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1. Introduction
Operating Rel-11 feICIC involves configuration of two main parameters: The macro ABS muting pattern and the Small Cell RE. The optimal setting of these parameters depends on many factors, among others the instantaneous traffic conditions. Rel-11 therefore already includes inter-eNB signalling to facilitate coordinated adaptation of these essential feICIC parameters. However, as will be argued in more detail in this contribution, the adaptation of ABS muting patterns using Rel-11 X2 signalling is primarily designed for cases where the adaptation is on a slow time-scale – from here on referred to as semi-static. As discussed in [1], there is therefore further room for enhanced ABS adaptation mechanisms in Rel-12 in order to further boost the performance benefits of feICIC. What we essentially propose in this contribution is inter-eNB signalling enhancements, as well as related examples of eNB algorithms, where the ABS muting pattern is adjusted on fast basis with the aim of tracking rapid traffic variations as are likely to occur in real networks. The presented enhancement is transparent for the UEs, and does therefore not involve any specification changes for terminals. Performance results are presented for the considered enhancement (evaluated using the new Rel-12 Small Cell Scenario 1), showing promising performance benefits. 
The rest of the document is organized as follows. In Section 2 we explain the fast ABS adaptation. Section 3 discusses the signalling supporting the proposed concept. In Section 4 some simulation results are shown. Finally, some conclusions are given in Section 5.  
2. ABS Adaptation Framework
Current Rel-10/11 ABS adaptation support:
The Rel-10/11 specifications include X2 of ABS information from macro to small cell. The ABS information expressed the ABS muting pattern applied at the macro. The ABS muting pattern is expressed with a 40-bit string (40 ms periodicity) for FDD mode. The small cell uses the ABS information in its scheduling decisions (e.g. mainly scheduling small cell user in the RE area when macro uses ABS), and also for configuring measurement restrictions for its UEs (e.g. configuration of CSI measurement restrictions). Configuration of UE measurement restrictions happens via dedicated RRC signalling, and is therefore not desirable to have them changed often. The currently standardized signalling framework for feICIC is therefore mainly designed for cases where the ABS muting pattern is adjusted on a relative slow time-scale – referred to as semi-static ABS adaptation.
Limitations of Rel-10/11 ABS adaptation
The currently standardized inter-eNB signalling framework for distributed ABS adaptation is therefore not designed to offer fast adaptation to track rapid traffic fluctuations. In reality, the optimal ABS pattern depends on many factors. Among the most important factors, it depends on the number of schedulable UEs in the macro and the small cells, i.e. UEs where there is data ready to be transmitted. As the mobile data traffic is often highly time-variant, it means that the number of schedulable UEs at macro and small cells is likely to be highly time-variant, which e.g. could mean significant changes in number of schedulable UEs from one 10 ms time-period to the next. As will be demonstrated also later with performance results (see Section 4), it is therefore possible to harvest additional performance benefits by improving the rate of ABS adaption as compared to what is possible with currently standardized feICIC.
Proposed Framework – enhancement:
In order to support fast ABS adaptation for feICIC, it is suggested the macro should be able to signal enhanced ABS information to the small cell. In addition to signalling the 40-bit string of ABS and Normal subframes, it should be allowed to also signal Optional Subframes. Thus, having three types of subframes as illustrated in Fig. 1. Note that the notation of Optional Subframes is only a network notation, and therefore not known by the UE. The meaning of the different subframe types are:
· Normal Subframe: Normal subframe where the macro-eNB transmit data to its users whenever there are schedulable users available. Thus, a normal subframe is likely to cause downlink interference to small cell users.   

· Mandatory ABS: Subframe where the Macro does not schedule any macro-UEs. Hence, small cells know that there is reduced macro cell interference during such subframes.
· Optional ABS: Optional ABS subframes are subframes that can be toggled on a fast basis between either Normal Subframe or ABS. Additional macro to small cell signalling is therefore needed to inform on a faster basis how Optional Subframes are adjusted (more details below).
The subframe pattern illustrated in Fig. 1 will have a length of 40 subframes for FDD (8 in the example for the sake of simplicity), and will be signalled from the macro to small cell. It will only be adjusted on a rather slow basis. Given this information, the small cell will know that subframes indicated as either Normal Subframe or Mandatory ABS, are semi-statically configured for a longer time-period, and thus can configure corresponding UE measurement restrictions (e.g. CSI restrictions) according to those. Particularly, small cell UEs will be configured to perform CSI measurements during Normal and Mandatory ABS.
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Figure 1. Periodical Subframe classification. Signalled on a slow basis from macro to small cell.
In addition to the subframe pattern in Fig. 1, the macro eNB should be able to signal on a fast basis whether coming Optional Subframes are configured as Normal or ABS at the macro. This allows the macro-eNB to perform fast ABS adaptation of Optional Subframes, but without triggering the need for the small cell to perform reconfigurations of UE measurement restrictions. As illustrated in Fig. 1, the small cell can schedule center UEs (i.e UEs close to the small cell) in all subframes as those are less sensitive to macro interference. Small cell UEs in the range extended area (i.e those sensitive to macro interference), are primarily schedulable during Mandatory ABS, and also during Optional Subframes if Macro chooses to configure it as ABS.
Fast load-based ABS adaptation algorithm example:
By means of the frame and measurement framework detailed above muting decision in the macro layer can be taken at a subframe basis for all Optional Subframes. For that purpose, the macro eNB should collect as much information as possible from the small cells in its coverage area, in order to take the best decision on how to use the optional ABS. We propose in this contribution a very simple algorithm that only needs information on the instantaneous load in the small cells, in terms of number of users in the extended area. 

The main principle consists of checking the load at the macro and small cell layer at each optional ABS, and based on those measures decide whether the optional ABS shall be used as normal subframe or protected subframe.

The load in the small cell layer is defined as the percentage of users in the range extension area as compared to the total number of users in the cluster, and analogously in the macro layer with the percentage of macro users. Notice that the load measure in the small cell refers only to RE users, since those are the ones benefiting more from ABS resources.  

The dynamics of the algorithm is as follows: The total transmission power at the macro eNB depends on the kind of subframe. If it is an optional ABS, the algorithm ensures first of all that the percentage of macro users is served with an appropriate percentage of full power subframes:

umacro / U < nABS / TABS

                                      (1)
where umacro is the number of macro users, U is the total number of users in the cluster, TABS is the “ABS period” (see Figure 1) and nABS is the number of subframes used so far as normal subframes in the current ABS period. 

If (1) is fulfilled, then it is checked if the percentage of ABS resources assigned so far is lower than the percentage of high-interfered users:

uRE / U > zABS / TABS
                                      
(2)
where uRE is the number of pico-users in the RE area, and zABS is the number of subframes used so far as ABS in the current ABS period. 

If (2) is true, the optional ABS is configured as ABS, and the RE users will have an opportunity to be scheduled in the next subframe. Therefore the algorithm ensures first of all the service of macro users, since the coverage area of the macro eNB is much larger, and the macro cell-edge users do not have the optional of being scheduled with reduced interference conditions. 

Benefits of the proposed scheme

The simple and robust fast muting adaptation algorithm above provides promising capacity gains without jeopardizing the user fairness, as compared to what is achievable to with semi-static muting adaptation schemes. The solution can cope with fast traffic variations between small cell and macro cell as well as fast traffic variations that occur primarily in the small cell layer due to a low number of users and very unequal load of different small cells. Finally, with fast ABS adaptation only the best RE is adjusted in a slow basis, since the algorithm takes care of the other one adapting the resource usage to the current traffic conditions. And it will be shown in the simulations that the sensitivity of the performance gain to a wrong setting in the RE is much less significant as compared to semi-static solutions.
3. Signalling
In order to optimize the operation of the fast ABS adaptation in the macro, it is desirable to have some modifications in the X2 interface. These updates can be grouped in updates in the macro-to-SC signalling and SC-to-macro signalling. 
· Macro to small cell signalling

· The macro-eNB should be able to signal the pattern of normal, mandatory ABS and optional ABS.

· The macro-eNB should be able to signal how the next N Optional subframes are configured, i.e. whether they are configured as ABS or Normal transmission.

· Small cell to macro signalling

· A small cell eNB should be allowed to send information to the macro eNB on its current cell load, channel conditions or any other information that can help the macro on taking the decision on the muting. This information will be used as input in the specific algorithm applied in the macro layer for the fast muting adaptation. As shown in this contribution, an example of information that could be exchanged is the number of users in the small cell in the range extended area. This information can be configured to be sent periodically from the small cell(s) or every time a significant change has occurred (event-triggered). 
For the macro to small cell signalling, the Load Information message can be extended to include the proposed enhancements. Thus, the IE Cell Information includes a new field, fast ABS Information, consisting of an integer N that indicates that the next N optional subframes will be used as ABS. This way, fast ABS adaptation offers the inter-eNB signalling for fast toggling of optional subframes (ABS or normal transmission). The small cells can then use the protected resources to schedule the users in the worst interference conditions. 

In addition, the IE ABS information shall be updated adding a new field with the optional ABS pattern. Similarly as the bit string used for the mandatory ABS configuration, we propose to add a new bit string of the same size and periodicity as the ABS Pattern Info (40 subframes in FDD). Each position in the bitmap represents a DL subframe, for which value “1” indicates “optional ABS” and value “0” indicates “non optional ABS”. 

For the small cell to macro signalling, the Information Element Invoke Indication could be extended (or supplemented) to include the updated load information for the fast muting adaptation algorithm in the macro-eNB. For example, this information can be the number of small cell users in severe interference conditions (e.g. users in the extended area), as proposed in this contribution.
The small cell eNB can choose between sending the information periodically (and fast enough to allow the macro to adapt to the new conditions) or event-triggered, i.e. every time a significant variation in the indicator has occurred. An example of the dynamics of the signaling is shown in Figure 2, for the case in which the small cell updates periodically with the number of users in severe interference conditions. The Rel. 10 message with the ABS information (muting pattern + optional pattern) is exchanged semi-statically among eNBs. TThe macro informs the small cell when some optional subframes are going to be used as ABS. 
[image: image2.emf]
Fig. 2 Example of enhanced X2 signalling for fast adaptation of ABS muting.
4. Baseline Performance Results
Scenario 1 is simulated, with 1 cluster and 4 small cells per cluster and following the simulation assumptions in [2]. A summary of the main simulation assumptions can be found in the appendix. We focus our study in co-channel Scenario 1, with 1 cluster and 4 picos per cluster, but the discussed technique can be naturally applied to more dense deployments. We assume ideal backhaul conditions so that the macro gets instantaneously the necessary information (number of RE users) from the small cells. The effect of non-ideal conditions will degrade the performance results when high traffic fluctuations happen.
We use two values of average offered load per cluster: 15Mbps and 30Mbps. 
In Figure 3, we show the performance results for different values of ABS (ranging from 1/8 to 5/8) muting ratio and RE (0dB, 3dB, 6dB, 9dB, 12dB), so the sensitivity to the eICIC configuration can be observed. The Figure shows the 5%-ile user throughput (left) and 50%-ile user throughput (right) for two values of offered load. With fast adaptation, there are 6 optional ABS, 1 normal subframe and 1 mandatory ABS for each 8 subframes, and this pattern is periodically repeated. It can be observed that the fast ABS adaptation gives a significant performance gain for all the values of RE offset both in 5%-ile and 50%-ile user throughput. Comparing the best setting of fast and semi-static adaptation, the gain of the former can go up to ~20% in 5%-ile and ~18% in 50%-ile user throughput for an average offered load of 30Mbps. Moreover, the sensitivity to a wrong configuration of the RE offset is much lower as compared to the semi-static configurations, which are especially sensitive to a wrong setting in the ABS muting ratio. As a result, the relative gain of the fast adaptation as compared to the semi-static adaptation is still more remarkable when the best configuration of RE and ABS is not applied, which is the common case, being the best setting closely linked to the traffic fluctuations.
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Fig. 3. 5%-ile and 50%-ile user throughput for semi-static and fast ABS adaptation, for different values of average offered load. 
5. Concluding remarks
In this contribution we propose a fast ABS adaptation solution to enhance the capacity of (F)eICIC scenarios. We propose a framework able to perform fast intercell decision making on whether a subframe shall be muted or not. Based on it, we also propose a simple and robust fast muting adaptation algorithm that provides promising capacity gains without jeopardizing the user fairness, as compared to what is achievable to with semi-static muting adaptation schemes. The following observations / proposals summarize the contributions:
· Recommendation #1: A new kind of subframe, optional ABS, should be internally defined in the macro layer (network notation not known by the UE). Optional ABS subframes are subframes that can be toggled on a fast basis between either Normal Subframe or ABS. 
· Recommendation #2: In addition to signalling the 40-bit string of ABS and Normal subframes, it is recommended adding a new bit string of the same length and periodicity indicating the presence of optional subframes. Moreover, the macro eNB should be able to signal on a fast basis whether coming Optional Subframes are configured as Normal or ABS at the macro.
· Recommendation #3: A small cell eNB should be allowed to send information to the macro eNB on its current cell load, channel conditions or any other information that can help the macro on taking the decision on the muting. This information can be configured to be sent periodically from the small cell(s) or every time a significant change has occurred (event-triggered). 

· Observation #1: The use of fast ABS adaptation provides significant gains both in 5%-ile and 50%-ile user throughput, for different values of average offered load (15Mbps, 30Mbps). The gains in 5%-ile for the observed offered loads can go up to 20% when comparing the best case with fast ABS and the best case with semi-static configuration. 

· Observation #2: The fast ABS adaptation is less sensitive to a sub-optimal settings of the eICIC parameters (only RE in the case of fast ABS) as compared to the semi-static case, where both the RE and the ABS muting pattern need to be set. 
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Appendix: Simulation Assumptions
The simulated scenarios follow the settings in [1]. The time resolution is TTIs. Some of the relevant parameters in the simulations are shown in the Table 1. 
Table 1. Simulation assumptions

	Parameter 
	Setting 

	Network Layout 
	500m macro-layer inter-site distance 

	Cell layout 
	7 macro-sites (21 macro-cells), wrap around 

	Traffic model 
	Finite buffer with 0.5Mbytes payload and different arrival rates (15Mbps, 30Mbps) 

	UE placement 
	2/3 UEs inside the cluster; the remaining UEs are uniformly distributed within the macro-cell area; 20% users outdoors 

	Transmit power 
	Macro-eNB: 46dBm; pico-eNB: 30dBm 

	Bandwidth 
	Macro: 10MHz at 2GHz; Small cell: 10MHz at 2GHz 

	Antenna system 
	2x2 with rank adaptation (Rel-8 SU-MIMO) 

	Antenna gain 
	Macro: 17 dBi; pico: 5 dBi; UE: 0 dBi 

	Antenna pattern 
	Macro: 3D; Pico and UE: Omni 

	Path loss 
	Macro-eNB to UE: ITU UMa; Pico-eNB to UE: ITU UMi 

	Shadow fading 
	Macro-eNB to UE: ITU UMa; Pico-eNB to UE: ITU UMi 

	eNB packet scheduling 
	Proportional Fair (PF)

	Cell selection criteria 
	RSRP 

	Number of clusters per macro 
	1

	Number of small cells per cluster 
	4


