68		1.76		0.01

		22		0.99		1.62		1.62		1.00		1.06		1.13		1.19		1.25		1.32		1.38		1.44		1.51		1.57		1.63		0.04

		24		0.99		1.51		1.51		1.00		1.05		1.10		1.16		1.21		1.26		1.31		1.36		1.42		1.47		1.52		0.09

		Bad receiver

		SNR		TRA/TR1		TRA/TR2		TRA/
min(TR1,TR2)		1+β*abs(TR2-TR1)/min(TR1,TR2)

										β=0.0		β=0.1		β=0.2		β=0.3		β=0.4		β=0.5		β=0.6		β=0.7		β=0.8		β=0.9		β=1.0

		-4		0.70		1.22		1.22		1.00		1.07		1.15		1.22		1.29		1.37		1.44		1.51		1.59		1.66		1.73

		-2		0.63		1.34		1.34		1.00		1.11		1.23		1.34		1.45		1.57		1.68		1.79		1.91		2.02		2.13

		0		0.55		1.52		1.52		1.00		1.17		1.35		1.52		1.70		1.87		2.05		2.22		2.40		2.57		2.75

		2		0.53		1.63		1.63		1.00		1.21		1.42		1.63		1.83		2.04		2.25		2.46		2.67		2.88		3.09

		4		0.53		1.63		1.63		1.00		1.21		1.42		1.63		1.84		2.05		2.27		2.48		2.69		2.90		3.11

		6		0.54		1.58		1.58		1.00		1.19		1.38		1.58		1.77		1.96		2.15		2.34		2.54		2.73		2.92

		8		0.56		1.51		1.51		1.00		1.17		1.34		1.51		1.69		1.86		2.03		2.20		2.37		2.54		2.72

		10		0.58		1.45		1.45		1.00		1.15		1.30		1.45		1.59		1.74		1.89		2.04		2.19		2.34		2.48

		12		0.61		1.38		1.38		1.00		1.13		1.26		1.38		1.51		1.64		1.77		1.89		2.02		2.15		2.28

		14		0.62		1.36		1.36		1.00		1.12		1.24		1.36		1.48		1.60		1.71		1.83		1.95		2.07		2.19

		16		0.64		1.31		1.31		1.00		1.10		1.21		1.31		1.42		1.52		1.63		1.73		1.84		1.94		2.04

		18		0.67		1.26		1.26		1.00		1.09		1.17		1.26		1.35		1.44		1.52		1.61		1.70		1.78		1.87

		20		0.70		1.23		1.23		1.00		1.08		1.15		1.23		1.30		1.38		1.46		1.53		1.61		1.68		1.76

		22		0.73		1.19		1.19		1.00		1.06		1.13		1.19		1.25		1.32		1.38		1.44		1.51		1.57		1.63

		24		0.76		1.16		1.16		1.00		1.05		1.10		1.16		1.21		1.26		1.31		1.36		1.42		1.47		1.52
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