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1. Introduction
Resource specific RRM measurements are required to support ABS based TDM schemes in heterogeneous networks. In [1], a RAN4 way forward was proposed to investigate the RRM requirements for RRC_CONNECTED and RRC_IDLE mode under time varying interference. In addition, the working group is asked to evaluate and decide the working assumption on feasible TDM patterns to use for requirement definition in the Jacksonville meeting.

In [2], preliminary simulations for eICIC RRM requirements have been provided for a scenario with non-colliding RS from the interfering cell. In this contribution, we present further analysis with the colliding RS setup.  
2. Simulation setup
The measurement report is defined as the estimated CRS power after layer 1 filtering, which is an estimate of the average value of the per-subframe measurements over the measurement period. The common simulation assumptions are shown in Table 1, where the target cell signal strength is based on the side condition in existing Rel-8/9 requirements -6 dB. 
Table 1 Common simulation assumptions

	Description
	Unit
	Value

	Number of transmit antennas
	
	2

	Target cell 
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	dB
	-6

	Implementation modeling
	
	AGC disabled; frequency/time tracking loop enabled.

	Propagation model
	
	AWGN

	Measurement bandwidth
	MHz
	1.4

	Measurement period
	ms
	200

	Number of measured subframes within the measurement period
	
	5


We evaluate the RSRP measurement performance in two steps, where we first evaluate the baseline setup with a single cell RSRP measurement over AWGN channel and noise per Rel-8/9 requirements. In the second setup, we enable an additional periodic time varying interference pattern with 50% ABS subframes and study the impact of the additional interference on the RSRP performance. 
As indicated by the RAN1 LS, RRC signalling will indicate the usable RRM measurement subframes, i.e., ABS of the interfering cell. In order to differentiate good and bad UE implementation, we evaluate the measurement accuracy for different implementations with 0 to 100% of subframes following the RRC signalling. 

In order to test the sensitivity to interference variation, we also tested three interference levels: -5, 5 and 15 dB above the thermal. Since the target cell geometry is -6 dB above the thermal, the signal to interference and thermal ratio (SINR) over the usable subframes is -6 dB and the SINR over the high interference subframes is -7.2, -12.2 and -21.2 dB, respectively. 

In order to test the receiver performance with residual CRS interference in ABS, a second cell is used to generate the interference. A summary of assumptions used in the time-varying interference tests is shown in the Table 2.
Table 2 Simulation assumptions for time varying interference pattern

	Description
	Unit
	Value

	Interfering cell 
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	dB
	-5, 5, 15

	Almost blank subframe pattern of the interfering cell
	
	[11110000]

	Interfering cell CRS colliding with target cell CRS
	
	NO

	Timing difference between target and interfering cell
	Us
	3

	Fraction of subframes that are ABSF of interfering cell
	
	0% to 100%


3. Summary of results

3.1. Non-colliding RS
In [2], simulation results are provided the non colliding RS between target and interfering cells. Two samples of RSRP CDF are shown in Figure 1, where (a) is the baseline performance and (b) to (d) is the RSRP performance with time varying dominant interference. 
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(a) Single cell                                                    (b) Interfering cell I/N = -5 dB
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(c) Interfering cell I/N = 5 dB                                  (d) Interfering cell I/N = 15 dB

Figure 1 Estimated RSRP distribution with non-colliding RS interfering cell
It is observed that for the case where UE follows the subframe restriction 100% of the time, the RSRP measurement accuracy is the same as target cell measurement irrespective of the interference level. 

As the fraction of measured subframes over usable subframes decreases, the measurement is observed to be less accurate and has larger bias. Even for the case of 80% subframes measured over usable subframes, the bias and spread of the measurement is found to degrade significantly at high interference level. Table 3 summarizes the measurement spread as a function of the fraction of properly measured subframe and interference level. It is observed that an interference level of 5 to 15 dB I/N could be used to differentiate UEs that do not use the network signaled subframes.
Table 3 RSRP measurement accuracy under non-colliding RS (bias ± variance)
	
	Fraction of measurement subframes that are ABS of interfering cell

	
	100%
	80%
	60%
	40%
	20%
	0%

	Interference cell Es/Noc (dB)
	-(
	0±2
	0±2
	0±2
	0±2
	0±2
	0±2

	
	-5
	±2
	0±2
	0±2.5
	-0.3±2.5
	-0.5±2.5
	-0.6±3

	
	5
	±2
	0±3
	0±3.5
	0±3.5
	0±4
	0±4.5

	
	15
	±2
	0.5±5.5
	2±6.5
	3.5±6.5
	5±8
	5.5±8.5


Non-colliding RS observations:
· If a UE performs measurement based on the network signaled low interference subframes, the RSRP measurement accuracy could be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) under a time-varying interference cell with up to 15 dB geometry.
· Since only 5 subframes out of a 200 ms measurement period are needed to ensure sufficient measurement accuracy, the measurement accuracy is not sensitive to the fraction of ABS subframes.

· Impact of CRS interference in ABSF subframes is negligible when the target and interfering cell have non-colliding RS.

· If a UE performs measurement over some high interference subframes, the measurement accuracy degrades as with an increasing level of interference and a decreasing fraction of low interference subframes.
3.2. Colliding RS
In the case of CRS collision between target and interfering cell, the target cell CRS tone SINR is expected to be the same over all subframes, regardless of normal subframe or ABS. As a result, the measurement is expected to be more consistent over all subframes, and at the same time, measurements over ABS are expected to be as noisy as those over normal subframes.  

In Figure, we show the RSRP measurement accuracy for the colliding RS case with different fraction of subframes following RRC signalled ABS subframes. For calibration purpose, we also plotted the single cell measurement RSRP CDF in each plot with dashed line. It is observed that the measurement accuracy is not sensitive to the fraction of usable subframe under each interference level. This is expected due to the colliding RS as explained above. As the interference level increases, the bias and variance of all measurements increases. At 15 dB interference, the bias is 7 dB and variance is ±3 dB. For UEs with RS interference cancellation, the measurement accuracy is similar to the single cell performance as shown in Figure 2(d).
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(a) Interfering cell I/N = -5 dB                             (b) Interfering cell I/N = 5 dB
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(c) Interfering cell I/N = 15 dB                           (d) RS-IC interfering cell I/N = 15 dB
Figure 2 Estimated RSRP distribution with non-colliding RS interfering cell

Colliding RS observations:

· Rel-10 receivers that follow the RRC signaled pattern have similar performance as Rel-8/9 receivers that randomly select the measurement subframe

· This indicates that RRM over “restricted resources” is not effective and no new requirements should be defined.

· The RSRP measurement accuracy could NOT be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) if there is additional time varying interference

· Significant degradation could be observed for 5 dB interference. 
· The RSRP measurement accuracy could be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) if interference cancellation is enabled.
4. RSRQ measurement accuracy

RSRQ is derived from RSRP and RSSI measurements. In previous section, the RSRP measurement accuracy under TDM partitioning has been analyzed. In Rel-8/9, the RSRQ tests are defined in a two cell setup with a serving cell and a target cell. In the case of eICIC TDM partitioning, it is expected that an additional interfering cell would be added to the setup to model time varying interference. In this case,  the RSSI level is subframe dependent:
· RSSIABS = Pserving, data + Pserving, CRS + Ptarget, data + Ptarget, CRS + Pinterfering, CRS + N0
· RSSInormal = Pserving, data + Pserving, CRS + Ptarget, data + Ptarget, CRS + Pinterfering, CRS + Pinterfering, data  +  N0
Clearly, UEs that measure both ABS and normal subframes will have a positive bias in RSSI measurement and a larger variation. On the other hand, RSSI measurement is not affected by colliding or non-colliding RS, since the CRS tone location does not impact the total received power measurements.
Additional eICIC RSRQ measurement requirements could be summarized as following:
· RSRQ definition should be based on RSSI​ABS.
· If a UE follows the RRC signaled measurement pattern, 
a. RSSI measurement accuracy is expected to be the same as in Rel-8/9, which is independent of RS collision
b. Overall RSRQ accuracy requirements depend on the RSRP measurement accuracy.
5. RRC_IDLE state measurement power consumption

UE power consumption during idle mode is an important performance metric. Power consumption of a phone in the idle mode could come from paging, measurements and phone standby procedures. During paging reception, a UE is expected to track the DL transmission in the main data path with full channel bandwidth. On the other hand, search and measurements are often carried out using a reduced bandwidth (6RB) branch with much lower power consumption. 

The minimum performance requirements mandate much more frequency wake-up for measurements compared to the paging occasion. According to the minimum performance requirements, a UE shall measure the RSRP level of the serving cell and evaluate the cell selection criterion S for the serving cell at least every DRX cycle. In addition, the UE shall filter the RSRP measurements of the serving cell using at least 2 measurements. Within the set of measurements used for the filtering, at least two measurements shall be spaced by, at least DRX cycle/2. In addition, a UE is required to search and measure other intra-frequency and inter-frequency cells if intra/inter-search is triggered.
The impact of restricted resource measurements on idle mode power consumption is expected to be small. Since at least 12.5% of subframes are allocated by ABS, a UE should have many opportunities to perform measurements similar to the case of unrestricted measurements. If the paging occasion is not close to one of the available measurement subframes, a UE may not be able to perform measurements during the same wakeup. However, this effect is not expected to have a significant impact to measurement power consumption and highly implementation dependent. This is due to the multiple measurements required during each DRX cycle and separate hardware for paging and search/measurement. In addition, the measurement power consumption is only a fraction of the overall idle mode power consumption.
6. Conclusions

In this contribution, we provided additional simulation results on RRM measurement accuracy. Based on simulation results provided in this contribution, following observations are made:

Non-colliding RS observations:

· If a UE performs measurement based on the network signaled low interference subframes, the RSRP measurement accuracy could be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) under a time-varying interference cell with up to 15 dB geometry.

· Results are not sensitive to ABS fractions

· If a UE performs measurement over some high interference subframes, the measurement accuracy degrades as with an increasing level of interference and a decreasing fraction of low interference subframes.
Colliding RS observations:

· Rel-10 receivers that follow the RRC signaled pattern have similar performance as Rel-8/9 receivers that randomly select the measurement subframe

· This indicates that RRM over “restricted resources” is not effective and no new requirements should be defined.
· The RSRP measurement accuracy could NOT be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) if there is additional time varying interference

· Significant degradation could be observed for 5 dB interference. 
· The RSRP measurement accuracy could be maintained at existing Rel-8/9 side condition (-6 dB target cell geometry) if interference cancellation is enabled.
RSRQ observations:

· RSRQ definition should be based on RSSI​ABS.

· If a UE follows the RRC signaled measurement pattern, 

c. RSSI measurement accuracy is expected to be the same as in Rel-8/9, which is independent of RS collision

d. Overall RSRQ accuracy requirements depend on the RSRP measurement accuracy.

Restricted measurements impact on power consumption

· Limited impact is expected. 
Based on the observation above, we recommend the working group adopt the following approaches for eICIC core performance requirements:
Way forward:

· Do not define new requirements under colliding RS for receivers without IC capability.
· Define additional RRM requirements and test under non-colliding RS
· Existing RSRP and RSRQ side condition could be reused

· Same Rel-8/9 Es/Iot set point over data portion of the ABS subframes.

· RSRQ definition should be based on RSSI​ABS.

· Additional interference level between 5 to 15 dB Es/N0 should be considered.

· Performance is not sensitive to ABS duty cycle
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