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1. Introduction
Heterogeneous network (HetNet) is part of the LTE-Advanced study item and represents cellular deployments with a mixture of cells of differently sized and overlapping coverage areas, e.g. a number of micro and pico cells overlaid by a macro cell. HetNets as deployment principles have been known since decades as Hierarchical Cell Structures (HCS), a relatively common type of deployment in GSM. HetNets have in particular been of interest for complementing macro cell layouts to handle non-uniform traffic distributions; e.g. considering primarily macro cells in certain areas for coverage (and high mobility users) and under laid smaller cells for high capacity needs at traffic hotspots.
The most basic means to operate a HetNet is to apply complete frequency separation between the different layers, i.e. operate the different layers on different non-overlapping carrier frequencies and thereby avoid any interference between the layers. This is the conventional approach to HetNets that have been used since the early days of 2G mobile communication (GSM, PDC, and TDMA). With no macro cell interference towards the under laid cells, cell splitting gains are achieved when all resources can simultaneously be used by the under laid cells. The drawback of operating layers on different carrier frequencies is that it may lead to resource-utilization inefficiency.
Carrier aggregation of component carriers combined with cross-carrier scheduling will be supported in release 10. In this contribution, we discuss HetNet from a carrier aggregation point of view and identify things that we might need to consider to be mandatory from release 10 in order to efficiently benefit from HetNet. Multi-carrier operations in HetNet appear to be the key for compatibility with legacy UEs, although these UEs cannot access more than one component carrier.

2. Discussion

In the subsequent discussions, we assume a basic HetNet deployment scenario with two cell layers, here referred to as “macro layer” and “pico layer”, respectively. We will not make any specific assumptions regarding the characteristics of the different layers except that they correspond to cells of substantially different size of their respective coverage area (fundamentally defined by the coverage area of the basic control signals/channels, such as PSS/SSS, PBCH, CRS, PDCCH, etc.). Especially, what we refer to as a “pico layer” can be a micro layer, a conventional outdoor or indoor pico layer, a layer consisting of (type 1) relays, or a HeNB layer.
2.1. Inter-cell interference scenarios
Various inter-cell interference scenarios can be foreseen for co-channel HetNet deployments [1]
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[2], in which figure 1 illustrates three scenarios that cause severe interference. The left hand side of figure 1 illustrates how a HeNB causes interference towards a macro cell user that has no access to the femto cell, case (a), and how a macro cell edge user may cause interference towards the HeNB due to no femto cell access, case (b). The right hand side of figure 1 illustrates how the interference from a macro eNB towards a pico cell (or a femto cell) edge user increases (up to ) if path loss based serving cell selection is used instead of strongest received downlink signal.
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Figure 1. Inter-cell interference due to closed subscriber groups, (a) and (b), and consequence of path loss based serving cell selection instead of strongest RSRP (c).
The major inter-cell interference issues and concerns of co-channel HetNet deployments in LTE refer to interference towards resources that cannot rely on inter-cell interference coordination. For schedulable data transmissions such as  PDSCH and PUSCH, inter-cell interference can be coordinated via soft or hard physical resource partitioning, e.g. by exchanging coordination information across layers/cells via X2 interfaces. Note that X2 is currently not supported for HeNBs. 
It is desirable that legacy UEs can operate and benefit from HetNet deployments, e.g. access pico layers to improve uplink performance even if the received signal power from the macro layer is significantly higher. Such cell selection can be achieved e.g. by use of offset in RSRP measurements carried out by the UE (corresponding to  in Figure 1). Current specification allows for an offset up to 24 dB, which should be sufficient for most HetNet scenarios.

To mitigate severe downlink inter-cell interference from macro eNBs towards control regions of pico subframes, operating layers on different carriers appears to be the only option to ensure robust communications for legacy UEs in HetNet deployments. This implies that the whole system bandwidth will not always be available for legacy UEs and may result in reduced user throughputs. One example of reduced throughput would be a split of a contiguous system bandwidth of 20 MHz into two carries, e.g. 10 MHz bandwidth on each carrier.
If 20 MHz contiguous system bandwidth is divided into two 10 MHz component carriers, legacy UEs can obviously only access 10 MHz. In order to avoid such limitation also for release 10 UEs, we should consider making aggregation of contiguous component carriers within 20 MHz mandatory for release 10 UEs to ensure that they can benefit from the full bandwidth.
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Figure 2. Frequency separation between the different layers.
2.2. Carrier aggregation in conjunction with cross-carrier scheduling
As pointed out above, operate different layers on different non-overlapping carrier frequencies may lead to resource-utilization inefficiency. With our HetNet illustration depicted in figure 2, this would imply that the overall available spectrum consists of two carriers f1 and f2, with f1 and f2 being exclusively used in the macro and pico layer, respectively. (In the subsequent discussions, it is assumed that the layers are synchronized with time aligned eNB transmissions and that f1 and f2 have non-overlapping frequency bands.)
In many cases it can be assumed that the pico layer is deployed to carry the main part of the traffic, and especially, provide the highest data rates, while the macro layer provides full-area coverage i.e. to fill any coverage holes within the pico layer. In such a case it is desirable that the full bandwidth, corresponding to carrier f1 and f2, is available for data transmission within the pico layer. One can also envision cases when it is desirable, that the full bandwidth (f1 and f2) is available for data transmission also within the macro layer, although the importance of this is less compared to full-bandwidth availability in the pico layer.

As already mentioned, sharing of the resources (operation on the same set of carrier) between the cell layers for data transmission can be accomplished by means of inter-cell interference coordination (ICIC) methods that can be more or less dynamic depending on the coordination capabilities between the cell layers. Rather, the key issue is the transmission of signals/channels that cannot rely on traditional ICIC methods but need to be transmitted on specific, well-defined, resources, including

· The synchronization signals (PSS/SSS)

· The Physical Broadcast channel (PBCH)

· Cell-specific reference signals (CRS)
· L1/L2 control channels (PDCCH, PCFICH and PHICH)

Obviously, all these signals must be transmitted on at least one downlink carrier within each cell layer. Let us assume that this “main carrier” corresponds to carrier f1 in the macro layer and carrier f2 in the pico layer. 

For the downlink we shall below consider the three cases shown figure 3, where Case 1 differ from Case 2 with respect to Open Subscriber Group (OSG). In Case 3, both carriers, f1 and f2, are available also at the macro layer. 
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Figure 3. Three cases discussed below.
Case 1: 
Carrier f1 (the macro “main” carrier) should be available for PDSCH transmission also within the pico layer. It is assumed that a UE only accesses the macro layer when the path loss to the macro layer is of the same order or smaller, compared to the path loss to the pico layer.

In this case, the basic downlink control signals/channels above can be transmitted on f1 also in the pico layer with no severe interference to UEs accessing the macro layer. Thus both f1 and f2 can be deployed as “normal” (release 8 compatible) carriers in the pico layer. However, a legacy UE would only be able to access f1 close to the pico cell site where the path loss to the pico cell is much smaller than the path-loss to the macro cell, in order to avoid strong control-channel interference from the macro cell. Closer to the pico-cell border of the pico cell, release 10 UEs would need to access on f2, to avoid strong interference to PSS/SSS and PBCH from the macro cell, but could be scheduled PDSCH transmission on f1, using cross-carrier scheduling with PDCCH on f2. Note that, to avoid interference from macro CRS, pico-cell PDSCH transmission on f1 must rely on UE-specific RS for channel estimation, at least when the UE is close to the pico-cell border. One might consider using frequency shifts of CRS across layers but macro CRS would then cause interference towards the data resource elements of the pico. 
Case 2: 
Similar to case 1, carrier f1 should be available for PDSCH transmission also within the pico layer. However, a UE should be able to access the macro cell even when close to the pico cell. 

This scenario may occur when the pico layer consists of HeNBs belonging to Closed Subscriber Groups (CSGs) and where a UE not belonging to the CSG approaches HeNB. In this case, the pico layer must not transmit the channels above (PSS/SSS, PBCH, CRS, PDCCH, etc.) on f1 in order to avoid interference to the UEs that are accessing the macro layer in the vicinity of a pico site. Rather, the corresponding resource elements should be empty. Thus, legacy UEs can only access the pico layer on f2 while release 10 UEs can be scheduled on both f1 and f2 in the same way as for case 1.  [Note that, if f1 in the pico cell should be seen as a “normal” carrier with zero power of the PSS/SSS, PBCH, etc. or as an “extension” carrier without these signals/channels is somewhat of a matter of taste.]

Case 3: 
In addition to carrier f1 being available for PDSCH transmission within the pico layer, carrier f2 should be available for PDSCH transmission within the macro layer.

In this case, the macro layer must not transmit the basic downlink signals/channels above (PSS/SSS, PBCH, CRS, PDCCH, etc.) on f2 in order to avoid interference to UEs that are accessing the pico layer and that may be in a location where signals from the macro layer are received with much higher power, even though the path loss to the pico layer is substantially smaller. Rather, similar to case 2, the corresponding resource elements should be empty. Thus, legacy UEs can only access the macro layer on f1 while release 10 UEs can be scheduled in the macro layer on both f1 and f2. It should be noted that a UE can only be scheduled on the macro layer on f2 in such a way that it does not cause any severe interference to the pico cell, either because there is no UE being scheduled on the corresponding resource in any pico cell under the coverage area of the macro cell or by using low power for the macro-cell transmission. 

Note that, in the case where all pico cells are relatively far from the macro-cell site one could transmit also the basic control signals/channels (with reduced power on f2) from the macro-cell site. However, this would make the macro-cell on f2 appear as a separate pico cell (located at the same point as the macro cell on f1).

It can be noticed that cross-carrier scheduling requires, in general, that the size of the PDCCH field of subframes on scheduled carrier is known via signaling, unless it can be robustly estimated on the scheduled carrier [3]. In case 3 above, one may observe that with multiple pico cells, with independent control field sizes, the macro cell need to assume largest size of the PDCCH region when transmitting data on f2. 
HetNet aspects on CSI-RS are briefly discussed in [4].
3. Conclusions

We have gone through some key aspects of HetNet operation in LTE. Our conclusions are that HetNet can be efficiently supported within the framework of carrier aggregation in conjunction with cross-carrier scheduling, i.e. to fully benefit from HetNet and at the same time provide compatibility for legacy UEs.

Two specific things, needed for efficient HetNet operation, have also been identified:
· In order to allow for carrier aggregation as a tool to fully benefit from HetNet, carrier aggregation should also be supported within a 20 MHz bandwidth, e.g. by carrier aggregation of two 10 MHz carriers. Also, such carrier aggregation (carrier aggregation, with contiguous component carriers, over a single bandwidth within 20 MHz) should be mandatory supported for LTE release 10.
· In order to allow for carrier aggregation as a tool to support efficient HetNet operation, use of UE-specific reference signals for channel estimation is needed. Use of UE-specific reference signals for channel estimation is currently optional in FDD but should therefore be made mandatory for release 10 and forward. Note that this is well-aligned with the fact that UE-specific reference signals are also critical components for other key LTE release 10 features. 
We propose the following

· Mandatory support for carrier aggregation, with contiguous component carriers, over a single bandwidth within 20 MHz for LTE release 10

· Mandatory support for UE-specific reference signals (FDD) for LTE release 10
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