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1 Introduction

In the email discussion on Interference Measurement after RAN1#69, it was agreed to:

•          Aim to maximise the number of configurations of the interference part of CSI while 

keeping realistic interference measurement accuracy/performance.


During RAN1#70 the following agreements were reached regarding IMRs.

· 4 REs/PRB

· IMR configuration: 

· Each IMR is configured independently with a R10 subframeConfig and a R10 resourceConfig, where resourceConfig is for 4 REs

· All the IMRs configured for one UE shall together use only REs which can be configured as a single R10 ZP CSI-RS resource configuration. 

· For the purpose of interference measurement on an IMR, the UE shall assume that all signals received on the REs of the IMR are interference.

· Further details of how the UE measures the interference on IMR are left to the UE implementation 

In the email discussion on Interference Measurement after RAN1#70, IMR hopping was debated. No agreement was reached. There were several suggestions in the discussion that any enhanced “collision randomization” IMR scheme would be defined in addition to the currently defined IMR, and that potentially the enhanced IMR resources could be configured with “Rel-11 resourceConfig”. In this contribution we discuss views on enhanced IMR design within this scope, and propose a new IMR scheme.
2 Discussion
The use of Rel-10 zero power CSI-RS for interference estimation requires careful coordination to avoid collision between cells/clusters. Several companies have expressed a desire to reduce the operators’ planning effort with regard to Rel-11 IMRs by enhancing the IMR configuration. 
IMRs may be used by any cell or cluster outside of the CoMP Measurement Set, and it must be assumed that these cells will also transmit IMR. In the email discussion following RAN1#69 it was proposed by several companies that IMR configuration should be automated to avoid/reduce inaccurate interference estimation due to colliding IMREs. It was further suggested that adjacent cell/cluster IMRs can be partially overlapping, suggesting simple configurations that produce low probability of collision between IMRs rather than strict orthogonally. 
Desirable properties of an enhanced IMR scheme include:

· Low probability of IMR collision.

· Robustness to systematic repeating errors.

· Low impact on legacy UE performance.

· Maximum possible IMRE density (defined to be 4 REs/PRB).

· Low signalling overhead.

We outline various previously described schemes below and propose two more for consideration.
2.1
IMR reuse scheme 1 – PRB hopping:
The “hopping” scheme discussed in [1-3] is depicted in Figure 1. Considering a single PRB, the 4RE CSI-RS group is selected from 10 available groups, from which two REs are selected as IMRs. The RS resourceConfig for the group is signalled to Rel-10 UEs, which must rate match around the 4 REs. The number of possible IMR configurations is 60. 
An additional two REs can be independently selected in 6 ways from a second PRB sharing the same CSI-RS configuration, increasing the number of configurations to 360. Hopping across 
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Figure 1. Two-PRB IMR hopping scheme.

However, the number of configurations can be misleading in terms of collision probability, since the configurations are not statistically independent. In the proposed hopping schemes above, the IMRE randomisation across PRBs is constrained to the selected 4RE ZP-CSI-RS group(s). For example, an out-of-cluster eNB may have the same CSI-RS group configured as ZP, or it may have a large positive or negative Pc configured for that CSI-RS group. In this case the IMR on every PRB will collide regardless of the scrambling/hopping pattern, and the interference estimates will systematically be biased. The effect of colliding CSI-RS on interference measurement accuracy is essentially the same as in the no hopping case, but with the additional configuration overhead and complexity of hopping.

Observation: Increasing the number of IMR configurations by “hopping” across PRBs within a CSI-RS group does not necessarily help avoid systematic collisions with specific types of REs. 

2.2 IMR reuse scheme 2:

A non-hopping scheme example was proposed in [2] to increase the number of IMR configurations. Two groups of 4 REs are selected from the available 10. From each of the two groups, two REs are selected as IMREs. The reference signal configuration for both groups of 4 REs is signalled to Rel-10 UEs, which rate-match around the muted REs. The total number of different configurations is 1620. There is no requirement for hopping across PRBs, however the impact on legacy UEs is doubled to 8 REs/PRB. This scheme has similar susceptibility to systematic inaccuracies as scheme 1.
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Figure 2. IMRE reuse scheme 2.

2.3 IMR reuse scheme 3 (Proposal 1): 

A group of 4 CSI-REs is selected from 10 possible groups, and 3 REs are selected from the group of 4 (Figure 3). This provides 40 configurations. The reference signal configuration for the group of 4 REs is signalled to Rel-10 UEs which rate-match around it.

As depicted in Figure 3, an additional CSI-RE is then chosen from the remaining 36 REs that can be configured as CSI-RS, and used as the 4th RE for the IMR. However in this case the network doesn’t signal the additional CSI-RS configuration to legacy UEs. Rel-10 UEs remain unaware of the 4th IMRE and treats it as the expected PDSCH (or other type of) RE. This causes some performance degradation to legacy UEs but avoids the need to rate match around 4 CSI-REs/PRB. The total number of configurations for one IMR is 40x36=1440. This configuration can no longer be signalled to Rel-11 UEs using existing Rel-10 ZP CSI-RS configurations, and a new “Rel-11 resourceConfig” would need to be defined.
The 3 IMREs selected from the 4 element group are subject to systematic errors as discussed above. However, since the 4th IMRE does not need to be signalled, it could truly be randomised across both time and frequency, providing an increased level of diversity not achievable with the other schemes. The hopping pattern would be derived from a standardised pseudorandom sequence initialised by, for example, cell ID and SFN.
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Figure 3. Proposed IMRE reuse scheme 3. Configuration for additional IMRE is not signalled to legacy UE.
2.4 IMR reuse scheme 4 (Proposal 2): 

The above idea can be taken to the extreme that all 4 IMREs are chosen independently from among the 40 available CSI-REs, while the network signals nothing at all about IMR to Rel-10 UEs. In Rel-11 PRBs the 4 IMREs are rate matched around. Clearly this configuration also requires a new resourceConfig definition for Rel-11 UEs.
In this case optimal IMR randomization can be performed across both time and frequency, providing maximum diversity and robustness for interference measurement, and no signalling or resource overhead for legacy UEs. The impact on Rel-10 UE performance is evaluated in Section 4.
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Figure 4. Proposed reuse scheme 4. IMRE locations are not signalled to Rel-10 UE.
3 Comparison
Table 1 captures the characteristics of the four enhanced IMR schemes according to the design criteria in Section 2.
Table 1. Summary of enhanced IMR schemes.

	
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4

	Number of configurations
	60M
	1620
	1440
	91390

	Rel-10 UE overhead (REs/PRB)
	4M
	8
	4
	0

	Rel-10 UE erroneous REs/PRB
	0
	0
	1
	4

	IMR density (Res/PRB)
	2M
	4
	4
	4

	Hopping/scrambling 
	yes
	no
	yes
	yes

	Robustness in worst case interference* 
	low
	low
	low (slightly better) 
	high

	Requires new IMR signalling
	no
	no
	yes
	yes


   *Resistance to systematic bias in interference measurements (see Table 4).
In Table 1, M is the number of 4RE CSI-RS groups used for IMR. 
In Table 2 the collision probability distribution within a single PRB for each scheme is listed, and the mean number of collisions per PRB is given in the final column. It is assumed that the colliding interferer REs are also enhanced IMR, using the same scheme, and that M=2. 

Table 2. Probability of collision with adjacent enhanced IMR using same scheme.
	Number of collisions per PRB
	1
	2
	3
	4
	Expected number of collisions

	Scheme 1
	0.24
	0.069
	2.5e-3
	6.2e-4
	0.39

	Scheme 2
	0.24
	0.069
	2.5e-3
	6.2e-4
	0.39

	Scheme 3
	0.13
	0.075
	0.027
	6.9e-4
	0.36

	Scheme 4
	0.31
	0.041
	1.6e-3
	1.1e-5
	0.40


The average number of IMR-IMR collisions per PRB is smallest for Scheme 3, and largest for Scheme 4. 
In addition to collision with IMRs, inaccurate interference measurements can also be caused by colliding with other CSI-RS resources configured with different power to the interfering data, or zero-power. Table 3 shows probability distributions of collision between an IMR and a 4RE CSI-RS configuration, in a single PRB, and the mean number of collisions for all schemes.
Table 3. Probability of collision with adjacent Rel-10 CSI-RS.

	Number of collisions per PRB
	1
	2
	3
	4
	Expected number of collisions

	Scheme 1
	0
	0.2
	0
	0
	0.40

	Scheme 2
	0
	0.2
	0
	0
	0.40

	Scheme 3
	0.1
	0
	0.1
	0
	0.40

	Scheme 4
	0.31
	0.041
	1.6e-3
	1.1e-5
	0.40


The average number of colliding REs/PRB is the same for all four schemes in the IMR/CSI-RS case. Note that these expectations are calculated over a single PRB.  In order to demonstrate the robustness of the proposed schemes, consider selecting two interfering ZP-CSI-RS configurations, with same periodicity as the IMRs, so that they collide with the maximum possible number of IMREs. This represents the worst case scenario with automatically configured IMRs.
Table 4. Worst case probability of collision with adjacent Rel-10 CSI-RS.

	Number of collisions per PRB
	1
	2
	3
	4
	Expected number of collisions

	Scheme 1
	0
	0
	0
	1
	4.0

	Scheme 2
	0
	0
	0
	1
	4.0

	Scheme 3
	0
	0
	0.97
	0.028
	3.0

	Scheme 4
	0.31
	0.041
	1.6e-3
	1.1e-5
	0.4


In this worst case scenario, Scheme 4 has a considerable performance advantage over the other schemes. It is evident from Table 1 and the average collision rate that Schemes 3 and 4 satisfy all of the desired design criteria, at the cost of potential performance degradation to legacy UEs. In Section 4 we investigate relative performance of the four schemes.
4 Performance impact on legacy UEs
In Figure 5 the performance throughput is shown for TM9, MCS 7 under various IMR assumptions. IMR periodicity is 5 ms in all cases. Simulation assumptions are given in the Appendix.
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Figure 5. Throughput performance comparison with different IMR schemes.
We note the following observations from the plot:

· Some performance degradation is caused by all IMR schemes compared to the case with no IMR.

· Scheme 3 has the least impact on Rel-10 UE performance.

Scheme 4 has more impact on Rel-10 UE performance at 80% max throughput compared to Scheme 3, but still with a very comparable performance to schemes 1 and 2.
From these results and Sections 3 it is seen that, when considering a single PRB, enhanced IMR Scheme 3 has both better performance for Rel-10/11 UEs and lower collision rate than the previously proposed schemes 1 and 2 in [1-3]. Hence in the absence of unconstrained time and/or frequency hopping, we recommend Scheme 3.When considering a single PRB, Scheme 4 has worse performance and higher collision rate than the other schemes. However, if the selected IMREs are allowed to hop pseudo-randomly in time and frequency, Scheme 4 would have lower collision rates than all other schemes, and optimal robustness against worst case systematic collisions.
5 Conclusion

In addition to the two previously proposed schemes in [1-3], two enhanced IMR schemes were presented in this contribution, being briefly described as

· First enhanced IMR scheme (Scheme 3 in Section 2.3): Select 3 of 4 IMR REs from within a configured ZP-CSI-RS group, and select the remaining IMR RE randomly from the remaining potential CSI-RS REs.
· Second enhanced IMR scheme (Scheme 4 in Section 2.4): Randomly select the 4 IMR REs from amongst all potential CSI-RS REs in each PRB.

The newly described schemes provide considerable advantage if the worst case collision scenario is a problem, and RAN1 should consider all four schemes based on the relative tradeoffs in Table 1. We conclude with the following proposal:
Proposal: Consider one of the two new enhanced IMR Schemes as a candidate for IMR collision avoidance in CoMP.
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Appendix. 

Table 5. Simulation assumptions
	Parameter
	Test 1 (TM2)

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Transmission mode in serving cell
	TM9 with 1-layer

	MIMO configuration
	4x2, low correlation

	Channel model and Doppler frequency
	EVA5

	CSI reference signals
	Antenna ports 15,…,18

	CSI-RS periodicity and subframe offset (TCSI-RS / ICSI-RS)
	5 / 2

	IMR periodicity
	5 ms

	CSI reference signal configuration
	0

	Resource allocation
	50 PRBs

	MCS 
	7

	HARQ
	8 HARQ processes and max 4 transmissions

	Feedback periodicity for target signal
	periodicity: 5 msec, delay: 8 msec

	PMI for target signal
	Follow wideband PMI

	Physical channels transmitted in serving cell
	PSS/SSS/PBCH

	PCFICH
	CFI = 2

	PCFICH/PDCCH detection
	Not considered

	Cyclic prefix
	Normal
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