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1 Introduction

In RAN1 #61bis, there was a discussion on enhanced ICIC for non-CA based deployments of heterogeneous networks for LTE with the solutions focusing on the macro-femto deployment scenario (and not precluding the macro-pico scenario). It was concluded that in the macro-femto case, enhanced interference management schemes were needed to mitigate control channel interference when non-CSG/CSG users are in close proximity to the femto-cell. There was also a proposal to identify the issues not supported by current specification that needed input from other WGs. 
The enhanced interference management schemes proposed for study included:

· Frequency domain Solutions [6]

· Time domain Solutions [1][2]

· Power Setting/Control [3][4][5]
In this contribution, we study a key issue that arises due to the effect of the time domain and frequency domain solutions on PDSCH performance. With these schemes in a heterogeneous network, unpredictable interference variation arises, and makes it very difficult to obtain accurate CQI for link adaptation (and may possibly increase Radio Link Failure (RLF) [7] [8]).  Modifying the CQI measurement methodology from that in Release 8/9 resolves this problem. 

We propose an enhancement to Release 8/9 type CQI measurement to enable improved link adaptation performance for both the time domain and frequency domain solutions in PDSCH transmission. The resource specific CQI proposed allows the system to harvest the potential gains of these schemes by using the improved predictability of the interference pattern to enable a more accurate CQI estimation and improved link adaptation performance.
2 Enhanced ICIC and Resource Specific CQI

The use of a resource specific CQI measurement mode enables the eNB measure the interference corresponding to a specific set of subframes and subbands signaled by the eNB so as to better reflect the interference levels in systems using eICIC schemes and to improve the CQI measurement and link adaptation accuracy in any of these scenarios. Examples of these eICIC schemes and the use of the resource specific CQI are presented in the sections below. 

2.1 Frequency Domain based eICIC and Time Domain based eICIC

2.1.1 Frequency Domain based eICIC

In heterogeneous networks, frequency domain based eICIC schemes limit both the Low Power Node (LPN) transmission and the macro-eNB (MeNB) transmissions to certain frequency bands in the entire bandwidth. As such, UEs connected to the MeNB in the heterogeneous network can avoid the severe interference generated by the LPN and vice versa. This can be implemented for both the control channel (PDCCH) and the data channel (PDSCH) [10].

In order to eliminate the inter-cell interference of the control channel (PDCCH) completely, we can shrink the control channels to a fraction of the system bandwidth. The control channel region in the MeNB and that in the LPN do not overlap in the frequency domain [11]. For Rel 10 UEs, the PDCCH in the smaller frequency range should have the ability to indicate downlink PDSCH transmission on the entire bandwidth . 
For the PDSCH, a Rel-10 UE in the interfering cell (HeNB in the Macro-HeNB scenario, Macro-cell in the Macro-pico scenario) can use a fraction of the bandwidth for transmission and the UEs in the victim cell can avoid the severe interference in the remainder of the bandwidth. Note that in this case, different interference levels are seen at two different parts of the bandwidth. Further details on this scheme can be found in [15].  

2.1.2 Time Domain Based eICIC

Time Domain based eICIC in heterogeneous networks limits the LPN transmission during subframes specified by the eNB. As such, UEs in the victim cell can avoid the severe interference generated by the aggressor cell (the MeNB to the LPN in the macro-femto scenario and the LPN to the MeNB in the macro-pico scenario). Both PDCCH and PDSCH interference coordination occur with this method. Example schemes may be found in [9] and [10]. Note that in this case, a UE that measures the CQI based on all the cells will experience rapidly varying interference and may suffer from radio link failure and very poor link adaptation performance. 
2.2 Resource Specific CQI 

The resource specific CQI measures the CQI based on a specific set of resources communicated to the UE. This enables the UE to measure the CQI in the resources that may be used for transmission and as such improves link adaptation performance and reduces RLF.
In frequency domain based eICIC with a resource specific CQI measurement, the CQI/PMI is measured only in a partial bandwidth. The partial bandwidth to be measured could be configured by the eNB and signalled to the UE. In this case, the UE is directed to average CQI over each frequency partition. This is extremely important for the PDCCH as the interference seen the PDCCH of the UE is restricted to the bandwidth over which the PDCCH is transmitted. It also provides improvements in the PDSCH link adaptation especially in the case of the partly overlapped bandwidth FDM scheme where the aggressor UE is restricted to a part of the bandwidth [6].

In Figure 1, we show an example of the CQI measurement in a network with frequency domain based eICIC. The first half of the entire bandwidth is available to transmit by MeNB and the LPN can schedule the entire bandwidth. 
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Figure 1. Example of a resource specific CQI with frequency resource specification
In Rel-8 CQI feedback mode, the UE served by the MeNB feeds back a CQI of 12dB, and the UE served by LPN feeds back a CQI of 11dB, which is a mean value over the entire bandwidth. For the UE served by MeNB, the interference over the first half of the entire bandwidth is useful to transmission. There is a difference between the mean value over the entire bandwidth and over the available frequency (2dB in example). For the UE served by LPN, the interference level is different in the overlapped and non-overlapped bands. The CQI in Rel-8 mode is too high to select the MCS for the overlapped bands and too low to select the MCS for the non-overlapped bands. 

In frequency resource specific CQI feedback mode, the UE served by the MeNB is configured to measure and feed back a CQI of 10dB, which is a mean value over the real transmission bands. The UE served by LPN is configured to measure and feed back two CQIs at the different time instances. These two CQIs reflect the different interference levels in two different partial bandwidths.

In the time domain based eICIC with a resource specific CQI measurement, the UE is configured to measure the CQI over an eNB defined measurement window rather than over an unrestricted interval in time. As such, the UE is able to measure the CQI under certain “scheduled” interference conditions, which improves the CQI measurement accuracy. These interference conditions are determined by the eNB in time by the Macro-eNB.
To illustrate the value of the resource specific CQI when used with this scheme, in the figure below, we show the CQI measurement in a network in which the interfering entity is scheduled to activate every 2 subframes. This is a scenario that can occur in a heterogeneous network with a LPN and range expansion or in the macro-femto case with non-CSG UEs if a scheme such as [8] is used. We assume that the time observation interval is 10 msec and, for simplicity, the UE finds the mean of the CQI for the valid subframes (the red subframes in Figure 2) over the observation interval. With the network in Rel 8 CQI feedback mode, the UE feeds back a CQI of 4.8 dB (mean of CQI from subframes 1 to 10). With the network in the new resource specific CQI measurement mode, the UE feeds back 3.63 dB (mean of CQI from subframes 1,3,5,7, and 9), a difference of over 1 dB.  
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Figure 2. Example of a resource specific CQI with time resource specification.

3 Performance Results
In this section, we present the performance of a heterogeneous network with/without eICIC scheme and demonstrate the benefits of using the resource specific CQI. Here both frequency domain based and time domain based eICIC schemes are considered. Details of the assumptions are listed in the Appendix. The following 4 cases are considered in our simulation:

· Case 1 (Frequency domain based eICIC): w/ RE (6 dB), Pico-eNB: muting on the first 5MHz, Macro-eNB: muting on the second 5MHz as shown in Figure 3.
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Figure 3. Illustration of Case 1

· Case 2: (Frequency domain based eICIC):  w/RE (6 dB), Pico-eNB: no muting, Macro-eNB: muting on the second 5MHz as shown in Figure 4.
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Figure 4. Illustration of Case 2

· Case 3 (Time domain based eICIC):: w/RE (6 dB), Pico-eNB: muting on 1/2 of subframes, Macro-eNB: muting on the other 1/2 of subframes as shown in Figure 5.
· Case 4 (Time domain based eICIC):: w/RE (6 dB), Pico-eNB: muting on 1/4 of subframes, Macro-eNB: muting on the other 3/4 of subframes.
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Figure 5. Illustration of Case 3
Note that case 4 is similar but with different ratio of resource partition.
Table 1. Evaluation Results on Resource Specific CQI.

	Testing case
	Measurement and reporting method
	Cell average gain over mode 2-1 
	Cell edge gain over mode 2-1 

	Frequency domain based eICIC

	Case 1
	Rel-8 PUCCH-based mode 2-1
	0%
	0%

	
	Resource Specific Reporting
	0.11%
	12.08%

	Case 2
	Rel-8 PUCCH-based mode 2-1
	0%
	0%

	
	Resource Specific Reporting
	3.19%
	65.84%

	Time domain based eICIC

	Case 3
	Rel-8 PUCCH-based mode 2-1
	0%
	0%

	
	Resource Specific Reporting
	6.46%
	37.77%

	Case 4
	Rel-8 PUCCH-based mode 2-1
	0%
	0%

	
	Resource Specific Reporting
	9.15%
	158.23%


From the results in Table 1, we can obtain:
· Compared to the measurement and reporting method in Rel-8, the resource specific CQI measurement and reporting can improve the performance of a heterogeneous network with eICIC scheme. The performance gains are especially large for cell edge performance.
4 Specification of the Resource Specific CQI Measurement Mode
In resource specific CQI measurement, the eNB configures the time and frequency observation interval that the UE uses to derive the CQI value for a specific sub-frame and/or frequency resource. This is as opposed to the relationship specified in the current specification, where the CQI reported is defined as [12, section 7.2.3],

“Based on an unrestricted observation interval in time and frequency…”
As such, from a RAN1 point-of-view, all the CQI types (wideband CQI, UE selected subband CQI and higher layer configured subband CQI) are based on measurements of the entire system bandwidth over a time interval decided by the UE manufacturer. Note that the testing procedures in RAN4 may require a more restrictive interpretation of the frequency measurement interval.

To improve the CQI estimate, we propose the following: 
· Allow for a measurement window in which the eNB defines the subframes to be used in the CQI measurement. 
· Allow for a partial bandwidth observation in frequency. 

Thus, for this new CQI measurement mode, the requirement in [1, Section 7.2.3] becomes: 

“In a separate measurement mode, the eNB may configure a Resource-specific CQI measurement to support time and frequency domain interference variation.  The CQI measurement is now based on a measurement window configured in time and frequency”.  
This measurement window may be signalled over the air or by L3 messaging. Note that the adoption of this new CQI measurement mode need not change the current CQI feedback modes.
4.1 CQI Measurement and Feedback

In Rel. 10, the Channel State Information Reference Signal (CSI-RS) periodicity is designed to have a high duty cycle [13]. Though the high duty cycle of CSI-RS may be tolerable for the measurement of the quality and spatial information of the signal, it is difficult to rely solely on CSI-RS for the measurement of interference unless the characteristics of the interference is assumed to be the same across the subframes and/or the interference level for a specific subframe can not predicted or tracked. However, this is not the case for eICIC. As such, in order to accurately predict interference level through the resource-specific CQI mode, it is necessary for the UE to use the Common Reference Symbols (CRS) to perform measurements of interference and assume that as in Rel-8, CRS shifting [14, Section 6.10.1.2] occurs between cells. Note that other approaches for interference measurement are not precluded.

The number of CQI fed back for each measurement window may be configurable but for simplicity defaults to one. As such, any averaging of CQI’s should occur between measurement windows. 
4.2 RAN 4 Testing Issues

For testing in RAN4, specific scenarios that allows for partial bandwidth measurement and a periodic CQI measurement interval may be created while the other aspects of CQI testing can reuse the current specification for Release 8. This should be included in the LS to RAN4 currently under discussion.
5 Conclusion

This contribution proposes the use of resource specific CQI measurement in Rel-10 to take advantage of the gains from ICIC schemes. Simulation results demonstrate the value of this measurement mode to both frequency domain eICIC and time domain eICIC schemes. To improve the CQI estimate in interference varying scenarios, we propose two modifications to the existing CQI specification: 

· Allow for a measurement window in which the eNB defines the subframes to be used in the CQI measurement. 
· Allow for a partial bandwidth observation in frequency. 

Thus, for this new CQI measurement mode, the requirement in 36.213 (Section 7.2.3) should be: 

“Based on a measurement window configured in time and frequency…”
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Appendix
Table 2. System level simulation assumption

	Heterogeneous network

	Scenario
	Case1, 2GHz carrier frequency, 500m ISD, 10MHz BW, speed 3km/h

	Deployment 
	Macro Cell:

46dBm TX power, 19 X 3 homogeneous network, 10MHz bandwidth.

Pico:

30dBm TX power, Omni antenna, 4 Picos per Macro Cell. Mini distance between Pico and Macro is 75m; Mini distance between Picos is 40m

UE:

Configuration 1: 25 UEs per macro cell, randomly and uniformly dropped in Macro area

	Bandwidth (MHz)
	10M Hz

	Path-loss model
	Model 2 *

	Antenna configuration
	Macro Cell:

2TX2RX, 3-Sector, 14dBi antenna gain

Pico:

2TX2RX, Omni, 5dBi antenna gain

UE:

2RX, Omni, 0dBi antenna gain

	Range extension bias
	6dB


* Referring to the Table A.2.1.1.2-3 in TR36.814.[image: image6.png]
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